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The ganglioside levels in atherosclerotic lesions of human 
aorta are considerably higher than those in unaffected 
areas of aorta, and atherosclerotic patients frequently 
have increased concentrations of serum gangliosides. The 
present review summarizes recent findings that suggest 
the possible involvement of aortic gangliosides in platelet 
activation and adhesion of platelets to the vessel wall. 
The effect of gangliosides on the structure of low den- 
sity lipoproteins (LDL), on the interaction of LDL with 
macrophages and hepatic cells and on the LDL-regulated 
biosynthesis of cholesterol is also discussed. In vitro ex- 
periments have demonstrated that a major ganglloside 
of the intima of atherosclerotic aorta induces rapid adhe~ 
sion, aggregation and spreading of platelets. Moreover, 
gangliosides present in elevated amounts in the intern 
cellular space of atherosclerotic aortic tissue modify the 
surface structure and stimulate aggregation of LDL. 
Ganglioside-modified LDL are readily recognized and 
taken up by macrophages, while preincubation of LDL 
with low concentrations of gangliosides inhibits LDL 
binding to hepatic cells. Thus, ganglioside enrichment of 
LDL is likely to interfere with LDL clearance v/a the 
hepatic cells. Thus, ganglioside enrichment of LDL is 
likely to interfere with LDL clearance v/a the hepatic LDL 
receptor, and to stimulate binding of LDL to the 
scavenger receptor of macrophages. It is postulated that 
high ganglioside levels in the aorta and serum may be an 
additional risk factor in atherosclerosis. 
Lipids 29, 1-5 (1994). 

In the development of atherosclerosis, the aortic wall is 
damaged, and platelets, monocytes and low density 
lipoproteins (LDL) arrive at the site of injury and con- 
tribute to the formation of atherosclerotic plaques that 
eventually lead to thrombosis. In 1975, Breckenridge et  aL 
(1) reported that the ganglioside content of the aorta in- 
creased dramatically during atherosclerosis. Although 
gangliosides were subsequently implicated in cell adhe- 
sion (2) and LDL-cell interactions (3,4), Breckenridge 
et  al.'s finding attracted little attention, and today only 
sparse data on the involvement of gangliosides in the 
events leading to atherosclerosis are available We sum- 
marize the results of some recent studies aimed at clari- 
fying the effect of gangliosides on the structure and func- 
tion of LDL, and on platelet adhesion, plaque formation 
and atherogenesis. 

*To whom correspondence should be addressed at the School of Phar- 
macy, The Hebrew University of Jerusalem, Ein Kerem, Jerusalem, 
Israel. 
Abbreviations: ApoB, apolipoprotein B; GSL, glycosphingolipids; 
LDL, low density lipoproteins; MAH, mouse ascites hepatoma; 
WHHL rabbits, Watanabe hereditable hyperlipidemic rabbits. 

The abbreviations used for gangliosides are standard abbrevia- 
tions as recommended by Svennerholm [Svennerholm, L. (1964) 
J. Lipid Res. 5, 145-155]. 

Ganglioside changes  in aortic t i ssue related to athero- 
sclerosis. According to Breckenridge et  al. (2), the level 
of total gangliosides (lipid-bound sialic acid) in healthy 
aorta is low, but increases progressively in aortas contain- 
ing fatty streaks, plaques and ulcerated lesions. These 
studies were performed on whole aorta tissue In order to 
obtain additional information, we studied the glycosphin- 
golipids (GSL) of intima and of underlying areas of aor- 
tas taken from subjects who had died after myocardial 
infarction (5-7). 

Our data showed important differences between the 
GSL profiles of the intima and the underlying areas, as 
well as between cells taken from affected and unaffected 
areas of the aorta. In unaffected areas a major difference 
between the intima and the underlying media was the 
absence in intima of glucosyl and lactosylceramide, 
whereas in the underlying media these substances ac- 
counted for at least one-third of the neutral GSL (6). The 
main ganglioside in both intima and media was GM3; 
however, in contrast to the media, the intima proved to 
contain relatively high amounts of GD3 (5). A similar 
characteristic ganglioside pattern was detected in the 
aorta of Watanabe hereditable hyperlipidemic (WHHL) 
rabbits, an animal model for human familial hypercholes- 
trolemia (8). In the aorta of these rabbits, the level of total 
gangliosides increases 12-fold in comparison to that in no~ 
real rabbit aorta. One of the most predominant ganglio- 
sides in the aorta of WHHL rabbits (next to GM3) is GD3, 
which, in normal aortas, is almost undetectable. While 
GM3 is the major ganglioside in all normal extraneural 
tissues, GD3 is considered a characteristic antigen of 
many fast-growing, undifferentiated or malignant cells 
(see Ref. 9 for a review). It has been suspected for a long 
time that there might be similarities between tumor 
growth and the fast proliferation of smooth muscle cells 
during the development of atherosclerosis (10). During re- 
cent years a considerable body of evidence has accumu- 
lated suggesting a special role of gangliosides in tumori- 
genesis {11). Some facts supporting this theory include 
the effect of gangliosides on the loss of contact inhibition 
in tumor cells (11), the enhancement of tumor formation 
by gangliosides produced by highly tumorigenic cells in 
weakly tumorigenic cells (12), the suppression of natural 
immunity by gangliosides shed by tumor cells (13,14) and 
the high expression in tumor cells of certain gangliosides, 
such as GD3 and GD2, which are little or not at all ex- 
pressed in normal extraneural tissues (reviewed in Ref. 9). 
Thus, the comparatively high level of GD3 in the intima 
of atherosclerotic aorta supports the idea that some 
analogy exists between certain steps in atherogenesis and 
in tumorigenesis. 

It is noteworthy that in whole tissues of the athero- 
sclerotic aorta, the ganglioside concentration is con- 
siderably higher than in isolated cells, suggesting that 
even higher amounts of gangliosides may accumulate in 
the intercellular space (7). This again is reminiscent of the 
situation with many tumor cells that  intensively shed 
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their gangliosides, thus creating high ganglioside con- 
centrations within their microenvironments (reviewed in 
Ref. 9). 

In this context, it is interesting to note that  antibodies 
raised to intimal cells have been found to be directed 
against gangliosides {15}. This prompted us to study the 
role of gangliosides in the adhesion of platelets to t h e  
vessel wall. To this end we investigated the interaction of 
human platelets with individual aortic gangliosides ad- 
sorbed to plastic {16}. In these experiments only GD3, but 
no other ganglioside, dramatically stimulated platelet 
adhesion, spreading and aggregation (Fig. 1). Taken to- 
gether, this suggests that  intimal GD3 exposed to the 
lumen after endothelial injury may be a factor responsi- 
ble for platelet attachment to the damaged vessel wall. 

The binding of gangliosides to LDL. A high LDL con- 
centration in serum is a major risk factor for atherosclero- 
sis, and it is now firmly established that the cholesterol 
that accumulates in atherosclerotic lesions originates 
primarily from LDL. Incidentally, LDLs are also the main 
carriers of plasma gangliosides {17), but until recently lit- 
tle was known about the effect of gangliosides on LDL 
structure and function. In order to fill this gap, we under- 
took an investigation of the binding of ganghosides to 
LDL and of the changes in LDL structure brought about 
by their interaction with gangliosides present in human 
plasma {18,19}. 

The ganglioside content of serum has been studied in- 
tensively. For normal serum most authors reported aver- 
age values in the order of 10 nmol/mL of serum (17,20-24), 
and LDL isolated from normal plasma contain only a few 
ganglioside molecules per lipoprotein particle (17,24}. In 
hypercholesterolemia, however, the serum ganglioside level 
was found to be considerably higher (25}. 

We found that even larger amounts of gangliosides can 
associate with lipoproteins upon incubation of isolated 
LDL with exogenous gangliosides (19}. Such ganglioside- 
rich LDL may be postulated to form in vivo in situations 
where lipoproteins exist in a relatively high-ganghoside 
environment, for example, in the local microenvironment 
of stimulated macrophages, which are known to actively 
release gangliosides, particularly GD3 (26). In the concen- 
tration range of 20-120 pM, the ganglioside uptake by 
LDL proved to be proportional to the ganglioside concen- 
tration without any trend toward saturation. Washing 
with salt solutions removed only a minor portion of the 
gangliosides bound, indicating that nonelectrostatic forces 
seem to play an important role in the formation of LDL- 
ganglioside adducts. 

Nevertheless, a small yet saturable binding component, 
due to specific interaction of ganglioside with certain sites 
on LDL apolipoprotein B (apoB), also appears to exist. 
This was demonstrated in a study on the binding of 
gangliosides to LDL that was immobilized on Sepharose 
(18). The binding of mono- and disialogangliosides to 
Sepharose-immobilized LDL was saturable and depended 
on the specific ganglioside structure (18). Ganglioside 
binding to the LDL-affinity gel could be reversed by 
washing the gel with dilute salt solutions. Mild trypsiniza- 
tion of the ganglioside-loaded LDL-affinity gel also re  
moved most of the gangliosides. 

In radioligand assays of LDL, the extent of specific 
binding can be evaluated by adding excess heparin to the 
incubation medium. The amount of LDL that binds to 

FIG. 1. Interaction of platelets with gangliosides coated on plastic. 
A, no gangiioside; B, GM1, C, GD3 (Ref. 16). 

cells under such conditions corresponds to nonspecific in- 
teraction. When excess heparin was added to the LDL- 
affinity gel simultaneously with gangliosides, binding of 
the latter was substantially reduced (18). 
Thus, while the uptake of gangliosides by native LDL 

particles {i.e., LDL isolated from plasma by standard 
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methods) is predominantly nonspecific and hydrophobic~ 
the binding of gangliosides to immobilized LDL appears 
to be largely hydrophilic and more specific 

Gangliosides modify LDL structure. Even small 
amounts of gangliosides are able to induce a molecular 
reorganization of the LDL surface This can be deduced 
from the fact that ganglioside binding to LDL is accom- 
panied by changes in the intrinsic fluorescence of apoB 
which contains more than 30 tryptophan residues (19). 
Upon incubation with gangliosides, the apoB fluorescence 
maximum is shifted to longer wavelengths indicating that 
some of the tryptophyls are translocated to more polar 
environments (19). On the other hand, the apoB t ryp t~  
phyls become, on the average, less accessible to quenching 
by aqueous iodide Thus gangliosides appear to cause ce~ 
tain conformational changes of apoB molecules on the 
LDL surface These changes, in turn, alter the molecular 
packing of the LDL surface phospholipids that surround 
apoB. This conclusion is based on the observation that 
small amounts of gangliosides had a pronounced effect 
on the fluorescence anisotropy of LDL labeled with 
fluorescent phospholipids in the outer monolayer (Fig. 2) 
(18). Interestingly, the mobility of the probes and, hence, 
the fluidity of their microenvironment, changed in dif- 
ferent directions depending on the carbohydrate structure 
of the ganglioside The effect was saturated at concentra- 
tions corresponding to less than 10 ganglioside molecules 
per LDL particle As a result of the ganglioside-induced 
changes of the LDL surface, the LDL particles slowly ag- 
gregate, forming small adducts containing an average of 
three native LDL particles (19). 

Involvement of gangliosides in LDL-eeU interactions. 
The removal of LDL from the plasma is achieved by two 
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FIG. 2. Ganglioside-induced changes in the fluorescence polariza- 
tion of low density iipoprotein (LDL) labeled in the outer monolayer 
by a fluorescent analogue of sphingomyelin (Ref. 18). Ganglioside 
concentration, 10 "9 M; LDL concentration, I mg proteinYmL. &P = 
P -- P0 where P0 and P are the fluorescence polarization values 
before and after addition of ganglioside, respectively. 

alternate pathways. The main pathway is mediated by 
specific LDL receptors that are present on the surface of 
most mammalian cells (27). However, some cell types lack- 
ing the "normal" LDL receptors are able to take up 
modified forms of LDL, recognizing them by s~called 
"scavenger" receptors. Typical representatives of cells ex- 
pressing the normal LDL receptor are fibroblasts and 
hepatocytes, whereas monocytes (macrophages}, Kupffer 
cells and endothelial cells are characterized by the 
presence of scavenger receptors {for a recent review, see 
Ref. 28). Binding of LDL to the normal receptor is followed 
by internalization of the lipoprotein particle, and this ini- 
tiates a chain of events, including the inhibition of choles- 
terol synthesis, the stimulation of cholesterol esterifica- 
tion and the inhibition of LDL-receptor synthesis (29). 

Studies on the effect of gangliosides and other sialo- 
glycoconjugates on LDL-cell interactions have led to ap- 
parently conflicting results. According to some investi- 
gators, the receptor-mediated uptake of LDL increases 
after enzymatic desialylation of the lipoproteins (3,30; see 
also Ref. 31). On the other hand, it has been noted by some 
authors that increasing the number of sialic acid residues 
on the surface of recipient cells stimulates receptor- 
mediated LDL uptake (32), whereas others found that the 
uptake increased after partial desialylation of the cells 
(33). These differences may be related to the use of dif- 
ferent recipient cells with different ganglioside profiles and 
different LDL receptor types. In our studies we therefore 
employed two cell types of well-known ganglioside com- 
position expressing different types of LDL receptors as 
LDL recipients, namely mouse ascites hepatoma {MAH) 
cells having the high affinity receptor for native human 
LDL (18) and mouse resident peritoneal macrophages 
characterized by the presence of scavenger receptors. In 
the liver cholesterol, synthesis is under feedback control. 
In many hepatomas this control mechanism is impaired 
or lost (34); however, we found that in MAH cells, human 
native LDL inhibited cholesterol synthesis in a manner 
similar to liver cells (18). 

To elucidate the role of cell-surface gangliosides in the 
interaction of these cells with LDL, we compared the bind- 
ing of LDL to native MAH cells, neuramirfidase-treated 
cells and neuraminidase~treated ceils subsequently loaded 
with gangliosides. The results revealed that LDL binding 
correlated positively with the number of sialic acid resi- 
dues on the cell surface, whereas preincubation of LDL 
with gangliosides inhibited LDL binding to MAH cells 
(18). Such behavior may be explained by assuming the ex- 
istence on the LDL surface of binding sites recognizing 
accessible sialic acid residues. Upon incubation with exo- 
genously added gangliosides, these sites are blocke& Con- 
versely, during preincubation of neuraminidase~treated 
cells with gangliosides, part of the latter insert their lipo- 
philic ceramide moieties into the outer leaf of the plasma 
membrane thus increasing the number of LDL binding 
sites on the cell surface As shown in Figure 3, neuramini- 
dase treatment of the cells abolished the inhibitory effect 
of LDL on cholesterol biosynthesis, and this effect could 
be restored by ganglioside loading of the neuramirddase- 
treated cells (18). Taking into account that MAH cells still 
retain many features of normal hepatocytes, it seems prol> 
able that  exogenous gangliosides could affect binding of 
LDL to the liver in a similar way, thus modulating the 
main pathway of LDL removal from the bloodstream. 

LIPIDS, Vol. 29, no. 1 (1994) 
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FIG. 4. Effect of gangliosides on the interaction of low density e= 
Hpoproteins (LDL)  with mouse peritoneal macrophages (Ref. 35). A, 
[1251]LDL uptake (ng LDL proteinl~g cell protein); B, cholesterol ac- 
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FIG. 3. Effect of low density lipoprotein (LDL) and gangliosides on 
cholesterol biosynthesis in mouse ascites hepatoma cells (Ref. 18). 
1, Native cells; 2, neuraminidase-treuted cells; and 3, neuraminidase- 
treated cells subsequently loaded with GDla. 

As mentioned above, monocytes/macrophages are 
another cell type playing a key role in the pathogenesis 
of atherosclerosis. One of the earliest events in athero- 
genesis is the migration of monocytes from blood into the 
arterial wall where they differentiate into macrophages 
and accumulate high amounts of cholesteryl esters and 
other lipids. These lipid-loaded cells are called foam cells. 
The lipid that accumulates in foam cells is believed to be 
derived from LDL, in spite of the fact that native LDL 
are poorly recognized by macrophages in vitro and that 
even high amounts of native LDL, when incubated with 
macrophages, do not induce accumulation of much choles- 
teryl ester within the cells (29}. It has been shown, how- 
ever, that several in vitro modifications of LDL can 
transform them into particles which are rapidly taken up 
by macrophages v/a the scavenger receptor and can cause 
them to accumulate cholesterol and to transform into 
foam cells (reviewed in Ref. 28). It is therefore believed that 
some type of LDL modification that transforms LDL into 
a form recognized by the scavenger receptor on macro- 
phages occurs in vivo in the arterial intima. One possibil- 
ity is LDL peroxidation induced by monocytes and en- 
dothelial cells; however, the exact nature of the in vivo 
LDL modification is as yet unknown. As a possible can- 
didate we suggest the changes in LDL structure brought 
about by interaction of the lipoprotein with gangliosides. 
As shown in Figure 4, addition of small amounts of 
ganglioside markedly increased the uptake of LDL by 
mouse peritoneal macrophages (35). For still unknown ma- 
sons, with native LDL, the uptake by macrophages was 
relatively intense; nevertheless pretreatment of the LDL 
with GM3 resulted in a twofold increase in LDL uptake 
and accumulation of cholesterol (Figs. 4a and b). Moreover, 

the stimulating effect of GM3-treated LDL on the syn- 
thesis of cholesteryl esters in macrophages was at least 
seven times higher than in the presence of native LDL 
(Fig. 4c, Ref. 35). A similar enhancement was seen in 
regard to the accumulation of triglycerides (not shown}. 
These data indicate that in ganglioside-rich, damaged 
regions of the aorta, LDL ganglioside complexes may be 
formed, which aggregate and are taken up by phagocytes 
residing within the lesions, eventually giving rise to foam 
cells. 

The exact nature of the ganglioside-induced modifica- 
tions of LDL that allows scavenger receptor binding re- 
mains unknown. One possibility is neutralization of the 
lysine e-aminogroups of apoB by the negatively charged 
gangliosides. Similar charge neutralizations have been 
suggested to be the result of various chemical modifica- 
tions converting native LDL into species recognized by 
the scavenger receptor {29,36-38}. Charge neutralization 
may also be the reason for the enhancement of LDL ag- 
gregation induced by gangliosides (19}. However, it was 
recently demonstrated that LDL uptake by macrophages 
requires neither charge neutralization nor aggregation 
{39}. Thus, the understanding of the ganglioside~induced 
changes ultimately responsible for LDL uptake by macro- 
phages will require additional studies, particularly of the 
competition between ganglioside-modified LDL and other 
modified forms of the lipoprotein. 

Taken together, the evidence for involvement of ganglia 
sides in atherogenesis still remains fragmentary. However, 
the coincidence of many facts, such as the relatively high 
ganglioside level in sera of atherosclerotic patients and 
in atherosclerotic aortas, the ability of intimal ganglio- 
sides to induce platelet adhesion, spreading and aggrega- 
tion, the effects of gangliosides on receptor-mediated LDL- 
cell interactions, the modification of LDL by gangliosides 
and the ability of macrophages to recognize ganglioside- 
modified LDL, undoubtedly deserves further investi- 
gation. 

LIPIDS, Vol. 29, no. 1 (1994) 
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Regulation of Rat Liver Microsomal Cholesterol Ester Hydrolase 
by Reversible Phosphorylation 
Maria J. Martinez, Maria L. Hem~ndez, Mercedes Lacort and Begofia Ochoa* 
Department of Physiology, University of the Basque Country Medical School, 48080 Bilbao, Spain 

The regulation of neutral cholesterol ester hydrolase ac- 
tivity by changes in its phosphorylation state was studied 
in rat liver microsomes. Treatment with cAMP~lependent 
protein kinase resulted in increased enzyme activity, 
which was further enhanced by the addition of cAMP and 
MgATP. Consistent activations were also achieved with 
MgC12 and MgATP, the magnesium effect being 
abolished by ethylenediaminetetraacetic acid and adeno- 
sine triphosphate. Cholesterol ester hydrolase was ac- 
tivated twofold by free calcium and CaZ+~cslmodulin; 
this latter effect was blocked by the chelator ethylene 
glycol-b/s{~-aminoethyl ether)N,N, Ar,N'-tetraacetic acid 
and the cMmodulin antagonist trifluoperazine. The phos- 
phatase inhibitors pyrophosphate and glycerophosphate 
led to marked and dose-dependent increases in esterase 
activity, whereas okadaic acid elicited no effect. Further- 
more, pyrophosphate and okadaic acid did not change 
the increases in enzyme activity promoted by Ca 2+, 
Ca2+/calmodulin, Mg 2+ and MgATP. Cholesterol ester 
hydrolase was inactivated in a concentration-dependent 
manner by nonspecific alkaline phosphatases. In cAMP- 
dependent protein kinase/cAMP- or CaZ+/calmodulin- 
activated microsomes, a time-dependent loss of activation 
in cholesteryl oleate hydrolysis was caused by alkaline 
phosphatase. These findings suggest that microsomal 
cholesterol ester hydrolase is activated through cAMP 
and Ca2+/calmodulin phosphorylation, whereas enzyme 
deactivation is dependent on phosphatase action. 
Lipids 29, 7-13 (1994). 

Free and esterified cholesterol in liver are subject to con- 
stant turnover. Acyl-CoA:cholesterol acyltransferase 
(ACAT) esterifies excess intracellular cholesterol with long 
chain fatty acids (1), and the resulting cholesteryl esters 
are utilized for bile and lipoprotein synthesis or stored in 
cytosolic lipid droplets and in the membranes of the en- 
doplasmic reticulum (2). Mobilization of these esters, when 
required, is brought about by the catalytic action of the 
neutral cholesterol ester hydrolases {CEH) located in the 
cytosol and in microsomes {3,4}. Soluble cholesterol 
esterase has been purified and rather well characterized 
(5,6}; however, few studies have been reported on the 
regulation and function of the microsomal enzyme Rat 
liver neutral microsomal CEH has been partially solubil- 
ized (7), and 75% of its activity was found on the luminal 
side of the rough endoplasmic reticulum (8}. The enzyme 
displays a circadian rhythm unrelated to the feeding 
status (9). Contradictory reports have appeared with 
respect to the existence of compensatory changes in 

*To whom correspondence should be addressed at the Department 
of Physiology, University of the Basque Country Medical School, 
P.O. Box 699, 48080 Bilbao, Spain. 
Abbreviations: ACAT, acyl-CoA:cholesterol acyltransferase; ATP, 
adenosine triphosphate; CaM, calmodulin; CEH, cholesterol ester 
hydrolase; EDTA, ethylenediaminetetraacetic acid; EGTA, 
ethyleneglycol-bis(~-aminoethyl ether)N,N,N',N'-tetraacetic acid; 
HMG-CoA, 3-hydroxy-3-methylglutaryl CoA. 

microsomal CEH activity in rat (10) and hamster (11) in 
response to altered cholesterol flux to the liver. The ac- 
tivity of neutral microsomal CEH was found to be dif- 
ferent from that of hormone-sensitive lipase (12), neutral 
retinyl ester hydrolase and acid CEH, also located in 
microsomes (13). It is thought that microsomal CEH may 
be involved in controlling the partitioning of cholesteryl 
esters toward the bile canaliculi or the blood stream and 
in maintaining the balance between free and esterified 
cholesterol in endoplasmic reticulum. Moreover, CEH may 
hydrolyze esterified cholesterol stored in the cytosol (14), 
although the cytosolic CEH is believed to be mainly 
responsible for this process (I5,I6). 

Reversible phosphorylation is one of the most remark- 
able mechanisms involved in the complex regulation of 
cholesterol metabolism. The regulatory role of reversible 
phosphorylation is fairly well documented for 3-hydroxy-3- 
methylglutaryl CoA (HMG-CoA) reductase (17-19), 
whereas controversial results have been reported for 
cholesterol 7a-hydroxylase (20-23) and ACAT (24-27). 
Many studies have demonstrated that cytosolic CEH can 
be activated by cAMP-dependent phosphorylation in 
steroidogenic and other nonhepatic tissues (28-33). 
Whether liver-soluble CEH is regulated by covalent 
modification remains unresolved. Evidence for activation 
of cytosolic CEH by cAMP- and Ca2+-mediated phos- 
phorylation has been presented in rat liver (34), while 
evidence suggesting inactivation by phosphorylation was 
presented in hepatocyte suspensions (35,36). 

To our knowledge, it is not known what effect, if any, 
cellular protein kinases and phosphoprotein phosphatases 
have on the liver microsomal CEH reaction. The present 
study is the first attempt to address this question. A cell- 
free system and several agents that are widely used to pro- 
mote either protein phosphorylation or dephosphorylation 
have been utilized. The results presented here offer con- 
siderable evidence (although indirect) that neutral 
microsomal CEH may be activated through cAMP- and 
Ca2+/calmodulin (CaM)-mediated mechanisms, whereas 
enzyme inhibition is dependent on phosphatase action. 

MATERIALS AND METHODS 

Chemicals. Cholesteryl [1-14C]oleate (52 mCi]mmol) and 
[1-14C]oleic acid (57.4 mCi]mmol) were purchased from 
the Radiochemical Centre {Amersham, United Kingdom). 
Bovine serum albumin (essentially fatty acid free), cho- 
lesteryl oleate, sodium taurocholate, adenosine triphos- 
phate (ATP), cAMP, okadaic acid, trifluoperazine, cal- 
modulin, ethylenediaminetetraacetic acid (EDTA), ethyl- 
eneglycol-bis(~-aminoethyl ether)N,N,N' N'-tetraacetic 
acid (EGTA), pyrophosphate, glycerophosphate, cAMP- 
dependent protein klnase (Type I), and bovine kidney (Type 
XXXI), chicken intestine {Type V) and Escherichia coli 
(~rpe III) alkaline phosphatases were from Sigma Chem- 
ical Ca (St. Louis, MO). One unit of calmodulin will 
stimulate 0.016 activated units of phosphodiesterase, 
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3':5'-cyclic nucleotide, to 50% of the maximum activity 
of the enzyme when saturated with activator, in the 
presence of 0.01 mM Ca 2+, pH 7.5, at 30~ One unit of 
alkaline phosphatase is defined as the amount that 
hydrolyzes 1 gmol of p-nitrophenyl phosphate per minute 
in a 0.1 M glycine buffer, pH 10.4, containing 1 mM 
ZnC12 and 1 mM MgC12, at 37~ Egg yolk lecithin was 
from Lipid Products (Nutfield, United Kingdom). All 
other chemicals were reagent grade 

Preparation of rat liver microsomes. Female Sprague- 
Dawley rats (180-200 g} were kept at alternating 12-h 
light/dark periods (lights on from 0700 to 1900} and used 
at 0900. Rats were given free access to drinking water and 
a pelleted rat chow low in fat (A04 Panlab; Panlab, 
Barcelona~ Spain). Animals were anesthetized by exposure 
to diethyl ether vapors and killed by exsanguination. The 
livers were immediately removed, rinsed in ice-cold saline 
solution, blotted dry, weighed and homogenized in 4 vol 
of 20 mM Tris-HC1 buffer, pH 7.4, containing 200 mM 
sucrose, 10 mM EDTA and 50 mM NaF. Microsomal mem- 
branes were prepared by differential centrifugation ( 1,000 
X g, 15 rain; 22,000 • g, 20 rain; 105,000 X g, 60 rain), 
washed once with the homogenization buffer and 
resuspended in 1 vol of 20 mM Tris-HC1 buffer, pH 7.4, 
containing 250 mM sucrose The entire fractionation was 
done at 4~ Microsomes were stored at -20~  under 
nitrogen. CEH activity remained essentially unchanged 
at this temperature for at least seven days. 

Assay of CEH activity. Substrate was prepared as 
mixed micelles of cholesteryl oleate, lecithin and sodium 
taurocholate in a 1:4:2 molar proportion basically as de- 
scribed by Hajjar et al. (37). In pilot experiments, assay 
conditions for CEH activity were optimized for time, p ro  
tein amount and substrate concentration. The enzyme ac- 
tivity was linear up to 75 rain of incubation and from 0.1 
to 1 rag protein, and showed typical Michaelis-Menten 
kinetics with an apparent Km of around 90 ~Vl. The assay 
mixture typically contained, in a total volume of 0.4 mL, 
40 nmol cholesteryl oleate (6.25 mCi/mmol), 0.4 rag micro- 
somal protein and 100 mM imidazole-HC1 buffer, pH 6.8. 
The mixture was preincubated at 37~ for the time and 
with the agents as indicated in the legends to the figures 
(shown later} prior to the addition of micellar substrate 
to initiate the reaction. The incubation was run for 45 min 
and was stopped by the addition of 5 mL chloroform/meth- 
anol/n-heptane {1.25:1.4:1, by vol) containing unlabeled 
cholesteryl oleate as carrier and I mL of 50 mM sodium 
carbonate/50 mM sodium borate buffer, pH 11. The labeled 
free fatty acids released were measured by liquid scintilla- 
tion counting in aliquots of the upper phase The parti- 
tioning of free fatty acids was monitored by the addition 
of known amounts of [1-14C]oleic acid to blank assays 
with routine recovery of 85%. CEH activity was expressed 
as Units/mg protein, one Unit corresponding to the hydrol- 
ysis of one pmol cholesteryl oleate per minute at 37~ 

Chemical and statistical analysis. Protein was deter- 
mined as described by Bradford (38), using bovine serum 
albumin as standard. The unpaired Student's t-test was 
used to determine significanc~ 

RESULTS 

Activation of neutral microsomal CEH by phosphoryl- 
at ing agents. To induce CEH phosphoryla t ion,  

TABLE 1 

Effect  of cAMP-Dependent Protein Kinase (PK), cAMP, Adenosine 
Triphosphate (ATP) and MgATP on Neutral Mi~osomal  Cholesterol 
Ester Hydrolase (CEH) Act iv i ty  a 

Additions CEH (relative activity, %) 

None 100 + 3 
PK, 50 pg 124 + 3 b 
PK, 100 ~g 137 -- 5 b 
PK, 100 ug + cAMP, 100 tAM 158 • 3 b 
PK, 100 ~g + cAMP, 1 mM 196 +_- 18 b 
PK, 100 ~g + cAMP, 

100 pM + MgATP, 2 mM 179 • 6 b 
PK, 100 ~g + cAMP, 

100 ~M + ATP, 2 mM 126 + 5 b 
aMicrosomes were preincubated for 10 rain in the presence of the 
specified compounds before assaying CEH activity, as described in 
the Materials and Methods section. The absolute value of 100% ac- 
t ivity was 39.2 +_ 1.2 Units/mg protein. The values are the mean 
__ SE of three experiments done in duplicate. 
bp ~ 0.005 vs. incubations without additions. 

microsomes were treated with commercial cAMP- 
dependent protein kinase or with compounds which selec- 
tively activate the various protein kinases associated with 
the microsomal preparation. As seen in Table 1, cAMP- 
dependent protein kinase produced a marked increase in 
CEH activity, which was further enhanced by cAMP and 
MgATP. This stimulation was slightly reduced in the pres- 
ence of uncomplexed ATP {Table D, whereas ATP alone 
(0.5-5 mM) had no effect on CEH activity (data not 
shown}. Treatment of microsomes with MgC12 or MgATP 
also resulted in concentration-dependent activation {Fig. D. 

3 0 0  

I 0 0  

! I I I 

5 1 0  1 5  2 0  

EFFECTOR CONCENTRATION (mM) 

FIG. I. Activation of neutral microsomal cholesterol ester hydrolase 
(CEH) by MgCI z and MgATP. Microsomes were preincubated for 20 
rain in the presence of MgCI 2 ( o )  or MgATP ( l )  (1:1, molar ratio) 
before starting the reaction as described in the Materials and 
Methods section. In (A), 5 mg microsomal protein was preincubated 
for 60 min with MgCI 2, then microsomes were re-isolated (105,000 
X g for 60 rain) and assayed for CEH activity. The absolute value 
of 100% activity was 49.7 +--- 3.9 Unite/rag protein in mict~somes 
without re-isolation, and 31.7 -- 1.6 in re-isolated microsomes. Each 
value represents the mean -- SE of three experiments done in 
duplicate. Vertical bars not shown lie within symbols.  
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The Mg 2+ act ivat ion was not  dependent  on the presence 
of the cation in the enzyme assay mixture, inasmuch as 
act ivat ion of C E H  in microsomes re-isolated af ter  prein- 
cubat ion with MgC12 for 60 min was similar to t ha t  
observed when the cat ion was not  removed (Fig. 1). An 
altered sedimenta t ion of the membranes  induced by the 
above physiological sa l t  concentration (39) could account  
for the decrease in act ivi ty  found with 20 mM MgC12. In  
microsomes re-isolated after act ivat ion with MgC12 (con- 
trol, 31.7 + 1.6; 5 mM MgC12-treated, 72.9 +_ 3.8 
Uni ts /mg protein), C E H  was also enhanced by the addi- 
tion of 100 #g cAMP-dependent  protein kinase and 100 
~M cAMP (up to 89.5 + 6.2 Units /mg protein). These data  
s t rongly  sugges t  t h a t  MgC12 promotes  a pers is tent  
modification of the enzym~ which is reflected in a positive 
change in act ivi ty  and which is independent of the cAMP 
signal t ransduct ion system. 

The effects of CaC12 and the Ca2+-binding protein CaM 
on microsomal C E H  act ivi ty  were studied next. As seen 
in Table 2, CaC12 increased C E H  act iv i ty  in a concentra- 
t ion-dependent  manner. An even greater  enhancement  of 
act iv i ty  was achieved by  addition of CaM, whereas CaM 
in the absence of exogenous calcium had no effect. The 
Ca2+/CaM-induced act ivat ion was completely blocked by 
EGTA and by the CaM antagonist  trifluoperazine (Fig. 2). 
The latter compound by itself produced a notable decrease 
of ac t iv i ty  in unt rea ted  microsomes. I t  is evident tha t  
bo th  Ca 2+ and CaM are necessary for maximal  enzyme 
act ivat ion and tha t  calcium may  also act ivate  C E H  ac- 
t iv i ty  directly. St imulat ion of C E H  by  the meta l  ions 
M g  2+ and Ca 2+ was reversed by ATP and selectively in- 
hibited by the chelators EDTA and EGTA (Table 3). The 
Ca 2+ act ivat ion of C E H  was specifically blocked by 
EGTA, whereas the Mg 2+- and the MgATP-enhanced 
C E H  act ivi ty  was markedly  decreased by EDTA. Mg 2+ 
and Ca2+/CaM together  produced a greater  s t imula tory  
effect than  either agent  did individually {Table 3). The 
Mg 2+ effect seems to dominate,  as EGTA did not  sup- 
press act ivat ion but  EDTA did. 

200 
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B 2 0 0  
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0 O. 1 0 . 2  0 . 3  

TRIFLUOPERAZINE ( l~l 'J  

FIG. 2. Effects  of ethyleneglycol-b/s~-aminoethyl ether)N,N,N',~V- 
tetraacetic acid (EGTA) and trifluoperazine on the C a  2+~calmodulin-  
induced stimulation of neutral microsomal cholesterol ester hydrolase 
(CEH) activity. Mic~3somes were preincubated for 5 rain without (m) 
or with 1 mM CaCI2/10 Units CaM( �9 ), and increasing concentra- 
tions of EGTA (A) or trifluoperazine (B) were added before starting 
the enzyme reaction. The absolute value of 100% activity was 47.3 
+-- 2.6 Units/mg protein. Each value represents the mean _ SE of  
triplicate determinations from a representative experiment of a total 
of three performed. Vertical bars not shown lie within symbols. 

T A B L E  2 

Effect  of Ca 2+ and Ca2+lCalmodulin on Neutral Microsomal 
CEH Activity" 

Additions CEH (relative activity, %) 

None 100 • 3 
CaC12, 1 mM 137 __ 2 b 
CaCI2, 2 mM 153 +_ 8 b 
CaC12, 5 mM 165 • 6 b 
Calmodulin, 10 Units 114 + 9 
Calmodulin, 100 Units 102 _+ 6 
CaC12, 1 mM + Calmodulin, 

10 Units 201 • 7 b 
CaC12, 2 mM + Calmodulin, 

100 Units 234 • 9 5 
CaC12, 2 mM + Calmodulin, 

200 Units 258 • 8 b 

~Microsomes were preincubated for 10 man in the presence of the 
specified compounds before assaying cholesterol ester hydrolase 
(CEH) activity, as described in the Materials and Methods section. 
The absolute value of 100% activity was 48.5 _ 1.8 Units/mg pro- 
tein. The values are the mean _+ SE of three experiments done in 
duplicate. 
bp ~< 0.005 vs. incubations without additions. 

To determine whether  the ac t iva t ing  effect of M g  2+, 
MgATP, Ca 2+ and Ca2+/CaM migh t  depend on an en- 
dogenous phosphatase~related dephosphorylat ion,  C E H  
act iv i ty  was measured  in the presence of the nonspecific 
phosphatase inhibitor pyrophosphate or of the types 1 and 
2A phosphatase  inhibitor okadaic acid {40,41), in micro- 
somes t reated with Mg 2+, MgATP, Ca 2+ or Ca2+/CaM 
(Table 4). Two significant results  were obtained. First, 
pyrophosphate  increased neutral  C E H  act ivi ty  in control 
microsomes about  40%. Second, Mg z+, MgATP, Ca 2+ and 
CaZ+/CaM act ivated C E H  in the presence of the phos- 
pha tase  inhibitors. 

Inactivation of neutral microsornal CEH by dephos- 
phorylating agents. Trea tment  of microsomes with non- 
specific alkaline phosphoprotein phospha tases  from 
bovine kidney, chicken intestine and E. coli resulted in 
marked  concentrat ion-dependent  decreases in activity, 
though the extent  of inhibition varied (Fig. 3). Addition 
of five Uni ts  of phospha tase  inhibited C E H  act ivi ty  by 
50-100%, whereas m a x i m u m  inhibition was produced by 
relatively low amounts  of E. coli phospha tas~  A correla- 
t ion between enzyme act ivi ty  and the inhibition of 
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TABLE 3 

Effect of ATP, EDTA, EGTA on Neutral CEH Activity in Mg 2+-, MgATP-, Ca 2+- 
and Mg2+/ca2+/CaM-Treated Microsomes a 

CEH activity (Units/mg protein) 

Mg 2+- MgATP- Ca 2+- Mg2+/Ca2+/CaM- 
Additions treated treated treated treated 

None 74.5 ___ 3.0 87.3 + 3.1 78.9 + 2.9 109.7 + 6.2 
ATP, 2 mM 74.2 ___ 3.8 --  66.6 • 2.1 b -- 
ATP, 5 mM 65.6 • 2.7 b -- 52.9 • 2.4 b -- 
ATP, 10 mM 53.9 +- 2.2 b -- 46.7 • 1.8 b --  
EDTA, 5 mM 51.8 d- 4.5 b 55.3 + 1.1 b 75.2 • 3.7 63.8 • 2.7 b 
EGTA, 2 mM 70.3 + 1.8 91.6 • 2.9 49.7 • 2.3 b 99.7 • 4.8 

aMicrosomes were preincubated for 10 rain with 2 mM MgC12 or 2 mM MgATP or 2 mM CaCI2 or with 2 
mM MgC12 plus 1 mM CaC12 and 10 Units of CaM. Then ATP, EDTA or EGTA was added before measur- 
ing CEH activity, as described in the Materials and Methods section~ Enzyme activity in untreated microsomes 
was 48.1 +_ 2.0 Units/rag protein. The values are the mean +_ SE of three experiments done in duplicate. 
Abbreviations as in Table 1; EDTA, ethylenediaminetetraacetic acid; EGTA, ethyleneglycol-bis(~-aminoethyl 
~tAher)N,N,N',N'-tetraacetic acid; CaM, calmodulin. 

t least P < 0.05 vs. activity without additions. 

endogenous phosphatases was demonstrated in micro- 
somes treated with the phosphatase inhibitors pyrophos- 
phate and glycerophosphate {Table 5}. Concentration- 
dependent increases in CEH activity were observed with 
both compounds, although glycerophosphate was less ef- 
fective than pyrophosphate~ The stimulation by pyrophos- 
phate persisted during the incubation, although the ef- 
fect diminished with time (92, 86, 77 and 69% of increase 
at 15, 30, 45 and 60 man of incubation, respectively; data 
not shown}. The pyrophosphateinduced activation was 
slightly enhanced by 5 m_M ATP {10%} and 2 mM MgCl 2 
(17%), and attenuated {34%} by i Unit of chicken intestine 
phosphatase {data not shown). NaF, the phosphatase in- 
hibitor most widely employed, progressively inhibited 
cholesteryl oleate hydrolysis, even in the presence of the 
activators, cAMP-dependent protein kinase~ Mg 2+ or 
Ca2+/CaM (data not shown}. The inhibition was found to 
be reversible~ inasmuch as dilution or removal of fluoride 
from the medium resulted in full recovery of CEH activ- 
ity {data not shown}. Thus, 50 mM NaF was added to the 
homogenization buffer to avoid spontaneous changes in 
CEH activity during microsome isolation, but it was 

TABLE 4 

Effect of Pyrophosphate and Okadaic Acid on Neutral CEH Activity 
in Mg 2+-, MgATP-, Ca 2+- and Ca2+/CaM-Treated Microsomes = 

Microsomal CEH activity (Units/mg protein) 
treatment None Pyrophosphate Okadalc acid 

None 50.0 -+ 1.9 70.7 __. 1.1 52.6 ___ 2.4 
MgCI 2 88.5 + 1.6 90.2 "!-_ 3.4 81.4 _+ 1.5 
MgATP 81.1 + 3.7 -- 82.7 + 3.8 
CaCl 2 73.7 +- 2.4 92.3 + 7.7 75.6 _ 1.7 
CaC12/CaM 83.4 --- 5.8 87.5 __. 2.6 85.8 _ 1.1 

aMicrosomes were preincubated for 20 rain with 2 mM MgC12, 2 
mM MgATP, 1 mM CaCI 2 or 1 mM CaCI 2 and 10 Units CaM before 
adding 50 mM pyrophosphate or 1 pM okadaic acid and assaying 
CEH activity, as described in the Materials and Methods section. 
Okadaic acid was dissolved in 10% dimethyl sulfoxide (final volume 
0.5% of total}, and an equivalent amount of the solvent was added 
to control incubations, The values are the mean + SE of three ex- 
periments done in duplicate. Abbreviations as in Table 3. 

e x c l u d e d  f r o m  t h e  b u f f e r s  u s e d  fo r  r e s u s p e n s i o n  a n d  t h e  
e n z y m e  assay.  

T h e s e  f i n d i n g s  s u g g e s t  a r o l e  fo r  e n d o g e n o u s  
s e r i n e / t h r e o n i n e  p h o s p h a t a s e s  in  t h e  i n a c t i v a t i o n  of  t h i s  
C E H .  F u r t h e r  s u p p o r t  for  t h i s  v i e w  is p r o v i d e d  b y  t h e  
o b s e r v a t i o n  t h a t  t r e a t m e n t  of  m i c r o s o m e s  w i t h  1-100 ~M 
o r t h o v a n a d a t e ,  a t y r o s i n e  p h o s p h a t a s e  i nh ib i t o r ,  d i d  n o t  
m o d i f y  C E H  a c t i v i t y  ( d a t a  n o t  shown) .  

Reversibility of the changes induced by phosphoryla- 
tion of neutral microsomal CEH. T h e  e x i s t e n c e  of  an  ac- 
t i v a t i o n ] d e a c t i v a t i o n  cyc le  fo r  C E H  w a s  i n v e s t i g a t e d  us-  
i n g  c A M P - d e p e n d e n t  p r o t e i n  k i n a s e / c A M P  o r  Ca2+/CaM 
as  a c t i v a t o r s ,  a n d  t h e  n o n s p e c i f i c  a l k a l i n e  p h o s p h a t a s e  
f r o m  c h i c k e n  i n t e s t i n e  as  a n  inh ib i to r .  A s  d e p i c t e d  in  
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FIG. 3. Concentration<iependent inactivation of neutral microsomal 
cholesterol ester hydrolaee (CEH) by Mknllue phosphoprotein 
phosphatases. Microsomes were preincubated for 20 min with increas- 
ing amounts of Escherichia coli (A), chicken intestine (ll) and bovine 
kidney (@) alkaline phosphatases before assaying CEH activity as 
described in the Materials and Methods section. Each value 
represents the mean +__ SE from three experiments done in duplicate. 
Vertical bars not shown lie within symbols. 
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TABLE 5 

Effect of Pyrophosphate and Glycerophosphate 
on Neutral Mic~osomal CEH Activity a 

Phosphatase inhibitor (raM) CEH (relative activity, %) 

Pyrophosphate 
5 122 • 2 b 

10 144 -4- 4 b 

20 163 ----- 6 b 
50 202 ___ 8 b 

Glycerophosphate 
5 106 • 2 

10 110 _ 3 
20 133 • 5 b 
50 172 • 6 b 

aMicrosomes were preincubatod for 20 rain with the specified 
amount of pyrophosphate or glycerophosphate before assaying 
cholesterol ester hydrolase (CEH) activity, as described in the 
Materials and Methods section. The absolute value of 100% activ- 
ity was 44.8 __. 1.9 Units/mg protein. The values are the mean +_ 
SE of triplicate determinations from a representative experiment 
of a total of three performed. 
bAt least P ~ 0.05 vs. activity without additions. 

Figure 4, phosphatase counteracted the cAMP-dependent 
protein kinase/cAMP- and Ca2+/CaM-promoted activa- 
tions in a similar order of potency, reducing CEH activi- 
ty almost to the control value after 60 rain incubation. 
A similar experimental design was followed to ascertain 
whether treatment of deactivated esterase with 
Ca2+/CaM or cAMP-dependent protein kinase/cAMP 
would reactivate the enzyme The phosphatase-induced 
decrease in CEH activity was not modified by any of the 
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FIG. 4. Time-dependent activation/deactivation of neutral micro- 
somal cholesterol ester hydrolase (CEH) activity. Microsomes were 
assayed for CEH activity as a function of time after the following 
treatments: a) none (O); b) 100 pg cAMP~lependent protein klnRAe/100 
~g cAMP (A); c) 1 mM CaCI2110 Units CaM (11); and d) 1 Unit 
chicken intestine phosphatase (�9 After 15 vain incubation, 1 Unit 
alkaline phosphatase was added to b (A) and c (n), and 100 ~g cAMP- 
dependent protein kinase/100 ttM cAMP (*) or I mM CaCI2/10 Units 
CaM (e) were added to ~ Points represent the mean values from three 
experiments. 

treatments (Fig. 4), even when (at 15 rain incubation) 
phosphatase was blocked by 10 mM pyrophosphate or 
when 2 mM MgATP was also added {data not shown). 
However, the addition of 100 ~g cAMP-dependent protein 
kinase and 100 wM cAMP, together with I Unit phospha- 
tase, to the microsomal suspension not only counteracted 
the decrease in CEH but raised its activity c~ 80% above 
the control value {control 13.4 _ 0.2; phosphatas~ 11.3 +_ 
0.8; phosphatase/cAMP-dependent protein kinase/cAMP, 
24.0 +_ 1.7 Units/rag protein). 

DISCUSSION 

Our  resu l t s  are the  f irst  repor ted  evidence t h a t  r a t  l i v e r  
microsomal  C E H  m i g h t  be long  to  the  group of enzymes  
control led by reversible phosphorylatiorL I n  particular,  we 
provide evidence t h a t  in v i t ro  cond i t ions  favor ing  phos- 
pho r y l a t i on  in  microsomal  p repa ra t ions  enhance  the  ra te  
of cholesteryl oleate hydrolysis, whereas marked decreases 
in CEH are correlated with the presence of phosphatase 
activity. 
Liver microsomes are known to contain several protein 

k~nases, among them one dependent on cAMP and one 
dependent on Ca2+/CaM, in addition to phosphoprotein 
phosphatases and substrates for both classes of enzymes 
(42). Our findings are consistent with the view that when 
a microsomal or exogenous cAMP-dependent protein 
kinase cascade is triggered, CEH activity is enhanced. 
The potential involvement of a Ca 2+/CaM-dependent pro- 
tein phosphorylation in the activation of CEH is also 
suggestecL 
A significant aspect of this work is that the metal ions 

Mg s+ and Ca 2+ induce consistent increases in CEH ac- 
tivity, which seem to be independent of protein kinases 
and differ in their response to chelators. Modification of 
the surface charge of the microsomal membranes by the 
cations might account for these effects. However, the ef- 
fect of Ca ~+ could also be mediated by endogenous CaM 
bound to the microsomal membranes. This view is sup- 
ported by the finding that CEH activity in untreated 
microsomes was inhibited by the CaM antagonist tri- 
fluoperazine These results are in apparent disagreement 
with those of Coleman and Haynes (43), who reported that 
rat liver microsomal CEH is not affected by Ca 2+ and 
Mg 2+. Discrepancies could be due to the way in which 
the substrate was presented, namely as lipid dispersions 
in acetone and on the addition of phosphatidylcholine/ 
phosphatidylserine {1:1, w/w) to the incubation medium. 
The latter addition could alter the interaction between en- 
zyme and cholesteryl oleate which, in turn, may mask ftm 
ther effects of the cations. 

Inhibition of CEH by commercial nonspecific phos- 
phatases suggests that microsomal cholesterol esterase 
is deactivated under conditions at which other proteins 
are dephosphorylated. An unexpected finding was that 
the low CEH activity displayed by phosphatase~treated 
microsomes could not be restored by either cAMP- 
dependent protein kinase or Ca~+/CaM, whereas the in- 
activation was prevented when the activators and phos- 
phatase were added to microsomes simultaneously. This 
suggests that some minimal phosphorylation of the en- 
zyme might be required for activation or, alternatively, 
that dephosphorylation destabilizes or irreversibly inac- 
tivates the enzyme 
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I f  C E H  were, indeed, regulated by a reversible phos- 
phoryla t ion mechanism in v iva  as suggested by these 
studies, then endogenous phosphatases  should inhibit 
C E H  activity. In fact, C E H  was act ivated and i ts  deac- 
t ivat ion prevented by the nonspecific serineYthreonine 
phosphatase  inhibitors, pyrophosphate  and glycerophos- 
phate. This is the first evidence for involvement of en- 
dogenous phosphatases  in microsomal CEH inactivation. 
Serine/threonine phosphatases  are classified by their 
Mg  2+, Ca 2+ and Mn 2+ dependence and their  sensi t ivi ty  
to various inhibitors (40,41). Type 1, 2A, 2B and 2C phos- 
phatases,  which account for vir tual ly all detectable phos- 
phatase  activit ies in liver extracts,  are directed toward 
many  phosphoproteins,  including those controlling cho- 
lesterol and f a t ty  acid synthesis  (40,41,44-46). Type I is 
the major  phosphatase  associated with liver endoplasmic 
reticulum (70%) and glycogen (30%) (40,47). Okadaic acid 
is part icularly useful for dist inguishing phosphatases,  as 
it has an especially high affinity for the catalytic subunits 
of type  1 and 2A phosphatases  (41,48). Because the en- 
dogenous inhibitor act ing on C E H  is insensitive to 
okadaic acid, it is not  likely to be a type  1 or 2A phos- 
pha tase  Nevertheless, proof of this hypothesis will require 
sys temat ic  studies with purified phosphatases .  

Our exper iments  confirm and extend the idea tha t  a 
single shor t - term regula tory  mechanism, protein phos- 
phory la t ion ,  opera tes  on in t race l lu la r  choles terol  
homeostasis through different mediators. Stimuli shifting 
phosphoryla t ion through the cAMP or the Ca2+/CaM 
protein kinase cascade would enhance cholesteryl ester 
mobilization to supply  cholesterol and f a t ty  acids, the 
former being used for bile acid synthesis  (20-23). In con- 
trast ,  the availabili ty of subs t ra tes  for cholesteryl ester  
synthesis is reduced by the AMP-activated protein kinasr 
which inact ivates H M G - C o A  reductase and ace ty l -CoA 
carboxylase  and antagonizes the act ivat ion of the 
hormone-sensit ive lipase by cAMP-dependent  protein 
kinase (49,50). Whether  liver ACAT is regulated by pro- 
tein phosphoryla t ion  remains to be determined (24-27). 
Inasmuch as the present scheme for a coordinated regula- 
t ion of cholesterol metabol ism envisions the liver as a 
major  site of cholesteryl ester  hydrolysis in the rat, the 
in vivo role of microsomal C E H  calls for fur ther  study. 
Regulation of neutral  microsomal  C E H  by protein phos- 
phorylat ion cannot be confirmed without  examinat ion at  
the cellular and molecular level. Purification of the enzyme 
and studies of phosphoryla t ion  in isolated ra t  liver cells 
are the subject  of ongoing investigations, 
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The effect of vasopressin on choline uptake and phospha- 
tidylcholine biosynthesis in isolated rat heart myocytes 
was investigated. Myocytes were incubated with labelled 
choline in the presence of 0.05-1.0 ~M vasopressin. Uptake 
of choline was enhanced (25%) by a low concentration (0.2 
~M) of vasopressin, but was attenuated (19%) by a higher 
vasopressin concentration (1.0 pM). The biosynthesis of 
phosphatidylcholine was also affected by vasopressin in 
a biphasic manner. At low concentrations of vasopressin, 
a general increase in cytosine triphosphate.~hosphocholine 
cytidylyltranferase activity was observed that caused an 
enhanced conversion of phosphocholine to phosphatidyl- 
choline v/a the cytidine diphosphocholine pathway. At high 
vasopressin concentrations, a decrease in the activity of 
cytidylyltransferase was detected, which was caused by 
the translocation of the enzyme from the microsomal fra~ 
tion to the cytosollc fraction. The decrease in enzyme ac- 
tivity coincides with a reduction in the conversion of 
labelled phosphocholine to phosphatidylcholine. In view 
of the fact that phospholipid biosynthesis in rat hepatc~ 
cytes is inhibited by vasopressin at all concentrations, the 
biphasic modulation of phosphatidylcholine biosynthesis 
in rat heart myocytes illustrates the diverse effects of this 
hormone in different mammalian tissues. 
Lipids 29, 15-19 (1994). 

Phosphatidylcholine is the principal phospholipid in mam- 
malian tissues (1). In mammalian hearts, the vast majority 
of phosphatidylcholine is synthesized v/a the cytidine 
diphosphocholine (CDPcholine) pathway (2,3). In this path- 
way, choline taken up by the heart is rapidly phosphorylated 
into phosphocholine by the action of choline kinas~ Phos- 
phocholine is then converted into CDPcholine by the action 
of cytosine triphosphate (CTP):phosphocholine cytidylyl- 
transferas~ The CDPcholine is condensed with diacylgly- 
cerol by the action of CDPcholine:diacylglycerol choline 
phosphotransferase to form phosphatidylcholine Although 
the first committed step in this pathway is catalyzed by 
choline kinase, the rate-limiting step is catalyzed by the 
cytidylyltransferase (4). The latter enzyme is located in both 
microsomal and cytosolic fractions, and translocation of the 
enzyme from one compartment to another is regarded as 
an important mechanism for the in vivo regulation of en- 
zyme activity (5). 

The effects of hormones on phosphatidylcholine biosyn- 
thesis have been inw~stigated in mammalian tissues. 
Steroids, including diethylstilbestrol and glucocorticoids, 

*To whom correspondence should be addressed at Department of 
Biochemistry and Molecular Biology, Faculty of Medicine, University 
of Manitoba, 770 Bannatyne Ave., Winnipeg, Manitoba, R3E 0W3 
Canada 
Abbreviations: CDPcholine, cytidine diphosphocholine; CTP, cytosine 
triphosphate; EDTA, ethylenediaminetetraacetic acid; MEM, mini- 
mum essential medium. 

have been found to stimulate phosphatidylcholine biosyn- 
thesis in the rooster and fetal lung (6-8). Alternatively, 
norepinephrine and vasopreesin have been shown to inhibit 
phosphatidylcholine biosynthesis (9-11). The inhibitory 
effect of vasopressin in hepatocytes is mediated v/a the 
modulation of the CTP.~hosphocholine cytidylyltransferase 
activity without affecting the uptake or phosphorylation of 
choline (9). In another study, high levels of vasopreesin ap- 
pear to inhibit the CDPcholine:l,2~iiacylglycerol choline~ 
phosphotransferase activity through increased levels of in- 
tracellular calcium (10). Vasopressin has also been shown to 
exhibit biphasic effects in the perfused heart with respect 
to changes in peak ventricular pressure (12). However, the 
effect of vasopressin on phosphatidylcholine biosynthesis 
in cardiac cells has not been reporteA 

In this study, the effects of vasopreesin on choline uptake 
and phosphatidylcholine biosynthesis in cardiac myocyt~ 
were investigatecL Our results show that both choline up- 
take and phosphatidylcholine biosynthesis in myocFtes were 
enhanced at low vasopressin concentrations, but that the 
biosynthesis of phosphatidylcholine is attenuated at high 
vasopressin concentrations. 

MATERIALS AND METHODS 

Materials. Phospho[methylJ4C]choline, CDP[methyl- 
14C]-choline, [tyrosyl-3H]ar~_nine and vasopressin were 
obtained from Amersham Canada Ltd. (Oakville, Ontaria 
Canada). The [methyl-3H]choline was purchased from 
New England Nuclear Division of Dupont (Mississauga, 
Ontari~ Canada). Oxytocin and [arginine]vasopressin 
were products of Boehringer Mannheim Canada Ltd. 
(Laval, Quebec, Canada). Minimal essential medium 
(Joklik-modified), Medium 199, Dulbecco's phosphate buf- 
fered saline, phosphocholine, choline, cytidine 5'-diphos- 
phocholine, tr/s-base, CTP, adenosine triphosphate, hy- 
aluronidase and ethylenediaminetetraacetic acid (EDTA) 
were obtained from Sigma Chemical Co. (St. Louis, MO). 
Phosphatidylcholine (pig liver) and 1,2-diacylglycerol (pig 
liver) were purchased from Serdary Research Laboratory 
(London, Ontarir Canada). Magnesium acetate and mag- 
nesium chloride were products of Fisher Scientific Co. 
(Fair Lawn, N J). Sephadex G-15 (fine) gel filtration media 
was purchased from Pharmacia Fine Chemicals (Uppsala, 
Sweden). Collagenase (Class 2) was obtained from Worth- 
ington Biochemical Corporation (Freehold, N J). All other 
chemicals were of analytical grade and obtained locally 
from the Canlab Division of Baxter Co. (Edmonton, Al- 
berta, Canada) Sprague Dawley rats of either sex, 250 • 
50 g, were obtained from Charles River Canada, Inc. (St. 
Constante, Quebec, Canada). 

Isolation of rat cardiac myocytes. Myocardial cells were 
obtained from hearts of Sprague Dawley rats. Rats were 
maintained on Agway rodent chow and tap water ad 
libiturn. Myocytes were isolated by the procedure of 
Langer et aL (13). Briefly, the heart was perfused in 
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Langendorff mode with buffer A for 5-10 min followed 
by perfusion with buffer B for another 15-20 rain. Follow- 
ing perfusion, the digested tissue was placed in buffer A 
and the cells were dislodged from the tissue by gentle 
agitation. Myocytes were suspended with buffer A in a 
culture tube and separated by sedimentation and removal 
of supernatant containing other cardiac cells. The myocyte 
preparation, which was relatively free of other cardiac 
cells, was resuspended in a small volume of buffer A, and 
two volumes of the growth medium (containing 1.8 mM 
calcium) were slowly added to the myocyte suspension 
over a period of 45 rain. Finally, myocytes were placed in 
the growth buffer, incubated in a petri dish for 60 rain in 
order to allow attachment and used immediately after in- 
cubation. All incubations were carried out at 37~ and 
all the buffers used were saturated with 95% oxygerd5% 
carbon dioxide. Buffer A contained 11 g/L minimum es- 
sential medium-Jokliks/(MEM-Jokliks) buffer prepara- 
tion, 60.0 mM taurine, 2.0 mM DL-carnitine" 1.0 mM 
adenosine, 3.4 mM magnesium chloride" 50.0 mM sodium 
bicarbonate, 15.0 mM glucose, 0.1 mM octanoic acid, 8.0 
mM L-glutamate" 0.1 g/L penicillin and 0.1 g/L strep- 
tomycin. Buffer B contained 4 mg/mL collagenase (class 
2), 2 mg/mL hyaluronidase and 0.1 mM calcium chloride 
dissolved in buffer A. The growth medium contained 9.8 
g/L of Medium 199, 2.0 mM L-glutamine" 2.2 g/L sodium 
bicarbonate" 0.1 g/L penicillin and 0.1 g/L streptomycin. 
The viability of the myocytes was tested by trypan blue 
exclusion and contractile activity. Over 90% of the cells 
isolated were viable and in rod shape throughout the 
experiment. 

The determination of choline uptake and analysis of 
choline-containing metabolites. Myocytes were used im- 
mediately after attachment to the petri dish. Each dish 
(containing 200-300 ~g protein) was incubated with 2 mL 
of growth medium containing 10 ~vl labelled choline (0.15 
mCi/~mml) for the prescribed time perio~ The medium con- 
taining labelled choline was removed, and the cells were 
washed twice with 2 mL of Dulbecco's phosphate buffered 
saline followed by the addition of I mL methanol. The cell 
suspension was transferred to a glass test tube, and an 
equal volume of chloroform was added. An aliquot of the 
mixture was taken for the determination of total choline 
uptake. Lipid extraction of the myocytes was performed 
by the method of Folch et al. (14). Subsequent to phase 
separation, the phosphatidylcholine fraction in the lower 
phase was isolated by thin-layer chromatography on silica 
G-25 plates with a solvent containing chloroforrogmeth- 
anol/water/acetic acid (70:30:4:2, by vol). Choline-contain- 
ing metabolites in the upper phase were separated by thin- 
layer chromatography with a solvent system containing 
methanol/0.6% sodium chloride/57% ammonium hydrox- 
ide (50:50:5, by vol). The locations of the radioactive frac- 
tions on the thin-layer chromatographic plate were 
detected by a Bioscan System 200 Imaging Scanner. 

The determination of enzyme actiuities. Choline kinase 
activity was assayed by determining the conversion of 
[methyl-3H]choline to phosphocholine (15). CTP:phospho- 
choline cytidylyltransferase activity was assayed by the 
conversion of phospho[methyl-14C]choline to CDPcholine 
(16). The reaction mixture contained 100 mM Tris-suc- 
cinate (pH 7.5}, 12 mM magnesium acetate, 2.5 mM CTP, 
1.0 mM phospho[methyl-~4C]choline and enzyme prepara- 
tion to a final volume of 100 ~L. A total cardiac phos- 

pholipid extract (containing 0.1 wM lipid phosphorus) was 
added to the assay mixture when the cytosolic fraction 
was used. The reaction was carried out at 37 ~ for 20 min 
and stopped by boiling. The labelled CDPcholine was 
separated from labelled substrate by thin-layer chromatog- 
raphy with a solvent system containing methanol]0.6% 
aqueous sodium chloride]57% ammonium hydroxide 
(50:50:5, by vol). CDPcholine:l ,2-diacylglycerol 
cholinephosphotransferase activity was determined by the 
conversion of CDP[methyb14C]choline to phosphatidyl- 
choline (17). The reaction mixture contained 100 mM Tris- 
HC1 (pH 8.5), 10 mM magnesium chloride, 1 mM EDTA, 
0.4 mM CDP[rnethyl-14C]choline, 1.0 mM diacylglycerol 
(prepared in 0.015% Tween 20 by sonication) and enzyme 
preparation to a final volume of 1.0 mL. The reaction was 
carried out at 37 ~ for 20 re_in and terminated by the addi- 
tion of 3 mL of chloroform]methanol (2:1, volJvol) to the 
mixture. Water (0.5 mL) was added to cause phase separa- 
tion. The lower phase (containing the labelled phospha- 
tidylcholine) was washed twice with 40% methanol, and 
an aliquot was taken for radioactivity determination. 

SubceUular fractionation. Microsomal and cytosolic 
fractions were obtained from cardiac myocytes by differen- 
tial ultracentrifugation. Myocytes were suspended in 10 
mM Tris-HC1 (pH 7.4)/0.25 M sucrose/1 mM EDTA and 
homogenized in a glass Dounce homogenizer. Myocyte 
disruption after homogenization was verified under a 
phase contrast light microscope The cellular suspension 
was centrifuged at 20,0000 • g for 10 min, and the super- 
natant obtained was centrifuged at 100,000 X g for 60 
min. The supernatant (cytosol) was collected, and the 
precipitate (microsomal pellet) was resuspended in the 
homogenizing buffer. 

Other analytical procedures. Protein was determined by 
the method of Lowry et al (18) with bovine serum albumin 
as standar~ Radioactivity was determined by liquid scin- 
tillation counting. Student's t-test was used for statistical 
analysis of dat& The significance level was set at P < 0.05. 

RESULTS 

The effect of  vasopressin on choline uptake and phos- 
phatidylcholine biosynthesis. Cardiac myocytes were in- 
cubated in the growth medium containing 10 gM 
[methyl.ZH]choline in the presence of 0.2 and 1.0 ~M 
[arginine]vasopressin for 20-120 min. Myocytes incubated 
in the same medium without vasopressin were used as con- 
trols. Subsequent to incubation, total uptake of choline 
by myocytes was determined. As depicted in Figure 1, 
choline uptake by myocytes was linear up to 60 min in 
the presence or absence of vasopressin. The presence of 
0.2 ~nM vasopressin caused an enhancement of choline up- 
take (25%) at all time points, whereas the presence of 1 
~Vl vasopressin caused a significant reduction (19%) in 
choline uptake 

The effect of other vasopressin concentrations (0.01-5 
~M) on choline uptake and phosphatidylcholine biosyn- 
thesis was investigated. Myocytes were incubated with 
growth medium containing 10 ~M labelled choline for 60 
min at various vasopressin concentrations. Subsequently, 
the uptake of choline and the amount of radioactivity in 
the phosphatidylcholine fraction in the myocytes were 
determined. No change in the uptake of choline was de- 
tected at 0.01 ~M vasopressin. An enhancement of choline 
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FIG. 1. Time course of choline uptake in rat cardiac my ocytes. Rat 
cardiac myecytes were incubated with 10 ~M [methyl.3H]choline 
(150 pCi/~nol) in the absence (O) or presence of 0.2 ~M { �9 ) or 1.0 pM 
(A) vasopressin. The total amount of radioactivity incorporated in- 
to the myoeytes at each time point was determined. Each point 
represents the mean value of four determinations from two separate 
experiments, and the vertical bar represents the SD. 

TABLE 1 

Effect of Vasopressin on Choline Uptake and Incorporation 
of Labelled Choline into Phosphatidylcholine a 

Total choline uptake Phosphatidylcholine 
Hormone (dpm/~g protein) {dpm]~g protein) 

Control 274 • 8 (5) 68 • 3 (8) 
0.05 ~ vasopressin 301 • i0 (5) b 79 • 3 (8) b 
0.1 ~M vasopressin 304 • 14 (3) b 82 • 3 (3) b 
0.2 ~ vasopressin 343 • 10 (5) 5 97 • 11 (6) 5 
0.3 ~M vasopressin 324 • 15 (3) b 73 • 9 (3) 
0.4 ~M vasopressin 229 • 7 (3) b 58 • 8 (3) 5 
0.5 ~M vasopressin 323 • 19 (3) b 60 • 2 (3) 5 
1.0 ~M vasopressin 223 • 21 (4) 5 41 • 4 (9) 5 
0.1 I~M V1 antagonist 267 • 8 (8) 68 • 4 (3) 
0.I IJM Vl antagonist 
+0.2 ~M vasopressin 287 • 3 {3) 74 • 6 (4) 
aCurdiac myocytes were incubated with growth medium containing 
10 pM [methyl-3H]choline (150 ~Ci/~nnol) for 60 rain in the presence 
of vasopressin and 0.1 ~M [d(CH2)s, D-tyr(OEt) 2, val 4, cit s] 
vasopressin (V 1 antagonist). Subsequently, the total choline uptake 
and the incorporation of label into phosphatidylcholine were deter- 
mined. Each set of values represents the mean • SD (number of 
experiments). 
bp < 0.05. 

up take  was observed with a corresponding increase in the 
labe l l ing  of p h o s p h a t i d y l c h o l i n e  a t  0 .05-0.3 ~M 
vasopressin (Table 1). At  higher vasopressin concentra- 
t ions (0.4-1.0 ~M), choline up take  was a t tenuated,  to- 
gether  with a reduction in the labelling of phosphat idyl-  
choline. I t  appears  t ha t  choline up take  in myocytes  was 
modula ted by vasopressin in a biphasic manner, wi th  a 
t ransi t ion occurring between 0.3-0.4 ~M. However, t h e  
change in the labelling of phosphatidylcholine was not  
proport ional  to the change in choline uptake, which in- 
dicates t h a t  vasopressin migh t  also affect phosphatidyl-  
choline biosynthesis  in myocytes.  

The nature  of vasopressin response was investigated by 
using a specific V, receptor antagonis t  [d(CH2)5, D- 
tyr (OEt)  2, val  4, citS]-vasopressin. Myocytes  were in- 
cubated  with 10 ~M [methyb3H]choline with 0.2 ~M 
vasopressin for 60 rain in the presence or absence of 0.1 
~M vasopressin antagonist.  As shown in Table 1, both  the 
choline up take  and the labelling of phosphatidylcholine 
were not affected by the vasopressin antagonist .  However, 
the s t imula tory  effect of 0.2 ~M vasopressin on choline 
up take  and labelling of phosphatidylcholine was at- 
tenuated  by  the presence of the vasopressin antagonist .  

Analysis of choline-containing metabolites. The effect 
of vasopressin on the radioactivit ies associated with  the 
choline-containing metaboli tes  in myocytes  was deter- 
mined. The choline~containing metabol i tes  in the  upper  
phase  of the cellular ext rac t  were separa ted  by thin-layer 
chromatography  with a solvent sys tem containing 
methanol/0.6% sodium chloride/57% ammonium hydrox- 
ide (50:50:5, by  vol). In  the presence of 0.2 ~M vasopressin, 
the increase in the labelling of choline (24%) comraen- 
surated with the increase in choline up take  (Table 2). 
However, the increase in the labelling of phosphocholine 
(15%) was less than  tha t  shown in choline u p t a k e  In  the 
presence of I ~M vasopressin, the decrease in choline up- 
take  was also reflected in the labelling of choline (23%), 
bu t  not  in the labelling of phosphocholin~ The labelling 
of CDPcholine was not  significantly changed in bo th  
cases. 

TABLE 2 

Effect of Vasopressin on the Incorporation of Radioactivity into 
Choline-Containing Metabolites a 

Choline Phosphocholine CDPcholine 
Vasopressin (dpm/~g protein) (dpm/Fg protein) (dpm/~g protein) 

Control 53 • 3 (6) 163 • 9 (4) 8.8 • 2.9 (6) 
0.2 ~ 66 • 4 (6) b 187 • 14 (5) b 9.4 • 1.8 (3) 
1.0 ~M 41 • 11 (13) b 152 • 7 (3) 6.8 • 2.6 (9) 
~Cardiac myocytes were incubated with growth medium containing 
10 ~M [methyl-3H]choline for 60 min in the presence of 0.2 or 1.0 
gM vasopressin. Subsequently, the radioactivity associated with the 
choline-containing metabolites of the cytidine diphosphocholine 
{CDPcholine) pathway in the myocytes were determined. Each set 
of values represents the mean • SD (number of experiments). 
5p < 0.05. 

Activities of enzymes in the CDPcholine pathway. The 
disproport ionate  changes between choline up take  and 
labelling of phosphatidylcholine suggest  tha t  the conver- 
sion of metaboli tes  in the CDPcholine pa thway was af- 
fected by vasopressin. This postulat ion was substant ia ted 
by the analysis of the choline-containing metabolites.  In  
order  to elucidate the mechanism leading to these 
changes,  the activit ies of the enzymes in the CDPcholine 
pa thway were determined. Myocytes  were homogenized 
to yield a cellular homogenate  for enzyme act ivi ty  deter- 
minations.  The presence of 0.2 or 1.0 ~M vasopressin to 
the assay mixture  had no effect on any of the enzyme ac- 
tivities. In  another  set  of experiments,  myocytes  were in- 
cubated  with 0.2 or 1.0 ~M vasopressin for 60 min prior  
to homogenization. Myocytes incubated in the absence of 
vasopressin were used as controls. The activities of choline 
kinase, CTP:phosphocholine cyt idylyl t ransferase  and 
CDPcholine:diacylglycerol  chol inephosphot ransferase  
were determined and results  obta ined are shown in Table 
3. Incubat ion  with 0.2 ~M vasopressin caused a twofold 
enhancement  of the cyt idylyl transferase activity, bu t  the 
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TABLE 3 

The Effect  of Vasopressin on the Activit ies  of the Phosphatidylcholine 
Biosynthet ic  Enzymes a 

C h o l i n e  CTP:phosphocholine 
kinase cytidylyltransferase Cholinephosphotransferase 

Vasopressin (umol/min/mg protein) (nmolJminJmg protein) (nmol/mln/mg protein) 
Control 0.018 • 0.003 (4) 0.254 • 0.035 (8) 0.116 • 0.012 (8) 
0.2 ~M 0.018 • 0.005 (3) 0.495 • 0.065 (5) b 0.119 • 0.008 (5) 
1.0 ~M 0.015 • 0.002 (3) 0.118 • 0.017 (4) b 0.124 • 0.007 (5) 
aCardiac myocytes were incubated with growth medium in the presence or absence of vasopressin. Subse- 
quently, the myocytes were homogenized, and enzyme activities in the homogenate were determined. Each 
set of values represents the mean • SD {number of experiments}. CTP, cytosine triphosphate. 
bp < 0.05. 

activities of other  enzymes in the pathway were not  af- 
fected. Incubation with 1.0 ~M vasopressin caused a 
severe (54%) reduction in the cytidylyltransferase activity. 
The activities of choline kinase and cholinephosphotrans- 
ferase were not  significantly changed by this t reatment .  

The mechanism for the change of cytidylyltransferase 
act ivi ty at  different vasopressin concentrations was ex- 
amined. Myocytes  incubated with 0.2 or 1.0 ~M 
vasopressin were homogenized, and subcellular factions 
were obtained by differential" centrifugation. Enzyme ac- 
tivities in the microsomal and cytosolic fractions were 
determined, and the results are depicted in Table 4. In the 
presence of 0.2 fdVl vasopressin, enhancement  of enzyme 
activities in both  the microsomal and cytosolic fractions 
was observed. In the presence of 1.0 WM vasopressin, there 
was a severe reduction in enzyme act ivi ty in the micro- 
somal fraction, with a corresponding increase in enzyme 
act ivi ty in the cytosolic fraction. 

The uptake of vasopressin in cardiac rnyocytes. The 
ability of the cardiac myocytes for vasopressin uptake was 
investigated. Myocytes were incubated with 0.2 or 1.0 wM 
[3H-tyr]vasopressin (1.5 ~Ci/nmol) for 60 rain in growth 
medium followed by two washings with growth buffer con- 
taining 10/LM nonlabelled vasopressin. After incubation, 
the cells were homogenized in 0.25 M sucrose]10 mM 
Tris-HC1 buffer (pH 7.5), and an aliquot of the homogen- 
ate was taken for radioactivity determinat ion (Table 5). 
The uptake of vasopressin by the myocytes was found to 
be dose-dependent, bu t  not  in a linear fashion. The fate 
of the vasopressin taken up by the cells was also examined. 

TABLE 4 

Effect  of Vasopressin on the Distribution of  CTP:Phosphocholine 
Cytidylyltransferase in the Microsomal and Cytosolie Fractions a 

Cytidylyltransferase activity 

Microsomal Cytosolic 
Vasopressin (umol/min/mg protein) (umol/min]mg protein) 

Control 0.415 • 0.073 (4) 0.319 • 0.086 (3) 
0.2 pM 0.612 • 0.071 (3) b 0.543 • 0.048 (3) b 
1.0 ~M 0.169 • 0.029 (3) b 0.605 • 0.041 (3) b 
aCardiac myocytes were incubated with growth medium in the 
presence or absence of vasopressin. Subsequently, the myocytes were 
homogenized, and subcellular fractions were obtained by differen- 
tial centrifugation. The cytosolic enzyme activity was assayed in 
the presence of phospholipids. Each set of values represents the mean 
___ SD (number of experiments}. CTP, cytosine triphosphate. 
dose-dependent, but not in a linear fashion. The fate of the 
bp < 0.05. 

TABLE 5 

The Uptake of Vasopressin by Rat Cardiac Myocytes  a 

Vasopressin Vasopressin uptake 
in medium (fmol/~g protein) 

0.2 ~4 5.5 -- 1.1 (6) 
1.0 ~ 22.2 • 8.0 (6) 

aCardiac myocytes were incubated in the presence of [3H-tyr]vase- 
pressin (1.5 ~Ci/nmo[) for 60 min. After incubation, medium was 
removed and cells were washed with unlabelled vasopressin (10 haM). 
The myocytes were homogenized and the amount of radioactivity 
in the homogenate was determined. Each set of values represents 
the mean _ SD (number of experiments). 

The myocyte homogenate was centrifuged at 100,000 • 
g for 60 rain to obtain the cytosolic fraction, and an ali- 
quot  was applied to a Sephadex G-15 (fine} column 
equilibrated with 10 mM Tris-HC1 {pH 7.5)/0.1 M KC1. 
In a control experiment, vasopressin was applied and 
eluted from the same column. None of the radioactivity 
was found in the fractions that  contained vasopressin, but  
most  of the radioactivi ty was eluted in subsequent  frac- 
tions tha t  normally contained tyrosine {data not  shown). 
I t  appears tha t  the vasopressin taken up by the cell was 
metabolized into the corresponding labelled amino acid 
and its metabolites. 

DISCUSSION 

I t  is clear from this s tudy tha t  vasopressin affects phos- 
phatidylcholine biosynthesis in isolated myocytes. Two 
modes of regulation have been identified: (i) the modula- 
tion of choline uptake and {ii) the regulation of the 
CTP:phosphocholine cytidylyltransferase activity. 

The uptake of choline by the cell has been regarded as 
a plausible mechanism for the control of phosphatidyl- 
choline biosynthesis. In nonneural cells, choline is taken 
up via the low-affinity Na+-independent  t r anspor t  
system (19}. In the mammalian heart, the uptake of 
choline follows Michaelis-Menten kinetics and appears to 
consist  of a single uptake system {2,20). The uptake of 
choline is inhibited by ethanolamine and other  choline 
analogs {21,22}. Interestingly, choline uptake is enhanced 
by amino acids in some mammalian tissues {20,23}. This 
is the first report  tha t  choline uptake could also be 
regulated by hormonal control. The modulation of choline 
uptake by vasopressin appears to be quite specific as the 
action of vasopressin could not be duplicated by similar 
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amounts  of oxytocin (data not  shown). Exper iments  con- 
ducted with [d(CH~)5, D-tyr(OEt) 2, val 4, cit 8] -vasopressin, 
a specific V1 receptor antagonist  (24), indicate tha t  the 
action of vasopressin might  be associated with the V1 
receptors. 

The disproportionate changes between choline uptake 
and radioactivity incorporated into the phosphatidyl- 
choline fraction suggest  tha t  the biosynthesis of the 
phospholipid is also modulated by vasopressin. I t  is in- 
teresting to note tha t  vasopressin at lower concentrations 
(0.05-0.3 ~M) regulates choline uptake and the synthesis 
of phosphatidylcholine in a synergistic manner. Analyses 
of the choline-containing metabolites revealed tha t  the 
conversion of phosphocholine to CDPcholine and, subse- 
quently, phosphatidylcholine" was enhanced, and the 
cytidylyltransferase activities were elevated in both  the 
microsomal and cytosolic fractions. In order to determine 
whether the enzyme might  be modulated directly by the 
hormone" the ability of the myocytes to take up vaso- 
pressin was examined. Only a very small proportion 
(fmol]~g cellular protein) of vasopressin was internalized 
by the myocytes, and practically all of the internalized 
vasopressin was catabolized into amino acids and their 
metabolites. Furthermore,  the addition of vasopressin to 
the assay mixture in vi tro did not  cause any changes in 
the cytidylyltransferase activity. Hence" the modulation 
of the cytidyltransferase was not  a direct interaction be- 
tween the enzyme and vasopressin. 

One intriguing aspect of this s tudy is the biphasic ac- 
t ion of vasopressin on both  choline uptake and phospha- 
tidylcholine biosynthesis. In view of the fact tha t  the con- 
centrat ions of vasopressin used in this s tudy  are much 
higher than the physiological values, the role of the hor- 
mone in the regulation of phosphatidylcholine biosyn- 
thesis in vivo remains undefined. The V~ receptor is the 
predominant  type of vasopressin receptors in nonrenal 
organs and the ability of vasopressin to act ivate protein 
kinase C at high concentrations via the V~ receptor is 
well documented (24). However, it is not  clear if the pro- 
tein kinase C produced by the action of vasopressin may 
cause the phosphorylat ion of the cytidylyltransferase" 
which results in its translocation from the microsomal to 
the cytosolic form (5,25). Alternatively, vasopressin at  
lower concentrations may produce a yet  unidentified 
cellular response tha t  activates the cytidylyltransferase 
in both  subceUular fractions. The ability of a hormone to 
produce dual second messengers via a single receptor has 
recently been identified (26,27). Interestingly, vasopressin 
displays no effect on the choline uptake in isolated rat  
hepatocytes, but  inhibits the incorporation of labelled 
choline into phosphatidylcholine (9). Similar to the pres- 
ent study, the mechanism of inhibition appears to be at 
the cytidylyltransferase level. Hence" the biphasic effect 
of vasopressin on choline uptake and phosphatidylcholine 
biosynthesis observed in this s tudy illustrates the diverse 
effects of this hormone on different tissues. 
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Several inositol sphingophosphofipids (ISPL) were isolated 
from mycefia of Phytophthora caps/c/, a phytopathogenic 
fungus of pepper (Caps/cure ammum cv. Yolo Wonder). The 
sphingophospholipids induce a protective response by c ~  
tyledons of young peppers against necrotic lesions caused 
by the pathogen P. caps/ci. The ISPL structures were 
determined by chemical methods, fast atom bombardment 
mass spectrometry and by fast atom bombardment colli- 
sion-induced tandem mass spectrometry. All ISPL con- 
sisted of ceramides linked to inositol phosphate. The amide- 
linked fatty acids were found to have 16, 20 and 22 ca~ 
bon chains. The long chain bases were identified as tri- 
methylsilyl derivatives and shown to be C16-sphingo- 
sine and Cle~iihydrosphingosine. The protective effect of 
the ISPL on cotyledons of young peppers against necrotic 
lesions caused by the pathogen P. caps/ci was shown not 
to be dependent on the nnsaturation of the Cle-sphingo- 
sine base and the nature of the acyl chain. We also in- 
vestigated the effect of growth conditions on the ISPL pre~ 
duced in three different, chemically def'med media that are 
commonly used for fungi cultures. We showed that P. cap- 
s/ci synthesized one major class of compounds with 
molecular weights of M, = 833 and 835 containing the 
16:1 base and the 22:1 or the 22:0 N-aeyl group, indepen- 
dent of the growth medium used. The presence of phos- 
phlte or fosetyl-A1 did not affect the result. 
Lipids 29, 21-25 (1994). 

Various lipids from parasitic fungi have been shown to be 
elicitors of plant defense reactions (1-3). We have previously 
reported that lipid components of Phytophthora capsici 
mycelia induced protection in pepper (Capsicum annuum cv. 
Yolo Wonder) against the pathogen (4). The most active lipid 
fraction was identified as inositol sphingophospholipids 
(ISPL) (5). ISPL have not previously been shown to occur 
in R genus. 

Earlier studies had shown that ISPL are cell membrane 
components which appear to play an important role in host- 
parasite interactions (6). ISPL have been found in plants 
(7-11), yeasts (12-14), fungi (15), and protozoa (6,16,17), and 
all were shown to be derived from myoinositol phosphoryl- 
ceramide (6,13). The ceramides typically contain Cls or Cls 
sphingosine or C~s phytosphingosine (5,6,13) as long chain 
base (LCB), which is acylated with palmitic, stearic (6,16), 
2- or 3-hydroxyhexacosanoic or 4-hydroxy-2-docosenoic acid 
(5,13) to form the backbone of the glycosphingophosph~ 
lipids (18). 

1This work is dedicated to Dr. P.M. Molot. 
*To whom correspondence should be addressed at Laboratoire de 
Biochimie Microbienne, Universit~ Claude Bernard, Lyon 1, F-69622 
Villeurbanne Cedex, France. 
Abbreviations: CID, collision-induced dissociation; FAB, fast atom 
bombardment; FAME, fatty acid methyl esters; GC, gas chromatog- 
raphy; HPTLC, high-performance thin-layer chromatography; ISPL, 
inositol sphingophospholipid; LCB, long chain base; MS, mass spec- 
trometry; MS/MS, tandem mass spectrometry. 

Lhomme et aL (5) have shown that P. capsici strains 
15-12A and 197 synthesize nonglycosylated ISPL. Because 
these ISPL are biologically active by rendering plants resis- 
tant to pathogenic fungi, it was of interest to determine 
whether inositol sphingophospholipids were present in other 
strains of P. capsici and whether their composition was 
dependent on growth conditions. 

It had previonsly been shown that phosphit~ the active 
breakdown product of fosetyl-A1 in plant tissues (19), 
stimulates plant defense mechanisms (20,21). Thus, it was 
important to determine whether sphingophospholipid struc- 
ture is affected when the fungus is grown in either phosphite 
or fosetyl-A1 containing media 

MATERIALS AND METHODS 

Microorganisms and growth. Three strains, 107, 197 and 
375, ofP. capsici were grown on various media; strain 107 
on M1, M2 and M3 media; strain 197 on M1 and M2 
media; and strain 375 on M1, M4 and M5 media. 

M1 was a chemically defined medium (22) which con- 
tained (g/L): sucrose, 50; malt extract (crystallized), 5; 
Ca(NO3) 2, 2; KNO3, 0.5; MgSO4"7H20, 0.5; KH2PO4, 0.5; 
FeSO4, MnSO4"H20, Cu SO4"5H20 and Zn SO4"7H20, 
0.001; citric acid, 0.025; malic acid, 0.025; malic acid, 0.025; 
boric acid, 0.015; with pH adjusted to 4.5. M2 medium 
had the same composition as M1 but was supplemented 
with 10 mg/L fosetyl-A1. M3 was the Plich and Rudnicki 
medium (23) which contained (g/L): glucose, 25; yeast ex- 
tract, 5; L-asparagine" 1; thiamine" 0.001; KH2PO 4, 0.5; 
MgSO4"7HzO, 1; with pH adjusted to 6. M4 was the 
Ribeiro synthetic medium modified according to Fenn and 
Coffey (24), which contained (g/L): glucose" 10; L- 
asparagine" 0.1; KNO3, 0.15; KH2PO4, 1; CaC12, 0.1; 
MgSO4"7H20, 0.5; Na2MoO4"2H20, 0.004; ZnSO4"7H20, 
0.009; CuSO4"5H20, 0.008; MnSO4"H20, 0.001; Na2B407, 
0.0005; FeC13"6H~O, 0.005; ethylenediaminetetraacetic 
acid, 0.026; KOH, 0.015; thiamine, 0.001; with pH ad- 
justed to 6.5. M5 medium was M4 medium supplemented 
with 5 mM disodium phosphite and 0.8 mM KH=PO4. 

Fungi were grown at 24~ under 16 h of light on M1, 
M2, M4 and M5 media. Strain 107 was grown in the dark 
on M3 medium. Mycelia were collected after three weeks 
of growth. 

Extraction and fractionation of lipids. Mycelial walls 
were isolated from fungi as described by Fabre et al. (25), 
and were treated with chloroform/methanol (2:1, vol/vol). 
The extracted lipids were separated by column chromatog- 
raphy on Bio-Sil HA silicic acid (BioRad, Ivry sur Seine, 
France) with chloroform and chloroform containing in- 
creasing concentrations of methanol as eluents. ISPL were 
eluted with chloroform/methanol (50:50, vol/vol) and puri- 
fied further by column chromatography on DEAE-cellu- 
lose according to Rouser et al. (26). ISPL were eluted with 
a mixture containing 50 parts of a 0.04 M ammonium 
acetate solution in chloroform/methanol (4:1, vol]vol) and 
1 part of 29% ammonia solution. 
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Thin-layer chromatography of lipid fractions eluted from 
the silicic acid column. Lipid fractions were analyzed by 
high-performance thin-layer chromatography (HPTLC) on 
silica gel 60 plates (Merck, Darmstadt, Germany) that  
were developed with chloroform/methyl acetateJn-pro- 
panol/methanol/0.25% aqueous KC1 (25:25:28:10:7, by vol) 
(27). Fractions were made visible by spraying with 0.2% 
vanillin (wt/vol) in 10% sulfuric acid (vol/vol). 

Phospholipids were analyzed by two-dimensional 
HPTLC with the solvent system described by Rouser et 
al. (28). Fractions were detected by spraying with a Ditt- 
mer and Lester reagent as modified by Vaskovsky and 
Kostetsky (29) and identified by comparison with authen- 
tic standards. 

Analytical methods. Phospholipids were hydrolyzed 
with 4 N or 6 N HC1 for 48 h at 100~ Fatty acids were 
recovered from the hydrolysate by chloroform extraction 
and esterified with diazomethane Inositol was acetylated 
with acetic anhydride/pyridine (1:1, vol/vol) at 100~ for 
15 rain before analysis by gas chromatography. 

Sphingosines were released by methanolysis according 
to Laine et al. (30), and their N-acetyl derivatives were 
prepared by addition of a mixture of methanol/acetic 
anhydride (4:1, vol/vol) and reaction overnight at room 
temperature Silylation of hydroxyl groups was performed 
with the N,O-bis(trimethylsilyl)trifluoracetamide silylat- 
ing reagent for 30 rain at 60~ Phosphorus was measured 
by the colorimetric method of Lowry et aL (31). 

Gas chromatography. Fatty acid methyl esters (FAME) 
were separated by gas chromatography (GC) using an In- 
tersmat instrument (Model 120FL; Intersmat, Lyon, 
France) fitted with an SP2100 glass capillary column (60 
m X 0.32 ram). The column temperature was programmed 
from 140 to 260~ at 4~ An SP2380 glass capillary 
column (30 m • 0.32 mm) was used for analysis of hexa- 
acetylinositol. 

Combined GC/mass spectrometry (GC/MS) of trimethyl- 
silyl-N-acetyl-sphingosines was performed on a Ribermag 
R10 (Nermag SA, Rueil-Malmaison, France} apparatus 
which was connected to a gas chromatograph (Hewlett- 
Packard 437; Hewlett-Packard, Les Ulis, France) equip- 
ped with an OV-1 capillary column (25 m X 0.32 mm). The 
column temperature was programmed from 210 to 250~ 
at 2 oc/min. 
GC/MS of FAME was performed on a UG-Micromass 

305 apparatus equipped with a DB-1 capillary column {30 
m • 0.3 mm). Oven temperature was held at 60~ for 1 
rain, then increased at 30~ to 120~ and then at 
2~ to 180~ where it was maintained for 2 rain. 
MS. Fast atom bombardment (FAB) mass spectra of 

phospholipids were recorded in the negative ion mode on 
a VG ZAB2 SEQ mass spectrometer {Manchester, United 
Kingdom). The instrument was equipped with a VG FAB 
standard source with a cesium ion gun delivering about 
2 pA of cesium ion current at about 35 kV. 
Spectra were obtained at a magnet scan rate of 20 

s/decade over a mass range of m/z 200-2000 at 8 kV. The 
mass range was calibrated using cesium iodine clusters. 
The spectra were collected and processed using the VG 
II-250 J data system. Samples were dissolved in chloro- 
form/methanol {1:1, vol/vol) and mixed with an equal 
volume of triethanolamine. The sample (2 ~L) was de- 
posited on the FAB probe tip mixed with matrix, i.e., 
glycerol. 

Low-resolution FAB and FAB collision-induced decom- 
position (CID) tandem mass spectra (MS/MS) were ob- 
tained with a JEOL HX110/HX110 tandem mass spec- 
trometer (Toky(~ Japan), operated at +10 kV accelerating 
voltage; with +18.5 kV post-acceleration at the detector. 
The JEOL DA-5000 data system was used for instrument 
control and data acquisition and processing. 

Elicitor activity assay. Cotyledons from young peppers 
(C annuum av., Yolo Wonder, susceptible to P. capsici) were 
removed and placed in water. Onto the lower side of the 
cotyledon, 25/~L of the elicitor fraction were added. On 
the same site, after 24 h, the cotyledons were infected 
using a 10-/~L zoospore suspension (62550 zoospores/mL) 
that was produced as previously described (32). After four 
days of incubation at 22~ at a 16-h light cycle, the symp- 
toms of infection were noted by the necrosis of whole 
cotyledons. Each trial involved 15-20 cotyledons. The 
cumulated results were expressed as susceptibility per- 
centage corresponding to percentage necrotic cotyledons. 

RESULTS 

Lipids of P. capsici. The percentages of total lipids ex- 
tracted from the mycelial cell walls are given in Table 1. 
The differences observed indicate that for strains 107 and 
197, the lipid content is somewhat affected by the nature 
of the growth medium. P. capsici, strain 375, is character- 
ized by a large total lipid content. 

Total lipids were fractionated on a column of Bio-Sil HA 
silicic acid to measure the relative amounts of neutral and 
polar lipids (Table 1). The polar lipids consisted of 
phospholipids as revealed by HPTLC and by spraying 
with phosphorus reagent. Two-dimensional HPTLC 
showed the presence of a major compound that com- 
igrated with ISPL, as previously described (5). The polar 
lipid fraction was then further purified by DEAE cellulose 
chromatography. 

ISPL content. ISPL was identified by acid hydrolysis 
and methanolysis according to Laine et al. {30}, followed 
by the identification of inositol, FAME and a compound 
that  comigrated with standard sphingosine {Rf 1.14} in 
HPTLC using the solvent system described by Heape et 
al. {27}. The inositol moiety was identified by GC as hex- 
aacetyl derivative, and confirmed by FAB MS analysis 
of intact ISPL. The sphingosine moiety was characterized 
by GC/MS of the N-acetyl-O-trimethylsilyl derivative The 
mass spectrum was identical to that of a C16 sphingosine 
and C16 dihydrosphingosine mixture described in 1966 
(33) with molecular ions at m/z 283 and m/z 285, a peak 
at m/z 174 from the cleavage between carbon atoms 2 and 
3, and a small peak at m/z 103 due to the terminal 
CHz-O-Si(CH3) 3 ion. 

The FAMEs of the polar lipid fraction when analyzed 
by GC/MS (Table 2) were identified as hexadecanoic (16:0), 
octadecenoic (18:1), octadecanoic (18:0), eicosanoic (20:0), 
docosenoic (22:1), docosanoic (22:0) and hydrox- 
ydocosenoic {22h:1) acids. Fatty acid analyses of the polar 
lipid fraction from the various strains showed that their 
acyl moieties consisted of 16 to 22 carbon fatty acids, as 
previously reported (5,34}. Although the same fatty acids 
are present in the three strains, there are significant dif- 
ferences in their relative abundance depending on the 
strain and the growth medium. This is especially true in 
regard to the Cls, C20 and C22 fatty acids. Thus, the 
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TABLE 1 

Lipid Accumulation in Fungi a 

Percentage of each lipid 
fraction c 

P. capsici Total lipid content b (%, w/w) 
strain Culture medium (%, w/w) Neutral lipids Polar lipids 

107 M1 9.5 76.5 23.5 
M2 9.2 68.0 32.0 
M3 11.3 69.9 30.1 

197 M1 6.3 70.4 29.6 
M2 8.5 72.5 27.5 

375 M1 29.6 68.4 31.6 
M4 10.1 67.6 32.4 
M5 10.7 75.8 24.2 

aThree strains of Phytophthora capsici were examined. Strain 107 was grown on M1, M2 
and M3 media. M1 was a chemically defined medium (Ref. 22); M2 has the same com- 
position as M1 and was supplemented with 10 mglL of foselyl-A1; M3 was the Plich and 
Rudrdcki medium {Ref. 23). Strain 197 was grown on M1 and M2 media. Strain 375 was 
grown on M1, M4 and M5 media. M4 was the Ribeiro medium modified according to Fenn 
and Coffey (Ref. 24). M5 was the same medium supplemented with 5 mM disodium 
phosphite and with 0.8 mM KH2PO 4. The compositions of M1, M3 and M4 media and 
the conditions of the cultures are described in the Materials and Methods section. 
bThese cultures were used to prepare the lipid extracts from fungal cell walls. The wt% 
of total lipid content is expressed as a percentage of the dry weight of fungal cell walls. 
CThe weight percentage of neutral and polar fractions from Bio-Sil HA silicic acid 
chromatography is expressed as a percentage of total lipids extracted. 
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TABLE 2 

Fatty Acids from the Polar Lipid Fraction from Phytophthora capsici a 

Abundance %c 

Strain 107 Strain 197 Strain 375 

Fat ty  acid b M1 M2 M3 M1 M2 M1 M4 M5 

Saturated 
Hexadecanoic (16:0) 46 44 33 46 37 51 41 55 
Octadecanoic (18:0) 11 4 3 10 10 10 15 8 
Eicosanoic {20:0) 6 8 7 10 14 5 10 11 
Docosanoic (22:0) 4 13 21 15 10 5 25 13 

Monounsaturated 
Octadecenoic (18:1) 20 4 2 4 5 6 0 1 
Docosenoic (22:1) 12 19 32 13 20 21 10 7 

Hydroxy and monounsaturated acid 
Hydroxydocosenoic (22h:1) 0 8 2 3 4 2 0 6 

~hree  strains of P. capsici were examined. See Table I for the composition of the growth media. The cultures 
were used to prepare the polar lipid fraction, which was hydrolyzed and used for the isolation of fatty acids. 
bFatty acids were analyzed by gas chromatography/mass spectrometry. For details see the Materials and 
Methods section. 
CData are given as percentage of total fatty acids present. 

a m o u n t s  of o c t a d e c a n o i c  (18:0) a n d  oc t adeceno ic  (18:1) 
ac ids  in t he  s t r a i n  107 were h ighe r  in M1 m e d i u m  t h a n  
in  M2 a n d  M3 media ,  whi le  t h e  a m o u n t s  of docosano ic  
(22:0) a n d  docoseno ic  (22:1) ac ids  were  h i g h e r  in a P l i ch  
m e d i u m  (M3). 

A n  inc rease  in 22:0 f a t t y  ac id  was  a lso  o b s e r v e d  when  
s t r a i n  375 was  grown on Ribiero  m e d i u m  (M4). P h o s p h i t e  
or  fose ty l -A1 (med ium M5) on ly  a f fec ted  the  p e r c e n t a g e  
of s a t u r a t e d  and  u n s a t u r a t e d  C22 f a t t y  acids. I n  addi t ion ,  
h y d r o x y d o c o s e n o i c  ac id  (22h:1) a p p e a r e d  on ly  in P. cap- 
sici grown in M5 med ium.  

Molecular species o f l SPL .  The  n e g a t i v e  ion F A B  m a s s  
s p e c t r u m  of t h e  I S P L  f r ac t ion  f rom each  s t r a i n  showed  
two  m a j o r  m o l e c u l a r  spec ies  w i t h  [M - H ] -  ions  a t  m/z 

832 a n d  834. A s  an  example ,  F i g u r e  1 shows  the  m a s s  
s p e c t r u m  of t h e  I S P L  f rac t ion  f rom R capsici, s t r a i n  197 
(medium M1). The  presence of o the r  molecular  species was  
i n d i c a t e d  b y  ions  a t  m/z 750, 752, 806, 808, 848 and  850. 

I n  each  spec t rum,  t he  ion [YoPO3H] - c o r r e spon d ing  to  
t h e  c l e a v a g e  of  t h e  i n o s i t o l - p h o s p h a t e  b o n d ,  
[M - H - 162]- ,  a n d  ions  a t  m/z 241 a n d  259 were ob- 
served .  F o r m a t i o n  of t he se  ions  is  shown in F i g u r e  2 a s  
p r e v i o u s l y  r e p o r t e d  {16,35,36}. T h e  f r a g m e n t s ,  a s s i g n e d  
to  inos i to l  p h o s p h a t e  {37}, p rov ide  ev idence  t h a t  t h e  in- 
os i to l  a n d  t h e  c e r a m i d e  are  l i nked  t h r o u g h  a p h o s p h a t e  
group.  

I n  t h e  C I D  M S ] M S  s p e c t r u m ,  a d d i t i o n a l  f r a g m e n t s  
f rom t h e  [ M -  H I -  p r e c u r s o r  ion  were  e v i d e n t  a n d  
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FIG. 1. The negative fast  atom bombardment mass spectrum of in- 
ositol sphingophospholipids from Phytophthora capsici strain 197, 
grown on synthetic  medium M1. The ions at m/z 752, 808 and 834 
correspond to the individual molecular species present. Acyl groups 
and long chain bases were assigned to a particular molecular species 
in a mixed sample as confirmed by tandem mass spectrometry 
analysis of individual [M -- H]-  ions (see Table 3). Other fragments 
in the spectrum at m/z 241, 259 and 300 are characteristic of an in- 
ositol sphingophospholipid (see Fig. 2). 
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FIG. 2. Structures of major molecular species of inositol  
sphingophospholipids of molecular weights  833 (13 = -CH=CH- 
(CHz)10-CH3; A = -(CH2)n-CH=CH-(CH2)m-CH3, n + m = 18; E 
= 300; U = 620; YoPO3H = 670) and 835 (B = -CH=CH- 
(CH2)10-CH3; A = -(CH2)20-CH3; E = 300; U = 622; YoPO3 H = 672) 
present in Phytophthora capsicL Fragmentations are characteristic 
of an inositol sphingophospholipid as reported by Dommon and 
Costello (Ref. 35). 
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FIG. 3. Biological activity of inositol sphingophospholipids from 
Phytophthera capsici strain 197 grown on synthetic  medium M1. 

ing ceromldes. Analysis of the spectra made it possible 
to determine the LCB and the fatty acyl composition of 
the ceramid~ The molecular species of ISPL in R capsici, 
which differ in the unsaturation of the LCB and in the 
nature of the N-acyl chain, are summarized in Table 3. The 
result is in agreement with the structure (Mr = 833, Mr 
= 835) shown in Figure 2 for the most abundant ISPL 
of P. capsici s t r a in s  107, 197 a nd  375. 

Biological activity. I S P L  induce  a pro tec t ive  mech- 
a n i sm  by  C annuum (Yolo Wonder} aga ins t  P. capsici {Fig. 
3). W h e n  I S P L  was appl ied on to  C annuum co ty ledons  
a t  i nc reas ing  concen t ra t ions ,  i.e., 50-100 pg/mL of ISPL,  
the  s e ns i t i v i t y  of Capsicum co ty ledons  to the  p a t h o g e n  
decreased by  70%. The  same  protec t ive  effect was ob- 
served when I S P L  from each of the s t ra ins  were examinee[ 
As  an  example (Fig. 3), an ant inecrot ic  factor was detected 
in  the  I S P L  f rac t ion isola ted from s t r a in  197 grown on 
m e d i u m  M2. 

characterized by CID spectra of the ceramides, namely 
the  ions E and  the  ions U (Fig. 2), as repor ted  prev ious ly  
by  D o m m o n  and  CosteUo {35). These ions  were cons i s t en t  
wi th  C16 sphingosine  and  C18 dihydrosphingosine contain-  

DISCUSSION 

The present study confirms earlier observations that the 
major mycelial phospholipids in P. capsici are sphingo- 
phospholipids containing inositol (5). The structure 

TABLE 3 

Major Ions a in the CID Mass  Spectra of Various Molecular Species of Inositol  SphingophosphoHpids from Phytophthora capsici 

Molecular species IPO4H 3 IPO3H YoPO3H U E Fatty acid 
[M -- H]- m/z m/z m/z m/z m/z LCB b identified identified c 

850 259 241 688 636 300 16:0 22h:1 
848 259 241 686 636 300 16:1 22h:1 
834 259 241 672 622 300 16:1 22:0 
832 259 241 670 620 300 16:1 22:1 
808 259 241 646 594 300 16:0 20:0 
806 259 241 644 594 300 16:1 20:0 
752 259 241 590 538 300 16:0 16:0 
750 259 241 588 538 300 16:1 16:0 

~ assignments of major ions of collisionally activated daughter spectra of the deprotonated molecular ions [M - HI- of inositol 
sphingophospholipids from P. capsici are based on interpretation of the collision-induced dissociation (CID) mass spectra of such com- 
pounds as reported by Domon and Costello (Ref. 35). An example of the fragmentations is given in Figure 2 for both major molecular 
species with [M - H]- ions at m/z 832 and 834 corresponding to the molecular weights 833 and 835. 
bLCB, long chain base analogous to sphingosine and dihydrosphingosine identified based on ion [M - H]- and U ion (see Fig. 2). 
Cldentifications are based on both U and E ions (see Fig. 2). 
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of these inositol sphingophospholipids from P. capsic i  
strains 107, 197 and 375 cultivated on different growth 
media were established by MS. F A B - C I D - M S / M S  was 
found to be a valuable technique for characterizing mixed 
molecular species composition of ISPL. The major ISPL 
contains a C16 dihydrosphingosine LCB linked via a 
docosanoyl {22:0) or docosenoyl (22:1) amide bond. The in- 
ositol and ceramide in turn, are linked through a phos- 
phate group. Some differences among the strains of P. cap- 
s ici  were observed in the degree of unsaturat ion of the 
LCB and in the nature of the acyl group. The results con- 
firm that  ISPL  produced by P. capsic i  are not glyco- 
sylated. They are similar to I S P L  isolated from Sac- 
charomyces  cerevis iae  (13) and Leishrnania  dovani  {6). 

With P. capsici,  we observed only slight variations in 
the structure of ISPL with changes in the culture condi- 
tions. The only significant variation was in regard to the 
level of fa t ty  acids with 22 carbon atoms. 

Previously Lhomme et  al. {5) have shown that  in strains 
15-12 and 197 of P. capsici  grown on dextrose medium, 
the major ISPL corresponded to the compound of 
molecular mass 849, i.e., an ISPL with 22h:1 fa t ty  acid 
(Table 3), which was only a minor compound in the pres- 
ent systems. This difference suggests tha t  the dextrose 
medium is not completely defined because strains 15-12 
and 197 grown on a synthetic medium (M1) produced an 
I S P L  with Mr = 835 as the major compound. 

The biological activity of the sphingophospholipids had 
already been previously demonstrated (5). Our results in- 
dicate tha t  the protective effect against the necrosis of 
young pepper cotyledons induced by the pathogen P. cap- 
s i c i  is no t  dependent  on the unsa tu r a t i on  of C16 
sphingosine and on the nature of N-acyl side chain. 
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In this study we examined (i) the effects of cyclosporine 
A (CS) on tissue lipid composition and (ii) the effect of 
changes in dietary n-6 fatty acids on tissue responses to 
CS. Fatty acid composition of fiver, kidney, heart and 
brain were determined after 4 wk of treatment with CS 
(I0 mglkg'd p.cQ in male borderline hypertensive rats 
(BHR, n = 41group), whose diet was supplemented with 
either safflower oil or evening primrose oil (EPO). Phos- 
phatidylchofine, phosphatidylethanolamine, phospha- 
tidylserine/phosphatidyfinositol, triglyceride and choles- 
teryl ester fatty acids were measured in kidney, heart, 
brain and liver. The same parameters were also measured 
in safflower-fed BHR (n = 4) receiving placeb~ The ef- 
fects of CS on fiver microsomal A9, A6 and A5 desaturases 
in vitro were also followed. CS affected the fatty acid 
composition of all tissues examined, with the greatest 
changes seen in the renal phosphatidylchofine and phos- 
phatidylserinelphosphatidyfinositol fractions. All CS- 
induced changes that occurred in the liver, brain and renal 
fatty acids were reversed by EPO. CS elevated 49 de- 
saturase but had no effect on A6 and A5 desaturase. In 
fight of (i) the observation that EPO normalizes renal 
function and blood pressure in CS-treated BHR, and 
(ii) the importance of the kidney in blood pressure regula- 
tion, the data suggest that the beneficial effects of EPO 
on CS toxicity may involve changes in renal phosphofipid 
fatty acid profiles. 
Lipids 29, 27-32 (1994). 

The use of the immunosuppressive drug cyclosporine A 
(CS) following organ transplantation in humans is often 
accompanied by both elevations in systemic blood 
pressure (1-6) and renal arteriolar resistance, and reduc- 
tions in renal plasma flow and glomerular filtration rate 
(7-11). While it has been difficult to reproduce this com- 
bination of hypertension and nephrotoxicity by ad- 
ministering CS in animal models, it has recently been 
demonstrated in the borderline hypertensive (BHR) rat 
using moderate doses of CS (12). 

The mechanisms by which CS administration causes 
hypertension and nephrotoxicity are not fully understood, 
and it is not known whether CS-induced hypertension 
is secondary to, or independent of, CS nephrotoxicity. 
The alteration of renovascular eicosanoid production by 
CS is one of the postulated mechanisms through which 
CS may exert its cardiovascular and renal actions. CS has 
been shown to enhance production of thromboxane A2 

*To whom correspondence should be addressed at State of New Mex- 
ico Department of Health, Scientific Laboratory Division, P.O. Box 
4700, Albuquerque, NM 87196. 
Abbreviations: BHR, borderline hypertensive rat; CE, cholesteryl 
ester; CS, cyclosporine A; EPO, evening primrose off; PC, 
phosphatidylcholine; PE, phosphatidylethanolamine; PI, 
phosphatidylinositol; PL, phospholipids; PLAC, CS placebo; PS, 
phosphatidylserine; SAF, safflower oil; TG, triglyceride. 

and prostaglandin E 2, as well as to alter prostacyclin 
synthesis (13-16). Acute CS nephrotoxicity has been re- 
versed by the administration of both thromboxane syn- 
thetase inhibitors {17,18} and a prostaglandin E1 
analogue (19). 

The ability of dietary fish oils (high in eicosapentaenoic 
acid, 20:5n-3) and evening primrose oil (EPO; high in 7- 
linolenic acid, 18:3n-6) to reduce CS-related nephrotoxi- 
city and hypertension may also involve alterations in renal 
eicosanoid metabolism (12,20,21). High levels of dietary 
eicosapentaenoic acid lead to a replacement of arachidonic 
acid (20:4n-6), the precursor of the 2-series prostaglandins, 
with eicosapentaenoic acid in tissue phospholipids (PL), 
reducing the amount of substrate available for arachidonic 
acid-derived eicosanoid synthesis (22,23}. The endogenous 
synthesis of n-3 and n-6 polyunsaturated fat ty acids has 
several ratelimiting steps, namely the A6 and A5 de- 
saturases which convert 18:2n-6 to 18:3n-6 and 20:3n-6 to 
20:4n-6, respectively. As the activities of these enzymes 
may be affected by certain physiological and]or patho- 
logical conditions (24), bypassing these ratelimiting steps 
through dietary supplementation with y-linolenic acid, 
which increases tissue PL levels of its metabolite" dihomo- 
y-linolenic acid (the direct precursor for prostaglandin El) 
(25-27), may potentially alter the balance of 1-series and 
2-series eicosanoids. It is also possible that  CS may alter 
tissue fatty acid composition and]or metabolism, thereby 
altering the amount of substrate available for eicosanoid 
production, and that dietary y-linolenic acid attenuates 
CS toxicity by normalizing tissue fatty acid composition. 

The purpose of the present study was to examine the 
effects of (i) CS and EPO on tissue fatty acid composi- 
tion and (ii) CS administration on the activities of liver 
microsomal A6, A5 and A9 desaturase enzymes in the 
genetically BHR. 

MATERIALS AND METHODS 

Animals. Male BHR, the F 1 offspring of the cross be- 
tween male Wistar Kyoto and female spontaneously 
hypertensive rats, were used in these studies. Animals 
were bred at the University of Waterloo animal facility 
(21 + I~ 12L/12D) and weaned at 24 d of age onto chow 
(No. 5001; Ralston Purina, St. Louis, MO) and tap water 
ad libitum. 

ProtocoL At 36 d of age, rats were randomly assigned 
into groups (n = 4/group) receiving chow supplemented 
with 10% {total calories) of either safflower oil (SAF, 2 
groups}, high in linoleic acid (62% 18:2n-6) or EPO (Efamol 
Ltd., Guildford, United Kingdom}, high in linoleic and y- 
linolenic acids (72% 18:2n-6 and 9% 18:3n-6) for 5 wk. One 
week after being placed on the test diets, one SAF-fed 
group and the EPO-fed group were administered CS (San- 
doz Canada, Dorval, Quebec) at a dose of 10 mg]kg'd p.o. 
in 0.1 mL olive oil vehicle for 4 wk. The second SAF-fed 
group received a CS placebo IPLAC; Sandoz Canada, Dor- 
val, Quebec) in 0.1 mL olive off. All animals were treated 
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once daily between 0930-1030 h. As CS in high doses has 
been reported to reduce body weight gain in experimen- 
tal animals, the groups receiving CS/EPO (CS treatment 
and EPO-supplemented diet) and PLAC/SAF (PLAC 
treatment and SAF-supplemented diet) were pair-fed to 
the CS/SAF group (CS treatment and SAF-supplemented 
diet), which was fed ad l ibi tum.  At the end of the treat- 
ment period, liver, kidneys, heart and brain were removed 
from halothane-anesthetized animals, frozen in liquid ni- 
trogen and stored at -85 ~ for tissue fatty acid analaysis. 

In a second study, eleven male BHR of 36 d of age were 
placed on SAF-supplemented chow diets and administered 
either PLAC (n = 5) or CY (n = 6) for 4 wk, as described 
above. At the end of the treatment period, systolic blood 
pressure measurements were made on conscious animals, 
using the tail-cuff method (28). Livers were then removed 
as described above, quickly rinsed in cold saline (0.9% 
NaC1) and frozen in liquid nitrogen for later isolation of 
microsomes and measurement of in v i tro microsomal h9, 
h6 and h5 desaturase activities. 

F a t t y  acid analysis .  Lipids were extracted from ap- 
proximately 1.5 g tissue with chloroform/methanol (2:1, 
vol/vol), as previously described (28). Total PL, phos- 
phatidylcholine (PC), phosphatidylethanolamine (PE), 
phosphatidylserine/phosphatidylinositol (PS/PI), triglyc- 
eride (TG) and cholesteryl ester (CE, liver only) fractions 
were then separated by thin-layer chromatography and 
subsequently transmethylated with BF3-methanol (29). 
The fatty acid methyl esters were analyzed on a Perkin 
Elmer gas chromatograph (model 8420; Norwalk, CT) 
equipped with a flame-ionization detector and a 30-m 
capillary column (Supelcowax 10; Supelc(~ Bellefonte, PA). 
The temperature was programmed to be held for 2 rain 
at 180~ followed by a 2~ increase to 220~ and 
a 2 rain hold at 220~ Fatty acids were identified by com- 
parison of their retention time with those of known 
standards. 

M e a s u r e m e n t  o f  desa turase  ac t iv i ty .  Microsomes were 
prepared from 5 g liver tissue within 24 h of freezing, as 
previously described (30), and stored at -80~ until 
analysis. The activities of h9, h6 and h5 desaturases were 
determined by measuring the conversion of [1-14C] - 
palmitic acid (16:0) to [1-14C]palmitoleic acid (16:1n-7), of 
[1-14C]linoleic acid to [1-14C]y-linolenic acid and of 
[1-~4C]dihomo-y-linolenic acid to [1-~4C]arachidonic acid, 
respectively. Reactions were started by adding microsomal 
protein (5 rag) to pre-incubated tubes containing 25 ~Ci 
of the substrate fatty acid at a final concentration of 53.3 
~M in 1.5 mL of the incubation solution, containing ATP 
(1.30 mM), NADH (0.87 mM) and coenzyme A (0.06 raM) 
as previously described (31). The tubes were vortexed 
vigorously and, after 15 min incubation in a shaking water 
bath (37~ the reactions were stopped by the addition 
of 2 mL 10% (wt/vol) KOH in ethanol. Lipids in the in- 
cubation mixture were saponified at 80~ for 45 rain 
under N 2. After acidification, fatty acids were extracted 
with hexane. Radiolabelled fat ty acids were analyzed ac- 
cording to the method of Narce et  aL (32). Analyses were 
carried out in a high-performance liquid chromatograph 
(model 510 pump and 712 WISP autosampler; Waters, 
Milford, MA) equipped with a variable wavelength UV- 
vis monitor (model 450, set at 205 nm) and a radioisotope 
detector (model 171; Beckman, Fullerton, CA). Fatty acids 
were separated isocratically with acetonitrile/water (95:5, 

vol/vol) at a flow rate of I mL/min and were identified by 
comparison with authentic standards. 

Stat is t ics .  Fatty acid composition data across the three 
treatment groups were analyzed in each tissue using a one- 
way analysis of variance. Where a significance of P < 0.05 
was achieved, specific group differences were evaluated 
using the Student Newman-Keuls test. Blood pressure and 
desaturase activity data from the two treatment groups 
were analyzed using the Student's t-test. 

RESULTS 

Body weight gain did not significantly differ among the 
treatment groups in this study (data not shown). 

E f f e c t s  o f  CS  and die t  on t i ssue  f a t t y  acid composi t ion .  
CS supplementation of SAF-fed animals did not affect 
fatty acid composition (% total fatty acids) of the hepatic 
total PL, TG, PS/PI, PC or the CE fraction (data not 
shown). However, EPO feeding of CS-treated animals af- 
fected the levels of several fatty acids independent of CS. 
Specifically, EPO feeding increased 18:1no7 (P < 0.001) and 
decreased 18:3n-3 {P < 0.05) in the total PL fraction, 
decreased 18:0 (P < 0.01) in the PC fraction, and decreased 
18:0 (P< 0.01), 18:2n-6 (P< 0.001), and 22:5n-3 (P< 0.05) 
in the CE fraction vs. the CS/SAF group (data not shown). 
In contrast, in the PE fraction (Table 1), administration 
of CS to SAF-fed rats significantly increased 16:0 (P < 
0.05), 18:1n-9 (P < 0.01), and 18:2n-6 (P < 0.05) vs. PLAC. 
These changes were reversed by the presence of dietary 
EPO with CS. EPO-feeding also independently decreased 
18:0 and 20:4n-6 (P < 0.05) vs. CS/SAF in this fraction. 

In the kidney, CS administration to SAF-fed animals 
significantly altered fatty acid levels in several lipid frac- 
tions vs. the PLAC]SAF group (Table 2). Specifically, CS 
increased 18:2 (P < 0.05) in the TG fraction, increased 16:0 
(P < 0.001) and decreased 20:4n-6 (P < 0.01) in the PS/PI 
fraction, and decreased 18:0 (P < 0.05) and 18:1n-9 (P < 
0.01) in the PC fraction. All of these changes were reversed 
by feeding EPO to CS-treated animals, restoring their 

T A B L E  1 

Composition o f  M a j o r _ _ S a t u r a t e d ,  n-9,  n-6 and n-3 Fat ty  Acids 
(% total  fat ty  acids; X - -  S E ,  n = 4 / g r o u p )  o f  Liver 
Phosphatidylethanolamine in Male Borderline Hypertensive Rats 
Fed Either S A F  or EPO and Treated with Either PLAC or C S  

F a t t y  a c i d  P L A C / S A F  C S / S A F  C S / E P O  

16:0  9.1 ----- 1.9 13 .6  +-- 1.7 a 5 .5  --4--- 1 .4  c 
18 :0  2 8 . 5  + 1.7 29 .6  +-- 3 .7  15 .4  - -  5 .0  ~ 
1 8 : 1 n - 9  3 .9  __- 0 .4  6 .5  +_ 0 .6  b 1 .5  +_ 0 .5  a'e 
18 :1n -7  0 . 8  ----- 0 .5  1 .5  _+ 0 .5  1.7 +_ 0 .8  
1 8 : 2 n - 6  7 .9  --4"-- 1.7 13 .5  _ 1 .6  a 3 .9  --4--- 1.3 d 
18 :3n -3  - -  - -  0 .2  +_ 0 .2  
2 0 : 3 n - 6  0 .7  _+ 0 .5  0 .8  + 0 .3  0 .7  ----- 0 .3  
2 0 : 4 n - 6  19 .7  --4--- 0 .7  19 .7  +-- 1 .1  1 2 . 0  --+ 2 .4  ~ 
2 0 : 5 n - 3  0 .2  +_ 0 .2  0 .3  -!"-- 0 .2  3 .4  __ 3 .2  
2 2 : 4 n - 6  1 .9  __- 1.3 2 .4  +__ 1.1 2 .5  +_ 2 .3  
2 2 : 5 n - 3  1.3 + 0 .5  0 .5  _ 0 .3  2 .4  _ 1 .3  
2 2 : 6 n - 3  2 .7  __. 0 .3  3 .3  _ 0 .3  2.1 __ 1.2 

~P < 0.05 vs. PLAC/SAF, bp < 0.01 vs. PLACISAF, cp < 0.05 vs. 
CS/SAF, dp < 0.01 vs. CS/SAF, ep < 0.001 vs. CS/SAF. Abbrevia- 
tions: SAF, safflower oil; EPO, evening primrose oil; PLAC, CS 
placebo; CS, cyclosporine A. 
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levels to those of the PLAC/SAF group (Table 2). EPO 
feeding also independently increased 20:3n-6 (P < 0.05) 
in total PL (data not shown) and 20:3n-6 and 22:6n-3 (P 
< 0.05) in kidney TG (Table 2), and increased 18:0 and 
22:4n-6 (P < 0.05) in the PS/PI fraction vs. CS/SAF (data 
not shown). 

In cardiac tissu~ CS administration to SAF-fed rats in- 
creased 20:4n-6 (P < 0.05) vs. PLAC/SAF in the total PL, 
decreased 18:1n-9 (P < 0.05) and increased 20:4n-6 and 
22:6n-3 (P < 0.05) in the PE fraction. It also increased 16:0 
(P < 0.001), 18:1n-9 and 18:1n-7 (P < 0.05) and decreased 
20:4n-6 (P < 0.05) in the PC fraction (Table 3). CS ad- 
ministration also decreased 18:0 (P < 0.001) and 18:1n-9 
(P < 0.01) and increased 18:1n-7 (P < 0.01), 20:4n-6 (P < 
0.05) and 22:6n-3 (P < 0.001) vs. PLAC in the PS/PI frac- 
tion. Due to a loss of samples from the CS/EPO group of 
this fraction, only the SAF-fed groups are reported. EPO- 
feeding of CS-treated animals did not reverse the effects 
of CS administration (with the exception of 18:1n-9 in the 
PC fraction). EPO independently decreased 18:1n-9 (P < 
0.01) and increased 20:3n-6 (P < 0.05) in the total PL and 
TG, respectively (data not shown). 

In the brain, CS administration significantly increas- 
ed 20:5n-3 (P < 0.05) in brain TG, and increased 18:0, 
18:1n-9 (P < 0.01), and 18:1n-7 (P < 0.05) in the PE frac- 
tion vs. PLAC/SAF (Table 4). EPO feeding to CS-treated 
animals reversed the CS effects on 20:5n-3 in the TG frac- 
tion, and 18:0 and 18:1n-9 in the PE fraction. EPO feeding 
also increased 16:0 (P < 0.01) in the TG fraction. EPO 
feeding had independent effects on brain fatty acid com- 
position in other fractions, decreasing 18:0 (P < 0.05) vs. 
CS]SAF in total PL, and decreasing 20:3n-6, 20:4n-6, 
22:4n-6 (P < 0.05), and 22:6n-3 (P < 0.001) in the PC frac- 
tion (data not shown). 

Blood pressure  in P L A C  and CS-treated B H R .  After 4 
wk of treatment, conscious resting blood pressure in SAF- 
fed rats was higher in the group receiving CS than in those 
receiving PLAC (152 +_ 2 mm Hg vs. 134 +_ 1 mm Hg, 
P < 0.001). 

Liver  desaturase  activi t ies.  The effects of CS on liver 
microsomal h9, h6 and h5 desaturase activities are shown 
in Figure 1. CS significantly elevated the activity of h9 

0.30 

0.25 

"- 0.20 

0.15 

"~ 0.10 

o.os 

0.00 
A9 A6  A5 

D E S A T U R A S E  

FIG. 1. In vitro activities (nmol/min'mg protein) of liver microsomal 
h9, A6 and h5 desaturase enzymes following 4 wk of treatment with 
either cyclosporine A (CS) (10 mg/kg*d p.o.) or placebo (PLAC) (n 
5/_group) in borderline hypertensive rats fed safflower oil. Values are 
X+_ SE. 
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desaturase vs. PLAC by 124%, bu t  had no effect on the 
activities of either A6 or h5 desa turase  

DISCUSSION 

The use of CS as an immunosuppressant  in humans has 
frequently been reported to be accompanied by toxic renal, 
cardiovascular and psychological side effects, which can 
limit its usefulness in the clinical set t ing {33). These 
undesirable side effects have been reported to be prevented 
by dietary supplementation with either eicosapentaenoic 
acid (20:5n-3, in the form of fish oil) or y-linolenic acid 
{18:3n-6, in the form of EPO) (20,21). As these fa t ty  acids 
may alter endogenous eicosanoid metabolism, their  at- 
tenuation of the side effects of CS may involve alterations 
of tissue eicosanoid metabolism (Scholey and Mills, un- 
published observation). 

The present s tudy demonstra ted that ,  in the BHR,  
chronic administration of CS was accompanied by signifi- 
cant  changes in the fa t ty  acid composition of PL in a 
var ie ty  of tissues, most  often affecting the 16 and 18 car- 
bon fa t ty  acids. 

A second finding of the s tudy was tha t  the substitu- 
tion of EPO for SAF in the diet of animals t reated with 
CS led to a normalization of PL fa t ty  acid composition 
in almost every case in the liver and kidney, so tha t  the 
fa t ty  acid levels were similar to those of the PLAC/SAF 
t rea tment  group. In addition to reversing the changes in 
PL fa t ty  acid composition brought  about through CS ad- 
ministration, dietary EPO itself appeared to affect f a t ty  
acid composition in liver, heart  and kidney. Of part icular  
interest  in this regard are (i) the increase in 20:3n-6, a 
precursor for prostaglandin E1 and other eicosanoids, 
seen in the TG fractions of kidney and heart  and in the 
PL of kidney and liver, and {ii) the decrease in 20:4n-6 seen 
in liver PE. TG stores of the renal medulla have been 
shown to be a source of fa t ty  acids for prostaglandin syn- 
thesis (34). Increased 20:3n-6 levels in this fraction may, 
through their  role as eicosanoid substrates, shift the 
balance of prostanoid production in the renal medull& 
While not  conclusive, the present results are supportive 
of the theory of f a t ty  acid and eicosanoid involvement in 
CS-induced nephrotoxici ty as well as a renal component  
in CS-induced hypertension. The normalization of renal 
PL fa t ty  acid composition by dietary EPO may also con- 
t r ibute  to its ability to alleviate CS-induced nephrotox- 
icity and hypertension. 

The level of h6 desaturase act ivi ty observed in the 
prsent  s tudy is similar to tha t  previously reported in 
Wistar  rats  of a similar age at  a similar t ime of the year 
{35). The absence of an effect of CS on the in vitro activ- 
i ty of liver microsomal h6 and h5 desaturases in the pres- 
ent  s tudy suggests tha t  CS-induced changes in tissue 
fa t ty  acid composition do not  involve alterations of the 
rateqimiting steps in essential fa t ty  acid metabolism_ This 
is consistent  with an absence of changes in A6 and h5 
desaturated n-6 and n-3 fa t ty  acids in the liver of CS- 
t reated rats. The act ivi ty of A9 desaturase tha t  we ob- 
served in the control, PLAC, group was lower than  tha t  
previously reported for Wistar  rats  of a similar age at  a 
similar t ime of the year (35). Whether  this discrepancy 
between the two studies is due to differences in the strains 
of rat  used is unknown. However, the act ivi ty observed 
in the present s tudy is within the range previously ob- 

served across the seasons of the year (35). Nonetheless, 
despite a significant increase in the in vitro activity of 
liver microsomal h9 desaturase caused by CS this was not 
reflected in the fa t ty  acid composition of total  lipid ex- 
tracts from livers from CS-treated rats. This suggests tha t  
CS-induced changes in tissue lipids may involve other  
aspects of fa t ty  acid metabolism, e.g., incorporation into 
and/or removal from tissue PL. 

I t  has been suggested tha t  CS nephrotoxici ty may 
reflect a renal transmembrane signMling disorder and tha t  
this defect in signal t ransduct ion may result in an en- 
hanced vasoconstrict ion in the whole kidney (36). CS ad- 
ministration has been observed to increase both basal and 
stimulated cytosolic calcium levels in both  mesangial and 
vascular smooth muscle cells in culture (37-39), a process 
tha t  involves the activation of phospholipase C and a 
subsequent inositol t r iphosphate-mediated release of 
calcium from intracellular stores, followed by a calcium 
influx from the external environment {40,41). Further- 
more, CS has been shown to inhibit the release of 20:4n-6 
from the PL fraction in isolated glomeruli and endothelial 
cell preparations (35,42,43), an effect which may reduce 
the avaiability of vasodilatory prostaglandins. I t  is possi- 
ble tha t  the alteration of renal PS/PI  fa t ty  acid composi- 
t ion following CS administrat ion may contr ibute to this 
process, and tha t  the normalization of the serineJinositol 
PL fa t ty  acid composition, as well as the increase in TG 
20:3n-6, by EPO may partially explain its a t tenuat ion of 
CS nephrotoxici ty and hypertension. 
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The present study examined the effects of two ather~ 
genic factors, animal protein and cholesterol, on the dis- 
tribution of fatty acids and the molecular species of major 
liver phospholipids in mice. Weanling mice were fed a 
semisynthetic diet supplemented with either casein or soy 
protein (20%, w/w) in the presence or absence of 0.5% ch~ 
lesterol for 4 wk. Results from mouse fiver showed that 
animal protein and, more so, dietary cholesterol modified 
the fatty acid profiles of the phospholipids. Animal pro 
tein had no significant effect on the concentration of 
fipids, but it altered the relative distribution and fatty 
acid profiles of the phospholipids, phosphatidylchofine 
and phosphatidylethanolamine. Dietary cholesterol, on 
the other hand, significantly increased the concentration 
of fiver lipids, but it did not alter the relative distribu- 
tion of phosphatidylchofine and phosphatidylethanol- 
amine. In cholesterol-fed mice, the proportions of molecu- 
lar species containing 18:2n-6 were increased, whereas 
those containing 20:4n-6 were decreased, indicating that 
dietary cholesterol suppressed linoleic acid metabolism. 
Since cholesterol feeding selectively decreased the ratio 
of 18:0/20:4n-6 in phosphatidylcholine, whereas it in- 
creased the 18:0/18:2n-6 ratio in phosphatidylethanol- 
amine, this finding suggests that dietary cholesterol may 
affect the incorporation of fatty acids but not the rate 
of synthesis of phosphatidylchofine and phosphatidyl- 
ethanolamine. 
Lipids 29, 33-39 (1994). 

In several experimental animals, dietary animal protein 
and cholesterol (CHOL) are both known to be atherogenic, 
but  they influence fatty acid metabolism differently (1). 
In rats, dietary supplementation with animal protein, in 
comparison with vegetable protein, increases the activi- 
ty of/16 desaturase in liver microsomes (2-6), and the ratio 
of 20:4n-6/18:2n-6 in liver phospholipids (PL) (2-8). CHOL 
feeding, on the other hand, suppresses the metabolism of 
n-6 fatty acids (9-12). Since the effective conversion of 
18:2n-6 to long-chain n-6 fatty acids is essential to the 
CHOL-lowering effect of dietary polyunsaturated fatty 
acids (PUFA, mainly 18:2n-6) (13-15), it is paradoxical 
that  these two atherogenic factors (animal protein and 
CHOL) affect the metabolism of linoleic acid in such a 
divergent fashion. 

The interaction of CHOL, protein and PUFA has pre- 
viously been examined in rats. Since rats, in comparison 
with other animal species, have active linoleic acid 
metabolism, it is of interest to examine whether the above- 

*To whom correspondence should be addressed at Medical Nutri- 
tional R&D, Ross Products Division, Abbott Laboratories, 625 
Cleveland Ave., Columbus, OH 43215. 
Abbreviations: CAS, casein; CHOL, cholesterol; GLC, gas-liquid 
chromatography; HPLC, high-performance liquid chromatography; 
PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, phos- 
phatidylinositol; PL, phospholipid; PS, phosphatidylserine; PUFA, 
polyunsaturated fatty acids; SOY, soy protein isolate. 

mentioned interactions also take place in other species 
with less active linoleic acid metabolism. 

It is known that enzymes that are responsible for 
linoleic acid metabolism are associated with microsomal 
membranes and that PL constitute the major components 
of membranes. We examined in the present study whether 
dietary CHOL and protein would affect the molecular 
species of two major PL fractions in liver microsomes in 
C57BL/6 mice. This animal species, like the human, has 
a relatively low rate of linoleic acid metabolism (16) and 
is susceptible to CHOL feeding (17). 

MATERIALS AND METHODS 
Chemicals. Cold-pressed safflower oil (containing 6.8%, 
16:0; 2.6%, 18:0; 12.3%, 18:1n-9; and 77.1%, 18:2n-6) and 
linseed oil (containing 5%, 16:0; 3.6%, 18:0; 23.3%, 18:1n-9; 
14.2%, 18:2n-6; and 53.5%, 18:3n-3) were purchased from 
a local health food store. CHOL and phospholipase C 
(Bacillus cereus, Type III) were supplied by Sigma 
Chemical Ca (St. Louis, MO). Highly purified casein (CAS, 
89% protein and 0.06% lipids), soy protein isolate (SOY, 
containing 89% protein and 0.4% lipids), vitamin mix 
(AIN-76), mineral mix (AIN-76), cellulose and corn starch 
were obtained from Teklad Test Diets (Madison, WI). All 
solvents were of high-performance liquid chromatography 
(HPLC) grade and were supplied by Fisher Scientific 
(Nepean, Ontario, Canada). 

Animals and diets. Twenty weanling male C57BL/6 mice 
(3-week-old), purchased from Charles River Breeding 
Laboratories (Montreal, Quebec, Canada), were given free 
access to a CHOL-free diet consisting (by weight percent) 
of CAS, 21.8; fat mixture, 2.0; cellulose, 5.4; DL- 
methionine, 0.3; mineral mix, 3.8; vitamin mix, 1.1; calcium 
carbonate, 0.08; and sucrose" 65.5. After 7 d of acclimatiza- 
tion, the mice were divided into four groups (five animals 
each), which received different dietary proteins: CAS or 
SOY, with or without an additional 0.5% (w/w) CHOL. The 
animals were maintained ad libitum on the assigned diets 
for 2 wk. The details of the diets, prepared according to 
the formula recommended by the American Institute of 
Nutrition (18), are shown in Table 1. The dietary fat was 
a 72:28 (w/w) mixture of safflower oil and linseed oil to give 
an n-6/n-3 ratio of 3.9 (Table 1). At the end of the study, 
mice were lightly anesthetized with diethyl ether and 
sacrificed by exsanguination through cardiac puncture. 
The liver was excised immediately and frozen at -80~  
prior to extraction. 

Lipid analysis. Total liver lipids were extracted by the 
method of Folch et al. (19). The concentrations of liver 
CHOL were measured by gas-liquid chromatography 
(GLC) (9), and liver PL were quantified by phosphorus con- 
tent following the method of Rouser et aL (20). Phospha- 
tidylcholine (PC), phosphatidylserine (PS), phosphatidyl- 
inositol (PI), phosphatidylethanolamine (PE), sphingo- 
myelin and lysophospholipids were separated by thin- 
layer chromatography using chloroform/ethanol/water/tri- 
ethylamine (4:5:1:5, by vol) as the developing solvent. The 
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TABLE 1 

Composition of Diet a 

Ingredient CAS CAS + CHOL SOY SOY + CHOL 

(wt%) 
Casein 20.0 20.0 _c _ 
Soy protein 

isolate -- -- 20.0 20.0 
Fat b 5.0 5.0 5.0 5.0 
Corn starch 15.0 15.0 15.0 15.0 
Cellulose 5.0 5.0 5.0 5.0 
Mineral mix 

(AIN-76) 3.5 3.5 3.5 3.5 
Vitamin mix 

(AIN-76) 1.0 1.0 1.0 1.0 
Choline bitartrate 0.2 0.2 0.2 
Cholesterol -- 0.5 -- 0.5 
Sucrose 50.3 49.8 50.3 49.8 
aAbbreviations: CAS, casein; SOY, soy protein isolate; CHOL, 
cholesterol. 
bA mixture of safflower off and linseed off {72:28, w/w), containing 
6.3%, 16:0; 2.8%, 18:0; 15.3%, 18:1n-9; 59.7%, 18:2n-6; and 15.4%, 
18"3n-3. The n-6/n-3 ratio was 3.9. 
c_, not added in the diet. 

distribution of PL classes was determined by their phos- 
phorus content  {19}. The fa t ty  acid composition of liver 
PC and PE was determined by GLC after transmethyla- 
tion with BF 3 methanol {21}. 

For separation of molecular species, approximately 1 mg 
of either PC or PE in diethyl ether (2 mL) was incubated 
for 3 h at room temperature  with 1 mg of phospholipase 
C {Bacillus cereus, Type III) in 2 mL of 0.5 M tris buffer 
(pH 7.5) and 2 mM calcium chloride {22}. The resultant  
mixture of diacylglycerols was acetylated with acetic 
anhydride]pyridine (1:2, vol/vol) at  37~ for 1 h {23}. The 
solution was taken to dryness, and the residue was re- 
dissolved in acetonitrfle The molecular species were sepa- 
rated by reverse-phase HPLC on a Zorbax ODS column 
(250 mm • 4.6 mm, i.d.} {DuPont Ca, Wilmington, DE), 
using an isocratic solvent system of acetonitrile/2-pro- 
panol/methyl t-butyl ether/water (72:18:8:2, by vol) at  a 
flow rate of 0.5 mL/min }24). For identification of molecu- 
lar species in each fraction, the fractions detected at 205 
nm with a variable wavelength detector  {Diode Array 
Detector  Module 168; Beckman, Palo Alt~ CA) were col- 
lected, and the fa t ty  acid composition was determined by 
GLC {21}. The distribution of peaks was assessed using 
a mass (light-scattering} detector (ACS Model 740/14; AI~ 
plied Chromatography Systems, Macclesfield, United 
Kingdom}. The detailed distribution and identification of 
PL molecular species (in the form of acetylated diacyl- 
glycerol} co-eluted in the same fraction were determined 
based on a computer  program similar to tha t  described 
previously {25}. Briefly, it  is based on random probability 
using the fa t ty  acid composition of the purified PL 
fraction and on the retention times, which reflect the 
equivalent chain lengths. Figure 1 shows typical  HPLC 
chromatograms. 

Statistical analysis. Data were expressed as mean _ SD 
of five animals. Statist ical  analyses were performed us- 
ing analysis of variance through a computer  statist ical  
system, SYSTAT {26}. The 2 • 2 factorial analysis deter- 
mining the protein and CHOL effects and interactions 
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FIG. 1. Typical high-performance liquid chromatography chro- 
matograms of liver phosphatidylcholine (panels A and B) and phos- 
phatidylethanolRmlne (panels C and D) molecular species in mice fed 
a casein diet without (panels A and C) or with (panels B and D) 0.5% 
cholesterol. In panels A and B, fraction I contains 16:0/20:5n-3 and 
18:1122:6n-3; fraction 2 contains 16:0/22:6n-3, 16:1118:2n-6, 
18:2n~/18:2n-6 and 16:1/20:3n~; fraction 3 contains 18:1/20:4n-6, 
16:0/22:5n-3 and 16:0118:3n~; fraction 4 contains 16.~/20:4n~; frac- 
tion 5 contains 18:1/18:2n4~, 18:1/20:3n~, 16.~/16:1 and 16:1/18:1; frac- 
tion 6 contains 18:0122:6n-3; fraction 7 contains 16:0/18:2n-6 and 
16:0/20:3n-6; fraction 8 contains 18:0/20:4n-6; and fraction 9 contains 
18:0118:2n41, 16:0118:1 and 18:0120:3n-6. In panels C and D, fraction 
1" contains 18:1/22:6n-3 and 16:0/20:5n-3; fraction 2' contains 
16:0/22:6n-3; fraction 3' contains 18:1/20:4n-6 and 16:0/22:5n-3; frac- 
tion 4' contains 16:0/20:4n-6; fraction 5' contains 18:0/20:5n-3 and 
16.~}122:5n~; fraction 6' contains 18:1/18".2n~, 16~/16:1 and 18:1/~..3n4~; 
fraction 7' conf~in~ 18:0/22:6n-3; fraction 8' contains 16:0/18:2n4~, 
18.~118:3n-3,16:1118:1 and 16.~12(k.3n~; fraction 9" contains 18.~/20.'4n~; 
and fraction 10' contains 18:0/18:2n-6, 18:0/20:3n-6, and 16:0/18:1. 
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b e t w e e n  d i e t a r y  p r o t e i n  a n d  C H O L  w a s  f o l l o w e d  b y  t h e  
l e a s t - s q u a r e  m e a n  m u l t i p l e  c o m p a r i s o n  t o  i d e n t i f y  t h e  
d i e t a r y  g r o u p  d i f f e r e n c e s .  

RESULTS 

Body and liver weight. T a b l e  2 s h o w s  t h a t  t h e r e  w e r e  n o  
s i g n i f i c a n t  d i f f e r e n c e s  b e t w e e n  d i e t a r y  g r o u p s  i n  e i t h e r  
t h e  i n i t i a l  o r  t h e  f i n a l  b o d y  w e i g h t s ,  o r  t h e  r e l a t i v e  l i v e r  
w e i g h t s  a t  t h e  t i m e  of  k i l l i n g .  T h e  c o n c e n t r a t i o n s  of  P L  
a n d  C H O L  a n d  t h e  C H O L / P L  r a t i o  i n  l i v e r  w e r e  n o t  af- 
f e c t e d  b y  d i f f e r e n t  d i e t a r y  p r o t e i n  s o u r c e s  b u t  w e r e  in-  
c r e a s e d  s i g n i f i c a n t l y  b y  C H O L  s u p p l e m e n t a t i o n .  H o w -  
ever ,  t h e  P L  d i s t r i b u t i o n  w a s  m o d u l a t e d  b y  b o t h  d i e t a r y  
p r o t e i n  a n d  C H O L .  C A S ,  a s  c o m p a r e d  t o  SOY, i n c r e a s e d  

t h e  p r o p o r t i o n  of  l i v e r  PC,  w h e r e a s  i t  d e c r e a s e d  t h a t  of  
P I ,  i n d e p e n d e n t  of  C H O L  f e e d i n g .  D i e t a r y  C H O L  de-  
c r e a s e d  t h e  p r o p o r t i o n  of  P E  w h e r e a s  P S  w a s  i n c r e a s e d  
i n  b o t h  p r o t e i n  g r o u p s .  T h e  P C / P E  r a t i o  w a s  h i g h e r  ( P  = 
0.016)  i n  m i c e  f ed  t h e  C A S  d i e t s  t h a n  in  t h o s e  f e d  t h e  S O Y  
d i e t s .  

Fatty acid profiles of liver PL. I n  liver,  P C  a n d  P E  repre -  
s e n t  t h e  t w o  m a j o r  P L  c l a s s e s .  H e n c e ,  w e  h a v e  c h o s e n  t o  
r e p o r t  o n l y  t h e  c h a n g e s  in  t h e s e  t w o  P L  f r a c t i o n s .  T a b l e  3 
s h o w s  t h e  f a t t y  a c i d  c o m p o s i t i o n  of  l i v e r  PC.  C H O L  
f e e d i n g  s i g n i f i c a n t l y  i n c r e a s e d  t h e  p r o p o r t i o n  of  18:2n-6 ,  
w h e r e a s  i t  d e c r e a s e d  t h o s e  o f  20 :4n -6  a n d  22:6n-3 .  A s  a 
r e s u l t ,  C H O L  f e e d i n g  d e p r e s s e d  s i g n i f i c a n t l y  t h e  r a t i o s  
of  (18 :3n-6  + 20 :3n -6  + 20 :4n -6 ) /18 :2n -6  a n d  of  20 :4n-6 /  
20 :3n-6 .  D i e t a r y  p r o t e i n ,  o n  t h e  o t h e r  h a n d ,  h a d  l i t t l e  

TABLE 2 

Effects  of Dietary Protein and Cholesterol on Body and Liver Weight and Liver Phospholipid and Cholesterol Concentrations in Mice a 

Dietary groups Factorial effect 

CAS CAS + CHOL SOY SOY + CHOL Protein CHOL Prot/CHOL 

Body weight (g) 
Initial 16.4 _+ 1.4 16.4 +. 1.6 16.4 +. 2.0 15.8 +. 1.9 b _ 
Final 22.5 +. 2.7 23.8 +. 1.7 22.5 + 2.9 23.3 +" 1.7 -- -- 

Liver weight  (g/100 g body weight) 5.6 +. 0.1 5.7 +. 0.9 5.7 +, 0.5 6.3 +. 0.9 --  --  
Lipid content  0~mol/g liver) 

Phospholipids 32.4 __. 2.2 36.9 +. 1.4 32.3 -4-_ 2.2 37.7 +. 2.4 --  0.001 
Cholesterol 6.4 +. 0.5 43.0 +. 7.8 5.8 +, 0.9 46.5 --- 13.1 --  0.001 
CHOL/PL rat io 0.2 +. 0.0 1.2 +. 0.3 0.2 +_ 0.0 1.2 +. 0.4 --  0.001 

PL distribution (mol%) 
PE 25.7 -!-- 0.8 24.4 + 0.9 26.2 +. 0.6 24.9 +" 1.0 --  0.004 
PI  8.6 +. 1.0 9.5 +. 1.1 10.2 • 1.5 11.4 + 2.1 0.017 --  
PS 2.5 +. 0.4 3.7 +, 0.3 3.3 +, 0.9 3.6 +" 0.9 --  0.017 
PC 54.2 + 0.8 52.7 +, 0.6 50.9 +. 2.7 51.0 +- 2.1 0.006 --  
SM 2.0 +. 0.6 3.3 +. 0.7 3.1 +, 0.3 2.7 + 0.6 --  --  
Others  7.0 ___ 0.9 6.5 +. 0.5 6.4 +. 0.7 6.4 --- 0.8 --  - -  
PC/PE rat io 2.1 + 0.1 2.2 + 0.1 2.0 +, 0.1 2.1 +. 0.2 0.016 -- 

D 

m 

D 

m 

=Data are expressed as means +_ SD of five mice. Abbreviations: See Table I and PC, phosphatidylcholine; PE, phosphatidylethanolam~ne; 
PI, phosphatidylinositol;  PL, total  phospholipids; PS, phosphatidylserine;  SM, sphingomyelin; Prot, protein effect. 
b_ ,  Not stat is t ical ly significant. 

TABLE 3 

Effect  of Dietary Protein and Cholesterol on Fat ty  Acid Composition (weight percent) of Liver Phosphatidylcholine in Mice a 

Dietary groups Factorial effect 

Fa t ty  acid CAS CAS + CHOL SOY SOY + CHOL Protein CHOL Prot/CHOL 

16:0 27.6 +- 1.8 25.6 + 1.2 28.3 +- 1.0 27.4 +_ 3.1 b _ _ 
16:1 1.9 +. 0.1 2.5 + 0.1 1.7 +. 0.1 2.4 + 0.4 --  0.001 -- 
18:0 11.5 +. 0.8 10.2 +. 0.8 11.9 +. 0.7 10.2 +. 0.7 --  0.001 --  
18:1 10.1 +, 0.1 11.8 +. 1.0 9.6 +. 0.8 12.7 +. 2.6 --  0.003 -- 
18:2n-6 21.0 +, 1.1 26.4 +. 1.9 21.2 +. 1.1 26.0 +. 3.1 --  0.001 --  
18:3n-6 0.4 +, 0.1 0.6 +-- 0.1 0.4 +. 0.1 0.3 +--- 0.2 0.004 -- 0.028 
20:3n-6 3.0 +. 0.4 4.1 +. 0.3 3.0 +_ 0.3 3.8 + 1.fi --  0.032 --  
20:4n-6 10.2 +, 1.2 7.1 +. 0.7 10.2 + 0.2 5.7 +. 0.4 --  0.001 -- 
18:3n-3 0.7 +, 0.1 0.8 +. 0.1 0.6 +. 0.1 1.0 +. 0.3 --  0.004 --  
20:5n-3 1.3 +. 0.3 1.3 +. 0.2 1.1 +. 0.1 1.2 +. 0.5 --  --  --  
22:5n-3 0.5 +, 0.1 0.3 +. 0.0 0.7 +. 0.1 0.4 --4-_ 0.1 0.018 0.001 -- 
22:6no3 10.2 +, 0.2 7.2 + 0.4 10.0 +. 0.4 6.7 +. 1.7 --  0.001 - -  

Ratio 
Z(n-6)/18:2 0.7 ~ 0.1 0.5 +. 0.1 0.6 +. 0.0 0.4 +. 0.1 --  0.001 --  
20:4/20:3 3.4 +_. 0.4 1.7 +__ 0.1 3.5 +. 0.4 1.8 +- 0.9 --  0.001 -- 

aData are expressed as means + SD of five mice. See Tables 1 and 2 for abbreviations and ~-(n-6) is the sum of 18:3n-6, 20:3n-6 and 20:4n-6. 
b_ ,  Not stat is t ical ly significant. 
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e f f e c t  o n  t h e  d i s t r i b u t i n  of  f a t t y  a c i d s  e x c e p t  fo r  s l i g h t  
c h a n g e s  in  t h e  p r o p o r t i o n s  of  18:3n-6 a n d  22:5n-3.  

Table  4 s h o w s  t h e  f a t t y  a c i d  c o m p o s i t i o n  of  f iver  P E .  
C H O L  f e e d i n g  s i g n i f i c a n t l y  a f f e c t e d  t h e  d i s t r i b u t i o n  of  
all  f a t t y  acids .  T h e  p r o p o r t i o n s  of  18:1, 18:2n-6 a n d  20:3n-6 
w e r e  i n c r e a s e d ,  a n d  t h o s e  of  20:4n-6 a n d  22:6n-3 w e r e  
r e d u c e d .  T h u s ,  C H O L  f e e d i n g  s i g n i f i c a n t l y  d e p r e s s e d  t h e  
r a t i o  of  (20:3n-6 + 20:4n-6) /18:2n-6 a n d  20:4n-6/20:3n-6.  
D i e t a r y  p r o t e i n  d e c r e a s e d  t h e  p r o p o r t i o n s  of  16:1, w h e r e a s  
i t  i n c r e a s e d  t h o s e  of  22:5n-3 a n d  22:6n-3.  H o w e v e r ,  n o  

d i e t a r y  p r o t e i n - d e p e n d e n t  c h a n g e s  of  t h e  r a t i o s  of  (20:3n-6 
+ 20:4n-6) /18:2n-6 a n d  20:4n-6/20:3n-6  w e r e  o b s e r v e d  in  
f iver  P E .  

Molecular species of liver PL. T h e  d i s t r i b u t i o n  of  
m o l e c u l a r  s p e c i e s  in  f iver  P C  is  s h o w n  in  Table  5. A m o n g  
t h e  18:2n-6 c o n t a i n i n g  m o l e c u l a r  s p ec i e s ,  t h e  p r o p o r t i o n  
of  16:0/18:2n-6,  t h e  m a j o r  m o l e c u l a r  s p e c i e s  i n  f iver  PC, 
w a s  s i g n i f i c a n t l y  e l e v a t e d  in  m i c e  f ed  t h e  C A S  + C H O L  
as  c o m p a r e d  t o  t h a t  in  t h o s e  f ed  t h e  C A S  d ie t .  T h e  
s a m e  t r e n d  w a s  a l so  o b s e r v e d  b e t w e e n  t h e  S O Y  a n d  t h e  

TABLE 4 

Effect of Dietary Protein and Cholesterol on Fatty Acid Composition (weight percent} of Liver Phosphatidylethanolamine in Mice a 

Dietary groups Factorial effect 

Fa t ty  acid CAS CAS + CHOL SOY SOY + CHOL Protein CHOL Prot/CHOL 

16:0 15.5 • 1.1 13.7 • 0.5 15.2 • 0.2 14.4 • 0.9 b 0.002 
16:1 0.8 • 0.1 1.0 • 0.1 0.6 • 0.1 0.8 • 0.2 0.029 0.001 
18:0 21.1 • 0.8 19.4 • 0.8 21.9 • 0.2 19.0 • 0.7 --  0.001 
18:1 7.1 • 0.9 9.6 • 0.7 6.8 • 0.3 9.5 ___ 1.5 - -  0.001 
18:2n-6 6.3 • 0.4 9.5 • 0.9 5.9 • 0.2 8.8 • 0.5 --  0.001 
18:3n-6 ND ND ND ND --  - -  
20:3n-6 1.0 • 0.1 1.8 • 0.1 1.0 • 0.1 1.7 • 0.5 - -  0.001 
20:4n-6 23.1 • 1.1 22.2 • 0.6 22.8 • 0.4 21.9 • 0.8 --  0.029 
18:3n-3 0.6 • 0.1 0.8 • 0.1 0.5 • 0.0 0.8 • 0.1 --  0.001 
20:5n-3 1.8 • 0.2 2.4 • 0.2 1.8 • 0.1 2.2 • 0.6 --  0.005 
22:5n-3 0.9 • 0.2 0.8 • 0.1 1.1 • 0.2 0.9 • 0.1 0.015 0.003 
22:6n-3 19.9 • 0.9 16.1 • 0.5 20.5 _ 0.5 17.4 • 1.3 0.031 0.001 

Ratio 
~-(n-6)/18:2 3.9 • 0.4 2.6 • 0.3 4.0 • 0.2 2.7 • 0.2 - -  0.001 
20:4/20:3 23.0 - 0.8 12.2 • 0.9 23.4 • 0.8 13.9 • 5.0 --  0.001 

aData are expressed as means • SD of five mice. See Tables 1, 2 and 3 for abbreviations. 
b , Not statistically significant. 

TABLE 5 

Effect of Dietary Protein and Cholesterol on Liver Phosphatidylcholine Molecular Species (weight percent) in Mice a 

Molecular Dietary groups Factorial effect 

species CAS CAS + CHOL SOY SOY + CHOL Protein CHOL Prot/CHOL 

16:0/16:1 0.1 • 0.1 0.7 • 0.1 0.2 • 0.0 0.3 • 0.1 0.001 0.001 0.001 
16:0/18:1 8.9 +--- 0.5 8.9 • 0.5 10.4 • 0.5 11.4 • 2.0 0.001 b _ _  

16:1/18:1 0.2 • 0.1 ND ND 0.3 • 0.1 --  --  0.001 

16:0/18:2n-6 26.3 • 2.7 34.1 • 3.9 26.9 • 2.2 30.3 • 3.2 - -  0.001 --  
16:1/18:2n-6 1.3 • 0.1 0.8 • 0.0 1.1 • 0.0 0.4 • 0.1 0.001 0.001 --  
18:0/18:2n-6 13.6 • 0.7 14.1 • 0.8 11.8 • 0.6 12.0 • 2.1 0.004 --  --  
18:1/18:2n-6 2.1 • 0.9 4.9 • 0.8 1.5 • 0.2 4.7 • 1.6 --  0.001 --  
18:2/18:2n-6 0.8 • 0.0 1.8 • 0.1 0.6 • 0.0 2.1 • 0.3 - -  0.001 0.003 
16:0/18:3n-6 0.2 • 0.0 0.3 • 0.1 0.2 • 0.0 0.2 • 0.1 --  --  --  
16:0/20:3n-6 5.9 • 0.6 6.7 • 0.8 6.3 + 0.5 11.3 • 1.2 0.001 0.001 0.001 
16:1/20:3n-6 ND 0.9 • 0.0 ND 1.4 • 0.2 0.001 0.001 0.001 
18:0/20:3n-6 2.2 • 0.1 2.7 • 0.2 2.2 • 0.1 3.1 • 0.5 --  0.001 --  
18:1/20:3n-6 0.1 • 0.1 0.5 • 0.1 0.1 • 0.0 0.5 • 0.2 --  0.001 --  
16:0/20:4n-6 11.3 • 1.1 6.1 • 0.8 11.4 • 0.6 4.9 • 1.2 --  0.001 --  
18:0/20:4n-6 4.5 • 1.5 1.9 • 0.6 4.7 • 0.7 1.5 • 0.5 --  0.001 --  
18:1/20:4n-6 0.8 • 0.2 0.7 • 0.2 0.6 • 0.1 0.6 • 0.1 --  - -  --  
16:0/22:4n-6 ND 0.2 • 0.1 ND ND -- 0.001 0.001 
18:1/22:4n-6 ND 0.4 • 0.1 ND ND 0.001 0.001 0.001 

16:0/20:5n-3 0.9 • 0.3 0.6 • 0.2 0.8 • 0.1 0.7 • 0.3 --  - -  --  
16:0/22:5n-3 0.3 • 0.1 0.2 • 0.0 0.5 • 0.1 0.2 • 0.1 0.002 0.001 0.025 
16:0/22:6n-3 16;0 • 0.6 11.6 • 0.4 16.1 -!-_ 0.4 11.6 • 1.8 --  0.001 --  
18:0/22:6n-3 3.0 + 0.6 1.0 • 0.3 3.1 • 0.6 1.6 • 0.6 - -  0.001 -- 
18:1/22:6n-3 0.9 • 0.3 0.8 • 0.2 0.7 • 0.1 0.8 • 0.3 --  - -  --  

aData are expressed as means __ SD of five mice. See Tables 1 and 2 for abbreviations. 
b , Not statistically significant. 
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SOY + C H O L  groups .  C H O L  feed ing  a lso  i nc r ea sed  the  
p r o p o r t i o n s  of 18:1/18:2n-6 and  18:2n-6/18:2n-6, b u t  i t  d id  
n o t  af fec t  t h e  p r o p o r t i o n  of 18:0/18:2n-6. The  l a t t e r  was  
s i g n i f i c a n t l y  h ighe r  in t h e  CAS t h a n  in t he  SOY groups ,  
i n d e p e n d e n t  of C H O L  feeding.  

The  p ropor t i ons  of 20:3n-6 con ta in ing  molecu la r  species  
were genera l ly  h igher  in t he  CHOL-fed  g roups  t h a n  in t he  
CHOL-f ree  groups .  The  d i f ference  was  more  p r o n o u n c e d  
in mice  fed t h e  SOY d ie t  t h a n  t h e  C A S  diet .  On t h e  
o the r  hand,  C H O L  feeding decreased  s ign i f ican t ly  the  pro- 
p o r t i o n  of  m o l e c u l a r  s p e c i e s  c o n t a i n i n g  20:4n-6  
{16:0/20:4n-6 a n d  18:0/20:4n-6) and  22:6n-3 (16:0/22:6n-3 
a n d  18:0/22:6n-3) i r r e spec t ive  of t h e  source  of d i e t a r y  
pro te ins .  

I n  t he  l iver  P E  f rac t ion ,  t h e  m a j o r  P U F A  were 20:4n-6 
and  22:6n-3 (Table 4), and,  as  expec ted ,  t he  m a j o r  molecu-  
l a r  spec ies  c o n t a i n e d  20:4n-6 or  22:6n-3 (Table 6). The  
re la t ive  p r o p o r t i o n s  of t he  mo lecu la r  species,  18:0/20:4n-6 
a n d  18:1/20:4n-6 were n o t  a f fec ted  b y  e i the r  d i e t a r y  pro-  
te in  or  CHOL,  whe rea s  t he  p r o p o r t i o n s  of m o l e c u l a r  
species,  16:0/20:4n-6, 16:0/22:6n-3 a n d  18:0/22:6n-3, were 
d e p r e s s e d  s i gn i f i c an t l y  b y  C H O L  feeding.  

A m o n g  the  18:2n-6 con ta in ing  molecular  species, C H O L  
feed ing  i nc r ea sed  the  p r o p o r t i o n  of 18:0/18:2n-6 a n d  
18:1/18:2n-6, b u t  n o t  16:0/18:2n-6. The  effect  on the  pro-  
p o r t i o n  of 18:0/18:2n-6 was  more  e v i d e n t  in mice  fed t h e  
C A S  d ie t s  t h a n  t h e  SOY die t .  

DISCUSSION 

I t  h a s  been  r e p o r t e d  p r e v i o u s l y  t h a t  C A S  in c o m p a r i s o n  
w i t h  SOY e n h a n c e d  A6 d e s a t u r a s e  a c t i v i t y  in r a t s  (2-6). 

However,  t h e  r e s u l t s  of t h e  p r e s e n t  s t u d y  (Tables 3 a n d  
4) as  well  as  our  p rev ious  r e p o r t  (27) have  shown t h a t  
d i e t a r y  p ro t e in  h a d  no  s ign i f i can t  effect  on f a t t y  ac id  pro- 
files in mice: t he  r a t io s  of 20:4n-6/18:2n-6 in l iver  t o t a l  P L  
were c o m p a r a b l e  be tween  mice  fed C A S  a n d  t h o s e  fed 
SOY. These  f i nd ings  s u g g e s t  t h a t  t he  r e sponse  of A6 
d e s a t u r a s e  a c t i v i t y  to  d i e t a r y  p ro t e in  was  less s ign i f i can t  
in  mice  t h a n  in ra t s .  Th i s  m a y  be  due  in p a r t  to  a 
s i g n i f i c a n t l y  lower level of  A6 d e s a t u r a s e  a c t i v i t y  in mice  
t h a n  in r a t s  (16). 

I t  is a lso  known  t h a t  in vivo C H O L  feeding  s u p p r e s s e d  
the  mic rosoma l  A6 d e s a t u r a s e  a c t i v i t y  in r a t  l iver  (28,29). 
Le ik in  a n d  Bre nne r  (30,31) have  shown t h a t  d e s a t u r a s e  
a c t i v i t y  in l iver  m i c r o s o m e s  is a f fec ted  b y  t h e  r a t i o s  o f  

C H O L / P L  a n d  P O P E .  Since  in vivo C H O L  feed ing  in- 
c r e a se d  t h e  C H O L / P L  ra t i o  in b o t h  r a t  (29) a n d  m o u s e  
l iver  (Table 2), t he  i n h i b i t o r y  effect  of  C H O L  feed ing  on  
l inole ic  ac id  m e t a b o l i s m  in b o t h  r a t s  and  mice  could  be  
r e l a t e d  to  an  inc rease  in t he  C H O L / P L  r a t i o  (32). On t h e  
o t h e r  hand ,  t he  i n h i b i t o r y  effect  cou ld  n o t  be  r e l a t ed  to  
a speci f ic  m o d u l a t i o n  of PC syn thes i s ,  s ince  C H O L  feed- 
i ng  inc reased  t h e  p r o p o r t i o n  of PC a n d  t h e  PC/PE  r a t i o  
in r a t  l iver  (29) b u t  n o t  in m o u s e  l iver  (Table 2). A n  al ter-  
n a t i v e  e x p l a n a t i o n  for t h e  i n h i b i t o r y  effect  of d i e t a r y  
C H O L  on A6 d e s a t u r a s e  a c t i v i t y  is  t h a t  i t  m i g h t  m o d i f y  
PC and  P E  f a t t y  ac id  prof i les  in m i c r o s o m a l  m e m b r a n e s ,  
s ince  t h e  degree  of u n s a t u r a t i o n  of PC and  P E  m i g h t  
m o d u l a t e  t he  e n z y m e  a c t i v i t y  in l iver  microsomes .  

I n  r a t  l iver  PL,  s a t u r a t e d  f a t t y  ac ids  (16:0 and  18:0) are  
ma in ly  loca ted  a t  t he  sn-1 posi t ion,  and  mono- and  polyun-  
s a t u r a t e d  f a t t y  ac ids  a t  t h e  sn-2 p o s i t i o n  (33). I n  mice, 
t h e  m a j o r  s a t u r a t e d  f a t t y  ac ids  in l iver  m i c r o s o m a l  PC 

TABLE 6 

E f f e c t  of  D i e t a r y  P r o t e i n  and  Cho le s t ero l  on  L iver  P h o s p h a t i d y l e t h a n o l a m i n e  M o l e c u l a r  Spec i e s  (we ight  percent)  in  M i c e  a 

Molecular Dietary groups Factorial effect 
species CAS CAS + CHOL SOY SOY + CHOL Protein CHOL Prot/CHOL 

16:0/16:1 ND 0.4 • 0.1 ND 0.3 • 0.1 b 0 .001 - -  

16:0/18:1 0.1 + 0.1 ND 0.1 + 0.0 0.4 • 0.1 0.001 0.001 0.001 
16:1/18:1 ND 0.9 • 0.2 0.8 + 0.2 2.1 + 0.4 0.001 0.001 - -  

16:0/18:2n-6 1.9 + 1.2 2.0 • 0.4 1.3 + 0.3 1.4 • 0.3 - -  - -  - -  
18:0/18:2n-6 1.9 • 0.7 3.2 • 0.4 2.0 • 0.5 2.7 • 0.3 -- 0.001 -- 
18:1/18:2n-6 0.9 + 0.3 2.8 • 0.4 0.8 + 0.1 2.5 • 0.8 -- 0.001 - -  
16:0/20:3n-6 0 .4  • 0.3 0.3 • 0.1 0.2 • 0.0 ND 0.001 0.044 - -  
18:0/20:3n-6 0.5 • 0.2 1.4 • 0.2 0.6 • 0.1 1.1 • 0.1 - -  0 .001 0.018 
18:1/20:3n-6 ND 0.1 • 0.0 ND 0.2 • 0.0 -- 0.001 --  
16:0/20:4n-6 10.6 + 1.8 8.7 • 0.6 9.6 • 0.4 9.0 • 0.6 -- 0.020 -- 
16:1/20:4n-6 ND 0.2 • 0.1 ND 0.2 • 0.1 -- 0.001 --  
18:0/20:4n-6 32.5 • 5.2 36.5 • 1.8 34.4 • 2.0 34.1 • 1.5 -- --  --  
18:1/20:4n-6 5.1 • 1.3 5.9 • 0.8 5.1 + 0.3 5.6 • 0.5 -- -- --  
18:2/20:4n-6 ND 0.1 • 0.0 ND 0.2 • 0.1 -- 0.001 -- 
16:0/22:5n-6 0.1 • 0.0 ND 0.1 • 0.0 ND 0.002 0.001 0.001 

16:0/18:3n-3 ND ND 0.2 • 0.0 ND 0.001 0.001 0.001 
18:0/18:3n-3 0.6 • 0.4 ND ND ND 0.004 0.004 0.004 
16:0/20:5n-3 0.5 • 0.1 0.9 • 0.1 0.6 • 0.1 1.0 • 0.2 --  0.001 -- 
18:0/20:5n-3 1.0 • 0.2 1.4 • 0.1 1.0 • 0.1 1.2 • 0.4 -- 0.017 -- 
18:1/20:5n-3 ND 0.4 • 0.1 ND 0.4 • 0.2 -- 0.001 --  
16:0/22:5n-3 0.9 • 0.2 0.7 • 0.1 0.8 • 0.0 0.7 • 0.1 - -  0.011 -- 
16:0/22:6n-3 27.0 +__ 0.9 22.9 +__ 0.8 24.7 • 1.3 23.4 • 0.8 --  0.001 0.005 
18:0/22:6n-3 9.2 • 1.2 5.9 • 0.4 10.6 • 0.7 6.8 • 1.2 0.021 0.001 -- 
18:1/22:6n-3 6.2 • 1.8 5.1 • 0.3 6.1 • 0.6 5.6 • 1.0 -- -- -- 

aData are expressed as means • SD of five mice. See Tables 1 and 2 for abbreviations. 
b_, Not statistically significant. 
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and PE were also 16:0 and 18:0 (Tables 3 and 4). The major 
PUFA in PC were C18 and C20, and in PE were C2o and 
C22 (Tables 5 and 6). To compare the level of incorporation 
of PUFA into 16:0 and 18:0 containing molecular species 
in PC and PE, we have calculated the relative distribu- 
tion of PUFA in 16:0 and 18:0 containing molecular 
species. Table 7 shows that the ratio of 16:0-containing 
to 18:0-containing molecular species in liver PC ranged 
from 2 to 5. This finding indicated that molecular species 
in liver microsomes containing either type of PUFA were 
approximately two to five times more likely to also con- 
tain 16:0 than 18:0. In the PE fraction, the ratio of 
16:0-containing to 18:0-containing molecular species 
ranged from 0.3 to 1.0 when 18:2n-6, 20:3n-6, 20:4n-6 or 
20:5n-3 was also present in the same molecule {Table 7). 
This result suggests that C1s and C20 PUFA were incor- 
porated preferentially into PE molecular species contain- 
ing 18:0 rather than 16:0. However, not all PUFA behave 
the same way. The ratios of 16:0-containing to 18:0-con- 
taining molecular species in PC and PE ranged from 2 to 
5 when 22:6n-3 was also present in the same molecule, sug- 
gesting that C22 PUFA was incorporated preferentially 
into PC and PE molecular species containing 16:0 rather 
than those containing 18:0. These observations are also 
in consistence with the report that the total carbon 
number of fa t ty  acids in different PE molecular species 
is around 38, and tha t  in PC molecular species is 36 to 
38 (34). 

CHOL feeding increased the ratio of 16:0-containing to 
18:0-containing molecular species in liver PC, particular- 
ly in those containing 20:4n-6. Since CHOL feeding 
lowered the proportions of 20:4n-6 in both 16:0- and 
18:0-containing molecular species, the increased ratio of 
16:0-containing to 18:0-containing molecular species was 
at tr ibuted to a greater decrease of 18:0-cont~inlng 
molecular species. Similarly, CHOL feeding suppressed 
the proportion of 22:6n-3-containing molecular species in 
both PC and PE (Tables 5 and 6). CHOL feeding also 
reduced the proportion of 18:0/22:6n-3 molecular species 
to a greater extent than that  of 16:0/22:6n-3 {Table 7). 

In order to examine whether there exists any specific 
pat tern  in the distribution of common molecular species 
between PC and PE, and whether this pat tern was modu- 
lated by dietary protein or CHOL feeding, we have also 
calculated the relative distribution of common molecular 
species in both PC and PE fractions. Table 8 shows tha t  
PC, as compared to PE, contained a greater proportion 
of molecular species containing 18:1, 18:2n-6 and 20:3n-6. 
The molecular  species, such as 16:0/20:4n-6 and 
16:0/20:5n-3, were evenly distributed between PC and PE, 
whereas 18:0/20:4n-6 and molecular species containing 
22:6n-3 constituted a greater proportion in PE than in PC. 
Dietary protein did not affect the relative distribution of 
common molecular species in PC and PE. However, CHOL 
feeding decreased the relative distributions of molecular 
species containing 20:4n-6, 20:5n-3 and 22:6n-3, and those 
of 18:0/18:2n-6 in PC and PE. The reduction was due to 
either an increase in the proportions of the PE fraction, 
such as 18:0/18:2n-6 and 16:0/20:5n-3, or a decrease in the 
PC fraction, such as 16:0/20:4n-6. Thus, CHOL feeding af- 
fects differently the incorporation of long-chain PUFA 
into PL classes (PC and PE). 

In summary, the results of the present s tudy  on mouse 
liver show tha t  CHOL feeding inhibited linoleic acid 
metabolism without  affecting the concentration of PC, 
whereas animal protein raised the relative concentration 
of PC in total PL, but exerted little or no effect on linoleic 
acid metabolism. CHOL feeding, and to a lesser extent 
animal protein, affected the constituent molecular species 
of the PC and PE fractions tha t  were characteristically 
different. The CHOL-induced effect is probably expressed 
through modulation of the incorporation of long-chain 
PUFA into PC and PE which, in turn, changes the 
physical properties of the microsomal membrane. 
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TABLE 7 

Effect  of Dietary Protein and Cholesterol on Ratio of Molecular Species of Liver Phosphatidylcholine 
and of Liver Phosphatidylethanolamine in Mice a 

Molecular species Dietary groups 
compared CAS CAS + CHOL SOY SOY + CHOL 

Factorial effect 

Protein CHOL Prot/CHOL 

Phosphatidylcholine 
16:0/18:2n-6 v s .  18:0/18:2n-6 
16:0/20:3n-6 v s .  18:0/20:3n-6 
16:0/20:4n-6 v s .  18:0/20-4n-6 
16:0/22:6n-3 v s .  18:0/22:6n-3 

Phosphatidylethanolamine 
16:0/18:2n-6 v s .  18:0/18:2n-6 
16:0/20:3n-6 v s .  18:0/20:3n-6 
16:0/20:4n-6 v s .  18:0/20:4n-6 

16:0/20:5n-3 v s .  18:0/20:5n-3 
16:0/22:6n-3 v s .  18:0/22:6n-3 

(ratios) 

1.9 + 0.2 2.4 + 0.4 2.3 + 0.3 2.6 • 0.7 
2.7 • 0.2 2.5 +__ 0.4 2.8 • 0.3 3.8 • 1.0 
2.9 • 0.9 3.4 • 0.8 2.5 +___ 0.5 3.4 • 0.2 
5.4 ----- 1.1 12.0 • 2.5 5.3 +___ 0.8 8.4 • 3.9 

1.0 • 0.7 0.6 ___ 0.1 0.7 + 0.2 0.5 • 0.2 
1.0 • 0.7 0.2 + 0.0 0.3 + 0.1 0.O • 0.0 
0.3 • 0.1 0.2 __+ 0.0 0.3 +__ 0.O 0.3 + O.O 

0.5 -- 0.1 0.6 _____ 0.1 0.6 -- 0.1 0.9 • 0.2 
3.0 -- 0.5 3.9 • 0.3 2.3 + 0.1 3.5 + 0.6 

b 

0.020 
-- 0.034 
-- 0.001 

- -  m 

0.013 0.003 
-- 0.047 

0.006 0.001 
0.030 0.001 

m 

m 

D 

B 

aData are expressed as means • SD of five mice. See Tables 1 and 2 for abbreviations. 
b , Not statistically significant. 
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T A B L E  8 

Relative Distribution of Specific Molecular Species in Phosphatidyleholine as Compared to Phosphatidylethanolamine in Mouse Liver  

Molecular species Dietary groups Factorial effect 
compared (PC vs. PE) CAS CAS + CHOL SOY SOY + CHOL Protein CHOL Prot/CHOL 

{ratios~ 

16:0/18:1 75.6 • 29.6 INF 84.8 • 21.5 28.9• 4.0 
16:0/18:2n-6 20.2 • 14.7 17.8 • 2.5 20.6 • 3.8 22.0 • 3.1 
18:0/18:2n-6 8.1 • 3.2 4.5 • 0.8 6.1 • 1.6 4.5 +_ 0.6 
18:1/18:2n-6 2.5 • 1.0 1.8 • 0.5 2.0 • 0.4 1.9 • 0.4 
16:0/20:3n-6 20.4 • 15.0 21.6 • 3.0 36.0 • 6.7 INF b 
18:0/20:3n-6 5.5 • 2.2 2.0 • 0.3 4.2 • 1.1 2.7 • 0.4 
16:0/20:4n-6 1.1 • 0.3 0.7 • 0.1 1.2 • 0.1 0.5 • 0.1 
18:0/20:4n-6 0.1 __. 0.0 0.1 • 0.0 0.1 • 0.0 0.0 • 0.0 
18:1/20:4n-6 0.2 • 0.1 0.1 • 0.0 0.1 • 0.0 0.1 • 0.0 
16:0/20:5n-3 1.9 • 0.6 0.7 • 0.2 1.4 • 0.4 0.7 • 0.2 
16:0/22:6n-3 0.6 • 0.0 0.5 • 0.0 0.7 • 0.0 0.5 • 0.I 
18:0/22:6n-3 0.3 • 0.1 0.2 • 0.I 0.3 • 0.1 0.2 • 0.1 

c 

m 

- -  0.009 

m 

D 

m 

0.001 
0.001 
0.001 
0.039 
0.001 
0.001 
0.003 

u 

m 

m 

m 

m 

aData are expressed as means • SD of five mice. See Tables 1 and 2 for abbreviations. 
bINF: This molecular species was not detected in the phosphatidylethanolamine fraction. No factorial analysis was carried out. 
c , Not statistically significant. 
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and J. Willem O. van den Berg a 
alnstitute of Internal Medicine II and bDepartment of Epidemiology and Biostatistics, Erasmus University of Rotterdam, 3000 DR 
Rotterdam, The Netherlands 

Although the reduction of serum triacylglycerol concen- 
trations by dietary fish oil is a well-known effect, the ex- 
act mechanism of this effect has not  been previously 
studied in human subjects. Therefore, the Aim of this study 
was (i} to examine the effect of short-term fish oil sup- 
plementation on blood concentrations of ketone bodies, free 
fatty acids and triacylglycerol in healthy humans and (ii) 
to verify whether the observed relationships between these 
variables would be consistent with reduced lipolysis andlor 
enhanced hepatic fatty acid oxidation after fish oil s u p  
plementation. Twenty subjects {21-23 years, normal fiver 
function tests} were randomly divided into two groups to 
supplement their usual diet with either 30 g/d of fish oil 
(n = 11) or olive oil {n = 9). Venous blood samples were 
drawn after an overnight fast, before and after 1, 3 and 
7 d of fish oiltolive oil supplementation. Blood concentra- 
tions of triacylglycerol and free fatty acids decreased con- 
sistently after fish oil supplementation; the reduction was 
already significant after one day of fish oil {P < 0.001 for 
triacylglycerol and P = 0.01 for free fatty adds}. In con- 
trast, neither of these blood values changed after olive oil 
supplementation {P > 0.10}. No significant changes in glu- 
cose, insulin or ketone body levels were observed in either 
group after supplementation. After fish oil, but not after 
olive oil supplementation, the ratio of blood ketone body 
levels to free fatty acid levels increased significantly 
(P < 0.05}. Furthermore, after fish oil supplementation 
only, free fatty acid levels were significantly correlated 
with levels of ketone bodies (day 7 of supplementation: r 
= 0.90, P < 0.001) and triacylglycerol (mAxlmum value on 
day 3: r = 0.77, P < 0.01}. These findings suggest that 
reduced lipolysis and increased hepatic fl~xidation/keto- 
genesis may contribute to reduced triacylglycerol levels 
after o~3 fatty acid supplementation in humans. Turnover 
studies are needed in order to further quantitate these 
processes. 
Lipids 29, 41-45 {1994}. 

The o~3 fatty acids eicosapentaenoic acid (EPA) and doc~ 
sahexaenoic acid (DHA) in fish oil have aroused increasing 
interest over the past two decades because of their poten- 
tial role in the prevention and treatment of cardiovascular 
disease (1,2). One of the well-described effects of r fatty 
acids from fish oil on humans is the reduction of serum 
triacylglycerol concentrations (3-7). The exact mechanism 
of this effect on humans is unknowm Animal studies have 
mainly focused upon the inhibitive effects of r fatty acids 
on very low density lipoprotein (VLDL) formation and secre 

*To whom correspondence should be addressed at Institute of Inter- 
nal Medicine II, Erasmus University of Rotterdam, P.O. Box 1738, 
3000 DR Rotterdam, The Netherlands. 
1P.C.D. is a Fellow of the Royal Netherlands Academy of Arts and 
Sciences. 
Abbreviations: CPT, carnitine palmitoyl transferase; DHA, docosahex- 
aenoic acid; EPA, eicosapentaenoic acid; VLDL, very low density 
lipoprotein(s). 

tion (8,9), especially triacylglycerol synthesis (10-15). Re- 
cently, it was suggested that a slower formation of plasma 
VLDL triacylglycerols in rats fed fish oil may be due to a 
faster rate of hepatic fatty acid oxidation {16}. There am also 
recent animal data suggesting that w3 fatty acids may 
reduce lipelysis from adipose tissue, thus limiting the availa- 
bility of free fatty acids as a substrate for hepatic triacyl- 
glycerol formation (17,18). 

Although the ultimate goal of animal studies is to gain 
insight into potential mechanisms of the action of r fatty 
acids in humans, no human studies on the effect of r fatty 
acids on lipolysis and ketone body production have been 
reported so far. Therefore, the aim of the present study was 
to investigate the effects of dietary fish oil on blood levels 
of free fatty acids, ketone bodies and triacylglycerol in 
healthy human subjects, and to verify whether the observed 
relationships between these variables would be consistent 
with reduced lipolysis and~or enhanced hepatic fatty acid 
oxidation after fish oil supplementation. 

MATERIALS AND METHODS 

Subjects and study design. The study protocol was ap- 
proved by the Research Ethics Committee of the Univer- 
sity Hospital of Rotterdam, and written informed consent 
was obtained from all subjects prior to the study. Eligi- 
ble for the study were healthy medical students aged 
21-23 yr who were on normal, nonslimming diets with, 
at most, one meal of fish per week. All subjects had nor- 
mal liver function tests and took no fish from one week 
prior to the study and throughout. Twenty-two subjects 
were randomly distributed over an experimental and a 
placebo group in a double-blinded fashion. Two subjects 
from the placebo group did not show up on the first day 
of the study, leaving eleven subjects in the experimental 
group and nine in the placebo group. Subjects in the ex- 
perimental group took 30 g of MaxEPA fish oil per day, 
containing a total of 9 g w3 fat ty acids per day (EPA, 5.4 
g/d; DHA, 3.6 g/d) for 7 d. Subjects in the placebo group 
took 30 g of olive oil per day during the same period. Cap- 
sules of fish oil and olive oil (indistinguishable by addi- 
tion of peppermint oil and ferrous oxide coloring} were 
kindly provided by Seven Seas Ltd. (Hull, United 
Kingdom}, and taken as 3 • 10 capsules per day with the 
main meals. 

Measurements. Following an overnight fast of approxi- 
mately 12 h, subjects came to the laboratory between 8 
and 9 am., before (day 0) and after supplementation {days 
1, 3 and 7}. On these days, subjects were weighed, and 
venous blood samples were drawn from the forearm. 
Height was measured once preceding the study. 

Laboratory analyses. Glucose concentrations in whole 
blood were determined by an enzymatic assay using an 
Epos 5060 analyzer (Merck-Eppendorf, Darmstadt, Ger- 
many) with reagents from Boehringer (Mannheim, Ger- 
many). Triacylglycerol in serum was determined en- 
zymatically on a Chem-1 analyzer (Bayer-Technicon, 
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Tarrytown, New York). Free f a t t y  acids were determined 
in ethylenediaminetetraacet ic  acid-treated p lasma  using 
an enzymatic colorimetric method (NEFA C test  kit; Wako 
Chemicals, Neuss, Germany). A conversion factor of 0.282 
was used (derived from the molecular weight of oleic acid) 
for conversion of these values (from ~nnol/L into rag/L). 
For determinat ion of ketone bodies in whole blood, 4 m L  
of blood was poured immediate ly  into a glass bot t le  con- 
taining 4 mL ice-cold perchloric acid, and, after neutraliza- 
t ion with KOH (19), stored a t  - 2 0 ~  until  the s tudy  was 
completed. Acetoacetate  and ~-hydroxybutyrate  concen- 
t ra t ions  were determined according to Mellanby and 
Williamson (19) and WiUiamson and Mellanby (20), respec- 
tively. Insulin in serum was determined using a commeP 
cial rad io immunoassay  tes t  kit  {Medgenix, Brussels, 
Belgium). 

Compliance. For each subject, the number  of capsules 
taken per day was calculated by pre- and post-weighing 
supplied capsules, and used as an indicator of compliance 

Statistical analysis. Blood values are expressed as 
means  _+ SEM, except for free f a t ty  acids, ketone bodies 
and the ketone body/free f a t ty  acid ratio. As the la t ter  
showed a skewed distribution which best  fitted normal dis- 
t r ibut ion after  log-transformation,  log-transformed da ta  
were used for stat ist ical  calculations of these parameters,  
and da ta  for these parameters  are presented as geometri-  
cal means  and r ange  Changes in blood values within one 
group were tes ted for s tat is t ical  significance using Stu- 
dent 's  paired t-test. Comparison of the effects of fish oil 
vs. olive oil supplementa t ion  on blood values was tes ted 
after adjus tment  for baseline values by analysis of covari- 
ance. Mean values and 1, 3 and 7 d of supplementa t ion  
were used for the previously mentioned statistical calcula- 
tions. For compar ing  residual variances between groups, 
the s tandard  F-test was used {21). Changes in residual 
s tandard  deviation after  supplementa t ion  within one 
group were tested by 11 "repeated measurements  analysis 
of variance" using module 5V of B M D P  (22). P values less 
than  0.05 were considered stat is t ical ly significant. 

RESULTS 

Anthropometric  measurements. Baseline values of body  
weight and height  were similar in the fish oil group and 
the olive oil group. The quetelet  index was 21.7 ___ 0.6 
kg/cm 2 (mean + SEM) in the fish oil group and 22.5 ___ 
1.3 kg/cm 2 in the olive oil group. No relation between 
quetelet  index and baseline values of any of the measured 
blood parameters  was detected. No significant changes 
in weight were observed in ei ther group during the 
s tudy  (fish oil group, 0.2 ___ 0.1 kg;, olive oil group, - 0 . 5  
+_ O.3 kg). 

Compliance. Par t ic ipants  had been ins t ructed to take 
30 g of the provided supplement  per  day. The es t imated  
"actual" intake ranged from 29-31 g/d in the fish oil group 
and from 29-32 g in the olive oil group, indicating good 
compl iance  

Blood values. Blood glucose and insulin concentrations 
did not  change sys temat ica l ly  af ter  fish or olive oil sup- 
plementat ion (Table 1). Triacylglycerol concentrat ions de- 
creased by 24% (P < 0.001) within I d of fish oil supple- 
mentat ion.  After  7 d of fish oil supplementat ion,  tri- 
acylglycerol had decreased by 46% (P < 0.001), as com- 
pared to baseline (Table 1). Olive oil supplementat ion had 
no significant effect on triacylglycerol levels (P > 0.10; 
Table 1). The effects of fish oil and olive oil supplementa-  
tion on triacylglycerol levels were significantly different 
(P = 0.001). 

Free f a t t y  acid concentrat ions decreased by 39% (P = 
0.01) within i d of fish oil supplementa t ion  and remained 
significantly depressed a t  3 and 7 d of supplementa t ion  
for each (P < 0.05 as compared to baseline; Table 2). In  
contrast,  no significant change in free fa t ty  acid levels was 
observed after  olive oil supplementa t ion  (P > 0.10). The 
effects of fish oil and olive oil supplementa t ion  on free 
f a t t y  acid levels were significantly different (P = 0.03). 
No significant changes in ketone body  levels were ob- 
served after  ei ther fish oil or olive oil supplementa t ion  
{P > 0.10; Table 2). 

TABLE 1 

Blood Values of Glucose, Insulin and Triacylglyeerol in Heal thy  Human Subjects Before and After Dietary Supplementation with Fish 
Oil or Olive Oil a 

After supplementation for P value 

Before Change within Change compared 
supplementation 1 d 3 d 7 d groups b between groups c 

Glucose (retool/L) 
Fish oil group 4.2 + 0.1 4.3 _ 0.1 4.3 _ 0.1 4.0 + 0.1 NS d NS 
Olive oil group 4.4 +- 0.2 4.6 _ 0.2 4.3 +. 0.1 4.3 +_ 0.1 NS 

Insulin (pmol/L) 
Fish oil group 102 +. 9 104 +_ 11 84 +. 10 97 +. 13 NS NS 
Olive oil group 121 +, 12 97 + 10 92 +. 9 99 +. 9 NS 

Triacylglycerol (mmol/L) 
Fish oil group 0.96 +_ 0.08 0.73 __. 0.06 0.64 +. 0.05 0.61 + 0.06 < 0.001 0.001 
Olive oil group 1.04 +. 0.17 0.98 +. 0.13 1.04 +. 0.10 1.07 +. 0.14 NS 

aHealthy human subjects were randomized to take a daily supplement of either 30 g fish oil (9 g o~3 fatty acids; n = 11) or 30 g olive 
oil {n = 9) for 7 d. Each figure represents the arithmetic mean + SEM. 
bpaired t-test {mean value of 1, 3 and 7 d of supplementation vs. baseline value). 
CEffects of fish oil vs. olive oil supplementation were tested using mean values of 1, 3 and 7 d of supplementation, adjusting for baseline 
values by analysis of covariance. 
dNS, not significant. 
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TABLE 2 

Blood Values of Free Fatty Acids and Ketone Bodies in Healthy Human Subjects Before and After Dietary Supplementation with Fish 
Oil or Olive Oil  a 

Before After supplementation for P value 

supplementation 1 d 3 d 7 d Change within Change compared 
GM (range) GM (range) GM (range) GM (range) groups b between groups c 

Free fatty acids {mg/L) 
Fish oil group 92 (54-141) 56 (35-91) 57 (25-128) 58 (28-195) 0.02 0.03 
Olive oil group 99 (37-236) 84 (18-183) 89 (50-160) 93 (45-158) NS d 

Ketone bodies (~mol/L) 
Fish oil group 46 (27-137) 38 (24-61) 39 (23-58) 42 (22-135) NS NS 
Olive oil group 73 (31-267) 56 (31-III) 58 (30-247) 57 (38-97) NS 

aStudy design: see footnote a to Table 1. Each figure represents the geometrical mean (GM) and range. 
bpaired t-test (mean value of 1, 3 and 7 d of supplementation v s .  baseline value). 
CEffects of fish oil v s .  olive oil supplementation were tested using mean values of 1, 3 and 7 d of supplementation, adjusting for baseline 
values by analysis of covariance. 
dNS, not significant. 
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FIG. 1. Ratios of blood ketone body concentrations to plasma free 
fatty acids before and after 1, 3 and 7 d of fish oil or olive oil sup- 
plementation. Healthy human subjects took a daily supplement of 
either 30 g fish oil (9 g o~3 fatty acids; n = 11) or 30 g olive oil (n 
= 9). Boxes and bars represent means and SEM, respectively, of 
logarithmic values (expressed as a percentage of values before sup- 
plementation). Significance of change after fish oil supplementation 
(paired t-test of mean value of l, 3 and 7 d of supplementation vs. 
baseline value), P < 0.05; olive oil supplementation, P > 0.10. Com- 
parison of the effects of fish oil v s .  olive oil supplementation (mean 
values of 1, 3 and 7 d of supplementation, adjusting for baseline 
values by analysis of covariance), P = 0.02. 

Ratios of ketone body levels relative to free fatty acid 
levels {Fig. 1) increased significantly after fish oil sup- 
plementation {P < 0.05), but did not change after olive oil 
supplementation (P > 0.10). Again, the effects of fish oil 
and olive oil supplementation were significantly different 
(t' = 0.02). 

In Figure 2, ketone bodies are plotted as a function of 
free fatty acids before and after seven days of supplemen- 
tation with fish off or olive oil. No significant correlation 
between free fatty acid levels and ketone body concentra- 
tions was observed in either group before supplementa- 
tion, or after olive oil supplementation (P > 0.10). In con- 
trast, these two parameters were highly correlated after 
seven days of fish oil supplementation (r = 0.90, 
P < 0.001). The residual standard deviation of blood 
ketone body levels against free fatty acid levels was con- 
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FIG. 2. Blood ketone body concentrations {/~mol/L) as a function of 
plasma free fatty acid concentrations banol/L) before and after sup- 
plementation with fish or olive oil; (A) before fish oil supplementa- 
tion, (B) after 7 d of fish oil supplementation, (C) before olive oil sup- 
plementation, (D) after 7 d of olive oil supplementation. The methods 
used are those given in the caption for Figure 1. 

sistently reduced after seven days of fish oil supplemen- 
tation (P ~ 0.01), and residual standard deviation was 
significantly lower after fish oil supplementation than 
after olive oil supplementation {day 7: P < 0.001). As the 
total variation in ketone body levels did not increase after 
fish oil supplementation {Table 2 and Fig. 2), the increase 
in correlation between free fatty acid and ketone body 
levels after fish oil supplementation (and the difference 
in correlation when compared with olive oil supplementa- 
tion) was exclusively attributed to a reduction in residual 
standard deviation after fish oil supplementation. 

Free fatty acid levels were not significantly correlated 
with triacylglycerol concentrations in either group before 
supplementation or after olive oil supplementation 
(P > 0.10). An increased correlation was observed after 
seven days of fish oil supplementation which, however, did 
not reach statistical significance {r --- 0.52; P = 0.10). 
After three days of fish oil supplementation, the correla- 
tion between free fatty acid and triacylglycerol levels was 
highly significant (r = 0.77, P < 0.01). 
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DISCUSSION 

Although it is well known that marine 0)3 fatty acids 
reduce serum triacylglycerol concentrations in humans 
(3-7), the mechanism underlying this effect is not 
completely understood. Most of the effects described so 
far, observed in animal models in v ivo  and in vitro, were 
related to reduced production and secretion of triacylgly- 
cerol-rich lipoproteins (VLDL) by the liver. Effects of 0)3 
fatty acids on nearly every major pathway of hepatic fatty 
acid metabolism have been demonstrated. Reduction of 
triacylglycerol synthesis by 0)3 fatty acids has been at- 
tributed to reduced activities of phosphatidate phospho- 
hydrolase (10,11) and acyl-coenzyme A: 1,2-diacylglycerol 
acyltransferase (12,23), and to a diversion toward phospho- 
lipid synthesis (13-15,24). At high dosage of 0)3 acids, an 
inhibition of VLDL assembly and/or secretion has been 
reported (9). 

A number of animal studies have also demonstrated in- 
creased hepatic p-oxidation capacity and ketone body pro- 
duction after fish oil feeding (11,24-30). Surette et  al. (31) 
observed an increased activity of hepatic carnitine palm- 
itoyltransferase (CPT) in fish oil-fed Syrian hamsters, 
which was highly correlated (r = -0.97) with the diet- 
induced change in serum triacylglycerol levels. Wong e t  
al. (25) observed a decreased sensitivity of mitochondrial 
CPT to inhibition by malonyl-CoA. 

Recently, attention has been drawn to the possibility 
that  fish oil decreases peripheral lipolysis from adipose 
tissue, thereby reducing the availability of substrate for 
triacylglycerol synthesis in the liver (17,18,27). The ac- 
tivities of lipoprotein lipase and hepatic lipase, enzymes 
which are involved in VLDL catabolism, are unaffected 
by fish oil supplementation (6). 

Because there is little information about these processes 
in humans, a randomized, placebo-controlled study on the 
effects of fish oil supplementation on blood values of free 
fatty acids, ketone bodies and triacylglycerol, and the rela- 
tionship between these blood values was carried out. Re- 
sults demonstrate that fish oil supplementation induced 
a rapid parallel reduction in blood concentrations of tri- 
acylglycerol and free fat ty acids, whereas ketone body 
levels remained constant. Changing blood values were not 
due to increased fat consumption per  se, because sup- 
plementation with placebo (olive oil) did not affect either 
free fatty acid or triacylglycerol levels. 

Although the reduction in free fatty acid levels after fish 
oil supplementation has not been systematically studied 
in healthy human subjects, Singer et  a t  (17) recently 
reported that dietary supplementation with 0)3 fatty acids 
resulted in a marked decrease in free fatty acid levels dur- 
ing a standard glucose tolerance test in hyperlipidemic 
patients. Otto e t  al. (18) observed a dose-dependent reduc- 
tion in plasma free fatty acids by 0)3 fatty acids in rats 
fed ad l ib i tum,  but not in rats fasted overnight. Since in- 
sulin concentration were constant and glucose concentra- 
tions increased, the authors (18) concluded that lower 
plasma free fatty acid levels could not be explained by 
either increased insulin concentrations or improved insulin 
sensitivity of adipose tissue. Preliminary data from 
another recent study (32) in rats fed marine 0)3 fatty acids 
confirmed a marked reduction in free fatty acid levels. In 
addition, a significant reduction of fatty acid mobiliza- 
tion from epididymal adipocytes of these rats was demon- 

strated (32). Our finding of reduced blood values of free 
fatty acids in spite of constant glucose and insulin levels 
after fish oil supplementation is consistent with these re- 
cent reports. 

In their studies with rats, Otto et  al. (18) observed a 
positive correlation (r = 0.71) between blood values of free 
fat ty acids and triacylglycerol. A similar correlation (r = 
0.77) was observed in the present study after three days 
of fish oil supplementation. This would suggest that the 
lowering of plasma free fatty acids by dietary fish oil may 
have contributed to the decrease in serum triacylglycerol 
levels. 

In spite of the decrease in plasma free fatty acid levels 
after fish oil supplementation, we did not detect any signi- 
ficant changes in blood ketone body levels. As a conse- 
quence, the ratio of ketone bodies to free fatty acids in- 
creased significantly after fish oil supplementation. It is 
unlikely that this was caused by decreasing ketone body 
removal from the blood, as ketone body uptake by peri- 
pheral tissues is thought to be controlled by the ketone 
body concentrations presented to them (33,34). Arterial 
ketone body levels closely reflect hepatic ketone body pr~ 
duction (35). Therefore, the increased ratio of ketone bodies 
to free fatty acids, combined with the markedly high cor- 
relation (r -- 0.90) between these blood values after fish 
oil supplementation, suggests an increased capacity for 
fat ty acid oxidation and/or ketogenesis in the liver. This 
suggestion is consistent with animal studies that 
demonstrated increased/3-oxidation and ketogenesis by 
dietary 0)3 fatty acids (11,24-31). 

If increased hepatic/3-oxidation and ketogenesis would 
not be counteracted by reduced lipolysis from adipose 
tissue, ketosis would occur (36). I t  is speculated that the 
combination of decreased lipolysis and increased capacity 
or hepatic fl.oxidation/ketogenesis may be a concerted 
mechanism whereby fish oil reduces triacylglycerol for- 
mation in the liver without, however, simultaneously in- 
ducing ketosis. 

In conclusion, our study shows that dietary fish oil, in 
addition to its well-known effect of reducing serum tri- 
acylglycerol concentrations, induces a rapid reduction in 
blood free fatty acids, and a parallel rise in the ratio of 
ketone bodies relative to free fatty acids. These effects ap- 
pear not to be due to changes in insulin concentration or 
sensitivity, and because they occur within one day of sup- 
plementation, they are unlikely to be related to altered 
membrane composition by 0)3 fatty acids. Our findings 
are consistent with the notion that reduced lipolysis and 
increased hepatic/3-oxidation]ketogenesis may contribute 
to reduced triacylglycerol levels after w3 fatty acid sup- 
plementation in humans. Turnover studies are needed 
in order to provide further quantitation of these pro- 
cesses. 
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The protective role of vitamin E and changes in the status 
of several physiological antioxidants after feeding rats 
a fish oil diet were investigated. Six-week-old male 
Spragu~Dawley rats were divided into four groups and 
fed experimental diets for 8 wk. Three fish oil (FO} groups 
were fed a menhaden fish oil and soybean oil (SO) (9:1) 
mixture as 10% (w/w) of the diet. These groups were pro- 
vided with <3, 45 or 209 IU of vitamin E/kg diet. One SO 
group was used as control and was fed <45 IU of vitamin 
E/kg diet. Plasma vitamin E levels, when expressed as 
vitamin E per mL plasma, were extremely low in the 
group fed FO and <3 IU of vitamin E, and were lower 
in the groups fed FO than in the group fed SO. However, 
plasma vitamin E levels when expressed per mg plasma 
lipid were higher in the FO groups provided with <45 and 
209 IU of vitamin E than in the SO group. Compared with 
the SO group, plasma levels of thiobarbituric acid reac- 
tive substances {TBARS), when expressed per mg lipid, 
were higher in the three FO groups, plasma retinol levels 
were lower in the FO groups provided with <3 and 45 IU 
of vitamin E, and ascorbic acid levels were lower only in 
the FO group provided with <3 IU of vitamin E. Blood 
glutathione (GSH) levels were lower in all three leO groups 
than in the SO group. Liver vitamin E levels increased 
as the dietary level of vitamin E increased, but all FO 
groups had higher liver levels of TBARS than the SO 
group. The dietary vitamin E levels were correlated 
positively with plasma vitRmin E (r = 0.7D and negatively 
with TBARS in both the plasma and fiver of rats fed FO. 
Among the antioxidants measured, correlations were 
found between plasma retinol and vitamin C (r = 0.64), 
and plasma vitamin C, uric acid (r = 0.72) and blood GSH 
(r = 0.60). Weaker correlations were found between plasma 
retinol, uric acid and blood GSH. It is concluded that 
vitRmln E requirements are higher when feeding fish oil. 
Vitamin E seems necessary to prevent enhanced lipid 
peroxidation and to maintain appropriate levels of other 
physiological antioxidants. 
Lipids 29, 47-52 (1994). 

During the past two decades, epidemiologic studies on 
animals and humans have shown the beneficial effects of 
marine oils in preventing or retarding coronary heart 
disease and other chronic illnesses (1). Observed positive 
effects include the lowering of blood lipid levels, especially 
of triglyceride, the lowering of blood pressur~ and reduced 
*To whom correspondence should be addressed at the Department 
of Food Science and Nutrition, Hyosung Women's University, 330 
Keumrak-dong, Hayang-eub, Kyungsan-kun, Kyung-buk, 713-702, 
Korea. 
Abbreviations: BHT, butylated hydroxytoluene; FO, fish oil; 
G6PDH, glucose6-phosphate dehydrogenase; GR, glutathione reduo 
tase; GSH, reduced glutathione; GSSG, oxidized glutathione; HPLC, 
high-performance liquid chromatography; MO, menhaden oil; PUFA, 
polyunsaturated fatty acid; SO, soybean oil; TBARS, thiobarbituric 
acid reactive substances; TBHQ, tertiary butylhydroxyquinone; UV, 
ultraviolet. 

platelet aggregation and inflammation (1). However, in- 
creased levels of long-chain n-3 fatty acids may render 
membranes more susceptible to oxidation and may in- 
crease the requirement for antioxidants. Lipid peroxida- 
t ion,  in vivo (2-6) and in vitro (7,8), has been shown to 
increase in animals fed fish oil (FO) as well as in isolated 
cells enriched with eicosapentaenoic acid and docosahex- 
aenoic acid (9); tissue vitamin E levels concomitantly 
decreased (2-4). It  also has been shown in human studies 
that plasma vitamin E levels were decreased upon long- 
term FO supplementation (10), and that this effect was 
alleviated by higher dietary vitamin E intake (11). These 
studies, however, did not lead to recommendations on ap- 
propriate vitamin E supplementations in order to main- 
tain normal antioxidant status during fish oil feeding. 

Although vitamin E is the most important cellular an- 
tioxidant (12), ascorbic acid (13,14), retinol (15), carotenoid 
(16), glutathione (14,16) and uric acid (14) are also impor- 
tant antioxidants that work cooperatively with vitamin 
E. Following consumption of vitamin E, changes in the 
status of these antioxidants do occur, which may have 
detrimental effects of peroxidation and may impair nor- 
real functions. 

In the present study we investigated the effects of FO 
and of vitamin E supplementation on lipid peroxidation 
as well as the relationship between various physiological 
antioxidants in plasma and liver of rats fed FO. 

MATERIALS AND METHODS 
Diets  and animals. Starch and glucose were purchased 
from Je-il Feed Ca (Seoul, Korea). Vitamin-free casein, 
mineral mix, cellulos~ cholin~ inositol and DL-methionine 
were purchased from Teklad Test Diets (Madisom WI); DL- 
a-tocopheryl acetate was obtained from Sigma Chemical 
Ca (St. Louis, MOL Menhaden oil (MO) was kindly 
donated by Zapata Haynie Inc. (Reedville, VA), and soy- 
bean oil (SO) was purchased from a local market. Tertiary 
butylhydroxyquinone (TBHQ, 0.02%; Eastman Kodak, 
Rochester, NY) was added to keep MO and SO from 
deteriorating. Other precautions for maintaining the 
freshness of the diets were followed (17). To prevent finoleic 
acid deficiency in feeding MO, one part SO was mixed with 
nine parts MO for the FO diet at the level of 10% (w/w) 
fat in the diet. The composition of the diets is shown in 
Table 1. Table 2 shows the fatty acid compositions and 
peroxide values of the two dietary oils. Fat ty  acid com- 
position was analyzed by gas chromatography as de~ 
scribed below, and peroxide values were determined ac- 
cording to AOAC methods 28.025 and 28.026 (18). In the 
FO diet, the level of linoleic acid was 1.07% (w/w) and com- 
prised about 2.2 cal%. Since SO and MO contained <26 
IU vitamin E and <0.8 IU vitamin E per 100 g oil, respec- 
tively, the amounts of DI~a-tocopherol were adjusted to 
the three different levels (<3, 45, 209 IU per kg diet) of 
vitamin E in the FO diets and <45 IU vitamin E per kg 
of the SO diet. Six-week-old male Sprague-Dawley rats 
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TABLE 1 

Compositions of Experimental Diets a 

Components 

Vitamin E (IU/kg) 

~<45 3 45 209 
SO diet FO (MO/SO = 9:1) diets 

Starch 
Glucose 
Casein 
Mineral mix (AIN-76A) 
Vitamin E-free vitamin mix b 
Cellulose 
Choline 
Inositol 
DL-Methionine 
Soybean oil 
Menhaden oil 
DL-a-Tocopheryl acetate 

per kg 
370 g 
190 g 
240 g 

40 g 
10 g 
40 g 

0.5 g 
0.5 g 
2.2 g 

100 10 10 10 g 
9O 90 9O g 

19 0 42 206 mg 
aFour experimental diets were formulated using menhaden oil (MO) 
and soybean oil (SO) as fat sources and three different levels of 
vitamin E. SO was used as the sole fat source for the SO diet while 
an MO and SO (9:1) mixture was used in three FO diets at the level 
of 10% (w/w) to provide 2.2 cal% as linoleic acid. Since SO and MO 
contained <26 and <0.8 IU vitamin E per 100 g off, respectively, 
the amounts of DL-a-tocopherol were adjusted to the three different 
levels (~<3, 45, 209 IU per kg diet) of vitamin E in the FO diets, and 
to <45 IU vitamin E per kg in the SO diet. 
bVitamin E-free vitamin mix (per kg) contained thiamin. HCI, 0.6 g; 
riboflavin, 0.6 g; pyridoxin.HCl, 0.7 g, nicotinic acid, 3.0 g; Ca pan- 
tothenate, 1.6 g; folic acid, 0.2 g; biotin, 0.02 g; vitamin BIZ, 0.001 
g; retinyl acetate, 4.0 X 105 units; ergocalciferol, 1.6 X 10 ~ units; 
menadione, 0.075 g; glucose, 992.5 g. 

Experimental Animal Management Division, National In- 
s t i tute  of Health, Seoul, Korea) were divided into four 
groups of eight animals each and fed the four respective 
diets for eight weeks. 

Sample preparation. At the end of the feeding period, 
the rats  were fasted for 16 h before sacrifice Under ether 
anesthesia, blood was drawn by heart  puncture  and 
plasma was prepared with heparin. Liver was immediately 
removed, washed in saline and rapidly frozen in liquid 
nitrogen. Plasma and fiver was stored at - 6 0 ~  until  
analysis. 

Chemical assays. Thiobarbituric acid reactive sub- 
stances (TBARS) in plasma and liver were measured by 
the methods of Yagi (19) and Hu et al. (7), respectively, 
using 1,1,3,3-tetraethoxypropane (Sigma Chemical Ca) as 
standard. Plasma uric acid (20), and blood and fiver blood 
glutathione (GSH) (21) were enzymatically assayecL Liver 
vitamin E was determined according to method of Kayden 
et al. (22). Ten percent fiver homogenate in saline was 
saponified with KOH in the presence of 2% pyrogallol and 
extracted with hexan~ Total tocopherol in the hexane 
phase was reacted with ferric chloride and dipyridyl. The 
optical densi ty was measured at 520 nm (22). Vitamin C 
was extracted from the fiver with 5% metaphosphoric acid 
and measured at 540 nm by the hydrazine method. 

High-performance liquid chromatographic analysis. 
Plasma vitamin A and E were extracted with hexane and 
determined simultaneously by high-performance liquid 
chromatography (HPLC) (23) using retinyl acetate (ICN 
Biochemicals, Cleveland, OH) and (-+)-D-tocopheryl 

TABLE 2 

Fatty Acid Composition of Dietary Oils 

Fatty acid SO FO (MO]SO = 9:1) 

% 

14:0 0.1 7.3 
15:0 ND a 0.4 
16:0 10.8 16.7 
16:1 0.2 9.9 
18:0 3.6 4.5 
18:1 20.5 14.8 
18:2n-6 55.7 10.7 
18:3n-3 7.3 3.8 
18:4n-3 ND 4.2 
20:5n-3 ND 12.6 
22:1 ND 1.4 
22:5n-3 ND 1.6 
22:6n-3 ND 8.8 
Total PUFA 63.0 41.7 
n-3/n-6 0.13 2.9 
PI b 70.3 131.7 
Peroxide value c 0.75 2.9 
aNot detected. Abbreviation: PUFA, polyunsaturated fatty acids; 
see Table 1 for other abbreviations. 
bperoxidizability index = (% dienoic • 1) + (% trienoic X 2) + (% 
tetraenoic • 3) + ~% pentaenoic X 4) + (% hexaenoic • 5). 
cPeroxide values were determined according to the AOAC method 
(18). 

acetate (Sigma) as internal standards. A C-18 micro- 
Bondapak (Waters, Milford, MA) 300 X 8 mm stainless- 
steel column was used and the analysis (Waters HPLC 
510) was carried out isocratically with methanol/H=O 
(95:5, vol/vol) as mobile phase and using ultraviolet (UV) 
detection at  280 ran. To analyze fiver vi tamin A, tissues 
were lyopbilized, extracted with CHC13 in the presence of 
butylated hydroxytoluene (BHT) (50 #g/mL), the extracts  
saponified with 10% ethanofic NaOH, and reextracted 
with hexane HPLC conditions for liver samples were iden- 
tical to those used for plasma, except tha t  UV detection 
was at  312 ran. Plasma vi tamin C was extracted with 5% 
metaphosphoric acid and analyzed by HPLC using a 
Lichrosorb-NH2 column (250 • 4 mm i.d.), phosphate 
buffer (pH 3.3) as the mobile phase, and dithioerythrol as 
s tandard (24). 

Lipid analysis. Plasma total  lipids were measured by 
the method of Frings and Dun (25). Total lipids from 0.5 
to 1 g of fiver were extracted according to Folch et aL (26) 
and analyzed as for plasma. The lipid extract  was sub- 
jected to thin-layer chromatography on Silica Gel G 60 
plates (Merck, Darmstadt ,  Germany) using the solvent 
system petroleum ether (b.p. 30-60~ ether/acetic 
acid (85:15:1, by vol; Ref. 24) to separate phospholipids 
from triglyceride and cholesterol Total fiver phospholipids 
were methylated with BF3/methanol (14%, w/w) reagent 
(27). The fa t ty  acid composition of the methyl  esters was 
determined by gas chromatography (Hewlett-Packard, 
North Hollywood~ CA; Model 5890) using a stainless-steel 
column (2 m )< 3 mm i.d.) packed with 20% D E G S  on 
chromosorb W (60-70 mesh) (Gasukuro Kogyo Ina, Tokyc~ 
Japan) and helium as carrier gas at  a flow rate of 30 
mL/min. The analysis by gas chromatography was per- 
formed isothermally at 200~ 

Statistical analysis. Data  were analyzed by  analysis of 
variance, and t rea tment  differences were evaluated by 
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Tukey 's  t es t .  Co r r e l a t i ons  be tween  d i e t a r y  v i t a m i n  E 
levels and  b iochemica l  m e a s u r e m e n t s  were examined  (28). 

RESULTS 

TBARS levels in tissues. P l a s m a  T B A R S  levels  (per mL) 
in  t h e  F O  g r o u p  r eached  up  to  140% of t hose  in t he  SO 
g roup  when  r a t s  were fed ve ry  low levels  (43 IU) of 
v i t a m i n  E (Table 3). T B A R S  levels decreased  upon  v i t a min  
E s u p p l e m e n t a t i o n .  The  F O  g roup  h a d  h ighe r  levels  of 
p l a s m a  T B A R S  t h a n  t h e  SO g roup  fed an  equa l  a m o u n t  
of v i t a m i n  E (<45 IU). Th is  difference b e c a m e  s ign i f i can t  
when  expres sed  pe r  m g  to t a l  p l a s m a  l ipid,  which  ref lected 
the  r e d u c t i o n  in t o t a l  l i p ids  in t he  F O  g roup  (0.83 m g / m L  
c o m p a r e d  w i th  1.56 m g / m L  in t he  SO group).  Supp lemen-  
t a t i o n  w i t h  v i t a m i n  E up  to  4209  I U  in t he  F O  g roup  
dec reased  the  levels of p l a s m a  T B A R S  to t hose  in t he  SO 
group.  I n  t he  liver, T B A R S  levels  (per g t i ssue)  were 
s i g n i f i c a n t l y  increased ,  n a m e l y  3.9-fold, 2.6-fold and  
2.5-fold in t he  F O  g r o u p s  w i th  43 ,  445  and  4 2 0 9  IU, 
respect ive ly ,  when  c o m p a r e d  to  t he  SO group.  W h e n  ex- 
p re s sed  per  m g  t i s sue  l ipid,  a s imi la r  t r e n d  was  observed,  
excep t  t h a t  t h e  d i f ferences  were g r e a t e r  b e t w e e n  the  F O  
g roup  w i t h  4 3  I U  and  t h e  o t h e r  t h r ee  groups .  

Tissue levels ofantioxidants. P l a s m a  v i t a m i n  E levels  
were  e x t r e m e l y  low in t h e  F O  g r o u p  fed  4 3  I U  v i t a m i n  
E.  T h e y  were lower in t h e  F O  g roup  fed  4 2 0 9  I U  t h a n  in  
t he  SO group  when  expressed  as  pe r  m L  p lasma .  B u t  t hey  
were h ighe r  in t h e  F O  g r o u p  t h a n  in t h e  SO g roup  a t  t h e  
s a m e  level of d i e t a r y  v i t a m i n  E when  e x p r e s s e d  pe r  m g  
t o t a l  p l a s m a  l ipid,  due  to  t h e  50% r e d u c t i o n  in p l a s m a  
t o t a l  l ip id  in t h e  F O  group.  P l a s m a  re t ino l  levels  were 

lower in the  F O  groups  a t  low (43 lU]kg) and  m e d i u m  (445 
IU/kg)  levels  of d i e t a r y  v i t a m i n  E t h a n  in t he  o t h e r  two  
groups .  P l a s m a  a sco rb i c  ac id  levels  were s i g n i f i c a n t l y  
lower only  in the  F O  group  wi th  43  I U  v i t a m i n  E, as  com- 
p a r e d  to  the  SO group. Ur ic  ac id  levels could  no t  be  shown 
to  be  d i f fe ren t  a m o n g  the  g r o u p s  due  to  t h e  h igh  var ia -  
t i ons  in m e a s u r e m e n t s .  B l o o d  G S H  levels  in t h e  F O  
g r o u p s  were lower t h a n  those  in t h e  SO group,  b u t  t he  
levels were inc reased  in t he  F O  group  a t  4209  I U  v i t a m i n  
E when  c o m p a r e d  w i t h  the  F O  g roup  a t  4 3  IU. 

In  t he  liver, v i t a m i n  E levels  (per g t i ssue)  in t he  F O  
groups  progress ive ly  increased  wi th  the  increase  in d i e t a ry  
v i t a m i n  E.  V i t a m i n  E levels  in t he  SO g r o u p  were  h ighe r  
t h a n  in the  F O  group  a t  4 3  IU, b u t  lower t h a n  in t he  o t h e r  
two F O  groups .  W h e n  e x p r e s s e d  in pe r  m g  l iver  l ipid,  t h e  
v i t a m i n  E level i nc reased  on ly  in t he  F O  g roup  a t  4 2 0 9  
I U  d i e t a r y  v i t a m i n  E. The  h e p a t i c  levels  of re t inol ,  
v i t a m i n  C and  G S H  were n o t  s i g n i f i c a n t l y  d i f fe ren t  
a m o n g  the  groups .  

Correlations of dietary vitamin E with other measured 
parameters. On the  b a s i s  of t h e  d a t a  o b t a i n e d  on the  F O  
groups  (Table 3), corre la t ions  of the  d i e t a ry  v i t a m i n  E level 
w i th  var ious  o the r  m e a s u r e m e n t s  are p resen ted  in Table 4. 
D i e t a r y  v i t a m i n  E levels c o r r e l a t e d  n e g a t i v e l y  w i th  
p l a s m a  T B A R S  (r = - 0 . 7 8 ,  P < 0.01) and  pos i t i ve ly  w i t h  
p l a s m a  v i t a m i n  E (r = 0.71, P < 0.01), r e t ino l  (r = 0.53, 
P < 0.05), v i t a m i n  C (r = 0.64, P < 0.05) and  b lood  G S H  
(0.56, P < 0.05). Consequent ly ,  p l a s m a  T B A R S  levels were 
n e g a t i v e l y  c o r r e l a t e d  w i t h  p l a s m a  v i t a m i n  E and  b lood  
G S H .  A m o n g  t h e  p l a s m a  and  b lood  a n t i o x i d a n t s ,  f a i r ly  
s t r o n g  co r r e l a t i ons  were found  be tw e e n  re t ino l  a n d  
v i t a m i n  C (r = 0.64, P < 0.05), and  be tween  v i t a m i n  C and  

T A B L E  3 

Levels of TBARS,  Vitamin E and Other Physiological  Antioxidants  in Plasma, Blood and Liver of Rats  Fed Diets  
Containing SO and MO + SO (9:1) Mix at Three Levels of Vitamin E a 

Vitamin E (IU/kg) 

<45 3 45 209 

Measurements SO diet FO (MO/SO = 9:1) diets 

Plasma 
TBARS b (MDA nmoles/mL) 3.62 • 0.25 c'e 5.08 _+ 0.41 d 4.18 .4-- 0.47 c'd 3.34 • 0.11 e 

(MDA nmoles/mg lipid) 2.32 _ 0.22 c 4.64 .4-- 0 . 4 3  d 4.99 .4-- 0 . 3 0  d 4.10 ---- 0.13 e 
Vitamin E (/~g/mL) 5.01 .4-- 0.51 c 0.25 .4-- 0.15 d 4.26 .4-- 0.52 c'e 3.33 .4-- 0.34 e 

(~g/mg lipid) 3.21 .4-- 0.26 c 0.23 __ 0 . 0 4  d 5.13 .4-- 0.71 e 4.02 .4-- 0.69 c'e 
Retinol (~g/mL) 1.55 .4-- 0.39 c 0.62 .4-- 0.31 d 0.94 .4-- 0 . 4 3  d 1.44 .4-- 0.55 c 
Ascorbic acid (~g/mL) 7.9 .4-- 1.3 c 5.1 "4" 0 .2  d 6.6 .4-- 0.4 c 7.0 ---- 1.9 c 
Uric acid (~g/mL) 8.0 + 2.7 Ns 4.5 _ 3.2 5.7 .4-- 2.2 12.0 .4-- 10.8 

Blood 
GSH (~moles/mL) 0.85 .4-- 0.06 c 0.50 .4-- 0.05 d 0.65 .4-- 0 .11  d'e 0.68 --4-_ 0.03 e 

Liver 
TBARS b (MDA nmoles/g wet wt) 147 .4-- 15 c 571 .4-- 4 0  d 380 • 70 e 371 .4-- 3 4  e 

(MDA nmoles/mg lipid) 2.33 .4-- 0.24 c 11.90 .4-- 0 . 8 3  d 5.59 .4-- 1.03 e 5.46 .4-- 0.50 e 
Vitamin E (~g/g wet wt) 25.6 .4-- 1.8 c 22.5 __ 2.5 d 29.6 .4-- 3.5 e 35.8 +- 3.2  f 

(~g/mg lipid) 0.41 ___ 0.03 c 0.47 • 0.04 c 0.44 .4-- 0.05 c 0.53 + 0.04 d 
Retinol (~g/g dry wt) 764 + 62 Ns 633 .4-- 54 647 .4-- 92 692 .4-- 104 
Ascorbic acid (~g/g wet wt) 42 .4-- 6 NS 35 _ 7 433 .4-- 5 36 -- 3 
GSH (~moles/g wet wt) 3.59 __ 0 . 3 5  Ns 3.57 .4-- 0.42 2.89 .4-- 0.53 3.00 .4-- 0.48 

aAll values (superscript letters, c-f} are means __ SD. Values with different superscript letters in the same row are significantly different 
from each other at P < 0.05; NS, not significantly different from the other values in the same row. Abbreviations: TBARS, thiobarbituric 
acid reactive substances; GSH, reduced glutathione; MDA, malonaldehyde; see Table 1 for other abbreviations. 
bLevels of plasma (per mL or per mg lipid) and liver (per g wet wt) TBARS are expressed in terms of nmoles MDA, which were calculated 
from the relative fluorescence intensity measured at 515 nm excitation and 553 nm emission and from the absorbance at 532 nm, respec- 
tively, using 1.1.3.3-tetraethoxypropane as an external standard. 
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TABLE 4 

Correlations Between the Levels of Dietary Vitamin E and Plasma and Blood Measurements in Rats  Fed FO (MO/SO = 9:1) a 

Plasma Blood 

TBARS b Vitamin E b Retinol Vitamin C Uric acid GSH 

Log dietary vitamin E -0.78 d 0.71 d 0.53 c 0.64 c 0.37 0.56 c 
Plasma 

TBARS b -0.53 c -0.38 --0.46 -0.23 --0.50 c 
Vitamin E b 0.35 0.16 0.19 0.23 
Retinol 0.64 c 0.45 c 0.45 c 
Vitamin C 0.72 c 0.60 c 
Uric acid 0.07 

aValues represent correlation coefficients analyzed from seventeen pairs of observations except those including plasma vitamin C which 
were from eleven pairs. The values with nonitalic superscript letters c and d have P values of less than 0.05 and 0.01, respectively. See 
Tables 1 and 3 for abbreviations. 
bCalculated as per mL plasma. 

TABLE 5 

Correlations Between the Levels of Dietary Vitamin E and Liver 
Vitamin E, T B A R S  and Retinol in Rats  Fed FO (MO/SO = 9:D a 

Liver 

Vitamin E TBARS Retinol 

Log dietary vitamin E 0.24 -0.57 b 0.01 
Liver vitamin E 0.05 0.39 

aValues represent correlation coefficients analyzed from seventeen 
pairs of observations; superscript letter b indicates a P value of less 
than 0.05. See Tables 1 and 3 for abbreviations. 

uric acid (r = 0.72, P < 0.05) and  G S H  (r = 0.60, P < 0.05). 
Weak corre la t ions  were found  be tween  re t inol  and  ur ic  
acid and  GSH.  In  the  l iver (Table 5), a s ign i f i can t  correla- 
t ion was seen between dietary v i t amin  E and  liver T B A R S  
(r = -0 .57 ,  P < 0.05). Mult iple  regression analysis  revealed 
t h a t  d i e t a ry  v i t a m i n  E was the  sole factor  exe r t ing  influ- 
ence on T B A R S  value  in  p l a s m a  (R 2 = 0.554) an d  liver 
(R 2 = 0.358) and  t h a t  the  effects of a n t i o x i d a n t s  on 
T B A R S  levels in  t i s sues  were med ia t ed  by  d ie t a ry  
vitamin E. 
Fatty acid composition of liver phospholipids. The fatty 

acid compositions of liver phospholipids from the SO 
group and the FO group with 445 IU of dietary vitamin 
E are presented in Table 6. The fatty acid composition was 
not different among the FO groups as three different 
dietary levels of vitamin E and reflected the fatty acid 
composition of the dietary oil fed. 

Comparing the fatty acid composition of liver 
phospholipids in the FO group with that in the SO group, 
there was an increase in 16:0 fatty acid content and a 
recbjction in 18:0 fatty acid. Arachidonic (20:4n-6) but not 
linoleic acid (18:2n-6) in the SO group may have been 
replaced in part by the n-3 polyunsaturated fatty acid 
(PUFA) 20:5 and 22:6 and partly by the monounsaturated 
fatty acids, 16:1 and 18:1n-9. In the FO group, there was 
a small decrease in total PUFA and virtually no change 
either in the peroxidizability index or in the unsaturation 
index, but a 4.6-fold increase in n-3/n-6 ratio was observed 
when compared with the SO group. 

DISCUSSION 

Our  s t u d y  showed t h a t  d i e t a ry  FO increases  l ipid perox- 
ide levels. The  a c c u m u l a t i o n  of l ipid peroxide is more 

TABLE 6 

Fat ty  Acid Composition (%) of Liver Phospholipids 
from Rats  Fed Diets  Containing SO and MO + SO (9:1) 
with ~45 IU Vitamin E per kg Diet a 

SO FO (MOISO = 9:1) 
Fatty acid diet diets 

14:0 0.2 • 0.0 0.2 +_ 0.i 
16:0 19.3 __. 1.4 27.7 + 3.0 b 
16:1 trace 1.4 • 0.5 b 
16:0 31.5 • 3.4 23.7 ----- 1.0 b 
18:1n-9 3.9 __- 2.1 9.4 ----- 0.9 b 
18:2n-6 10.5 ----- 2.2 9.0 + 1.3 
18:3n-3 0.2 ----- 0.1 0.1 +_ 0.1 
20:4n-6 28.8 __- 3.6 15.4 • 2.2 b 
20:5n-3 trace 3.8 _ 2.3 b 
22:0 0.4 + 0.1 0.7 + 0.3 
22:5n-3 0.2 • 0.1 0.7 • 0.5 
22:6n-3 3.9 _+ 1.1 7.8 • 3.5 b 

Total PUFA 43.6 36.8 
Total n-3 PUFA 4.3 12.6 
n-3/n-6 0.12 0.56 
PIe 117 112 
UI d 165 160 

aAll values are means • SD from five to six rats. Values with 
nonitalic superscript letter b are significantly different from the SO 
group at P < 0,05. Abbreviations in Tables 1 and 2. 
cperoxidizibility index is the same as described in Table 2. 
dUnsaturation index represents the sum of percentages of in- 
dividual unsaturated fatty acids • number of double bonds. 

pronounced in liver than in plasma. One of the reasons 
for this difference may be the decreased plasma lipid levels 
resulting from increased dietary n-3 fatty acid intake 
(2,29). Lipid content of the liver decreased (30) little or not 
at all (2,29), or even increased (31). Another reason for in- 
creased TBARS levels in liver, even at higher levels of 
dietary vitamin E, may be that fatty acid peroxides from 
dietary FO contain a considerable amount of lipid perox- 
ides (2.90 m E q / k g  v s .  0.75 mEq/kg  in  SO). The lipid perox- 
ides accumula te  and  are no t  secreted in to  p l a s m a  l i pop r~  
teins.  The  increase  in l ipid peroxide c o n t e n t  in  the  l iver 
of ra t s  fed FO seems to be re la ted  to the  t i s sue  f a t t y  acid 
compos i t ion  as t i s sue  T B A R S  levels increased  paral lel  
wi th  inc reas ing  n-3 P U F A  c o n t e n t  when  compared  wi th  
n-6 P U F A  c o n t e n t  in  t i s sue  phosphol ipids .  Our  resu l t s  
showing  liver T B A R S  a c c u m u l a t i o n  in  ra t s  fed a FO- 
s u p p l e m e n t e d  die t  a nd  an  excess a m o u n t  (~<209 IU) of 
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vi tamin E is consistent with results described by others 
(5,6). 

TBARS levels in the plasma and in the liver of ra ts  fed 
FO showed an inverse relation to log dietary vitamin E 
levels, al though the negative correlation of plasma 
TBARS levels with dietary vitamin E levels was stronger 
(r = 0.78} than tha t  of fiver TBARS (r = -0.57} {Tables 4 
and 5). There was a moderate correlation between plasma 
TBARS with plasma vi tamin E (r = -0.53,  P < 0.05} 
{Table 4), while there was no correlation between fiver 
TBARS and fiver vi tamin E {Table 5). Leibovitz et  aL (8) 
reported a strong correlation between liver TBARS and 
fiver vi tamin E, which is not  in agreement with our data. 
This discrepancy may be due in par t  to differences in ex- 
perimental  conditions, such as the age of rats  and dif- 
ferences in the FO used. Rats  used in this s tudy were 
6-weeks-old and weighed over 150 g, i.e, the animals were 
older than those used by Leibovitz et  aL (8). Our rats also 
maintained substantial  fiver vi tamin E levels even after 
8 wk of very low vitamin E (<3 IU) intak~ Another reason 
could be possible differences in intake of lipid peroxides 
present in the FO. This points to the practical problems 
of feeding FO since FO used in most  animal experiments 
have been reported to contain lipid peroxides at levels of 
6-22 mEq/kg (17). Some off products  also contain ox- 
idative polymeric materials, al though various antiox- 
idants were included {32). 

In the present study, we observed not  only effects of 
dietary vi tamin E on the s ta tus  of various antioxidants 
but  also an interrelationship with plasma antioxidant  
status. Dietary  vi tamin E showed positive correlations 
with the status of plasma retinol and vitamin C and blood 
G SH as well as plasma vi tamin E {Table 4). Positive cor- 
relations were also found between plasma and blood an- 
t ioxidants {Table 4). Similar observations have been 
reported by other investigators {33-38), bu t  these earlier 
studies were limited to the interactions of a few selected 
antioxidants.  Vitamin E deficiency has been shown to 
reduce plasma and fiver vi tamin A levels in rats  (33) bu t  
not  in chickens {34). I t  is of significance tha t  in the pres- 
ent  s tudy vitamin A status  was affected by a broad range 
of vi tamin E intake levels. Retinol is known to act as an 
antioxidant,  bu t  its in vivo role has not  been emphasized 
as much as tha t  of ~ca ro tena  Tom et  aL (35) have p r ~  
vided evidence tha t  vi tamin A deficiency significantly in- 
creased lipid peroxidation in rat  lung microsomes, whereas 
an excess of dietary vi tamin A decreased lipid peroxida- 
tion. Therefore, retinol may have worked against oxida- 
tion in rats  fed the FO diet. 

Although significant positive correlations were found 
between plasma retinol, vi tamin C, uric acid and blood 
GSH, the levels of vitamin C, uric acid and GSH were not  
correlated with plasma vitamin E levels. The roles of GSH 
and vi tamin E in antioxidation have been recognized in 
earlier studies on fiver nuclear membranes {39), micro- 
somes (40) and platelets  (41}. Regardless of the 
mechanisms of GSH action, it appears critical to main- 
tain a sufficient amount  of total  glutathione and to effi- 
ciently recycle the oxidized form (GSSG) to the reduced 
form (GSH). In rat  heart  and fiver (36,37), vitamin A deft- 
ciency has been shown to increase the total  glutathione 
pool, whereas in rat  lung microsomes {35), both  a deft- 
ciency and an excess of vitamin A reduced the glutathione 
content. Reduction of GSSG to GSH occurs by the action 

of glutathione reductase (GR), which is not  influenced by 
dietary factors (42). NADPH,  the reductant  in the GR 
reaction, is supplied mainly by the glucose-6-phosphate 
dehydrogenase (G6PDH) reaction and appears to deter- 
mine recycling (38). The increase in erythrocyte  NADP 
was associated with a reduced GSH/GSSG ratio (38). FO 
decreases G 6 P D H  activi ty (29,43), which in tu rn  slows 
down the formation of NADPH. This may explain the low 
level of G S H  in the FO group fed <209 IU vitamin E, in 
spite of the sparing action of vi tamin E in this group. 

Plasma vi tamin C levels were significantly decreased 
in the FO group fed <3 IU vitvmln E despite the fact tha t  
rats can synthesize vitamin C in vivo. Studies by Ingold's 
group (44) have shown the antioxidant activity of vitamin 
C in cooperation with vitamin E in an aqueous solution 
containing phosphofipid fiposomes, bu t  could not  
demonstrate  i ts sparing effect in vivo using guinea pigs 
(45). More recently, however, Igarashi et  aL (46) have 
observed the synergistic action of vitamin E and C in mu- 
tan t  rats, called osteogenlc disorder Shionogi (ODS) rats  
(47), which are genetically incapable of synthesizing 
vitamin C. In humans, who need relatively large amounts 
of vi tamin C, the body s ta tus  of vitAmln C is more likely 
to be disturbed under conditions of oxidative stress 
brought  about  by the intake of FO and/or an insufficient 
amount  of vitamin E. 

The present s tudy demonstrates an increase in vi tamin 
E requirements with FO feeding not  only to prevent 
enhanced lipid peroxidation bu t  also to maintain an ap- 
propriate s ta tus  of other  antioxidants. More studies are 
needed to determine what  an adequate ratio of dietary 
vi tamin E to FO should b e  
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Effect of Maternal Dietary Arachidonic or Linoleic Acid on Rat Pup 
Fatty Acid Profiles 

Eric L. Lien*, Fran G. Boyle, Rebecca J. Yuhas and Charles F. Kuhlman 
Wyeth-Ayerst Laboratories, Nutritional Research Department, Philadelphia, Pennsylvania 19101 

Rapidly growing neonatal mammals accrete relatively 
large quantities of long chain (~>C20) polyunsaturated 
fatty acids (LCP) in membrane phosphollpids. We have ex- 
amined accumulation of r LCP in suckling neonatal rat 
pups during the first 14 d of life when their dams received 
essential fatty acids in the form of triglycerides contain- 
ing linoleic acid or arachidonic acid. Dietary levels of these 
fatty acids were either I or 5% of total dietary fatty acids. 
The fatty acid profile of pup stomach contents (composed 
solely of the dams' milk) and plasma lipids, as web as liver 
and brain phospholipids, were determined. Stomach llnoleic 
and arachidonic acid levels reflected the diet of the dams. 
Pup plasma and liver arachidonlc acid levels increased prc~ 
gressively from the group receiving 1% linoleic acid to 5% 
Hnoleic acid and from 1% arachidonic acid to 5% arachi. 
donic acid. Interestingly, brain phosphatidylethanolamine 
and phosphatidylcholine arachidonic acid levels were more 
stable than plasma or liver levels. These results suggest 
that the brain may be capable of either selective transport 
of r LCP or chain elongation/desaturation of linoleic acid. 
These data indicate that care must be exercised when add- 
ing LCP to infant formula since widely divergent accre- 
tion rates of arachidonic acid may occur in various tissues. 
Lipids 29, 53-59 (1994). 

Polyunsaturated fatty acids of the r family are essential 
nutrients, as clearly delineated by Burr and Burr (1,2). Defi- 
ciencies of these fatty acids result in impaired growth and 
reproductive performanc~ skin lesions and inappropriate ac- 
tivity of the immune system (3). In newborn, rapidly grow- 
ing mammals the requirements for essential fatty acids are 
particularly higl~ For example during the last three months 
of pregnancy and first 18 mon of life humans rapidly ac- 
cumulate fatty acids in the central nervous system in a pr~ 
cess termed the brain growth spurt (4-6). Both w3 and o~6 
long chain polyunsaturated fatty acids (LCP, ;~20) are ac- 
cumulatec~ although Go6 accretion rates are higher than co3 
rates (5,6). Microsomal desaturation and chain elongation 
pathways may be submaximal during this time period, thus, 
optimal rates of LCP accretion may be dependent on al> 
propriate supplies of preformed LCP or on appropriate 
dietary levels of precursor w3 and G06 fatty acids. 

Human milk contains 10-15% lino|eic acid and 0.5-1.0% 
arachidonic acid, the chain elongation/desaturation product 
of linoleic acid (7). Similarly, both a-linolenic acid and o~3 
LCP are present in human milk. Clandinin et aL (8) cal- 
culated that the levels of r and ~03 LCP in breast milk 
are sufficient to meet the needsi of rapidly growing infants. 
Currently, infant formulas employ vegetable oils or a mix- 
ture of vegetable and animal oils to meet the essential fatty 

*To whom correspondence should be addressed at Wyeth-Ayerst 
Laboratories, Nutritional Research Department, P.O. Box 8299, 
Philadelphia, PA 19101. 
Abbreviations: DHA, docosahexaenoic; LCP, long chain polyunsatur- 
ated fatty acids; PC, phosphatidylcholine; PE, phosphatidylethanol- 
amine. 

acid requirements of the infant, as defined by numerous 
pediatric advisory organizations and regulatory agencies (9). 
In general, minimal linoleic acid levels are set between 300 
and 500 mg per 100 kcal of formula The oils employed in 
formulas do not contain LCP of either the co3 or co6 class. 
Although breast-fed infants have relatively constant ci~ 
culating levels of o~3 and o~6 LCP, some reports document 
that formula-fed preterm (10-12) and term (13) infants 
undergo a time-related decrease in circ~ating ~o3 and r 
LCP levels. Concern that low ~03 LCP levels may result in 
reduced visual acuity in preterm infants has led several 
groups to examine the addition of fish oils to preterm for- 
mulas (10,14,15). During a long-term feeding study, Carlson 
et aL (10) noted that although the ~03 LCP status of preterm 
infants fed marine oil-supplemented formula was improved, 
circulating amchidonic acid levels fell significantly. Thus, 
addition of both r and o~6 LCP to formula (mimicking 
breast milk) may be prudent. 

Sources of w3 LCP are readily available from a variety 
of marine oil sources (16). However, economically viable 
sources of co6 LCP are much more difficult to develop. In 
the present study we have employed a suckling rat model 
previously described by Yeh et aL (17) to examine tissue w6 
LCP accretior~ comparing an oil source rich in linoleic acid 
(peanut oil) to a novel triglyceride source of arachidonic ackh 
Diets containing 1 or 5% linoleic or arachidonic acid were 
fed to dams and the resulting fatty acids quantitated in their 
milk. The incorporation of w6 LCP in the pups was deter- 
mined in liver and brain phospholipids as well as plasma 
lipids. 

MATERIALS AND METHODS 

Animals  and diets. Sprague-Dawley rats (Harlan, In- 
dianapolis, IN) were housed in a room controlled for 
temperature (21 +_ I~ humidity (40-50%) and light 
(lights on 0600-1800 h). The rats were housed in suspend- 
ed wire mesh cages before and during the mating period. 
They received a standard rodent chow (Purina Rat Chow; 
Ralston Purina, St. Louis, MO). The female rats were 
mated (monogamous mating one male/one female) for a 
two, week period. After the mating period, the female rats 
were divided into four groups (five dams/group). The preg- 
nant rats were housed individually in plastic cages with 
ALPHA-dri TM bedding and given free access to food and 
water. 

Newborn pups were delivered naturally and were 
weighed within 24 h of birth. Semi-purified diets contain- 
ing either 1 or 5% linoleic acid, or 1 or 5% arachidonic 
acid were introduced to the dams on postpartum day 2. 
The diets containing arachidonic acid were prepared and 
stored at -70 o C under argon. The diets containing linoleic 
acid were prepared and stored at 5 ~ All four diets con- 
tained 22% casein, 1% cellulose, 4% Bernhart-Tomarelli 
Salt Mixture, 1% AIN-76 vitamin mix {both salt mix and 
vitamin mix from United States Biochemical Corp., 
Cleveland, OH), 0.1% choline chloride, 56.9% dextrose and 
15% fat. Oil sources for the diets were hydrogenated 
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TABLE 1 

F a t t y  Acid Profile of Dietary F a t s  

Carbon number 

Diet Aa: D i e t  B b Diet C c Diet D d 
low high low high 

linoleic linoleic arachidonic arachidonic 
acid acid acid acid 

(percentage by weight) 

6:0 0.6 0.5 - -  - -  

8 : 0  7.4 6.4 6.2 4.3 
10:0 5.6 4.8 5.3 4.0 
12:0 44.2 38.0 42.6 31.7 
14:0 16.7 14.3 18.7 15.8 
16:0 8.8 8.7 10.6 11.8 
16:1 -- -- 0.5 2.7 
18:0 11.7 10.5 11.9 9.9 
18:1co9 2.9 10.4 0.9 2.2 
18:1co7 -- -- 1.6 7.9 
18:2co6 0.9 4.4 0.1 0.4 
18:3co6 -- -- 0.1 0.6 
18:3o~3 0.6 0.5 -- -- 
20:0 0.8 1.6 0.2 0.2 
20:2co6 - -  - -  - -  0 . 1  

20:3co6 -- -- -- 0.2 
20:4oJ6 -- -- 1.0 4.8 
22:6oJ3 -- -- -- 0.5 

aDiet A: 3.4% peanut oil, 96.6% hydrogenated coconut oil. 
bDiet B: 17.0% peanut oil, 83.0% hydrogenated coconut oil. 
~DDiet C: 5.0% arachidonic acid-containing oil, 95.0% hydrogenated coconut oil 

iet D: 25.0% arachidonic acid-containing off, 75.0% hydrogenated coconut oil. 

coconut oil and either peanut oil (both from ICN Bic~ 
medicals, Inc., Aurora, OH) or an arachidonic acid-rich 
triglycerid~ Table I provides the fatty acid profiles of the 
diets. 
On postpartum day 0, the litter size (number live/num- 

ber dead) was determined. On day 7, the pups were 
weighed, sexed and culled to four males and four females 
per litter. On day 15, the pups were weighed, anesthetized 
with an intraperitoneal injection of Nembutal TM (5 
rag/100 g body weight) and blood obtained by cardiac 
puncture with a 1-mL syringe containing ethylenediamine- 
tetraacetate sodium. Approximately 1.0 mL of blood was 
routinely obtained per pup; plasma was collected and 
pooled from each litter. The brain, liver and stomach con- 
tents were obtained from one male rat per litter. The brain 
and liver were immediately rinsed in ice-cold salin~ All 
samples were stored at -70~ until lipid analysis. 
Lipid extraction and analyses. Lipids were extracted 

from tissues and plasma according to the procedure of 
Folch et aL {18). For analyses of plasma fatty acids, a 1-mL 
aliquot was added to 20 mL of a chloroform/methanol {2:1, 
vol/vob mixture for lipid extraction. The tissues were 
weighed, distilled water was added (10 mL for every gram 
of tissue) and homogenized. For analyses of phospholipid 
fatty acids, an aliquot of the homogenate (1 mL) was 
added to 20 m L  of a chloroform]methanol (2:1, vol/vol) mix- 
ture  for lipid extract ion.  

Phosphol ipid  classes were separa ted  by  thin-layer chro- 
m a t o g r a p h y  us ing  L K6  silica pla tes  and  a solvent  sy s t em 
cons i s t ing  of chloroform/methanol /pe t ro leum e ther  (b.p. 
3 0 - 6 0 ~  a c i d / b o r i c  ac id  (40 :20 :30 :10 :1 .8 ,  
vol/vol/vol/vol/wt) (19). San toqu in  TM was added  to the  
me thano l  as ant ioxidant .  

Lipids were methyla ted  and extracted us ing the method  

of Morrison and Smith (20). Fatty acid methyl esters were 
analyzed by gas chromatography (Hewlett-Packard Model 
5890 GC interfaced with an HP 3365 Chemstation; Palo 
Alt~ CA) using a capillary colnmn (Omegawax~ 30 In, 0.32 
mm i.d.; Supelca Bellefonte, PA) and flame-ionization 
detection. The following operating parameters were used: 
column temperature, 200~ isothermal; injector, 230~ 
detector, 250~ split rati~ 65:1; carrier gas, helium. Ap- 
propriate s tandards  were analyzed to determine retent ion 
t imes  and  response  factors  (Nu Chek-Prep, Inc., Elysian,  
MN). F a t t y  acid composi t ion was expressed as the  weight  
percent  of the  to ta l  f a t t y  acids. 

S ta t i s t i c s .  D a t a  were ana lyzed  us ing  the  Student-New- 
man-Keuls  tes t  {P = 0.05) wi th  a one-way complete ly  ran- 
domized  design. 

R E S U L T S  

Growth .  The weigh t  gain  of the  pups  f rom p o s t p a r t u m  
day  1 to  day  15 was  no t  s ta t i s t ica l ly  different  between 
g roups  (mean • S E M ; I %  linoleic acid, 23.5 • 0.8 g; 5% 
linoleic, 26.2 • 0.5 g;, 1% arachidonic,  22.2 • 2.3 g;, 5% 
arachidonic,  21.3 • 2.9 g). Weights  of  livers and  brains  
were also similar for all g roups  (data no t  shown). Diet  had 
no s ta t i s t ica l ly  s ignif icant  effect on the  weights  of the  
d a m s  at  p o s t p a r t u m  day  15. 

S t o m a c h  con ten t s .  S t o m a c h  con ten t  of  the  pups  is a 
reflection of mate rna l  milk composi t ion.  As  expected, the  
f a t t y  acid profile of  the  pup  s t o m a c h  con ten t s  var ied in 
several f a t ty  acids {Table 2). The linoleic acid content  f rom 
pups  whose  d a m s  received 5% die ta ry  linoleic acid was  
s igni f icant ly  elevated compared  to  the  o ther  groups.  
Similarly, the  high-dose arachidonic  acid g roup  had  
elevated s t omach  a rach idona te  levels compared  to the  
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TABLE 2 

Effect of Maternal Dietary Fat Composition on Suckling Pup Stomach Content Fatty Acid Composition = 

55 

Group A: Group B: Group C: Group D: 
Fa t ty  acid low linoleic acid high linoleic acid low arachidonic acid high arachidonic acid 

{percentage by weight) 

8:0 1.8 • 0.61 2.5 • 0.57 2.0 + 0.99 2.1 + 0.48 
10:0 9.0 • 1.04 9.7 +__ 1.09 9.3 __. 1.42 10.6 • 0.35 
12:0 26.7 • 0.89 26.1 • 0.41 26.2 • 0.91 24.7 • 0.81 
14:0 19.2 • 0.41 16.7 • 0.56 18.0 • 1.28 17.1 • 0.68 
16:0 24.5 • 1.46 20.1 • 0.68 23.9 • 2.13 21.1 + 0.91 
16:1o)7 0.5 • 0.148 0.5 • 0.12 b 0.7 • 0.198 2.0 • 0.12 c 
18:0 8.8 • 0.18 9.1 _ 0.63 9.8 + 1.19 8.5 • 0,38 
18:1o)9 6.5 + 0.44 b 10.1 • 0.32 c 6.3 • 0.415 5.5 • 0.858 
18:2o)6 0.8 • 0.155 2.9 +_. 0.12 c 0.5 • 0.085 0.7 • 0.14 b 
20:4co6 0.3 • 0.075 0.3 • 0.02 b 0.5 • 0.098 2.2 • 0.10 c 

=Values reported are weight  percent  and are means +__ SEM (n = 4-5). 
5'CValues not  bear ing the same superscript  le t ters  are different at  P < 0.05. 

o t h e r  g r o u p s .  T h e  l o w - d o s e  a r a c h i d o n i c  a c i d  g r o u p  con -  
t a i n e d  a n u m e r i c a l l y  h i g h e r  ( n o t  s t a t i s t i c a l l y  s i g n i f i c a n t )  
a r a c h i d o n i c  ac id  level  c o m p a r e d  to  t h e  l inole ic  ac id  g r o u p s .  

Liver phospholipid levels. L i v e r  p h o s p h a t i d y l c h o l i n e  
{PC) l i n o l e i c  a c i d  l e v e l s  i n c r e a s e d  i n  a d o s e - r e l a t e d  m a n -  
n e r  i n  t h e  g r o u p s  w h o s e  d a m s  r e c e i v e d  e i t h e r  1 o r  5 %  
l ino le ic  ac id  {Table 3), a l t h o u g h  d i f f e r e n c e s  we re  s m a l l  com-  
p a r e d  t o  s t o m a c h  c o n t e n t  levels .  I n t e r e s t i n g l y ,  t h e  g r o u p s  
r e c e i v i n g  d i e t a r y  a r a c h i d o n i c  a c i d  s h o w e d  a s t a t i s t i c a l l y  
s i g n i f i c a n t  d o s e - r e l a t e d  d e c r e a s e  i n  l i v e r  P C  l i n o l e i c  a c i d  
leve ls ,  e v e n  t h o u g h  t h i s  w a s  n o t  r e f l e c t e d  i n  t h e  p u p s '  
s t o m a c h  c o n t e n t s .  L i v e r  P C  a r a c h i d o n i c  a c i d  l e v e l s  in-  
c r e a s e d  p r o g r e s s i v e l y  f r o m  t h e  1 t o  5 %  l ino le i c  a c i d  g r o u p  

a n d  t h e  1 t o  5 %  a r a c h i d o n i c  a c i d  g r o u p .  L e v e l s  o f  22:4co6 
w e r e  s i g n i f i c a n t l y  e l e v a t e d  i n  t h e  h i g h - d o s e  a r a c h i d o n i c  
a c i d  g r o u p  c o m p a r e d  t o  t h e  o t h e r  g r o u p s ,  N o  s i g n i f i c a n t  
d i f f e r e n c e s  o c c u r r e d  i n  l i v e r  d o c o s a h e x a e n o i c  a c i d  ( D H A )  
i n  a n y  of  t h e  g r o u p s .  

T r e n d s  s i m i l a r  t o  t h e  l i v e r  P C  p r o f i l e s  d e s c r i b e d  a b o v e  
w e r e  a l s o  n o t e d  fo r  l i v e r  p h o s p h a t i d y l e t h a n o l a m i n e  ( P E )  
(Tab le  3), w i t h  t h e  e x c e p t i o n  t h a t  t h e  a r a c h i d o n i c  a c i d  
r e s p o n s e  w a s  n o t  a s  s t r i b i n g  i n  P E  a s  i n  PC.  A d d i t i o n a l l y ,  
D H A  l e v e l s  fe l l  s i g n i f i c a n t l y  a n d  i n  a d o s e ~ r e l a t e d  m a n -  
n e r  a s  006 L C P  l e v e l s  i n c r e a s e d  ( D H A  leve l  i n  1% l i no l e i c  
a c i d  g r o u p ,  17 .9%;  D H A  leve l  i n  5 %  a r a c h i d o n i c  g r o u p ,  
10 .7%;  P < 0.05).  

TABLE 3 

Effect of Maternal  Dietary Fat Composition on Suekllng Pup Liver PhosphoUpid Fatty Acid Composition = 

Group A: Group B: Group C: Group D: 
Fatty acid low linoleic acid high linoleic acid low arachidonic acid high arachidonic acid 

Phosphatidylcholine (percentage by weight) 

14:0 2.5 • 0.23 b 2.2 • 0.23 b 2.6 • 0.20 b 1.4 • 0.24 c 
16:0 32.2 • 0.87 30.6 • 1.04 32.2 • 0.48 28.6 + 1.14 
16:1 0.7 +- 0.13 0.4 __- 0.09 0.6 • 0.09 0.5 + 0.03 
18:0 18.9 + 0.53 b'c 21.0 • 0.67 b 17.8 • 0.70 c 20.7 q- 0.575 
18:1o)9 10.4 • 1.345 8.1 • 0.87 b'c 6.7 +_ 0.73 c 3.0 • 0.14 d 
18:2o)6 5.7 +- 0.31 b 7.1 • 0.19 c 3.3 • 0.12 d 1.3 • 0.06 e 
20:3o)6 2.0 • 0.09 b 1.7 • 0.12 c 1.1 • 0.06 d 0.6 + 0.03 e 
20:4c06 11.9 • 1.12 b 16.6 • 0.73 c 18.8 • 0.57 c 27.3 • 1.12 d 
22:4co6 0.5 • 0.05 b 0.5 • 0.02 b 0.8 + 0.05 b 3.2 + 0.48 c 
22:5o)6 2.2 • 0.19 1.7 • 0.14 1.4 +__ 0.06 1.6 +_ 0.49 
22:5o)3 0.5 • 0.09 b 0.6 • 0.085 1.1 • 0.08 c 1.3 + 0.10 c 
22:6o)3 8.1 +--- 0.44 8.0 + 0.38 9.8 • 0.44 7.7 • 1.04 

Phosphat idylethanolamine 

16:0 24.8 +-- 0.96 b 26.0 • 2.368 31.8 • 1.94 c 22.8 • 0.715 
18:0 28.7 • 1.54 30.6 • 1.65 31.0 + 1.77 30.1 • 2.03 
18:1o)9 2.7 + 0.318 2.3 -t- 0.158 2.3 + ft.15 b 1.3 +_- 0.06 c 
18:2o)6 1.5 • 0.19 b 2.0 • 0.265 1.3 • 0.338 0.5 +--- 0.03 c 
20:4co6 16.0 • 0.585 17.5 +__ 1.168 13.9 -t- 1 . 4 8  b 20.7 • 0.89 c 
22:4o)6 1.0 • 0.098 1.1 +__ 0.098 0.9 +-- 0.115 5.5 • 0.66 c 
22:5o)6 2.8 + 0.61 2.7 • 0.33 1.9 • 0.45 2.5 + 0.62 
22:5003 0.9 • 0.16 b 0.9 • 0.12 b 0.9 -- 0.158 1.6 • 0.19 c 
22:6o)3 17.9 • 1.218 13.0 • 1.20 c 10.8 • 1.96 c 10.7 + 1.26 c 

=Values reported are weight percent and are means --. SEM (n = 4-5). 
5-eValues not bearing the same superscript letters are different at P < 0.05, 
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TABLE 4 

Effect of Maternal Dietary Fat Composition on Suckling Pup Plasma Lipid Fatty Acid Composition a 

Group A: Group B: Group C: Group D: 
Fatty acid low linoleic acid high linoleic acid low arachidonic acid high arachidonic acid 

{percentage by weight) 

12:0 4.2 _+ 0.41 b 3.4 • 0.43 b 3.3 • 0.13 b 2.0 _ 0.37 c 
14:0 6.0 _ 0 .52  b 4.6 • 0.34 c 4.8 _ 0.12 b 3.5 • 0.304 
16:0 25.7 -- 0.76 b 23.4 • 0.28 c 24.1 • 0.91 c 22.0 + 0.32 c 
16:1co7 1.2 --  0 .15  b 0.6 -- 0.03 c 1.3 • 0.15 c 1.0 -b 0 .03  b 

18:0 22.5 • 1.27 22.5 + 0.77 22.0 _ 0.30 20.8 • 0.33 
18:1oJ9 10.8 + 1.325 8.4 • 0.41 b 9.2 • 0.88 b 3.5 • 0.26 c 
18:1co7 1.0 • 0.07 b 0.8 ----- 0.05 b 1.4 ___ 0.13 c 2.2 ___ 0.124 
18:2co6 8.2 • 0.855 13.9 + 0.26 ~ 5.8 + 0.49 d 2.5 ----- 0.26 e 
18:3w6 0.3 • 0.08 0.4 • 0.10 0.2 • 0.10 0.2 __ 0.16 
20:3co6 1.0 • 0 . 0 5  b'c 1.1 • 0 .04  b 1.0 • 0 .06  b'c 0.9 ---- 0.02 c 
20:4w6 10.9 • 1.735 15.7 -- 0.69 c 20.1 • 0.604 36.8 • 0.98 e 
22:4w6 0.1 -b 0 . 0 8  b - -  0.5 • 0.13 c 1.7 • 0.07 d 
22:5w6 0.6 ----- 0.15 0.5 • 0.20 0.2 • 0.15 0.2 • 0.15 
22:5w3 0.1 • 0.08 -- 0.1 ___ 0.12 -- 
22:6~o3 3.5 • 0.59 3.3 ----- 0.12 4.1 • 0.33 2.7 • 0.28 

aValues reported are weight percent and are means • SEM (n = 4-5). 
5-eValues not bearing the same superscript letters are different at P < 0.05. 

Plasma lipids. Pup total  p l a sma  linoleic acid levels in- 
creased in a dose-related manner  in the  1 and 5% linoleic 
acid groups, and progressively decreased in the 1% and 
5% arachidonic acid groups (Table 4), similar to the liver 
PC data. Pup p lasma arachidonic acid levels increased 
more than  threefold from the 1% linoleic group to the 5% 
arachidonic group. Similarly, 22:4co6 increased in a dose- 
related manner. No significant alterations occurred in o~3 
LCP. 

Brain fa t ty  acid levels. In dist inct  cont ras t  to the liver 
and p l a sma  data, no significant differences occurred be- 
tween groups for brain PC or PE levels of arachidonic acid 
(Table 5). Interestingly, brain PC linoleic acid levels were 
significantly higher in groups whose dams  received die- 
t a ry  linoleic acid compared to the arachidonic acid groups 
(Table 5). No significant differences were noted in brain 
PC or PE D H A  levels between any of the groups, although 
a trend to lower D H A  levels was found in the high ara- 
chidonic acid group. 

DISCUSSION 

The present  s tudy  employed materna l  dietary alteration 
as a method of delivering diets of various f a t ty  acid com- 
posit ions to rapidly growing ra t  pups. The direct effect 
of materna l  d ie tary  unsa tura ted  f a t ty  acid composit ion 
on resul tant  milk f a t t y  acid profiles has been clearly 
demons t ra ted  in humans  (7) and in rodents  (17,21,22). In  
the present  study, we observed a correlation of materna l  
dietary w6 fa t ty  acid profile and s tomach  w6 fa t ty  acid 
profile of pups. Interestingly, the levels of expression of 
(o6 f a t ty  acids in the dams '  milk were lower than  the 
dietary levels of supplemented f a t ty  acids, suggest ing a 
concentration gradient  from maternal  diet and p lasma to 
milk. The efficiency of LCP t ransfer  from the circulation 
to milk is relatively poor; materna l  circulating levels of 
LCP are much higher than  milk LCP levels in both  
humans  (23-25) and rodents  (26). Essent ia l  f a t t y  acids 
may  be diluted in milk, since nonessential fa t ty  acids may  
be synthesized de novo by the m a m m a r y  gland, while 

essential  f a t t y  acids mus t  be provided from the cir- 
culation. 

Liver and p lasma arachidonic acid levels in the pups  
followed an extremely strong dose-related pattern,  increas- 
ing progressively from the group receiving 1% linoleic acid 
to the group receiving 5% arachidonic acid. Arachidonlc 
acid content  in milk was equivalent  in the groups receiv- 
ing 1 and 5% linoleic acid {milk arachidonic acid levels 
were 0.3 _ 0.07 wt% and 0.3 +_ 0.02 wt%, respectively), 
while there was a fourfold difference in the milk linoleic 
acid levels of these groups (Table 2). These da ta  suggest  
tha t  hepatic chain elongation and desatura t ion mus t  be 
active in these young rats. Subs t ra te  supply for (o6 LCP 
synthesis  was substant ial ly different, resulting in signifi- 
cant  differences in hepatic  arachidonic acid levels. Pre- 
vious studies demonst ra ted  t ha t  f a t ty  acid chain elonga- 
tion and desaturat ion at  the level of the liver is active in 
young mammals .  Hepat ic  h6 desaturase increases rapidly 
in newborn mice, reaching a m a x i m u m  at  day 7 postpar-  
t u m  followed by a slow decline (27). Hepa t ic  synthesis  of 
arachidonlc acid from linoleic acid increases tenfold when 
fetal piglets  are compared to newborn piglets  (28,29). 

Even  though arachidonic acid can be synthesized from 
linoleic acid, adminis t ra t ion of die tary  arachidonic acid 
is clearly a superior means of promot ing  hepatic LCP ac- 
cretion. Not  only are hepatic phospholipid levels of ara- 
chidonic acid elevated in groups directly receiving ara- 
chidonic acid (Table 3), bu t  analysis of total  liver lipid also 
indicates a dramat ic  increase in total  arachidonic acid 
(data not  shown). Previous studies in bo th  ra ts  (30) and 
mice (31) have also demonstrated tha t  dietary arachidonic 
acid is much more potent  in suppor t ing  hepatic  arachi- 
donate  accretion than  is linoleic acid. This may  be due to 
relatively limited conversion of linoleic acid to arachidonic 
acid {32) or relatively rapid oxidation of linoleic acid com- 
pared to arachidonic acid (33). 

In the present  study, dietary arachidonic acid resulted 
in a significant reduction of hepatic  and p l a sma  linoleic 
acid levels. The effect was dose-related and independent  
of the level of linoleic acid the pups received {the s tomach 
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TABLE 5 

Effect of Maternal Dietary Fat Composition on Suckling Pup Brain Phospholipid Fatty Acid Composition a 
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Group A: Group B: Group C: Group D: 
Fatty acid low linoleic acid high linoleic acid low arachidonic acid high arachidonic acid 

Phosphatidylcholine (percentage by weight} 

14:0 2.04 + 0.53 1.7 _ 0.29 1.9 • 0.50 1.9 ___ 0.42 
16:0 49.4 • 0.78 52.0 • 1.76 51.5 • 0.79 48.9 + 1.68 
16:1r 1.3 ----. 0.47 1.2 • 0.43 0.9 • 0.61 1.2 • 0.32 
18:0 11.4 + 0.91 11.9 -- 0.59 10.8 • 0.47 15.7 • 2.53 
18:1o~9 15.0 + 0.78 15.8 + 1.15 15.6 + 0.24 12.4 ___ 1.08 
18:2r 0:9 • 0.09 b 1.0 +--- 0.03 b 0.6 ----- 0.07 c 0.3 ----- 0.03 d 
18:3r 0.3 ----- 0.04 0.3 • 0.08 0.2 • 0.06 0.2 + 0.06 
20:2o~6 0.2 • 0.01 b 0.2 ----- 0.02 b 0.1 • 0.01 c 0.1 ___ 0.02 c 
20:3r 0.4 • 0.205 0.3 + 0.02 c 0.3 • 0.03 c 0.2 • 0.02 d 
20:4r 6.1 + 0.50 5.6 -- 0.98 5.7 • 0.79 6.1 + 0.45 
22:1r 0.3 • 0.04 0.3 • 0.03 0.3 + 0.04 0.,2 + 0.05 
22:4r 0.5 --- 0.08 0.5 • 0.08 0.5 • 0.06 0.7 • 0.07 
22:5r 0.4 • 0.03 0.3 • 0.05 0.2 • 0.06 0.3 • 0.04 
22:6r 2.1 • 0.17 1.6 • 0.40 1.7 • 0.45 1.4 • 0.28 

Phosphatidylethanolamine 

14:0 0.5 - 0.06 0.6 + 0.27 0.8 • 0.13 0.5 • 0.16 
16:0 9.6 • 0.87 9.8 • 1.14 8.8 • 0.22 9.7 • 0.77 
16:1r 0.7 • 0.04 0.8 + 0.16 0.8 • 0.10 0.7 • 0.17 
18:0 29.8 • 3.25 29.8 • 2.02 30.3 • 2.16 31.4 _ 0.83 
18:1r 7.1 • 0.09 6.3 + 0.46 6.6 • 0.41 6.6 • 0.22 
18:2r 0.7 • 0.24 0.6 + 0.08 0.4 + 0.16 0.5 + 0.27 
18:3r 0.6 • 0.26 0.6 + 0.23 0.8 • 0.37 0.8 • 0.17 
20:2r 0.4 • 0.05 0.5 + 0.11 0.4 • 0.04 0.2 _ 0.03 
20:3r 1.9 + 0.32 1.6 + 0.15 1.2 + 0.28 0.8 • 0.20 
20:4r 15.1 • 1.77 14.0 + 1.16 15.5 • 0.66 16.7 • 0.14 
22:1r 0.5 -- 0.07 0.7 + 0.13 0.7 --- 0.19 0.6 • 0.16 
22:4r 4.4 • 0.44 b 4.5 + 0.67 b 5.1 • 0.25 b 6.6 _ 0.13 c 
22:5w6 2.4 __+ 0.28 2.2 + 0.27 2.2 • 0.19 2.8 • 0.27 
22:6r 15.0 +_ 2.36 13.5 + 1.97 15.1 • 1.37 12.1 • 1.26 

aValues reported are weight percent and are means __ SEM (n = 4-5). 
b-dValues not bearing the same superscript letters are different at P < 0.05. 

linoleic acid con t en t s  of pups  in  the  1% linoleic group, 1% 
arachidonic  group and  5% arachidonic  group were equi- 
valent).  Thus ,  a rachidonic  acid may  replace l inoleic acid 
for incorpora t ion  in to  phosphol ipid m e m b r a n e a  A similar  
obse rva t ion  was made  by  Mohrhaue r  and  H o l m a n  (30) in  
y o u n g  ra t s  fed inc reas ing  doses of arachidonic  acid. As  
the  d ie t a ry  level of a rachidonic  acid was increased,  l iver 
l inoleic acid levels decreased. Seybe r th  e t  al. (34) also 
repor ted  decreased p l a s m a  levels of l inoleic acid follow- 
ing  e thy l  a rach idona te  a d m i n i s t r a t i o n  to adu l t  huma ns .  

Bra in  P E  and  PC arachidonic  acid levels were s imi lar  
in  all groups.  This  is s u r p r i s i n g  in  l igh t  of a threefold dif- 
ference in p l a sma  arachidonic acid concen t ra t ion  be tween 
groups.  This  h igh ly  pro tec ted  b ra in  arachldonic  acid pro- 
file may  be achieved in  one of two ways: (i) by  active t rans-  
por t  of arachidonic acid from the circulation or (ii) th rough  
chain  e longat ion]desatura t ion of linoleic acid in  brain.  Sin- 
clair  (35) d e m o n s t r a t e d  rapid  u p t a k e  of [14C]arachidonic 
acid by  suck l ing  ra t  pup  b ra in  and  incorpora t ion  in to  
phospholipids. W h e n  radiolabeled linoleic acid was admin- 
istered, a c c u m u l a t i o n  of phosphol ip id  arachldonic  acid 
was approx ima te ly  three  t imes  lower t h a n  when  radio- 
labeled arachidonic  acid was  adminis te red .  The  preferen- 
t ia l  t r a n s p o r t  of LCP vs .  C18 precursors  was suppor t ed  

by  s imi lar  da t a  c o m p a r i n g  a-l inolenic acid t r a n s p o r t  to 
D H A  t r a n s p o r t  in  suck l ing  ra t s  (36). The second possi- 
bility, existence of chain e longat ion/desaturat ion pathways 
in  the  b ra in  of developing animals ,  m u s t  also be con- 
sidered. The level of b ra in  A6 desa turase  is relat ively h igh 
a t  b i r t h  and  falls rap id ly  d u r i n g  the  f irst  three  weeks of 
life in the  suckl ing mouse  (27). In  contrast ,  synthes is  rates 
of cha in  e longa t ion]desa tu ra t ion  p roduc t s  in  the  pigle t  
b r a i n  are s imi lar  a t  b i r t h  a nd  in  older an ima l s  (28,29); 
however, these  ra tes  are less t h a n  10% of the  hepat ic  syn-  
thes is  rates. W i t h  on ly  the  re la t ive  t r a n s p o r t  and  syn- 
thes is  d a t a  ou t l ined  above, no f i rm conc lus ions  can  be 
d rawn conce rn ing  the  m e c h a n i s m  of arachidonic  acid ac- 
cre t ion t h a t  we have observed.  

The  da t a  of Mohrhaue r  and  H o l m a n  (37) d e m o n s t r a t e d  
t h a t  b ra in  arachldonic  acid levels could be al tered in  a 
dose-related m a n n e r  by  oral ly admin i s t e r ed  e thyl  esters  
of ~ 6  fa t ty  acids; e thyl  arachidonate was more po ten t  and  
yielded higher max ima l  arachidonic acid levels t h a n  e thyl  
linoleate. This  s t u d y  employed e thy l  esters  as the  sole 
source of l ipid in  weanl ing  ra t s  s tud ied  for 100 d. The pre- 
s en t  s tudy,  emp loy ing  the  roden t  d a m  to provide nu t r i -  
t ion  to rap id ly  growing  pups,  allows for less control led 
f a t t y  acid delivery. All  pups  received a basa l  level of 

LIPIDS, Vol. 29, no. 1 (1994) 



58 

E.L. LIEN E T  AL. 

arachidonic acid from their  mothers '  miib~ The level of 
arachidonic acid received in the linoleic acid groups (0.3% 
of f a t t y  acids, or about  0.2% of calories) would be suffi- 
cient to promote  modest  brain arachidonic acid accretion 
if placed in the context of the Mohrhauer and Holman (37) 
dose levels. The previous exper iment  determined total  
brain f a t ty  acid profiles, while the present  results  report  
brain PC and PE levels. We have also measured brain total  
f a t ty  acid profiles (data not  shown) and found no signifi- 
cant  differences in arachidonic acid levels between groups. 
Therefort~ the discrepancies between the previous results 
and current  da ta  cannot  be due to a brain lipid fraction 
response occurring independently of PC and PE. 

The possibility tha t  the C~8 precursors of LCP found in 
infant formula may  be sufficient for needs during infancy 
is an area of current investigation (38). Our results demon- 
s t ra te  t ha t  modes t  levels of dietary linoleic acid can sup- 
por t  normal brain arachidonic acid accretion, even though 
p l a sma  and hepatic  arachidonic acid levels may  appear  
to be low. However, the current s tudy was conducted with 
a small number  of animals  (limiting i ts  s ta t is t ical  power} 
and for a relatively shor t  duration. I t  is conceivable t ha t  
a longer s tudy with more animals may have demonstrated 
s ta t is t ical ly  different brain f a t ty  acid levels. 

Arbuckle and Innis (39) have made an observation simi- 
lar to ours in the retina of formula-fed piglets when study- 
ing co3 status.  Animals  receiving formulas  relatively low 
in a-linolenic acid had retinal D H A  levels equivalent  to 
animals  receiving a fish oil supplemented diet, while 
higher levels of d ie tary  a-linolenic acid produced bo th  
brain and retinal levels of D H A  similar to sow-fed con- 
trols. Al though these resul ts  may  sugges t  t ha t  C~8 pre- 
cursors of LCP may be useful for supplying the infant with 
LCR the opt imal  means  of supplying o~3 and co6 essen- 
tial f a t t y  acids appears  to be  the direct addition of LCP  
to formula  Numerous studies in term and preterm infants 
have demons t ra ted  reduced levels of co3 and co6 LCP in 
the circulation of formula-fed infants compared to infants 
receiving human  milk (10-13). The addition of co3 LCP to 
pre te rm formula has  resulted in improved visual  acui ty  
and has evoked visual  potent ial  (40,41). Unfortunately,  
feeding of a formula containing co3 LCP alone suppresses 
circulating arachidonic acid levels and may  lead to slower 
growth and altered indices of mental  development (42,43). 
Addit ion of bo th  co3 and co6 LCP thus  appears  to be 
appropriate.  

The results  of the current  exper iment  sugges t  t ha t  
linoleic acid is capable of suppor t ing  normal  arachidonic 
acid brain accretion. However, the diets employed in this 
s tudy  were vir tual ly free of co3 f a t ty  acids. Inclusion of 
co3 LCP in the diets of rodent  dams  appears  to inhibit  
chain elongation]desaturat ion of linoleic in the pups (44). 
Thus, animals  receiving o~3 LCP plus linoleic acid have 
lower brain co6 LCP accretion than  animals  receiving 
dietary o~3 and ~6 LCP (44}. The arachidonic acid source 
employed in the present  s tudy  may be appropriate  for ad- 
dition to infant  formula, bu t  should be added in the 
presence of a source of co3 LCR 
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Retinitis pigmentosa (RP) is a hereditary retinal degenera- 
tion of unknown etiology, resulting in progressive night 
blindness, loss of peripheral vision, abnormal retinal 
pigmentation and reduced electroretinographic response. 
Docosahexaenoic acid (22:66o3) is found in high concentra- 
tion in the rod outer segment membranes of the retina. 
Previous reports of low 22:66o3 in blood lipids or phosph~ 
lipids in RP patients prompted us to evaluate the com- 
plete fatty acid (FA) profiles of plasma phospholipids (PL), 
cholesteryl esters, triglycerides (TG) and nonesterified 
fatty acids (NEFA) in ten patients with RP. In the PL 
fraction, we found significantly depressed levels of 22:6~3, 
22:56o3, total r 22:56o6, 22:46o6 and total 6o6 polyun- 
saturated FA (PUFA), and elevated total saturated acids. 
Plasma TG showed normal levels of PUFA, normal total 
saturated FA and total monounsaturated FA. The NEFA 
fraction showed significant elevation in total saturated 
FA with depressed total 6o6 PUFA. Evidence is accu- 
mulating that RP is associated with abnormal PUFA and 
lipid metabolism. 
Lipids 29, 61-65 (1994). 

Retinitis pigrnentosa (RP) is a hereditary retinal degenera- 
tion with symptoms of reduced night vision and loss of 
peripheral visual field, beginning in young adults. By an 
unknown mechanism, the photoreceptors and retinal pig- 
ment epithelium (RPE) are injured with resulting reduc- 
ed light sensitivity, loss of pigmentation of the RPE and 
pigment deposition in the sensory retina (1). Familial in- 
heritance of retinal epithlium may be autosomal domi- 
nant, autosomal recessive or X-linked, but a "simplex" 
presentation with no known affected family members, or 
"multiplex" with two or more affected siblings without 
other affected relatives is also common (2). Prevalence in 
the general population is approximately 1 in 4000 (3). 

The polyunsaturated fatty acid (PUFA) 22:66o3, docosa- 
hexaenoic acid (DHA), accounts for about 50% of the fatty 
acid (FA) content of the rod outer segments (ROS) of the 
vertebrate retina (4-6) and is highly conserved even after 
severe dietary deprivation of 6o3 FA (4,6). Physiologic 
needs, which may explain this high content of PUFA in 
the ROS, remain speculative, but enhanced membrane 
fluidity has been correlated with high 22:66o3 content in 
human retinoblastoma cells in tissue culture (7). Using 
radioactive molecular labelling in an animal model, the 
recycling of 22:66o3 has been demonstrated from ROS to 

1Based in part on a paper presented at the Third International Con- 
gress on Essential Fatty Acids and Eicosanoids, Adelaide, Australia, 
March 1992. 
*To whom correspondence should be addressed at The Hormel In- 
stitute, University of Minnesota, 801 16th Ave. NE, Austin, MN 
55912. 
Abbreviations: CE, cholesteryl ester; DBI, double bond index; DHA, 
docosahexaenoic acid; EFA, essential fatty acid; EPA, eicosapen- 
taenoic acid; FA, fatty acids; FAME, fatty acid methyl esters; LCAT, 
lecithin-cholesterol acyl transferase; MMP, mean melting point; 
NEFA, nonesterified fatty acids; PL, phospholipids; PUFA, polyun- 
saturated fatty acids; ROS, rod outer segments; RP, Retinitis 
pigmentose; RPE, retinal pigment epithelium; TG, triglycerides. 

the RPE and back to the ROS across the interphotorecep- 
tor matrix (8). 

Converse and colleagues (9) in 1983 discovered low 
plasma DHA in patients from three unrelated Scottish 
families with RP. Since their report, several groups have 
described abnormal DHA levels in blood phospholipids 
(PL) or total lipids of patients with RP, most finding 
diminished levels (10-12), but in one report, elevated DHA 
was found in patients from a single autosomal dominant 
pedigree (13). Lipid measurements for patients in these 
studies were compared to unaffected family members. 

We have made a comprehensive analysis of FA composi- 
tion in plasma lipids from ten patients with RP. Four 
major lipid fractions were isolated, and the content of 25 
FA was measured in PL, triglycerides (TG), nonesterified 
fat ty acids (NEFA) and cholesteryl esters (CE). The com- 
positions for RP patients were compared to normal values 
for 100 healthy controls, which have recently been pub- 
lished (14). 

MATERIALS AND METHODS 

The nature of the study was explained t~ and informed 
consent obtained from, ten patients with RP from Western 
New York State. These patients represented seven unre- 
lated families, four with autosomal dominant RP, two 
simplex presentations (no known family history} and one 
multiplex famility with two of two affected siblings with- 
out prior family history. A diagnosis of RP was based on 
clinical presentation, family history and at least one 
family member with electroretinographic documentation 
of RP. 

After an overnight fast of at least 12 h, plasma was ob- 
tained in citrated vacutainer vials by venipuncture for 
analysis of FA composition. Samples were centrifuged and 
the plasma transferred to freezing vials for storage at 
-20~ until analysis was performed at The Hormel In- 
stitute (Austin, MN). 

Total lipids were extracted from plasma with chloro- 
form/methanol (2:1, vol/vol), the water layer removed, the 
extract filtered to remove protein and the chloroform layer 
blown to dryness. The residual lipids were dissolved in a 
minimum amount of chloroform and applied to a silicic 
acid thin-layer chromatography plate and developed in a 
mixture of petroleum ether (b.p. 30-60~ diethyl ether 
and acetic acid (80:20:1, by vol) to separate the PL, NEFA, 
TG and CE. Each lipid fraction was scraped separately 
from the plate, extracted from silicic acid, esterified with 
12% BF3 in methanol to form the fatty acid methyl 
esters (FAME), and then extracted with petroleum ether 
(b.p. 30-60~ for capillary gas chromatographic analysis. 

A model 428 chromatograph (Hewlett-Packard, Palo 
Alto, CA) equipped with a 50 m • 0.25 mm bonded 007 
FFAP-based silica capillary column (Quandrex, New 
Haven, CT) was used to separate the FAME. The instru- 
ment temperature was programmed from 170 to 220~ 
at 2~ with a final hold of 25 rain, separating 12:0 
to 22:6w3. The detector temperature was 250~ Helium 
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carrier gas was used at a flow rate of 1.4 mL/min and a 
split ratio of 1:65. The FAME were identified by com- 
parison with authentic FAME standards, and peak areas 
were integrated as wt% with a microprocessor. Individual 
peaks were distinguished representing as little as 0.05% 
of the FAME in the fraction. 

Statistical analysis of the data was performed with the 
PC-SAS package (15) on a microcomputer. Significance 
testing for differences between the RP and control groups 
was performed using Student's t-test. For our primary 
hypothesis (abnormal DHA levels in RP patients), the 
resulting P value should be taken at face value For all 
other results (25 measured variables), single differences 
at the P < 0.05 level should be interpreted cautiously as 
preliminary findings because interdependent variables are 
expected to show such a correlation by chance alon~ Dif- 
ferences with P < 0.01 level are more persuasive, and those 
variables showing P < 0.001 remain highly significant 
even taking into account the numerous comparisons. 
Significant patterns of change in metabolically related 
fat ty acids cannot be explained by chanc~ 

The normalcy ratio is calculated by dividing the average 
of the RP group by the average of the controls, and P 
values are calculated on the differences between the two 
groups. Normalcy ratios are the equivalent of ~scores. 

Mean melting point (MMP) is a measure of lipid fluidi- 
ty  based upon the measurement of the full range of FA 
in a lipid class. It is based upon the near linearity of the 
plot of mixed melting points vs. composition of mixtures. 
I t  is the sum of the products of mole fraction >< melting 
point for each FA in the sample: 

MMP = ~MF1) (MP1) + (MF2) (MP2) . . . .  (MPn) (MPn) 

where MF is the mole fraction and MP is the melting 
point. MMP has the advantage that  it measures an in- 
herent property of each of the FA present, and does not 
involve the use of external probes unnatural to lipids. 

Double bond index (DBI) is the number of double bonds 
per acyl group within a lipid, and heretofore has been a 
useful indicator of fluidity, based upon the content of un- 
saturated FA in the lipid. For example, DBI of PL of nor- 
mal rats is above 1.5, whereas severely essential fatty acid 
(EFA)-deficient rats exhibit values as low as 0.8 (16). MMP 
improves upon DBI by including contributions to fluidi- 
ty by saturated and branched FA of the full range of chain 
lengths. 

RESULTS 

Plasma PL. Compositions, reflecting PL composition of 
tissue membranes, are given in Table 1. 

Analysis of the PL from RP patients showed that the 
nutritionally EFA, o~linolenic (18:3o~3) and linoleic 
(18:2r are present in normal proportions. However, the 
polyunsaturated long-chain FA 20:4r 22:4w6 and 22:5a~6 
of the oJ6 series, as well as 22:5r and 22:6r of the r 
family, are significantly lower than in the healthy controls. 
Total saturated FA are found in higher proportion in the 
RP patients, and the individual components accounting 
for this rise are shown in Table 1 and in the graphic pro- 
file for PL in RP shown in Figure 1. Total monounsatu- 
rated FA are not abnormal in the PL. The total PUFA and 
DBI are greatly diminished as shown by the high level 

TABLE 1 

Fatty Acids of Plasma Phospholipids in Retinitispigmentosa (RP) 
and Normal Controls 

Fa t ty  RP Controls Probabil i ty 
acid (n = 10) SEM (n -- 100} SEM (P) 

18:2r 22.49 1.24 23.90 0.28 
18:3oJ6 0.14 0.02 0.12 0.01 
20:2w6 0.41 0.05 0.47 0.02 
20:3w6 3.48 0.32 3.41 0.08 
20:4r 10.46 0.55 12.81 0.19 <0.001 
22:4r 0.42 0.02 0.76 0.03 <0.01 
22:5w6 0.39 0.02 0.60 0.02 <0.01 

18:3r 0.16 0.02 0.21 0.01 
20:5r 0.55 0.06 0.59 0.03 
22:5~3 0.72 0.03 1.13 0.03 <0.001 
22:6r 2.36 0.13 3.59 0.11 <0.01 
20:3oJ9 0.13 0.03 0.13 0.01 

14:0 0.32 0.03 0.20 0.01 <0.01 
16:0 26.69 0.72 21.05 0.20 <0.001 
18:0 13.81 0.31 12.53 0.16 <0.05 
20:0 0.26 0.02 0.33 0.02 
22:0 0.69 0.02 1.11 0.04 <0.001 
24:0 0.46 0.02 0.88 0.07 

16:1o~7 0.90 0.06 0.70 0.02 <0.01 
18:1o~9 9.98 0.43 8.87 0.16 <0.05 
20:I~9 0.13 0.02 0.22 0.02 
22:1 0.06 0.01 0.01 0.00 
24:1 0.69 0.08 1.20 0.04 <0.01 

Branched 1:18 0.11 1.05 0.05 
Odd-chain 0.21 0.02 0.19 0.01 

of statistical significance when compared to the 100 
healthy controls. The products of A5 and A4 desaturation, 
and the products of elongation of C20 to C22 FA, shown 
in Figure 1, are diminished in PL in the RP group. 

Plasma CE. The FA compositions of CE are given in 
Table 2, and the full FA profile is shown in Figure 2. Total 
~3 and all individual r FA were normal with the excep- 
tion of 20:5r {eicosapentaenoic acid, EPA) that was 
depressed. Similarly, the w6 series showed only a single 
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FIG.  1. Fa t ty  acid profile of plasma phaspholipids (PL) in ten pa- 
tients with Retinitispigmentosm MCL is the mean chain length in 
carbon atoms, MMP is the calculated mean melting point of the in- 
herent fatty acids and DBI is the double bond index. Abbreviations: 
PUFA, polyunsaturated fa t ty  acids; SAT, saturated; EP, elongation 
products; DP, desaturat ian products; p, probability; TRI/TET, 
triene/tetraene ratio, 20:3w9/20:4w6. 
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TABLE 2 

F a t t y  Acids of P lasma Cholesteryl Esters in Retinitis pigmentosa 
(RP) and Normal Controls 

Fa t ty  RP Controls Probabil i ty 
acid (n = 10) SEM (n = 99) SEM (P) 

18:2(o6 53.78 1.80 56.59 0.42 
18:3(o6 1.21 0.12 0.90 0.04 <0.05 
20:2w6 0.10 0.02 0.05 0.02 
20:3~6 0.90 0.09 0.87 0.04 
20:4o06 7.06 0,91 7.84 0.18 
22:4w6 0.02 0.01 0.01 0.00 
22:5o06 0.13 0.06 0.02 0.00 <0.001 

18:3o~3 0.44 0.04 0.43 0.02 
20:5r 0.17 0.05 0.51 0.03 <0.01 
22:5o03 0.01 0.01 0.02 0.00 
22:6o03 0.42 0.03 0.47 0,03 
20:3o09 0.07 0.01 0.00 0.00 

14:0 0.52 0.05 0.66 0.03 
16:0 9.77 0,35 9.76 0.14 
18:0 1.02 0.11 9.96 0.03 
20:0 0.11 0.03 0.02 0.01 <0.05 
22:0 0.39 0.12 0.00 0,00 <0.001 
24:0 0.05 0.02 0.00 0.00 

16:1o07 3.13 0.43 2.64 0.08 
18:1o09 15.21 1.01 15.62 0.18 
20:1oo9 0.09 0.01 0.00 0.00 
24:1 0.02 0.02 0.00 0.00 

Branched 2.12 0,42 0.74 0.05 <0.001 
Odd-chain 0.20 0.02 0.20 0.01 

TABLE 3 

Fa t ty  Acids of P lasma Triglycerides in Retinitis pigmentosa (RP) 
and Normal  Controls 

Fatty RP Controls Probability 
acid {n = 10) SEM (n = 101) SEM (P) 

18:2(o6 21.43 1.98 21.02 0.44 
18:3o~6 0.67 0.07 0.51 0.02 
20:2o06 0.24 0.03 0.25 0.02 
20:3(o6 0.40 0.02 0.43 0,02 
20:4o06 1.46 0,10 1.64 0.06 
22:4r 0.22 0.02 0.22 0.02 
22:5o06 0.14 0.01 0.19 0.02 

18:3o03 1.08 0.19 0.93 0.04 
20:5o03 0.17 0.04 0.15 0.01 
22:5r 0.29 0.02 0.34 0.02 
22:6co3 0.38 0.05 0.37 0.03 
20:3co9 0.21 0.03 0.14 0.01 

14:0 1.89 0.24 1.48 0.08 
16:0 22.28 1.24 21.75 0.34 
18:0 2.75 0.23 3.61 0.11 
20:0 0.09 0.01 0.03 0.01 
22:0 0.06 0.03 0.04 0.01 

16:1co7 4,98 0.40 4.14 0.11 
18:1o09 36.97 1.36 37.83 0.37 
20:1w9 0.33 0.03 0.04 0.01 
22:1 0,02 0.01 0.00 0.00 

Branched 1,25 0.10 1.06 0.06 
Odd-chain 0,24 0.02 0.32 0,01 

<0.05 
<0.05 

<0.05 

<0.001 

abnormal value, namely 22:5~o6, which was significantly 
elevated. Several saturated FA were elevated, as were co9 
FA. Summary indices showed small diminutions of total 
PUFA and products of A6 desaturation. Other pro- 
duct/substrate ratios were normal. 

Plasma TG. TG compositions for the RP patients and 
controls are given in Table 3, and the full graphic profile 
for plasma TG, including the co6 and o~3 elongation and 
desaturation products, is shown in Figure 3. The total 
saturated FA were different from the control group. 
Although the total of monounsaturated FA were normal, 
20:1co9 was significantly elevated. Total PUFA and the 

DBI were normal as were the products of desaturation and 
elongation. 

Plasma NEFA. NEFA plasma levels are given in 
Table 4, and a full graphic profile of NEFA is shown in 
Figure 4. The sole w3 FA to show an abnormality was 
22:5w3, which was significantly elevated in RP patients. 
Total (o6 FA were depressed in the NEFA fraction, as were 
18:2co6 (linoleic acid} and 20:4co6 (arachidonic acid}, the 
dominant individual w6 FA. However, the products of the 
elongation and desaturation of 20:4co6, 22:4o~6 and 22:5~o6 
were significantly elevated. Nearly all saturated FA were 
elevated, as were A9 desaturation and elongation products. 
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FIG.  2. Fa t ty  acid profile of plasma cholesteryl esters (CE) in ten 
patients with Retinitis pigmentoso~ See Figure I for abbreviations;  
ns, not significant. 
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TABLE 4 

Fatty Acids of Plasma Nonesterified Fatty Acids in Retinitis 
pigmentosa (RP) and Normal Controls 

Fatty RP Controls Probability 
acid (n = 10) SEM (n = 98) SEM (P) 

18:2r 14.22 1.13 18.39 0 .28  <0.001 
18:3~6 0.27 0.03 0.15 0.03 
20:2~o6 0.25 0.02 0.15 0.02 
20:3r 0.47 0.08 0.52 0.05 
20:4w6 0.78 0.05 2.42 0 .13  <0.001 
22:4r 0.27 0.04 0.06 0.01 
22:5r 0.68 0.22 0.05 0 .01  <0.001 
18:3r 0.81 0.08 1.08 0.05 
20:5r 0.12 0.04 0.05 0.01 
22:5o~3 0.59 0.22 0.10 0.02 <0.001 
22:6r 0.41 0.11 0.32 0.06 
20:3w9 0.07 0.02 0.01 0.00 

14:0 1.77 0.13 1.14 0.06 <0.01 
16:0 23.30 0.97 19.37 0 .27  <0.001 
18:0 11.48 0.96 12.10 0.31 
20:0 0.32 0.04 0.02 0 .01 <0.001 
22:0 1.29 0.21 0.06 0 .02  <0.001 
24:0 0.31 0.15 0.00 0.00 <0.001 
16:1r 3.17 0.50 2.86 0.10 
18:1o09 32.10 1.09 37.34 0.52 <0.01 
20:io~9 0.32 0.02 0.01 0 .00  <0.001 
24:1 0.20 0.04 0.01 0.00 <0.001 
Branched 1.70 0.15 0.83 0 .07  <0.001 
Odd-chain 0.37 0.03 0.25 0.02 
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FIG. 4. Fatty acid profile of plasma nonesterified fatty adds (NEFA) 
in ten patients with Retinitis pigmentosa~ See Figure 1 for abbre- 
viations. 

DISCUSSION 

PL. The normal levels of the dietary precursor 18-carbon 
EFA in the PL fraction of RP pat ients  suggest  normal 
dietary intake and intestinal absorption of these nutrients. 
This observation is also supported by normal EFA levels 
in the TG fraction, a reflection of recent dietary in take  

The products  of a-linolenic acid, 18:3o~3, in PL after  
undergoing A6 desaturation, elongation to C2o, and A5 
desaturat ion remain at  normal levels in RP. However, the 
C22 chain e longat ion  product ,  22:5r (DHA) is 
significantly low in the RP group as is 22:6r (DHA), the 

A4 product. For the o~6 series, the A6 desaturat ion and 
C20 chain elongation products appear to be normal in the 
t tP  group, but  A5 desaturation, C2~ elongation and final 
products  all are lower than normal. These blocked steps 
are il lustrated in Figure 1 by arrows. In the ~o3 series, the 
blockage is at elongation to C22, whereas in the co6 series 
it  is at  A5 desaturation. 

A6 and A5 desaturat ion and chain elongation steps to 
C2o and C22 acids occur in many tissues, but  the fiver 
may be the most  impor tant  site physiologically (17}. The 
final A4 product, derived v/a retroconversion (18), has been 
demonstra ted in only a limited number  of tissues, in- 
cluding human retinoblastoma cells (19,20), rat  retina (21), 
ra t  adrenocortical cells (22), human fetal fibroblasts (20) 
and fiver (17). 

The highly significant depression of long-chain PUFA 
of plasma in the RP pat ients  tha t  we have studied sug- 
gests altered enzyme activity in tissues producing 22:5o~3, 
22:6r 20:4r and 22:5r notably liver. In this s tudy 
the elongation of C20 PUFA appears to be the more af- 
fected step, leading to lesser levels of 22:5o~3 and 22:6r 
If the ROS membranes of patients with RP have similarly 
reduced total  PUFA and DBI,  the consequent  substan- 
tially reduced membrane fluidity, indicated by elevated 
calculated MMP, could contr ibute to biochemical altera- 
tions in visual pigment  cycling, causing toxic injury to 
the outer retina and RPE. 

Alternatively, the abnormal PL FA composition could 
represent a consequence of retinal injury rather  than a 
cause  If  we postulate  a cause of the pathologic and pig- 
mentary  changes in RP unrelated to PUFA metabolism, 
breakdown of the blood retinal barrier would be a likely 
consequence However, loss of PUFA from retinal tissue 
may tend to elevate the blood PL PUFA levels, at  least 
temporarily. Thus, if systemic lipid changes are secondary 
in RP, a more complex mechanism than  diffusion across 
a damaged blood retinal barrier mus t  be at  work. 

CE analyses showed depression only of 20:5~o3 (EPA) 
in the r series, which was modest ly significant, and 
elevation of 22:5~6 of the ~o6 FA, which was highly signifi- 
cant. Lower content  of the product  of retroconversion of 
22:6w3 and higher content of substrate for r retroconver- 
sion could explain these observations. The synthesis  of 
plasma CE occurs largely in high density fipoprotein by 
action of lecithin-cholesterol acyl transferase (LCAT), as 
well as in liver. The changes observed in plasma PL are 
not  reflected in plasma CE, al though LCAT transfers the 
unsaturated acids from position 2 of phosphatidylcholine 
to cholesterol. 

TG results, given in Table 2, showed completely normal 
proportions of all PUFA, suggesting normal dietary in- 
take and adsorption as mentioned above Saturated and 
monounsatura ted totals were also normal, but  several in- 
dividual saturated FA were elevated or depressed, and 
Meade's FA (20:3oJ9) was very high despite normal levels 
of EFA. The 20:3o~9 is the product  of h5 desaturat ion in 
the o~9 series of which oleic acid is the precursor. Although 
20:3r was not elevated in plasma PL, its increase in TG 
is an indication tha t  A5 desaturat ion may have been ele- 
vated in RP, and tha t  the nonfunctional product, 20:3r 
may have been shunted into TG. 

NEFA demonstrated normal total  w3 FA, and normal 
individual FA with the exception of elevated 22:5r 
Depressed 18:2r in NEFA with normal PL and TG levels 
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suggests  tha t  linoleic acid may  have been shunted away 
from adipose t issue NEFA are the preferred energy source 
for some metabolically active tissues, such as heart ,  in 
t ransi t  f rom the adipose t issue and other  s torage sites. 
Recently, retroconversion of C22 and C20 PUFA in fibro- 
blasts  and vascular endothelial cells has been documented 
(17). Diminished retroconversion of C22 to C20 PUFA 
could explain the apparent  increase of C22 elongase ac- 
t iv i ty  in our NEFA results. 

FA profiles of p la sma  lipids provide rapid visual  com- 
parison of individual FA or groups of FA in two popula- 
tions, and the changes of profile shown here may  be com- 
pared readily with similar previous comprehensive studies 
of other diseases, nutr i t ional  s ta tes  and physiological 
s ta tes  (23-25). By  expressing the composit ions of FA as 
rat ios to normal  values on a logari thmic scale, bars  for 
equifold increases or decreases appear  as equal changes 
in concentrat ions of subs t ra te  FA, affecting metabolic  
kinetics equally. The profiles measured upon p l a sma  or 
serum PL are a measure of those in structural  membranes  
in body tissues, because the same deficiencies of PUFA 
measured analytically occur in PL of t issues as occur in 
p l a sma  PL of nutr i t ionally EFA-deficient animals  and 
man. FA profiles assess the individual or group s ta tus  
wi th  respect  to both  r and co3 EFA, and also indicate 
metabolic aberrat ions in the metabol ism of PUFA if they 
occur. In  instances of EFA deficiencies, the FA profile also 
indicates which nutri t ionally nonessential FA increase in 
replacement of the deficient EFA. For exampl~ in Figure 1 
the  very significant decreases of 20:4r 22:4r 22:5r 
22:5r and 22:6~3 are compensa ted  by increases of 
saturated and monounsatura ted  FA with less than  20 car- 
bon atoms, whereas sa tura ted  and monounsa tu ra ted  FA 
with more than  18 carbon a toms are suppressed, all in a 
stepwise fashion. Similar observat ions  led to the calcula- 
t ion of es t imated  M M P  as a measure  of fluidity (22-24). 

In  the present  study, D B I  of p la sma  PL was consist- 
ently lower in the ten RP pat ien ts  than  the D B I  of con- 
trols, averaging 83.9% of tha t  va lue  M M P  of the p l a sma  
PL of RP pat ients  was consistently higher than the M M P  
of the control group, averaging 140% of control mean. 
Thus, the relative difference from control value was more 
than  twice as great  for M M P  as for DBI ,  making  M M P  
the more discr iminat ing index of fluidity. 

Rela t ionsh ip  to prote in  defects in R R  Recently, amino 
acid subst i tu t ions  in the visual  p igment  rhodopsin have 
been found in 25-30% of RP families, this  protein defect 
being found only in the affected individuals in the pedigree 
(26,27). The mechanism of retinal injury in these pat ients  
remains unknown, and it  is also not  known whether  
rhodopsin defects are associated with abnormal long-chain 
PUFA. Fur ther  investigation will be necessary to deter- 
mine whether  abnormal  PUFA and rhodopsin may  define 
biochemicaUy dist inct  RP groups. 

The da ta  presented here indicate tha t  pat ients  with RP 
have significantly low levels of bo th  r and r PUFA. 
Deficiency of r FA has been demonst ra ted  to be associ- 
ated with neuropathy (28). The ret ina is an extension of 
the nervous system, and abnormalit ies of vision observed 
in RP are demonst ra ted  here to be associated with long- 
chain o~3 PUFA depletion of FA of circulating PL. Al- 
though  dietary supplies of 18:3r seemed to be normal  
in the RP patients ,  their  long chain r PUFA and r 
PUFA were deficient. These long-chain FA occur in fish 

and mea t  products  and might  be enhanced in p lasma PL 
by  supplementa t ion  with fish oil (25) or by diets contain- 
ing fish and mea t  (29). Measurement  of p la sma  response 
in RP pat ien ts  to dietary supplementa t ion  may  be an 
appropr ia te  first  step to determine suitable intake levels 
of r and oJ6 long-chain PUFA prior to compara t ive  
clinical studies. 
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Effects of High Corn Oil Diet on Preneoplastic Murine Colons: 
Prostanoid Production and Lipid Composition 
Nancy M. Robblee and Ranjana P. Bird* 
Department of Foods and Nutrition, University of Manitoba, Winnipeg, Manitoba, R3T 2N2 Canada 

In the present study, the effect of normal (5% by wt) and 
high (23.5% by wt) corn oil diets on prostanoid production 
and on the lipid composition of preneoplastic colonic 
epithelium was investigated. CF1 mice (female, 3-4-weeks- 
old) were fed a normal corn oil diet ad libitum and were 
treated with the colon carcinogen 1,2-dimethylhydrazine 
(DMH, 20 mg/kg/wk) or saline (control) for 24 wk. At this 
stage, all animals received the AIN-76 diet (normal corn 
oil) ad libitum. Following the last injection, half of the 
animals from each treatment group were randomly all~ 
cated to a high corn oil diet for 5 to 10 wk, whereas the 
remaining animals continued on the normal corn oil diet. 
After 5 wk of feeding, the colonic mucosa of carcinogen- 
treated animals had a higher level of bicyclic prostaglan- 
din E2 (PGE@ than had the animals in the control groups; 
prostanoid synthesis in the colonic mucosa of control ani- 
mals was unaffected by the high corn oil diet. Preneoplastic 
colonic mucosa of animals fed the high corn oil diet had 
a significantly higher level of PGE 2 than corresponding 
control colonic mucosa. The 6-keto-prnstaglandin 
F1Jthromboxane B2 ratio was significantly lower in the 
DMH-treated groups than in the control groups, and was 
unaffected by dietary treatments. After 10 wk of feeding 
a particular diet, the differences in the fatty acid composi- 
tion between the control and DMH-treated groups were 
minor. Our findings demonstrate that the preneoplastic col- 
onic epithelium differs from that of normal epithelium with 
respect to prostanoid synthesis. 
Lipids 29, 67-71 (1994). 

As dietary factors are recognized as being important in 
modulating the carcinogenic process, dietary fats have 
received particular attention. Epidemiological studies sug- 
gest that there is an association between the consumption 
of a high-fat diet and the incidence of colon cancer {1,2}, 
which is supported by studies on animal models (3). The ef- 
fect of dietary fats on colon tumorigenesis depends not on- 
ly on the amount of fat consumed, but also on the type of 
fat and its fatty acid composition (3). 

Prostanoids derived from arachidonic appear to be impo~ 
tant in the tumorigenic process (4-9), and neoplastic cells 
have been shown to produce more prostaglandins than do 
normal surrounding tissue It has also been shown that in- 
hibitors of prostaglandin synthesis inhibit colon tumori- 
genesis and aid regression of adenomatous polyps in pa- 
tients with familial polyposis {10-12). One mechanism by 
which dietary fats may affect colon tumorigenesis is by 
modulating eicosanoid synthesis in the colonic mucosa (13}. 

In a previous study (14), we demonstrated that normal 
colonic epithelia {without preneoplastic changes} of animals 

*To whom correspondence should be addressed at Department of 
Foods and Nutrition, University of Manitoba, Human Ecology 
Building, Winnipeg, Manitoba, R3T 2N2 Canad& 
Abbreviations: DMH, 1,2-dimethylhydrazine; EDTA, ethylenedi- 
aminetetraacetic acid; PGE 2, prostaglandin E2; PGI2, prostacyclin; 
TXA2, thromboxane A2; TXB2, thromboxane B2; PGFlo, 6-keto pr~ 
stagiandin FI~. 

fed high corn oil or beef tallow diets had higher levels of 
phosphatidylcholine compared to those of animals on cor~ 
responding low-fat diets. The fatty acid composition of the 
total phospholipids and triacylglycerols reflected the com- 
position of the dietary fat. It was noteworthy that the levels 
of three eicosanoid~ prostaglandin E2 (PGE2), prostacyclin 
(PGI 2) and thromboxane As (TXA~.), which are well known 
to be involved in the carcinogenic process (4-6), were unaf- 
fected by the dietary fat regimens. 

Since preneoplastic or neoplastic cells may respond dif- 
ferently to environmental factors than do normal cell~ we 
reasoned that the preneoplastic colonic tissue may respond 
differently to dietary lipids than would its normal counter- 
part. 

The main objective of the present study was to assess the 
effect of a high corn oil diet on the lipid composition and 
the production of PGE2, PGI2 and TXA2 in preneoplastic 
colonic tissue 

METHODS AND MATERIALS 
Animals, diets and carcinogen treatment. Three- to four- 
week-old female CF1 mice were obtained from Charles 
River Canada (Montreal, Quebec, Canada). The mice were 
housed five to a plastic cage in a room under controlled 
environmental conditions (21~ with a 12-h light-dark 
cycle After one week of acclimatization, the mice were ran- 
domly divided into two groups. One group was given 
weekly intraperitoneal injections of 1,2-dimethylhydrazine 
{DMHI (Aldrich, Milwaukee, WII at a dose of 20 mg/kg 
body weight for 24 wk. The DMH was dissolved in i mM 
ethylenediaminetetraacetic acid (EDTAI, pH 6.5. The 
other group was injected with vehicle and served as con- 
trol. The mice were fed an AIN-76 diet (15), which con- 
tained 5% corn oil by weight, for up to 24 wk. At various 
time intervals, including 16 and 24 wk after initiation of 
DMH treatment, three animals from the carcinogen- 
treated and the control groups were killed and their col- 
ons examined histologically to monitor neoplastic 
changes. At week 24, the animals were randomly allocated 
to either a normal or a high corn oil diet (20 DMH-treated 
and 20 control animals/dietl. The high corn oil diet con- 
talned 23.5% corn oil by weight, and was made by sub- 
stituting corn oil for an isocaloric amount of sucrose (Table 
D. Animals were billed at 5 wk to determine prostanoid 
production, and at 10 wk to determine mucosal fatty acid 
composition. 

Determination ofprostanoids. Five DMH-treated mice 
and five control mice fed either the high or the normal 
corn oil diet were killed by cervical dislocation. The col- 
ons were removed and rinsed thoroughly in Krebs Ringer, 
the mucosae were separated by scraping with a glass slide 
and the scrapinge were placed in tubes containing 20 mL 
of Krebs Ringer. Tissue weights were determined, and the 
tissues were incubated for 30 min at 37 ~ in Krebs Ringer 
to allow for synthesis of prostanoids from endogenous 
sources as described previously (14). The amount of pro- 
stanoids produced by the mucosal tissue was deter- 
mined by radioimmunoassay (Amersham Corlx, Arlington 
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TABLE 1 

Percent Composition of Diets (%, w/w) 

N.M. ROBBLEE AND R.E BIRD 

Ingredients High corn oil Normal corn oil 

Casein 23.5 20.0 
DL-methionine 0.4 0.3 
Dextrin 17.6 15.0 
Solka floc 5.9 5.0 
Sucrose 23.5 50.0 
Corn oil 23.5 5.0 
AIN mineral mix 4.1 3.5 
AIN vitamin mix 1.2 1.0 
Choline bitartrate 0.2 0.2 

Heights, IL). In the case of PGE2, the assay system is 
based on the conversion of the major PGE2 metabolite 
13,14-dihydro-15-keto-prostaglandin E2 to the stable, 
bicyclic compound 11-deoxy-13,14-dihydro-15-keto-11,16- 
cyclo-prostaglandin E2 (bicyclic PGE2). This assay 
utilizes antiserum specific for bicyclic PGE 2. The cross- 
react ivi ty of this radioimmunoassay with prostaglandin 
E1 is less than 0.01%, and with TXB 2 or PGFI~ is less 
than 0.0001%. The cross-reactivity of the 6-keto-PGF~a 
assay was 5.1% for PGE2 and 0.014% for TXB 2. Cross- 
reactivity of PGE2 and PGFI~ with the TXB 2 antiserum 
was 0.003% or less. TXA 2 and PGI  2 are both  very un- 
stable compounds and readily undergo hydrolysis to form 
the stable inactive metabolites thromboxane B 2 {TXB2) 
and 6-keto-prostaglandin in F~  (PGF~). 

Determination of colonic fatty acids. Mice from the con- 
trol and DMH-treated groups were fed the normal or high 
corn oil diets for 10 wk, after which time their colons were 
removed, washed thoroughly in Krebs Ringer, and the 
mucosal and muscle layers were separated. Ten animals 
from each t rea tment  were used, and two mucosae were 
pooled for each analysis. 

The tissues were placed immediately in chloro- 
form/methanol (2:1, vol/vol), and lipids were extracted as 
described by Folch et al. (16). The major lipid classes were 
separated by thin-layer chromatography, and fa t ty  acid 
methyl  esters were prepared by the method of Morrison 
and Smith (17). The fat ty  acid methyl esters were analyzed 
by gas chromatography using a Hewlet t  Packard 5890A 
ins t rument  equipped with a flame-ionization detector  
(Palo Alto, CA) and with a fused silica capillary column, 
30 m • 0.25 mm. The gas chromatograph was pro- 
grammed from 190 to 220~ at 10~ using helium 
as carrier gas at a flow rate of 45 cm/s. 

Statistical analysis. Statistical significance of the data  
was determined by analysis of variance in combination 
with Duncan's Multiple Range Test at  P ~< 0.05. 

RESULTS 

In the present s tudy the test  animals were given weekly 
injections of 1,2-DMH for 24 wk. None of the animals 
developed polyps within 24 wk, but  showed microscopic 
lesions when examined histologically (Fig. 1). Histological 
sections of the colons treated with carcinogen revealed the 
presence of preneoplastic changes in the crypts  character- 
ized by mild to severe dysplasia (18). At week 34, two out  
of ten animals in the normal and six out of ten animals 
in the high corn oil group had macroscopic lesions. 

FIG. 1. Histological sections of mouse colons (H & E X 400). Mice 
were treated with vehicle solution (A) or DMH for 24 wk (B, C, D). 
A. Normal colon depicting longitudinal section of crypts. B-D. 
Preneoplastic epithelium exhibiting histological and proliferative 
atypia. B. Absence of complete longitudinal sections of crypts 
because of increased tortuosity. C. Note the presence of dysplasia, 
the absence of goblet cells (arrow), and the increased mitosis (arrow). 
D. In addition to changes described in B and C, note the presence 
of a prominent focal preneoplastic lesion (arrow). 
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T A B L E  2 

Prostanoid Synthesis  in Control and DMH-Treated Colonic Mucosa of CF 1 Mice 
Fed Normal and High Corn Oil Diets  a 

Prostanoid Normal corn oil High corn oil 
measured Control DMH-treated Control DMH-treated 

Bicyclic PGE 2 2.47 • 0.32 b 3.06 • 0.84 b'c 2.43 • 0.37 b 4.31 • 1.06 c 
(124} (178) 

PGFlo 5.82 • 2.1 b 5.00 • 1.87 b 5.66 • 2.125 3.54 • 1.11 b 
(85.8) (52.4) 

TxB 2 0.33 • 0.04 b 0.66 • 0.11 d 0.28 • 0.045 0.46 • 0.02 c 
(202.7) (167) 

PGFlo/TxB 2 ratio 16.8 • 4.0 r 6.7 • 1.7 b 18.6 +-- 4.6 c 8.1 • 1.25 

amice were injected with DMH for 24 wk then allowed to eat a normal or a high corn 
off diet for 5 wk. Values given are the mean (n = 5) of five samples of colonic tissue • 
SEM expressed as ng/g/30 rain. Means in a row without a common superscript b,c,d are 
significantly different (P < 0.05). Numbers in parentheses represent values as percent 
of control. Abbreviations: DMH, 1,2-dimethylhydrazine; PGE 2, prostaglandin E2; PGFI~, 
6-ketoprostaglandin FI~; TxB2, thromboxane B 2. 
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In  control  animals,  syn thes i s  of PGE2, T X A  2 and  P G I  2 
in  the  colonic mucosae  measu red  as the i r  s tab le  metabo-  
l i tes,  i.e., bicyclic P G E  2, TXB2, and  PGFlo,  respectively, 
was unaf fec ted  by  the  d ie t a ry  t r e a t m e n t s  a t  5 wk (Table 
2), cons i s t en t  w i th  our  earl ier  obse rva t ions  (14). The col- 
ons  t r ea t ed  wi th  D M H  had  higher  bicyclic P G E  2 levels 
t h a n  the control colons, b u t  this  effect was s ignif icant  only 
for the  h igh  corn  oil, D M H - t r e a t e d  group. The va lues  for 
p reneoplas t ic  colons from the  h igh  or the  n o r m a l  corn  oil 
groups  were n o t  s ign i f i can t ly  different  f rom each other. 
The  levels of PGFI~ were s imilar  in  all groups. The  TXB2 
levels were s ign i f i can t ly  h igher  for the  D M H - t r e a t e d  
groups  t h a n  the  control  groups.  I n  th i s  case, the  n o r m a l  
corn  oil D M H - t r e a t e d  group exhib i ted  the  h ighes t  va lue  
(202% of the  control). The  ra t io  be tween  PGFlo  and  
TXB2 was s ign i f i can t ly  lower for the  D M H - t r e a t e d  
groups compared  to the  controls,  b u t  the  effect of the  
d ie ta ry  t r e a t m e n t  was no t  evident .  

Changes  in  the  f a t t y  acid compos i t ion  be tween  cont ro l  

a nd  D M H - t r e a t e d  mucosa  for a pa r t i cu l a r  d ie ta ry  treat-  
m e n t  were genera l ly  minor  (Table 3). The  phosphol ip id  
f rac t ions  of the  h igh  corn  oil group had  decreased levels 
of 18:1 wi th  a c o n c o m i t a n t  increase  in  18:2 a nd  20:3 com- 
pared  to the  n o r m a l  corn  oil group. The  level of 20:4 in  
the  mucosa l  phosphol ip ids  d id  n o t  va ry  across the  t reat-  
m e n t  groups. The only  s igni f icant  D M H - t r e a t m e n t  effect 
seen was a smal l  r ise in  18:2. I n  addi t ion ,  a s ign i f ican t  
(P < 0.05) decrease in  the  ra t io  of 18:0/18:1 in  the  
phosphol ip id  f rac t ions  of n o r m a l  corn  oil D M H - t r e a t e d  
mucosa  was no ted  when  compared  wi th  the  control  
mucosa ,  b u t  th is  was n o t  seen in  the  h igh corn  oil group. 
The  f a t t y  acid compos i t ion  of the  mucosa l  t r ig lycer ides  
is shown in  Table 4. A m o n g  the  mucosal  triglycerides, the  
n o r m a l  corn  oil D M H - t r e a t e d  group  con ta ined  less 18:1 
a nd  more 18:2 t h a n  the  cont ro l  group. S imi lar  changes  in  
the  l ipid compos i t ion  of colonic mucosa  were seen as 
ear ly  as w i th in  5 wk of d ie ta ry  t r e a t m e n t s  (results no t  
shown). 

TABLE 3 

Percent Fat ty  Acid Composition of Control and DMH-Treated Mucosal  Phospholipids 
in Mice Fed Normal and High Corn Oil Diets  a 

Fatty Normal corn oil High corn oil 

acids Control DMH-treated Control DMH-treated 

14:0 2.47 + 0.32 b 3.06 + 0.84 b'c 2.43 • 0.37 b 4.31 • 1.06 c 
16:0 21.41 • 0.85 22.76 • 0.50 23.07 • 0.82 22.65 • 0.52 
16:1 2.83 • 0.23 1.89 • 0.59 0.94 • 0.30 1.53 • 0.32 
18:0 16.13 • 0.29 14.92 • 0.42 15.79 • 0.51 16.31 • 0.59 
18:1 21.02 • 0.43 c 23.08 • 1.45 c 15.61 • 0.605 15.58 • 0.41 b 
18:2 7.99 • 0.325 9.37 +_ 0.95 c 11.66 • 0.50 d 12.96 • 0.29 e 
18:3 0.30 • 0.18 0.50 • 0.21 0.29 • 0.18 ND 
20:3 4.39 • 0.32 4.66 • 0.68 8.14 • 0.29 6.86 • 0.09 
20:4 18.42 • 0.54 17.56 • 1.11 17.97 • 0.43 17.36 • 2.24 
22:4 2.85 • 0.22 2.08 • 0.61 2.80 • 0.98 2.54 • 0.21 
22:5 1.58 • 0.21 1.74 • 0.50 2.01 • 0.57 1.88 • 0.51 
18:0/18:1 0.768 • 0.019 c 0.658 • 0.0645 1.013 • 0.019 d 1.051 • 0.054 d 
Total saturated 40.60 • 0.61 39.15 • 1.18 40.51 • 1.20 41.29 • 0.67 
Total monounsaturated 23.85 • 0.41 c 24.97 • 1.60 c 16.55 • 0.55 b 17.11 • 0.505 
Total polyunsaturated 35.52 +__ 0.88 35.85 • 1.55 42.86 • 1.69 41.60 • 0.40 

aValues given are means __ SEM; n = 5 for each group and each n represents two pooled colonic mucosae. 
Lipid composition was determined after 10 wk of dietary treatments. Horizontal means without a common 
superscript b-e are statistically different (P < 0.050). Rows without any superscripts contain values that are 
not significantly different. ND, not detectable. See Table 2 for abbreviations. 
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TABLE 4 

Fatty Acid Composition of Control and DMH-Treated Mucosal Triglycerides a 

Fatty Normal corn oil High corn oil 

acids Control DMH-treated Control DMH-treated 

14:0 1.15 + 0.12 1.25 + 1.00 0.43 + 0.06 0.60 + 0.06 
16:0 18.41 ___ 0.09 c 18.61 + 1.36 c 10.15 __. 1.00 b 11.26 ----. 0 .44  b 
16:1 7.59 __+ 0.42 c 8.19 _ 0.66 c 3.20 + 0.39 b 4.29 + 0.45 b 
18:0 1.25 + 0.16 c 1.41 --+_ 0.18 c 0.68 ---+ 0.20 c 0.85 _.+ 0.15 b 
18:1n-9 49.67 _+ 0.99 d 44.08 + 1.02 c 34.83 -- 1.02 b 34.21 _+ 0.33 b 
18:2n-6 20.91 +__ 0.71 b 25.89 + 1.78 c 49.56 -- 0 .89  d 48.59 +-- 0 .43  d 
18:3n-6 0.96 +_ 0.07 0.56 + 0.24 0.09 _ 0.05 0.21 + 0.13 
20:3n-6 ND ND 0.05 -!-- 0.05 ND 
20:4n-6 0.06 +_ 0.06 b ND 0.27 +- 0.11 b ND 
18:0/18:1 0.025 _.+ 0.003 b 0.030 q- 0 .005  b 0.019 ----- 0.006 b 0.025 +-- 0.004 b 
Total saturated 20.81 ___ 1.22 c 21.27 +_ 1.57 c 11.26 + 1.23 b 12.71 ----. 0 .05  b 
Total monounsaturated 57.27 __. 0.79 d 52.28 +__ 0.71 d 38.77 - 0.64 b 38.50 __- 0.28 b 
Total polyunsaturated 21.92 ___ 0 .75  b 26.45 + 1.63 b 49.97 _ 1.00 c 48.80 _+ 0.38 c 

aValues given are means + SEM; n -- 5, two pooled colonic mucosae/sample). Lipid composition was deter- 
mined after 10 wk of dietary treatments. Means in a row without a common superscript t~-d are significantly 
different (P < 0.050). ND, not detectable. See Table 2 for abbreviation. 

DISCUSSION 

Our objective was to investigate the effect of a high corn 
oil diet on prostanoid production and lipid composition 
of the preneoplastic colonic epithelium. Differences were 
observed between the colonic epithelium with preneo- 
plastic changes and normal colon. The levels of PGE2 in 
the DMH-treated, normal or high corn oil groups were 124 
and 178% higher, respectively, than in the corresponding 
control groups. The ratio between the levels of PGFlo 
and TXB2, the stable metabolites of PGIs and TXA2, 
was significantly lower in the DMH-treated groups than 
in the control groups. However, the fa t ty  acid composi- 
tion of the total phospholipid and triacylglycerol fractions 
was similar in the preneoplastic and normal colonic 
mucosa, regardless of the level of fat in the diet. The col- 
onic mucosa of the high corn oil DMH-treated group syn- 
thesized substantially higher levels of PGE 2 than did 
normal epitheliun~ However, this effect was masked when 
the DMH-treated colonic epithelia from the normal corn 
oil group were included in the analyses. There was no dif- 
ference in PGE2 production between the two DMH- 
treated groups. Recently, Rao and Reddy (13) have re- 
ported that  preneoplastic epithelium of animals fed a high 
corn oil diet synthesized significantly higher levels of 
PGE2 than did normal epithelium; however, animals fed 
normal corn oil diets were not included in their analyses. 
The subtle increase in the synthesis of PGE2 by prenec~ 
plastic colonic epithelium in the high corn oil group com- 
pared to the normal corn oil group may be significant 
when one considers the physiological potency of pro- 
stanoids. 

I t  is somewhat perplexing tha t  we found the PGE~ 
levels in the preneoplastic murine colonic epithelium of 
animals on the normal corn oil diet in the DMH-treated 
group only moderately elevated when compared with con- 
trols. Yamaguchi et al. (19) reported significantly higher 
levels of PGE2 in the colon of rats several weeks after 
they were exposed to a carcinogen. This may suggest that 
mice are more resistant to carcinogens or diet-induced 
changes in their colons than rats. Furthermore, the large 
intragroup variability observed in our study indicates that 
the number of animals per group should be larger. The 

rat io between the levels of PGFIr and TXB2 was 
significantly lower in the carcinogen-treated colonic mu- 
cosa, which supports the conjecture tha t  an imbalance in 
the ratio of these two eicosanoids may be important  in 
neoplastic cell growth (20). Since all eicosanoids measured 
in our s tudy are derived from arachidonic acid, it can be 
suggested that  the altered prostanoid production in pr~ 
neoplastic colons is well-regulated and may reflect a meta- 
bolic and/or an adaptive response of the neoplastic cells. 

I t  has been proposed that  a low saturation index, 
reflected in a consistently lower ratio of stearic to oleic 
acid in total lipid extracts of tumor  v s .  nontumor  areas, 
may be a marker for malignancy (21-23). Our findings pa~ 
tially support this suggestion. A significant decrease was 
observed in the ratio of 18:0/18:1 in the phospholipids of 
the mucosa in the normal corn oil DMH-treated group, 
but not in the high corn oil DMH-treated groul~ Although 
some of the changes were statistically significant, it is not 
clear to what  extent the changes are biologically signifi- 
cant. 

The changes in the production of prostanoids by 
preneoplastic colonic mucosa were not accompanied by 
changes in the fa t ty  acid composition of total phospho- 
lipids or trigiycerides. However, this does not exclude the 
possibility tha t  changes could occur within different 
phospholipid classes. There is limited information on the 
factors tha t  regulate the synthesis and utilization of pre, 
stanoids in tissues (24). Therefor~ further work is required 
on the various phospholipid classes and activities of en- 
zymes involved in prostanoid synthesis in the preneo- 
plastic colonic mucosa and in preneoplastic lesions. 

Our findings demonstrate tha t  prostanoid production 
is modified in the preneoplastic colon and tha t  colonic 
mucosa that  is preneoplasticly altered exhibits marked 
changes in the ratio of PGF1, and TXB2. The signifi- 
cance of these changes and their relationships to dietary 
lipids and tumorigenesis require further evaluation. 
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An Improved Method for the Measurement of Malondialdehyde 
in Biological Samples 
Xiu.Yan Li and Ching K. Chow* 
Department of Nutrition and Food Science, University of Kentucky, Lexington, Kentucky 40506-0054 

An improved method was developed for measuring malon- 
dialdehyde (MDA) as its thiobarbituric acid (TBA) complex. 
Samples were initially incubated with 1% potassium iodide 
and 0.1% butylated hydroxytoluene at 50~ for 20 min, 
and then with 0.4% TBA at 60~ for 60 min. The MDA- 
TBA complex formed was extracted with isobutyl alcohol 
and measured by high-performance liquid chromatography 
with fluorescence detection. The improved method allows 
for a more specific determination of MDA present in bio- 
logical samples. 
Lipids 29, 73-75 (1994). 

Due to its relative simplicity and high sensitivity, measure- 
ment of malondialdehyde (MDA) as thiobarbituric acid 
(TBA) adduct has been extensively used to assess the ex- 
tent of lipid peroxidation in a variety of pathological condi- 
tions (1). In recent years, many improved procedures for 
measuring the MDA-TBA chromophore have been reported 
(1-3). Factors, such as reaction time temperature and pH, 
as well as the presence of transition metals, antioxidants 
and reducing agents can markedly affect the formation of 
both the TBA-MDA chromophore and of artifacts during 
sample processing. We previously reported a selective and 
sensitive method for measuring MDA in biological samples 
using high-performance liquid chromatography (HPLC) with 
fluorescence detection (4). In the procedure described hem 
the possibility of artifact formation was further decreased 
by reacting the sample with KI prior to the formation of 
the MDA-TBA adduct. Thus, a more specific quantitation 
of MDA present in the assay system can be achieve(L In 
addition, the quantitative relationship between conjugated 
dienes, hydroperoxides and MDA was examined in perox- 
idized fatty acids. 

MATERIALS AND METHODS 

Chemicals and reagents. Butylated hydroxytoluene 
(BHT), TBA, linoleic acid, linolenic acid, 1,1,3,3-tetra- 
methoxypropane (TMP), KI, hydrogen peroxide (30%) and 
soybean lipoxygenase (type I) were purchased from Sigma 
Chemical Company (St. Louis, MO). Boric acid and iso- 
butyl alcohol were from Mallinckrodt (St. Louis, MO); 
methanol (HPLC grade), glacial acetic acid and hydro- 
chloric acid were from Fisher Scientific (Fair Lawn, N J); 
tetrabutylammonium dihydrogen phosphate was from 
Aldrich Chemical Company (Milwauke~ WI); and ethanol 
(95%) was from Midwest Grain Products of Illinois (Pekin, 
IL). 

*To whom correspondence should be addressed at: Department of 
Nutrition and Food Science, University of Kentucky, 219 Funkhouser 
Building, Lexington, KY 40506-0054. 
Abbreviations: BHT, butylated hydroxytoluene; HPLC, high-per- 
formance liquid chromatography; LOH, hydroxy fatty acid; LOOH, 
fatty acid hydroperoxide; MDA, malondialdehyde; TBA, thiobarbituric 
acid; TMP, 1,1,3,3-tetramethoxypropane. 

Preparation of standards. The stock solution of MDA 
was prepared by dissolving 0.1 M TMP in 0.02 N HCI. 
Hydrogen peroxide, 0.1 ~M, was prepared in distilled 
water. Working standards for MDA and hydrogen perox- 
id~ ranging from 0.1-10.0 gM, were prepared fresh before 
use. 

Enzymatic oxidation of fatty acids. Stock solutions of 
linoleic acid and linolenic acid (0.05 M) were prepared with 
20% ethanol in 0.1 M potassium borate buffer, pH 8.0. The 
stock solution (0.5 uL) was mixed with 2.5 mL of 0.1 M 
borate buffer. Samples were oxidized by adding 3,000 units 
of lipoxygenase (5) at room temperature. The contents 
were then aliquoted before and 10 min after the addition 
of lipoxygenase for measuring the levels of lipid perox- 
idation products, MDA, lipid hydroperoxides and con- 
jugated dienes. 

Measurement of lipid peroxidation products. For MDA 
measurements, aliquots of the enzymatically peroxidized 
fatty acids (50-200 ~LL) and MDA standards (0.1-1.0 nmol) 
were added to test tubes that contained 0.1 mL of 0.1% 
BHT in 95% ethanol and 0.5 mL of 1% KI in meth- 
anol/acetic acid (2:1, vol/vol). The test tubes were then in- 
cubated at 50~ for 20 min. After adding I mL 0.4% TBA 
in 0.02N HC1, the contents were incubated at 60~ for 
60 rain, cooled to room temperature and extracted with 
isobutyl alcohol The concentration of MDA was measured 
by HPLC with fluorescence detection using a C-18 reverse~ 
phase column as described previously (4). Tetrabutylam- 
monium dihydrogen phosphat~ 0.5%, was added to the 
mobile phase {methanol]water, 1:1, vol/vol) as ion-pairing 
reagent. 

The levels of diene conjugation in fatty acids were 
measured at 233 um {6}. Lipid hydroperoxides were quan- 
tified by the triiodide procedure described by Gebicki and 
Guille {7) using hydrogen peroxide as a standard. 

Measurement of MDA in biological samples. To evaluate 
the applicability of the procedure to biological samples, 
freshly obtained human plasma was assayed for MDA 
levels. One-tenth to one-half mL of plasma was pipetted 
into a test tube that contained 0.5 mL of 1% KI in meth- 
anol/acetic acid (2:1, vol/vol) and 0.1 mL of 0.1% BHT in 
95% ethanol After incubation at 50~ for 20 min, the con- 
tents were mixed with 0.5 mL 0.4% TBA in 0.02N HC1 
and incubated at 60~ for 60 min. The samples were then 
extracted with 2 mL of isobutyl alcohol and measured for 
relative fluorescence by HPLC as described above, The 
differences between the sample means were analyzed us- 
ing analysis of variance followed by Honest's multiple 
comparison test (Turkey Honest Significant Difference 
Test). A 95% (P < 0.05) of confidence level was used to 
determine statistical significance. 

RESULTS 

KI and BHT, individually or combined, had no effect 
on the formation of MDA-TBA chromophore over the 
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FIG. 1. Effect of KI and butylated hydroxytolueue on the forma- 
tion of conjugated dieues and hydroperoxidss. Linaleic acid (185) and 
linolenic acid (18:3) were incubated with Hpoxygenaee for 0 or 10 min. 
The reaction mixture consisted of 25/mzol fatty acid and 3,000 units 
of lipoxygeuase in 3.0 mL of 0.1 M borate buffer (8.33 tamol fatty 
acid/mL). Results are expressed as/anol of conjugated dienes or 
hydroperoxides/mL of reaction mixture. The values represent means 
+ standard deviation of five experiments. 

concentration range of 0.10-10/AVI. The same was ob- 
served when the concentrations of KI and BHT were 
doubled or halved (results not shown). 

The formation of conjugated dienes and hydroperoxides 
from linoleic acid and linolenic acid following reaction with 
lipoxygenase is shown in Figure 1. At 0 time, an average 
of 0.24 and 0.21 ~anol/mL of conjugated dienes and 0.07 
and 0.10 ~mol/mL of hydroperoxides were detected for 
linoleic acid and linolenic acid, respectively. Ten minutes 
after the addition of lipoxygenase, an average of 2.05 and 
1.38 ~mol/mL of conjugated diene and 1.65 and 1.18 
/~mol]mL of hydroperoxides were found for linoleic acid and 
linolenic acid, respectively. This compares to less than 
0.004 ~anol]mL of MDA-TBA detected in the peroxidized 

FIG. 2. Effect of KI and butylated hydroxytoluene (BHT) on the 
formation of malondialdehyde-thiobarbituric acid chromophore. 
Linoleic acid (18:2) and linolenic acid (18:3) were incubated with Hpox- 
ygeuase for 0 or 10 min. The values represent the mean ___ standard 
deviation of five experiments. See Figure 1 legends for additional 
experimental details. The means that have different lower case let- 
ters are significantly different (P < 0.05). 
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FIG. 3. Effect of KI and BHT on the measurement of MDA in human 
plasma The values represent the mean _+ standard deviation of fou~ 
teen samples. The means that have different lower case letters are 
significantly different (P < 0.05). See text for experimental details. 
Abbreviations: See Figure 2, and MDA, maloudialdehyde. 

linoleic acid and less than 0.08/~mol/mL in the peroxidized 
linolenic acid (Fig. 2) whether KI and]or BHT were in- 
cluded in the reaction mixture or not. As is also shown 
in Figure 2, the amounts of MDA-TBA found were highly 
variable depending upon the experimental conditions. The 
levels of MDA-TBA were decreased by the presence of 
BHT or KI in the reaction mixture; the addition of both 
KI and BHT had the greatest effect. 

The applicability of the method to measuring MDA in 
biological samples was tested on human plasma samples. 
As is shown in Figure 3, the MDA values were significant- 
ly lower for plasma samples prepared with KI and]or BHT 
than for those without. The averaged values of 14 plasma 
samples were 0.27, 0.36, 0.34 and 0.43 nmol]mL for 
samples treated with +KI  + BHT, +KI  - BHT, --KI 
+ BHLT and - K I  - BHT, respectively. 

D I S C U S S I O N  

Due to its sensitivity and simplicity, the measurement of 
the MDA-TBA chromophore has been widely employed 
to assess the extent of lipid peroxidatiorL However, autox- 
idation of unoxidized lipids and generation of MDA-like 
compounds during sample processing are among the most 
critical and confounding factors limiting the accurate 
measurement of MDA (1-4). In biological samples, the 
assay is further complicated by the nature of the perox- 
idized intermediates generated, their reactivity with other 
components, and by the presence of MDA-like compounds 
and their precursors. In the present study, an improved 
method for assaying MDA was developed based on pro- 
cedures previously reported by us (4) and others (8-10). 
The key feature of the assay is the prevention or reduc- 
tion of artifact formation by both KI and BHT during 
sample processing. A classic procedure for measuring lipid 
hydroperoxides in fats and otis is based on the ability of 
KI to reduce lipid hydroperoxides (LOOH), except en- 
doperoxides, to their corresponding alcohols (LOH) (Reac- 
tion I) (8,9). Iodometric procedures have been preposed 
for measuring lipid hydroperoxides in biological samples 
(7,9}. 

LOOH + 2H + + 2 I- -* LOH + H20 -F 12 (Reaction I) 

LIPIDS, Vol. 29, no. 1 (1994) 



METHOD 

75 

The ability of KI to reduce lipid hydroperoxides also 
reduces free radical generation via homolytic cleavag~ In 
addition, KI  and/or released I2 may saturate  double 
bonds of unsatura ted  fa t ty  acids (10) and thus  fur ther  
decrease the autoxidation potential of the fa t ty  acids pre- 
sent. KI  seems to complement the antioxidant  proper ty  
of BHT. In the presence of bo th  KI  and BHT, the genera- 
t ion of MDA or MDA-like substances from unoxidized 
fat ty  acids, hydroperoxides or other biomolecuies can thus 
be prevented or minimized. However, i t  remains possible 
tha t  not  all types of art ifacts formation are prevented 
under  these experimental  conditions. 

As is shown in Figures 1 and 2, only small and highly 
variable amounts  of lipid hydroperoxides were converted 
to MDA. Therefor~ est imation of MDA p e r  se  is not  a 
reliable measure of lipid hydroperoxides. Similarly, as is 
also shown in Figure 1, the levels of conjugated dienes 
vary  widely depending on the state  of oxidation; thus, 
est imation of conjugated diene is not  a suitable measure 
of lipid hydroperoxides, either. 

I t  has long been recognized tha t  MDA and other  alde ~ 
hydes can be metabolized in v ivo  and in vi tro by aldehyde 
dehydrogenases and related enzymes (6,11-13}. In addi- 
tion, MDA may react with various cellular components  
and thereby decrease cellular levels. Thus, the MDA levels 
present in fresh biological samples can be expected to be 
very low. The MDA levels measured as TBA values and 
reported for normal human plasma varied widely and 
ranged from 0.32 to 47.2 nmol /mL (3). Whether the average 
MDA levels in human plasma measured in the present 
study, 0.27 nmol/mL, represents the steady-state concen- 
t rat ion remains to be seen. Nevertheless, by fur ther  
decreasing the possibility of art ifact  formation during 

sample processing, the present method is an improvement 
over the quite selective and sensitive method we reported 
previously (4), and affords a more specific measurement  
of MDA present in biological samples. 
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Molecular Species of Choline and Ethanolamine Glycerophospholipids 
in Rat Brain Myelin During Development 
C. Leray a, L.L. Sarlieve a, H. Dreyfus a, R. Massarelli a, L. Binaglia b and L. Freysz a,* 
acentre de Neurochimie du CNRS, Laboratoire de Neurobiologie Moldculaire des Interactions Cellulaires, UPR416, 67084 Strasbourg 
Cedex, France and blnstitute of Biochemistry and Medical Chemistry, University of Perugia, 06100 Perugia, Italy 

The composition of the molecular species of various 
phospholipid subclasses was examined in myelin isolated 
from brain of 15-, 21- and 90-day-old rats. The molecular 
species of diacylglycerophosphocholine (PtdCho), diacyl- 
glycerophosphoethanolamine (PtdEtn) and plasmenyl- 
ethanolamine (PlsEtn) were quantified by high-perform- 
ance liquid chromatography (HPLC) after phospholipase 
C treatment and dinitrobenzoyl derivatization. In rat 
brain myelin, each phospholipid subclass showed a spe- 
cific pattern of molecular species that changed during 
development. PtdCho contained large amounts of satu- 
rated/monounsaturated and disaturated species and low 
amounts of saturated/polyunsaturated species. During 
brain development, the levels of saturated/monounsatu- 
rated molecular species increased whereas those of the 
disaturated and saturated/polyunsaturated species 
decreased. PtdEtn were characterized by their low levels 
of disaturated species and a high content of saturated/mo- 
nounsaturated and saturated/polyunsaturated species, of 
which those containing fat ty acids of the n-3 series 
decreased, whereas those containing fatty acids of the n-6 
series did not change during brain development. The 
levels of saturated/monounsaturated species increased in 
PtdEtn. No disaturated molecular species could be de- 
tected in PlsEtn. This alkenylacyl subclass contained 
large amounts of saturated/polyunsaturated, saturated/ 
monounsaturated and dimonounsaturated molecular 
species. During development, the levels of saturated/poly- 
unsaturated molecular species decreased while those of 
the two others increased. The data indicated that  myelin 
sheaths undergo phospholipid changes during brain 
development and maturation. 
Lipids 29, 77-81 (1994). 

In the central nervous system, myelin is formed by oligo- 
dendroglial cells and constitutes the major portion of 
these cells (1,2). A number of observations support the 
idea that myelin sheaths are assembled by successive ad- 
dition of myelin components to the plasma membrane of 
oligodendroglial cells, leading to changes in the composi- 
tion of this membrane during maturation (3-6). During 
the early stage of myelin development, myelin lipids vary 
among species more than do the lipids of other subcellular 
fractions (7,8). Changes have also been observed for the 
various phospholipid classes. As myelination proceeds, the 
content of phosphatidylcholine (PtdCho) on a percent 
basis decreases, whereas plasmenylethanolamine (PlsEtn) 

*To whom correspondence should be addressed at Centre de 
Neurochimie du CNRS (UPR 416), 5 rue Blaise Pascal, 67084 
Strasbourg Cedex, France. 
Abbreviations: HPLC, high-performance liquid chromatography; 
PlsEtn, plasmenylethanolamine; PtdCho, phosphatidylcholine; 
PtdEtn, phosphatidylethanolamine; TLC, thin-layer chromatography. 

and polyphosphoinositide levels increase several fold 
(3,8-10). Moreover, each class of phospholipids is char- 
acterized by a specific fatty acid composition suggesting 
that each class is a mixture of a large number of well- 
defined molecular species (4,11,12). The fact that the 
phospholipid fatty acid distribution changes during 
myelin maturation (5,13) suggests that specific molecular 
species are required to support the characteristic functions 
of this membrane. However, the analysis of total fatty 
acids alone cannot describe the changes in the distribu- 
tion of myelin phospholipid molecular species during 
development. Therefore, a study was undertaken to deter- 
mine the PtdCh(~ phosphatidylethanolamine (PtdEtn) and 
PlsEtn molecular species in rat brain myelin in the course 
of maturation. 

MATERIALS AND METHODS 
Isolation of rat brain myelin. Rats were bred in our own 
animal facility. Before being used in this study, rats had 
been fed for several generations on a pelleted diet contain- 
ing linoleic and linolenic acids (54.5 and 4.2% by weight 
of the lipid fraction, respectively) as the only polyun- 
saturated fatty acids. Whole brains of 15- or 21-day-old 
or adult rats were excised and homogenized in 0.32 M 
sucrose, and the myelin was isolated according to the 
method by Norton and Poduslo (8) adapted for different 
ages. To isolate myelin from 15- and 20-day-old rats in- 
volved keeping the amount of brain per tube constant (ap- 
proximately 5%, wt/vol) in the first step to minimize con- 
tamination. With this modification, preparations of simi- 
lar purity (at least 95% pure) were obtained at all ages 
examined (8). The myelin fractions were stored after 
lyopbillzation at -80~  until use. 

Extraction and characterization of phospholipid molecu- 
lar species. Lipids from lyophilized myelin were extracted 
and partitioned according to the procedure of Folch et aL 
(14). Choline and ethanolamine phospholipids were sepa- 
rated by one-dimensional thin-layer chromatography 
(TLC) after purification by silicic acid column chroma- 
tography (15). 

The molecular species composition of each phospholipid 
subclass was determined by high-performance liquid 
chromatography (HPLC) of the dinitrobenzoyl derivatives. 
Briefly, diradylglycerols were prepared by hydrolysis of 
each phospholipid class with phospholipase C from 
Bacillus cereus (Sigma Chemical Co., St. Louis, MO) and 
then converted to their dinitrobenzoyl derivatives as 
reported by Kito et al. (16) and Francescangeli et al. (17). 
The diacyl-, alkylacyl- and alkenylacylglycerol derivatives 
were separated by TLC (Silica Gel G60 plates; Merck, 
Darmstadt, Germany) using benzene as solvent (R~ 
values of 0.23, 0.39 and 0.56 respectively; Ref. 18). The 
molecular species of each subclass were eluted with 
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hexane/diethyl ether (1:1, vol/vol) from the silica gel and 
characterized and quantified by HPLC {column 4.6 mm 
• 15 cm Resolve Cls, 5/~-n; Waters Cidra, Puerto Rico}, 
using acetonitrile as solvent at a flow rate of 2 mL/min 
at  13~ and ultraviolet detection at  230 nm. Data  were 
processed with a Spectra physics SP 4290 integrator (San 
Jose, CA). Individual molecular species were identified as 
reported by Leray et al. {18} by gas-l iquid chromatog- 
raphy (15}, using various diacylglycerol species from com- 
mercial sources (Larodan Fine Chemicals, Malm6~ Sweden} 
as standards and by developing a RRT/carbon number plot 
as previously described (19,20}. 

The phospholipid composition of myelin was assessed 
by phosphorus analysis (21) after  separating phospho- 
lipids by two-dimensional TLC (22}. 

RESULTS 

Phospholipid composition of rat myelin during develop- 
ment. The phospholipid composition of the myelin isolated 
from rat  brain at  different ages is presented in Table 1. 
The data  show tha t  between the 15th and 90th day the 
percentages of .PtdCho and P t d E t n  decreased by about  
18 and 62%, respectively. This decrease was compensated 
for by a large increase (about 90%) in P lsEtn  levels 
whereas the percentages of the other phospholipid did not 
change significantly. 

Molecular species of choline and ethanolamine phos- 
pholipids. Molecular species analysis of P tdCh~ P t d E t n  
and PlsEtn  revealed tha t  each of these classes contained 
about 17 well-defined molecular species (Fig. 1). In myelin 
of 15-day-old rats, each class had a specific pa t te rn  
of molecular species tha t  changed in the course of 
development. 

PtdCho. In myelin of young rats, the saturated]monoun- 
saturated species and specifically 16:0/18:1n-9 and 
18:0/18:1n-9 {Table 2) amounted to about  55%. The con- 
tent  of saturated/monounsaturated species increased in 
adult  myelin to about  70% resulting from the increase in 
18:0/18:1n-9 {from 18 to 33%} while the 16:0/18:1n-9 levels 
remained unchanged. PtdCho also contained a large 
amount  {about 24%) of the disaturated species 14:0/16:0, 
16:0/16:0 and 16:0/18:0, which decreased between 2- and 

TABLE 1 

Phospholipid Composition of Brain Myelin During Development a 

Age 

15 days 20 days Adult 

PtdCho 35.15 • 1.16 35.89 _ 1.51 28.81 • 1.05 
PtdEtn 27.11 ___ 1.79 15.25 • 2,18 10.24 • 2.02 
PlsEtn 17.06 -4- 1.24 19.21 _ 1.61 32,41 _ 2.61 
PtdSer 11.25 • 0.37 10.62 • 0.59 11.77 _ 0.41 
PtdIns 1.33 __- 0.17 3.85 • 0.77 2.50 _ 0.62 
PtdOH 1.93 • 0.07 2.79 • 0,14 2.39 • 0.12 
CerPCho 5.56 • 0.13 6.89 • 0,68 6.03 +__ 0.77 
aThe phospholipid composition is expressed in mol%. The values are 
the means + SD of duplicate determinations from three different 
experiments. Abbreviations: PtdCho, phosphatidylcholJne; PtclEtn, 
phosphatidylethanolamine; PlsEtn, plasmenylethanolamine; PtdSer, 
phosphatidylserine; PtdIns, phosphatidylinositol; PtdOH, phos- 
phatidic acid; CerPCho, sphingomyelin. 
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FIG. 1. High-performance liquid chromatography (HPLC) separa- 
tion of molecular species of diuitrobenzoylated diradylglycerols ob- 
tained from a) phosphatidyleholine, b) phosphatidylethanolRmine and 
c) plasmenylethanolamine of 1-month~ld rat brain myelin. Phos- 
pholipids were purified, derivatized and subjected to reverse-phase 
HPLC as described under Material and Methods. Detection was by 
absorption at 230 nm. The peak numbers corresponds to those in 
Tables 2 to 4. 
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TABLE 2 

Phosphatidylcholine Molecular Species of Rat Brain Myelin During Development a 

Peak Molecular Age 
number species 15 days 20 days Adult 

1 18:1 /22:6n-3  0 .60  + 0.01 0 .63  + 0 .03  0 .10  __ 0 .01  
2 16:0 /22:6n-3  1.57 +_ 0 .37  1.90 --+ 0 .09  1.10 +_ 0 .22  
3 18:1 /20:4n-6  0 .73  + 0 .10  0 .67  + 0 .10  0 .60  +_ 0 .01  
4 16:0 /22:5n-3  b _ _ 
5 16:0 /20:4n-6  3.33 + 0 .07  2 .33  ----- 0 .05  1.67 +-- 0 .05  
6 18:1 /18:2n-6  0.71 __. 0 .01 0 .80  +-- 0 .05  0 .50  +_ 0 .01  
7 16:0 /18:2n-6  2 .57  +-- 0 .03  1.03 --+ 0 .07  2 .23  _+ 0.61 
8 18:0 /22:6n-3  2 .03  +__ 0 .03  3.03 +-- 0 .47  0 .77  +_ 0 .35  
9 14:0 /16:0  3 .60  +_ 0 .09  1.37 +-- 0 .27  0 .47  +_ 0 .20  

10 16:0 /22:4n-6  - -  - -  - -  

11 16:0 /20:3n-6  - -  - -  - -  
12 18:0 /22:5n-3  - -  - -  - -  
13 18:0 /20:4n-6  5 .40  _ 0 .34  4 .50  + 0.21 3.57 +_ 0 .17  
14 18:1 /18:1n-9  4 .43  + 0 .12  5 .03  + 0 .07  4.63 + 0.31 
15 16:0 /18:1n-9  34 .63  + 0 .67  34 .13  + 0 .22  36.67 + 0.41 
16 18:0 /18:2n-6  - -  - -  - -  
17 16:0/16:0  16.17 +_ 0 .40  12 .53  + 0 .03  8 .30  +_ 0 .79  
18 18:0 /22:4n-6  0 .57  + 0 .05  0 .90  + 0 .24  0 .83  + 0 .09  
19 18:0 /20:3n-6  - -  - -  - -  
20  18:1 /20:1n-9  0 .77  + 0 .07  1.20 + 0 .03  1.10 + 0 .09  
21 16:0 /20:1n-9  0 .19  + 0.01 0 .23  + 0 .03  1.83 + 0 .39  
22 18:0 /18:1n-9  18.27 + 0 .30  24 .33  + 0 .35  33 .00  +-- 0 .75  
23 16:0/18:0  4 .10  + 0 .17  4.57 + 0 .03  1.97 + 0 .23  

aResults are expressed in mol% and represent the mean values 
minations from three different experiments. 
b_, Not detected. 

___ SD of duplicate deter- 

7-fold in adult myelin. The polyunsaturated molecular 
species amounted to only about 17% in myelin of 15-day- 
old rats, the major molecular species being 16"0/22:6n-3, 
18:0/22:6n-3, 16:0/20:4n-6 and 18:0/20:4n-6. The percentage 
of the saturated/polyunsaturated species decreased about 
1.5- to 2.0-fold in adult myelin. 

PtdEtn. In contrast to PtdCh~ the PtdEtn of 15-day- 
old rat brain myelin contained much less saturated/mo- 
nounsaturated molecular species (about 27%) and only 
very low amounts of saturated/saturated species (about 
5%) (Table 3). About 58% of the molecular species were 
saturated/polyunsaturated, including 18:0/22:6n-3 and 
18:0/20:4n-6. This subclass also contained noticeable 
amounts of 18:0/22:4n-6, which was essentially absent in 
PtdCho. During development, a 2- and 5-fold decrease, 
respectively, in the percentages of 22:6n-3 containing 
molecular species and in disaturated species was ob- 
served whereas species containing 20:4n-6 remained un- 
changed while the percentage of 18"0/22:4n-6 nearly 
doubled. Among the saturated/monounsaturated species, 
only 18:0/18:1n-9 increased (about 1.8-fold) whereas 
16:0/18:1n-9 decreased by approximately 30%. No signifi- 
cant changes were observed in dimonounsaturated 
molecular species. 

PlsEtn. This subclass was characterized by the absence 
of saturated/saturated species (Table 4). About 60% of the 
molecular species contained polyunsaturated fatty acids 
in position-2 of the glycerol, mainly 22:6n-3 and 20:4n-6, 
but  also noticeable amounts of 22:5n-3 and 22:4n-6. The 
saturated/monounsaturated species accounted for about 
25% (mainly 16:0/18:1n-9, 18:0/18:1n-9) with appreciable 
amounts of dimonounsaturated species (about 15%), 
mainly 18:1/18:1n-9 and 18:1/20:1n-9. The maturation of 

myelin was associated with a 2- to 4-fold decrease in 
molecular species containing 22:6n-3 and 20:4n-6 except 
for 18:1/20:4n-6, which remained constant. This decrease 
was compensated for by a 2- to 4-fold increase in 
saturated]monounsaturated molecular species except for 
16:0/18:1n-9 which did not change significantly. In con- 
trast to PtdCho and PtdEtn, the dimonounsaturated 
species (18:1/18:1n-9 and 18:1/20:1n-9) in PlsEtn increased 
significantly (about 2- to 3-fold). 

DISCUSSION 

Myelinogenesis begins in rat brain at about the 10th day 
after birth. The maximum rate of myelination occurs be- 
tween the 15th and 30th day after birth, but myelination 
continues at a lower rate throughout life Earlier studies 
showed that although the proportion of total protein to 
total lipids appears to be relatively constant at all ages, 
the myelin in brains of young animals has a different com- 
position than that of adults. Major changes are the in- 
crease in total galactolipids and the decrease in total 
phospholipids (5). Our data show a decrease in PtdCho and 
PtdEtn with age" which is compensated for by an increase 
in PlsEtn. The percentage of the other phospholipids does 
not change significantly. These observations are in agree 
ment with those reported by Horrocks (7) and Eng and 
Noble {9), and it was suggested that the molecular species 
of the various phospholipids may also undergo develop- 
mental changes. The findings of a decrease in polyun- 
saturated fatty acids and an increase in monoenoic acids 
in the various myelin phospholipid subclasses are consis- 
tent with this hypothesis. However, until now no conclu- 
sions could be drawn as to the type of molecular species 
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T A B L E  3 

Phosphat idylethanolamine Molecular Species of Rat  Brain Myelin During Development s 

Peak Molecular Age 
num ber  species 15 days  20 days  Adul t  

1 18:1/22:6n-3 2.40 • 0.08 2.03 • 0.14 1.07 • 0.10 
2 16:0/22:6n-3 7.07 • 0.24 5.53 • 0.34 3.20 • 0.05 
3 18:1/20:4n-6 3.00 --- 0.08 3.37 • 0.33 3.97 • 0.15 
4 16:0/22:5n-3 b _ _ 
5 16:0/20:4n-6 2.83 • 0.03 2.23 • 0.19 2.87 • 0.03 
6 18:1/18:2n-6 0.47 ___ 0.03 1.37 • 0.15 1.40 • 0.34 
7 16:0/18:2n-6 --  --  - -  
8 18:0/22:6n-3 17.30 • 0.50 18,13 • 0.54 11.47 • 0.63 
9 14:0/16:0 - -  - -  - -  

10 16:0/22:4n-6 1.73 • 0,12 1.47 • 0.22 1.33 • 0.10 
11 16:0/20:3n-6 --  --  - -  
12 18:0/22:5n-3 --  --  - -  
13 18:0/20:4n-6 18.47 • 0.51 16,00 • 0.69 18.00 + 0.54 
14 18:1/18:1n-9 8.63 • 0.23 10.03 • 0.64 9.77 • 0.30 
15 16:0/18:1n-9 11.43 • 0.75 9,93 • 1.71 8.00 • 0.26 
16 18:0/18:2n-6 --  1.27 • 0.14 1.03 • 0.15 
17 16:0/16:0 3.97 • 0.60 3.43 • 0.60 0.73 • 0.17 
18 18:0/22:4n-6 4.63 • 0.12 4.77 • 0.33 8.53 • 2.03 
19 18:0/20:3n-6 - -  --  - -  
20 18:1/20:1n-9 1.17 • 0.03 1.90 • 0.05 2.57 • 0.10 
21 16:0/20:1n-9 --  --  0.97 • 0.19 
22 18:0/18:1n-9 14.80 • 0.05 17.07 • 0.52 26.23 ---+ 1.99 
23 16:0/18:0 1.37 • 0.17 1.17 • 0.07 --  

aResults are expressed in mol% and represent  the means  values 
mina t ions  f rom three different exper iments .  
b , Not  detected. 

• SD of duplicate deter- 

T A B L E  4 

Plasmenylethanolamine Molecular Species of Rat Brain Myelin Dur ing  Development a 

Peak Molecular Age 
num ber  species b 15 days  20 days  Adul t  

1 18:1/22:6n-3 4.10 • 0.08 4.03 -- 0.07 1.10 _ 0.05 
2 16:0/22:6n-3 7.40 • 0.54 5.23 • 0.07 1.60 • 0.08 
3 18:1/20:4n-6 4.70 • 0.33 5.13 • 0.14 5.37 • 0.33 
4 16:0/22:5n-3 1.93 • 0.29 0.90 • 0.33 1.87 • 0.33 
5 16:0/20:4n-6 6.13 --+ 0.40 4.00 • 0.05 1.87 • 0.47 
6 18:1/18:2n-6 _ c  _ _ 
7 16:0/18:2n-6 --  --  - -  
8 18:0/22:6n-3 14.23 • 1.35 13.00 • 0.53 8.00 • 0.21 
9 1 4 : 0 1 1 6 : 0  - -  - -  - -  

i 0  1 6 : 0 / 2 2 : 4 n - 6  5 . 4 7  • 0 . 1 2  4 . 6 7  • 0 . 2 6  2 . 4 7  • 0 . 1 7  

11 16:0~20:3n-6 1.25 • 0.20 2.40 • 0.57 - -  
12 18:0/22:5n-3 2.50 • 0.80 1.87 • 0.83 1.30 • 0.35 
13 18:0/20:4n-6 7.87 • 0.31 6.97 • 0.03 4.77 • 0.11 
14 18:1/18:1n-9 11.33 • 0.44 15.00 • 0.42 30.43 • 1.03 
15 16:0/18:1n-9 11.77 • 0.80 13.63 • 0.44 14.07 • 0.29 
16  1 8 : 0 / 1 8 : 2 n - 6  - -  - -  - -  

17 16:0/16:0 --  --  - -  
18 18:0/22:4n-6 4.03 + 0.21 4.23 • 0.11 2.67 • 0.03 
19 18:0/20:3n-6 1.50 • 0.25 1.70 • 0.05 0.50 + 0.11 
20 18:1/20:1n-9 3.53 • 0.21 4.17 • 0.15 7.30 • 0.29 
21 16:0/20:1n-9 0.73 • 0.19 0.63 • 0.23 3.17 • 0.15 
22 18:0/18:1n-9 9.63 • 0.77 13.47 • 0.48 14.27 • 1.18 
2 3  1 6 : 0 / 1 8 : 0  - -  - -  - -  

aResults are expressed in tool% and represent the mean values ___ SD of duplicate deter- 
minations from three different experiments. 
bThe vinyl bond is not counted when listing double bonds of the alk-l-enyl chain located 
in position 1. 
c_, Not detected. 
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involved in these developmental changes, since phos- 
pholipid fa t ty  acid composition alone does not  indicated 
the combinations of fa t ty  acids tha t  are present in a par- 
ticular phospholipid. 

In rat  brain myelin, each phospholipid subclass showed 
a specific molecular species composition (Tables 2-4) as 
had been shown for whole brain (23) and cerebellum (18). 

Although specific changes were observed in each phos- 
pholipid subclass, the major changes were the marked in- 
crease in only the 18:0/18:1n-9 species in PtdCho and 
P t d E t n  and in the 18:0/18:1n-9 and 18:1/18:1n-9 species 
in PlsEtn,  confirming our hypothesis tha t  these two 
molecular species are preferentially located in the myelin 
sheaths (18). The increases were mainly compensated for 
by a decrease in disaturated and/or polyunsaturated fa t ty  
acid containing species. Ousley and More]] (24) reported 
that  in rat  myelin the different molecular species of choline 
and ethanolamine phospholipids turned over at different 
rates, and that  for both phospholipids the 18:0/18:1 species 
had the slowest turnover. I t  thus  becomes clear that,  dur- 
ing maturation, myelin becomes enriched in phospholipid 
molecular species with slow turnovers, indicating tha t  
myelin may require specific phospholipids to maintain 
function. 

One of the major issues raised by the present observa- 
tions concerns the mechanism by which the specific phos- 
pholipid composition of the myelin and changes during 
maturat ion may be controlled. The assembly of the phos- 
pholipids in myelin involves the synthesis of the various 
molecular species, their t ransport  to the membrane, their 
sorting and insertion into the membrane, as well as subse- 
quent  fa t ty  acid remodelling. The addition of newly syn- 
thesized lipids to myelin does not  depend on the addition 
of newly synthesized protein (25). Thus, the assembly of 
specific phospholipids in myelin is not  only controlled by 
the mechanisms tha t  regulate their insertion into this 
membrane, but  also by the mechanisms that  regulate their 
synthesis, their t ranspor t  and the remodelling of their 
fa t ty  acid composition. 

The de novo synthesis of phospholipids occurs in the 
endoplasmic reticulum of the oligodendroglial cells which 
is followed by t ransport  to the plasma membrane  In this 
respect, the observations tha t  the synthesis of polyun- 
saturated fa t ty  acids decreases greatly, whereas tha t  of 
saturated and monounsatura ted fa t ty  acids is maximal 
during intense myelination (26), suggest tha t  the increase 
in 18:0/18:1n-9 phospholipids in myelin may be controll- 
ed at the site of their synthesis and not  by lipid transfer  
proteins involved in their  transport .  However, this would 
not  explain the different phospholipid molecular species 
composition in the various intracellular membranes. 
Therefore it seems likely tha t  the specific assembly of 
phospholipid molecules in myelin may also be controlled 
by mechanisms involved in the sort ing and integration 
of the various molecular species. I t  appears likely tha t  
various enzymes of phospholipid metabolism part icipate 
in this control. The presence of such enzymes in myelin 
sheaths, including phospholipases (27,28), acyl-CoA:lyso- 
phospholipid acyltransferases (29), acyl-CoA:synthetase 
(30) and choline and ethanolamine phosphotransferases 
(31), is consistent with this hypothesis. These enzymes 

would be expected to participate in the remodelling of cer- 
tain phospholipid molecules in the myelin in the course 
of maturation.  
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Synthesis of a Phosphatidyl Derivative of Vitamin E and Its 
Antioxidant Activity in Phospholipid Bilayers 
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aNoda Institute for Scientific Research, Noda-shi, Chiba 278, bNational Food Research Institute, Ministry of Agriculture, Forestry and Fish- 
eries, Tsukuba-shi, Ibaraki 305 and CDepartment of Chemistry, Faculty of Science, Ehime University, Matsuyama-shi, Ehime 790, Japan 

A nove l  phospho l ip id  conta in ing  a c h r o m a n o l  s t ruc ture  
at i ts  po lar  head  group w a s  s y n t h e s i z e d  f rom egg  yo lk  
p h o s p h a t i d y l c h o l i n e  and 2,5 ,7 ,8-tetramethyl-6-hydroxy-  
2 - (hydroxye thy l ) chroman  by t ransphosphat idy la t ion  cat- 
a lyzed  by phospho l ipase  D from Streptomyces lydicus. 
The s truc ture  of  the  product  s y n t h e s i z e d  w a s  s h o w n  by 
spectra l  analys i s  to  be  1,2-diacyl-sn-glycero-3-phospho-2'-  
hydroxyethy l -2 ' ,5 ' ,7 ' ,8 ' - t e tramethy l -6 ' -hydroxychroman.  
The p h o s p h a t i d y l c h r o m a n o l  (PCh) s h o w e d  ant iox idant  
a c t i v i t y  aga in s t  rad ica l  c h a i n  o x i d a t i o n  o f  m e t h y l  
l ino leate  in so lut ion  in a m a n n e r  s imi lar  to that  ofd-~-to-  
cophero l  (a-Toc) and 2,2 ,5 ,7 ,8-pentamethyl-6-chromanoL 
However ,  PCh w a s  less  e f fect ive  as a cha in-break ing  an- 
t iox idant  than  w a s  a-Toc w h e n  un i lamel lar  egg  yo lk  
p h o s p h a t i d y l c h o l i n e  l i p o s o m e s  w e r e  e x p o s e d  to e i ther  a 
watemso lub le  or  a l ip id-soluble  radical  init iator.  It is  
l ike ly  that  the  phospho l ip id  nature  of  PCh affects  the  lo- 
ca t ion  and the  mobi l i ty  o f  the  c h r o m a n o l  m o i e t y  in the  
m e m b r a n e  b i layer  resu l t ing  in a d e c r e a s e  in ant iox idant  
activity.  On the  o ther  hand,  the  ant iox id~nt  ac t iv i ty  of  
PCh w a s  l i t t le  di f ferent  f rom that  of  a-Toc in , n i l a m e l l a r  
l i p o s o m e s  w h e n  e x p o s e d  to a l ip id-soluble  radical  initia- 
tor in the  p r e s e n c e  of  ascorbic  acid. It  appears  that  PCh 
in phospho l ip id  b i layers  can be  r e g e n e r a t e d  by ascorbic  
acid in aqueous  phase  as can  be  a-Toc. The n e w  phospho-  
l ipid,  p h osp h at id y l chromano l ,  shou ld  prove  useful  as a 
cha in -break ing  ant iox idant  in phospho l ip id  m e m b r a n e s .  
Lipids 29, 83-89 (1994). 

Lipid peroxidation in biomembranes contributes signifi- 
cantly to oxidative damage in biological systems (1). It  is 
also known tha t  biomembranes possess an antioxidant  
defense against  lipid peroxidation (2), in which d-u-toco- 
pherol (a-Toc) is thought  to act as a potent  chain-break- 
ing reagent  (3). The mechanism of radical scavenging by 
a-Toc in homogenous solution is well understood (4,5). It  
is also known tha t  a-Toc prevents phospholipid peroxi- 
dation in biomembranes (6-8). Although a number  of 
studies have been under taken  using liposomes as a 
membrane  model (6-10), the mechanism of antioxidant  
action of r in biomembranes is still not entirely 

*To whom correspondence should be addressed at Noda Institute 
for Scientific Research, 399 Noda, Noda-Shi, Chiba 278, Japan. 
Abbreviations: AAPH, 2,2'-azobis(2-amidinopropane) hydrochlo- 
ride; AMVN, 2,2'-azobis(2,4-dimethylvaleronitrile); AsA, ascorbic 
acid; DTPA, diethylenetriaminepentaaeetic acid; HPLC, high-per- 
formance liquid chromatography; LUV, large unilamellar vesicles; 
MeL-OOH, methyl linoleate hydroperoxides; NMR, nuclear mag- 
netic resonance; PA, phosphatidic acid; PC, phosphatidylcholine; 
PCh, phosphatidylchromanol; PC-OOH, phosphatidylcholine hy- 
droperoxides; PLD, phospholipase D; PMC, 2,2,5,7,8-pentamethyl- 
6-chromanol; SIMS, sputtered ion mass spectrometry; TLC, thin- 
layer chromatography; a-Toc, d-a-tocopherol; Toc-Et, 2,5,7,8- 
tetramethyl-6-hydroxy-2-(hydroxyethyl)chroman. 
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FIG. 1. Molecular structures of d-a-tocopherol,  (a-Toc), 
2 ,2,5,7,8-pentamethyl-6-chromanol (PMC), 2,5,7,8-tetram- 
e thyl -6-hydroxy-2- (hydroxyethyl )chroman (Toc-Et) and 
phosphat idylchromanol  (PCh). 

clear. In particular, the location in the phospholipid bi- 
layer  of the chromanol ring, which is the active moiety 
of a-Toc for radical-scavenging tha t  interferes with the 
reaction with chain-propagating lipid peroxyl radicals, 
is still a subject of discussion (10-13). 

The t ransphosphat idylat ion activity of phospholipase 
D (PLD) is commonly used to modify the polar head 
group of phospholipids (14,15). We previously described 
the synthesis of 6-phosphatidyl-L-ascorbic acid cat- 
alyzed by PLD (16). This phosphatidyl derivative of 
ascorbic acid was shown to prevent  liposomal lipid oxi- 
dation more effectively than  ascorbic acid (17). This, in 
turn,  prompted us to synthesize a phospholipid contain- 
ing a chromanol ring, as such an a-Toc analogue would 
seem helpful in investigating the antioxidant  action of 
a-Toc in membranes.  

In the present  work, we report  on the synthesis of a 
new phospholipid containing a chromanol ring (Fig. 1), 
as well as on the antioxidant  activity of the phos- 
phatidylchromanol (PCh) synthesized in unilamellar  li- 
posomes and in hexane/isopropanol solution. 

MATERIALS AND METHODS 

Chemicals. Phosphatidylcholine (PC) from egg yolk and 
dimyristoyl PC were purchased from Sigma Chemical 
Co. (St. Louis, MO). d-a-Toc and 2,2,5,7,8-pentamethyl- 
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6-chromanol (PMC) (Fig. 1) were obtained from Eisai 
Co. (Tokyo, Japan). 2,5,7,8-Tetramethyl-6-hydroxy-2- 
(hydroxyethyl)chroman (Toc-Et) was kindly supplied by 
Kuraray Co. Ltd. (Kurashiki, Japan) (Fig. 1). PLD from 
Streptomyces lydicus was kindly supplied by Honen Co. 
(Yokohama, Japan). 2,2'-Azobis(2-amidinopropane) di- 
hydrochloride (AAPH) and 2,2'-azobis(2,4-dimethyl- 
valeronitrile) (AMVN) were obtained from Wako Pure 
Chemical Co. (Osaka, Japan). All other chemicals used 
were of reagent grade. 

Preparation of PCh. PCh was synthesized by reacting 
2.5 mL of 25 mM egg yolk PC and 25 mM Toc-Et in di- 
ethyl ether and 25 mL of 10 U of PLD and 10 mM CaC12 
in 10 mM acetate buffer (pH 5.1) at 37~ with continu- 
ous shaking. After 2 h of incubation, 3 mL of 6 N HC1 
was added, and the product was extracted three times 
with 30 mL of chloroform/methanol (2:1, vol/vol). The 
combined chloroform layers were washed with 20 mL of 
water, and evaporated in a rotary evaporator. The 
residue was dissolved in chloroform/methanol (95:5, 
vol/vol) at 10 mg/mL and placed onto a silica gel column 
(Lichroprep Si 60 40--63 lam; Merck, Darmstadt, Ger- 
many) that had previously been equilibrated with the 
same solvent. The product was eluted at a flow rate of 
1.8 mL/min, 1.0-mL fractions were collected, and frac- 
tions were monitored by thin-layer chromatography 
(TLC) (Silica gel 60; Merck) using chloroform/methanol 
(8:2, vol/vol) as developing solvent. Phospholipids were 
visualized by spraying with Dittmer's reagent (18). Re- 
ducing activity in TLC fractions was detected by expo- 
sure to ferric ion reagent (19). Fractions containing PCh 
were redissolved in methanol, and then stored at -20~ 
until use. 

Assay of PCh and phosphatidic acid (PA) in the reac- 
tion mixture. PCh and PA were assayed by high-perfor- 
mance liquid chromatography (HPLC) on an amino- 
propane-bonded silica column (Shim-Pack FLC-NH2, 
4.6 x 50 mm, 3 ~m; Shimadzu Co., Kyoto, Japan) using 
n-hexane/isopropanol/10% phosphoric acid (70:30:0.5, by 
vol) at a flow rate of 2.0 mL/min. PCh and PA eluted at 
1.5 and 2.2 min, and were monitored at 295 and 206 nm, 
respectively. 

Spectral analyses. Infrared spectra were measured on 
KBr pellets using a JASCO FT/IR-7300 infrared spec- 
trophotometer (Japan Spectroscopic Co., Ltd., Tokyo, 
Japan). Mass spectra were measured in the sputtered 
ion mass spectrometry (SIMS) mode using a Hitachi M- 
80B instrument (Hitachi Co., Tokyo, Japan). IH and ~3C 
nuclear magnetic resonance (NMR) spectra were mea- 
sured with a JEOL GSX-270 FT NMR spectrometer 
(Japan Electronic Optics Laboratory Co., Tokyo, Japan) 
at 270 and 67.9 MHz, respectively. Samples were dis- 
solved in CDC13/CD3OD (2:1, vol/vol), and tetramethyl- 
silane was used as internal standard. 

Peroxyl radical-scavenging activity in solution. Per- 
oxyl radical-scavenging activities of a-Toc, PMC and 
PCh in homogeneous solution were determined by mea- 
suring the inhibition of free radical oxidation of methyl 
linoleate that was initiated by a lipid-soluble azo com- 
pound (17,20). The reaction mixture contained 110 ~mol 
of methyl linoleate and 0.1 pmol of antioxidant in 1.0 

mL of n-hexane/isopropanol (7:3, vol/vol). Oxidation was 
initiated by adding 110 mM AMVN (100 ~L) in the same 
solvent. The mixture was incubated at 37~ with con- 
tinuous shaking in the dark and aliquots were with- 
drawn at regular intervals to measure methyl linoleate 
hydroperoxides (MeL-OOH) (21). 

Preparation of unilamellar liposomes. Liposomes 
[large unilamellar vesicles (LUV)] were prepared by an 
extrusion method (22). First, PC was purified to remove 
contaminant peroxides by reverse-phase column chro- 
matography as described previously (23). A stock solu- 
tion of purified PC in chloroform, with or without an- 
tioxidants, was placed into a test tube and was evapo- 
rated under a stream of nitrogen, then in vacuo. The 
thin lipid film on the glass wall was dispersed with a 
vortex mixer for 1 min in 0.7 mL Tris-HC1 buffer (0.01 
M, pH 7.4) containing 0.5 mM diethylenetriaminepen- 
taacetic acid (DTPA) followed by ultrasonic irradiation 
with a Heat Systems Sonifier (Model W-380; Farming- 
dale, NY) for 30 s. LUV were obtained by extruding the 
suspension through polycarbonate filters mounted in an 
extrusion apparatus (LiposoFast, Avestin, Inc., Ottawa, 
Canada), and the LUV were diluted with the same vol- 
ume of Tris-buffer. 

Lipid peroxidation of LUV initiated by radical initia- 
tors. In the experiments with a water-soluble radical ini- 
tiator, oxidation was started by the addition of AAPH to 
the LUV suspension. Oxidation was carried out in the 
dark at 37~ under air with continuous shaking. In the 
experiments with lipid-soluble radical initiator, AMVN 
was mixed with PC before the preparation of the lipo- 
somes, and the reaction mixture was kept at 50~ dur- 
ing the oxidation. Aliquots (10 1JL) were withdrawn at 
specific time intervals and phosphatidylcholine hy- 
droperoxides (PC-OOH) were quantified by HPLC as de- 
scribed previously (24). The octane-bonded silica column 
(TSK-gel OCTYL-80TS column, 6 • 150 mm, 5 ]am; 
TOSOH, Tokyo, Japan) was eluted with methanol/water 
(93.5:6.5, vol/vol). Standard PC-OOH was prepared as 
described (24). 

Determination of antioxidants during liposomal per- 
oxidation, a-Toc, PMC and PCh were measured by 
HPLC on an octodecane-bonded silica column (YMC- 
pack ODS, 6 x 150 mm, 5 pm; Yamamura Chemical 
Laboratories, Kyoto, Japan) that was eluted with ace- 
tonitrile/ethanol (60:40, vol/vol) at a flow rate of 2.5 
mL/min. The eluent was monitored fluorometrically at 
an excitation wavelength of 298 nm and an emission 
wavelength of 325 nm using a JASCO Spectrofluorome- 
ter 821-FP (Tokyo, Japan). (x-Toc, PMC and PCh were 
eluted at 4.5, 1.5 and 1.7 min, respectively. Ascorbic acid 
(AsA) was assayed by HPLC using a cation exchange 
column (TSK gel SCX, 7.8 x 300 mm, 5 }lm, TOSOH) 
with 2 mM phosphoric acid as eluent at a flow rate of 1.2 
mL/min. The eluent was monitored at 254 nm; AsA was 
eluted at 6.6 min. 

RESULTS 

Synthesis of PCh. The time course of the enzymatic re- 
action for the synthesis of PCh catalyzed by PLD is 

LIPIDS, Vol. 29, no. 2 (1994) 



85 

ANTIOXIDANT ACTMTY OF PHOSPHATIDYLCHROMANOL 

4 

O 
E :L 

V 

n 

0 

m 
0 e- 

el. 

3 

2 

1 

A 
X 
E 
-t- 
o 
o 

o ui 

0 

�9 -" A ;i "- "- J a B  

| I U i I I 

4 8 24 48 72 

"nine (h) 

FIG. 2. Time course for the synthes is  o f  phosphat idylchro-  
manol  catalyzed by phosphol ipase  D. The amounts  of  PCh 
and phosphat id ic  acid (PA) were  ca lcula ted  from high-per- 
formance l iquid  chromatography peak areas us ing  calibra- 
t ion curves; (~), PCh; (A), PA. 

shown in Figure 2. The reaction reached a plateau after 
1.5 h of incubation, and PC was converted to the new 
product in high yield (approximately 94%). Little PA ac- 
cumulated throughout the reaction period, indicating 
that  little hydrolysis occurred. The new product gave a 
blue spot on TLC with Dittraer reagent and a red spot 
with ferric ion reagent, indicating that the new com- 
pound was a phospholipid with reducing activity. 

Spectral analyses were carried out to identify the 
structure of the phospholipid synthesized from 1,2- 
dimyristoyl-sn-glycero-3-phosphocholine. The SIMS 
spectrum showed an [M + H +] ion at m/z  825. The in- 
frared spectrum indicated the presence of a phosphate 
group and of hydroxyl at the chromanol ring (KBr, 
cm -1 : 1745, C=O; 1457,-OH; 1246, P=O; 1027, P-O-C). 
To elucidate the structure in detail, laC NMR chemical 
shifts were assigned to the carbons of the dimyristoyl- 
glycerophosphate and the chroman ring moieties (Table 
1). The 13C chemical shifts of the dimyristoylglycerol 
moiety of the product were essentially the same as those 
of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (16). The 
13C chemical shifts of the chroman ring moiety were es- 
sentially the same as those of Toc-Et except for the C-I' 
and C-2' shifts. The C-2' signal was shifted downfield 
(3.24 ppm) relative to that  of Toc-Et, while the C-I' sig- 
nal was shifted slightly upfield (1.43 ppm). Such 13C 
chemical shifts for carbons proximal to phosphate were 
also observed in the spectra of 6-phosphatidyl-L-ascor- 
bic acid (16) and other phosphoesters (14). Based on 
these data and on 1H NMR spectra (data not shown), the 
compound was identified as 1,2-dimyristoyl-sn-glycero- 
3-phospho-2'-hydroxyethyl-2',5', 7', 8'-tetramethyl-6'-hy- 
droxy-chroman. 

Peroxyl radical-scavenging activity of PCh, a-Toc and 
PMC in solution. Peroxyl radical-scavenging activities of 
PCh and of related compounds were evaluated by mea- 
suring the inhibition of methyl linoleate peroxidation 
initiated by AMVN in hexane/isopropanol solution. A 

TABLE 1 

13C NMR Spectra  of  PCh~ Dimyristoyl  PC and Toc-Et a 
Chemical shifts (5) 

Carbons PCh Dimyrist0yl PC b Toc-Et 
Dimyristoyl 
glycerol moiety 

CH20 (sn-1) 62.85 
CHO (sn-2) 70.78 
CH2OP (sn-3) 63.86 
CO ester 174.27 

173.90 
(CH2) n 34.48-22.99 
CH 3 terminal 14.22 

Choline moiety 
CH2OP 
CH2N 
(CH3)3N 

Toc-Et moiety 
C-2 73.63 
C-3 32.40 
C-4 20.92 
C-5 117.25 
C-6 145.40 
C-7 120.93 
C-8 122.51 
C-2a 23.92 
C-4a 123.45 
C-5a 11.60 
C-7a 11.91 
C-8a 12.56 
C-8b 145.40 
C-I' 40.53 
C-2' 62.49 

63.01 
70.74 
63.93 

174.30 
173.93 

34.55-22.96 
14.21 

59.34 
66.79 
54.39 

75.49 
31.85 
20.51 

118.72 
144.72 
121.20 
122.35 
23.04 

117.15 
11.27 
12.05 
12.05 

145.09 
41.96 
59.25 

aChemical shifts are given downfield from tetramethylsilane. 
bData for dimyristoyl PC are those reported by Nagao et al. (16). 
Abbreviations: NMR, nuclear magnetic resonance; PCh, phos- 
phatidylchromanol; Dimyristoyl PC, 1, 2-dimyristoyl-sn-glycero-3- 
phosphocholine; Toc-Et, 2, 5, 7, 8-tetramethyl-6-hydroxy-2-(hydrox- 
yethyl) chroman. 
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FIG. 3. Inhibit ion of  the 2,2'-azobis(2,4-dimethylvaleroni- 
trile) (AMVN)-initiated oxidation of  methyl  l inoleate in  so- 
lut ion by a-Toc, PMC and PCh. The react ion system con- 
s isted of  methy l  l inoleate  (100 mM), antioxidant  (90.9 pLM) 
and AMVN (10 mM) in n-hexane/ isopropanol  (7:3, vol/vol); 
(O), no addition; (C)), a-Toc; ([~), PMC; (A), PCh. See F igure  1 
for other abbreviations; MeL-OOH, methy l  l inoleate  hy- 
droperoxides.  
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ides  (PC-OOH) (A) and loss  of  ~-Toc, PMC and PCh (B) dur- 
ing  p h o s p h o l i p i d  perox i da t i on  in large  un i lamel lar  ve s i c l e s  
e x p o s e d  to 2,2'-azobis(2oamidinopropane)hydrochloride 
(AAPH). The react ion  sys tem cons i s t ed  of  PC (5 raM), ~-Toc, 
PMC or PCh (10 ~LM), d i e t h y l e n e t r i a m i n e p e n t a a c e t i c  ac id  
(0.5 raM) and AAPH (10 raM) in 1.1 mL of Tris-HC1 buffer;, 
(@), no addit ion;  (�9 ~-Toc; (D), PMC; (A), PCh. See Figure 1 
for  o ther  abbreviat ions .  
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FIG. 5. Accumula t ion  o f  PC-OOH (A) and loss  o f  ~-Toc, PMC 
and PCh (B) during phospho l ip id  perox idat ion  in large  
- n i l a m e l l a r  ves i c l e s  exposed  to AMVN. The react ion  sys tem 
cons i s t ed  o f  PC (5 mM), a-Toc, PMC or PCh (5 pfl~I), DTPA 
(0.5 raM), and M V N  (1 mM) in 1.1 mL of Tris-HCl buffer; (O), 
no  addit ion;  (O), a-Toc; ([B), PMC; (A), PCh. See Figures 1, 3 
and 4 for  abbreviat ions .  

typical example  of the inhibition seen is shown in Fig- 
ure 3. From the da ta  we obtained from three indepen- 
dent  experiments ,  we calculated kinetic pa r ame te r s  by 
the method of Ingold and colleagues (4,25). PCh, (x-Toc 
and  PMC showed a lmost  the same induction periods 
(tinh; 7190 _+ 610 s, 7090 _+ 420 S and 7290 +_ 490 s for a-  
Toc, PMC and PCh, respectively). The ra tes  of oxidation 
(Rinh) dur ing  the  induct ion period were (9.97 _+ 
3.16)x 10 -9 M/s, (4.79 +_ 1.56)• 10 -9 M/s, (5.69 _+ 1.02)x 
10 -9 M/s for PCh, a-Toc and PMC, respectively. This in- 
dicates tha t  the nu m ber  of radicals t rapped by PCh (n) 
was the same as tha t  t rapped  by a-Toc and PMC as n is 
a function of tin h. The kin h /kp values,  the rat io of the ra te  
constant  for the inhibition reaction vs. t ha t  of the prop- 
agat ion reaction, were calculated from tin h and Rin h as 
described previously (26). For PCh, kinh/k p was 1480 _+ 
400, which was slightly lower t han  for a-Toc (3040 _+ 
770) and PMC (2520 _+ 280). 

Free radical-scavenging activity of PCh, a-Toc and 
PMC in unilamellar liposomes. We used LUV and esti- 
ma ted  the ant ioxidant  activities of a-Toc and its ana-  

logues agains t  phospholipid peroxidation init iated by 
free radical generators .  Figure 4 shows a typical exam- 
ple of the inhibition of the peroxidation ini t iated by 
AAPH by a-Toc and its analogues.  The water-soluble 
radical ini t iator  produces peroxyl radicals in the aque- 
ous phase  and thereby a t tacks  phospholipids from the 
aqueous phase  a t  the membrane  surface (27). PC-OOH, 
the p r imary  products of peroxidation, accumulated in 
the initial stage of the reaction without  antioxidants.  (x- 
Toc suppressed the accumulat ion of PC-OOH with a pro- 
nounced induction period (65 min). Although PCh and 
PMC also re tarded  lipid peroxidation, thei r  induction 
periods were shor ter  than  tha t  of u-Toc (36 min for PCh, 
and 39 min for PMC). In addition, both PCh and PMC 
were consumed fas ter  than  a-Toc. 

When we used a lipid-soluble azo compound to init iate 
peroxyl radical-driven lipid peroxidation within the lipo- 
somal membranes ,  a-Toc showed a longer induction pe- 
riod (126 min) than  PCh (94 min) and PMC (97 min), 
and ct-Toc was consumed less rapidly t han  were the lat- 
ter  two compounds (Fig. 5). Thus,  PCh was less effective 
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FIG. 6. Accumulat ion  of  PC-OOH (A), loss of  ascorbic acid 
(AsA) (B), and loss of  a-Toc, PMC or PCh (C) during  phos- 
phol ip id  peroxidat ion in large unf lamel lar  vesic les  exposed 
to AMVN. The reaction system consisted of  PC (5 mM), AsA 
(100 pflVl), cc-Toc, PMC or PCh (5 pdVD, diethylenetr iamine-  
pentaacetic  acid (0.5 mM), and AMVN (1 raM) in 1.1 mL of  
Tris-HCl buffer; (e) ,  no addition; (D), a-Toc; (A), PMC; (O), 
PCh. See Figures 1, 3 and 4 for abbreviations.  

than a-Toc as a chain-breaking antioxidant when either 
a water-soluble or a lipid-soluble initiator was used to 
induce the radical chain reaction. 

Effect of ascorbic acid on the inhibition by PCh, a-Toc 
and PMC in liposomal phospholipid peroxidation. Fig- 
ure 6 shows the inhibition of PC-OOH accumulation by 
a-Toc or its analogues in the presence of ascorbic acid. It 
is apparent that the presence of ascorbic acid increased 
the induction period significantly as indicated by com- 
parison of the data in Figure 6 and Figure 5. Ascorbic 

acid was consumed in the initial stage, and the levels of 
a-Toc or its analogues always decreased after ascorbic 
acid was consumed. Interestingly, there were only small 
differences in the induction periods and in the consump- 
tion of ascorbic acid between the three compounds. 
Thus, in the presence of AsA PCh exerted the same an- 
tioxidant activity as did a-Toc. 

D I S C U S S I O N  

We previously synthesized phosphatidyl AsA (16) and 
showed that this phospholipid derivative could be incor- 
porated into phospholipid bilayers, and that it exerted 
antioxidant activity against oxidative attack from the 
aqueous phase more efficiently than did ascorbic acid 
(17). Because vitamin E is a major lipophilic chain- 
breaking antioxidant in cellular membranes, we now 
synthesized phosphatidyl vitamin E by the transphos- 
phatidylation catalyzed by PLD. The reaction proceeded 
with a high yield, and there was little hydrolysis (Fig. 2) 
as was reported for the hydrolysis of phosphatidylinosi- 
tol catalyzed by this enzyme (28). Resistance against 
PLD-catalyzed hydrolysis appears to be due to steric 
hindrance at the polar head group moiety. 

a-Toc consists of two structural domains. One is the 
chromanol structure responsible for radical scavenging 
activity and the other is the phytyl side chain which is 
required for anchoring a-Toc within phospholipid bilay- 
ers (29). The product we synthesized by the PLD reac- 
tion contains a phospholipid moiety and chromanol moi- 
ety, and thus can be considered an a-Toc analogue in 
which the phytyl side chain is replaced by a phos- 
phatidyl group. The product thus is lipophilic, much like 
a-Toc. However, introduction of the phosphatidyl group 
could affect the radical scavenging activity of the chro- 
manol moiety by changing its location in the phospho- 
lipid bilayer. 

It has already been shown that  the phytyl side chain 
does not affect the free radical scavenging activity of a- 
Toc in solution (30). Our data show that PMC and a-Toc 
gave similar kinetic parameters, i.e., kinh/k p and n val- 
ues, for free radical oxidation in solution, and this is 
consistent with the view that  the phytyl side chain is not 
responsible for the inherent antioxidant activity of chro- 
manol. The fact that  PCh gave the same n value fur- 
thermore suggests that PCh scavenges free radicals by 
the same mechanism as does a-Toc. The slightly smaller 
kin k /k_ value for PCh may be due to the lower mobility 
of PC~ in solution or to steric hindrance of scavenging 
peroxyl radicals as the phospholipids exist in the aggre- 
gated form in apolar solvents (31). 

Niki and his co-workers (7,10) have shown that the 
antioxidant effect of a-Toc in phospholipid membranes is 
lower than in homogeneous solution, and that PMC is 
more effective than a-Toc in scavenging free radicals in 
membranes. The higher activity of PMC in membranes 
could be explained by differences between PMC and a- 
Toc in location and mobility. Previous studies suggest 
that the chromanol moiety of a-Toc is located in the hy- 
drophobic region near the membrane surface and that  
the mobility of chromanol is restricted by the hydropho- 
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bic side chain, while PMC can move more  freely within 
the membrane  (10-13). Our  resul ts  show tha t  PCh is 
less active as a chain-breaking ant ioxidant  in phospho- 
lipid membranes ,  regardless  of the site of the chain ini- 
t iation reaction. When a radical genera tor  is used for 
ini t iat ing lipid peroxidation in membranes ,  a-Toc can 
scavenge chain-ini t iat ing peroxyl radicals  as well as 
chain-propagat ing lipid peroxyl radicals. We presume 
tha t  the chromanol  moiety of PCh is located on the 
membrane  surface and tha t  the phospholipid moiety is 
inser ted into the phospholipid bilayer, thereby restrict-  
ing the mobili ty of PCh within the hydrophobic bi layer  
region. This location of PCh in m e m b r a n e s  would lower 
the react ivi ty with chain-propagat ing lipid peroxyl radi- 
cals. The la teral  diffusion ra te  of phospholipids in bilay- 
ers was reported to be about  270 t imes lower than  tha t  
of a-Toe (32,33). Therefore,  the la teral  diffusion of the 
chromanol group of PCh would also be likely to be re- 
stricted within phospholipid bi layers resul t ing in the ap- 
pa ren t  lower activity with scavenging lipid peroxyl rad- 
icals. 

We found tha t  PMC is also less effective than  (~-Toc in 
prevent ing free radical init iated lipid peroxidation in 
the m e m b r a n e  model (Figs. 4 and 5) in spite of its abil- 
i ty to move freely within the bilayer. In addition, PMC 
and PCh were consumed more  rapidly t han  a-Toc, a-Toc 
donates  a hydrogen a tom to a peroxyl radical to form an 
a-tocopheroxyl radical (8). Subsequent  reaction of the d- 
a-tocopheroxyl radical with a second peroxyl radical 
gives both a stable product  and an uns table  product tha t  
m a y  produce an alkoxyl radical (34-36). The lower effec- 
t iveness  of PMC and PCh could be explained by the as- 
sumpt ion tha t  the reaction tha t  produces the uns table  
products occurs quite easily in the case of PMC and PCh. 
Among the three  compounds, a-Toc acts most  efficiently 
as chain-breaking ant ioxidant  in phospholipid bilayers. 
This supports  the idea tha t  the phytyl  side chain of a-  
Toc a r ranges  the chromanol  moiety a t  a site suitable for 
scavenging chain-carrying lipid peroxyl radicals in bio- 
logical m e m b r a n e s  (7,10). 

On the other hand,  when  the liposomal peroxidation 
was init iated in the presence of ascorbic acid, the an- 
t ioxidant  activity of PCh and PMC was the same as tha t  
of a-Toc (Fig. 6). Although ascorbic acid cannot  inhibit  
lipid peroxidation within liposomes directly, it is known 
tha t  it acts in the aqueous phase  as a synergist  by re- 
genera t ing ~-Toc (37,38). Bowry et al. (39) pointed out 
tha t  the regenerat ion of a-Toc by ascorbic acid i s  re- 
quired to prevent  the prooxidant  effect of (~-Toc. We also 
found tha t  ascorbic acid prolonged the induction period 
of a-Toc and its analogues in l iposomal suspensions.  I t  
should also be emphasized  tha t  there is no difference in 
the ant ioxidant  activity between a-Toc and PCh, al- 
though PCh is less effective in the absence of ascorbic 
acid. I t  appears  tha t  the regenerat ion by ascorbic acid is 
quite impor tan t  in de termining  ant ioxidant  activity in 
phospholipid bi layers when  ascorbic acid is present  in 
the aqueous phase. 

In conclusion, we synthesized a new vi tamin  E phos- 
pholipid with ant ioxidant  activity, which works as a 
chain-breaking ant ioxidant  in phospholipid bilayers. I ts  

activity is comparable  to tha t  of v i tamin  E in the pres- 
ence of ascorbic acid, bu t  its activity is lower in the ab- 
sence of ascorbic acid. The new v i tamin  E phospholipid 
should be active in biological systems,  provided the chro- 
manol  moiety is regenera ted  by ascorbic acid. 
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The mechan i sms  by which  the ant ioxidant  hutylated hy- 
droxyanisole  (BHA) inhibits  recombinant  tumor necro- 
sis  factor alpha (rTNF-u)-induced cytotox ic i ty  have  
been studied in WEHI 164 clone 13 (WEH]) and L929 fi- 
brosarcoma cells.  When BHA was  added s imultaneous ly  
with rTNF-a, it complete ly  inhibited rTNF-a cytotoxic-  
i ty in the WEHI and L929 cells. BHA also inhibited the 
toxici ty  when  added 2 h after rTNF-a in WEHI cells,  
suggest ing that BHA inhibits  some late intracel lular 
event(s)  in rTNF-a cytotoxicity.  Pretreat ing WEHI cells  
wi th  BHA for 4 h did not  decrease  the binding of 
rTNF-a to its  receptors  as measured  us ing f low cytome-  
try. BHA inhibited rTNF-a toxicity in the presence  of  
act inomycin  D and cyc loheximide ,  indicat ing that nei- 
ther mRNA nor protein synthes is  is  necessary  for the 
BHA effect. The antioxidant butylated hydroxyto luene  
(BHT) and indomethac in  did not  inhibit  the rTNF-a-in- 
duced cytotoxic i ty  nor the rTNF-a-induced release  of 
[3H]arachidonic acid. By comparison,  BHA complete ly  
inhibited the rTNF-a-induced re lease  of arachidonic  
acid, suggest ing that BHA s o m e h o w  inhibits  rTNF-a-in- 
duced act ivat ion of phospholipase(s) .  In WEHI cells,  
rTNT-u increased the leve l  of prote in-associated thio- 
barbituric acid react ive  substances  (TBARS) dose-de- 
pendently.  BHA, but not  BHT, b locked rTNF-a-induced 
cytotoxic i ty  and rTNF-a.induced accumulat ion of  pro- 
te in-associated TBARS, suggest ing that rTNF-a cytotox- 
ic i ty is correlated wi th  protein-associated TBARS. In 
conclusion,  the results  suggest  that BHA blocks  some  
post  receptor  event  in rTNF-a-induced cytotoxicity,  and 
that act ivat ion of phospholipase(s)  coupled wi th  the en- 
zymat ic  formation of  specif ic  ox id ized  lipids could be a 
pivotal  event  in rTNF-a-induced cytotoxicity.  
Lipids 29, 91-102 (1994). 

Tumor necrosis factor (TNF) is a potent  mononuclear  
macrophage derived cytokine with a variety of effects in- 
cluding the ability to enhance the growth of fibroblasts 
(1), to st imulate superoxide anion production by neu- 
trophils (2) and to kill certain sensitive cancer cells (3,4). 

Although the effects of TNF have been intensively 
studied both in vivo and in vitro, the  biochemical events 
involved in TNF-induced cell killing are still not known 

*To whom correspondence should be addressed. 
Abbreviations: ANOVA, analysis of variance; BHA, butylated hy- 
droxyanisole; BHT, butylated hydroxytoluene; BSA, bovine serum 
albumin; EDso , effective dose reducing cell density to 50% of con- 
trol; EDTA, ethylenediaminetetraacetic acid; FCS, fetal calf serum; 
FCS-M, 10% (vol/vol) heat-inactivated fetal calf serum in RPMI- 
1640 medium containing 2 mmol/L L-glutamine and 40 mg/L gen- 
tamicin sulfate; HETE, hydroxyeicosatetraenoic acid; HPLC, high- 
performance liquid chromatography; MTT, 3-(4,5-dimethylthiazol- 
2-yl)-2,5-diphenyltetrazolium bromide; OD, optical density; PBS, 
phosphate buffered saline; rTNF-a, recombinant tumor necrosis 
factor alpha; TBARS, thiobarbituric acid reactive substances; TCA, 
trichloroacetic acid; UV, ultraviolet. 

in detail. TNF binds to cell membrane receptors (5,6), 
and two different receptors with different molecular 
weight have been identified (7). Heller et al. (8) recently 
reported tha t  one of these receptors probably mediates 
TNF-induced cytotoxicity in murine  TA1 cells. Following 
binding of TNF to its receptors, TNF activates several 
signal t ransduct ion pathways,  including phosphatidyl- 
choline specific phospholipase C (9), protein kinase C (9) 
and phosphorylation of intracellular  proteins (10). Pro- 
tein kinase C activity is probably not required for the 
TNF-induced act ivat ion of the t ranscr ip t ion  factor 
NFKB , at least not in Ju rka t  cells (11). TNF also acti- 
vates the sphingomyelin signal t ransduct ion pathway in 
a cell free system (12). In addition, a recent  report  sug- 
gested tha t  TNF stimulates protein phosphatases (13). 
Clark et al. (14) showed tha t  TNF st imulates phospholi- 
pase A 2 activity through induction of a phospholipase- 
activating protein in endothelial cells. In osteoblast-like 
cells, TNF st imulates phospholipase A 2 through recep- 
tor-mediated activation of G-proteins (15). Both TNF-in- 
duced cytotoxicity (16,17) and TNF-induced growth en- 
hancement  in FS-4 fibroblasts (17) are associated with 
enhanced release of arachidonic acid. However, which of 
these events are essential  for TNF-induced cytotoxicity 
has not been clarified in detail. The intracellular  cal- 
cium level does not change, at least not immediately 
after  the addition of TNF to U937 cells (9). Several re- 
ports indicate tha t  cyclooxygenase and lipoxygenase in- 
hibitors (16,18), some antioxidants (18), dexamethasone 
(19) and the phospholipase A 2 inhibitor quinacrine (20), 
decrease TNF-induced cytotoxicity in vitro. TNF-in- 
duced cytotoxicity is associated with oxidative damage 
measured  as increased levels of oxidized glutathione in 
some cell lines (21). Yamauchi et al. (22) showed tha t  hy- 
droxyl radicals are formed during TNF-induced cytotox- 
icity. Matthews et al. (18) reported tha t  TNF induces ac- 
cumulation of peroxides measured  as thiobarbituric acid 
reactive substances (TBARS) in L929 cells sensitive to 
TNF-induced cytotoxicity, but  not in TNF-resis tant  sub- 
lines. 

We have recently shown tha t  the antioxidant buty- 
la ted hydroxyanisole  (BHA) completely blocks the 
rTNF-a  and rTNF-B (lymphotoxin) toxicity in WEHI 164 
clone 13 and L929 fibrosarcoma cells, while the struc- 
tural ly similar ant ioxidant  butylated hydroxytoluene 
(BHT) had only little effect (23,24). BHA also inhibited 
rTNF-a-induced growth enhancement ,  but  not inter- 
leukin-ll]-induced growth enhancement  in FS-4 fibro- 
blasts (24). Since TNF-induced cytotoxicity probably in- 
duces oxidative damage (18,21,22), the antioxidants 
BHA and BHT may be useful tools to study mecha- 
nism(s) involved in TNF-induced cytotoxicity. The 
present  s tudy therefore examined the mechanisms by 
which BHA inhibits rTNF-a-induced cytotoxicity in 
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WEHI 164 and L929 fibrosarcoma cells. The effects of 
BHA and BHT on rTNF-a-induced cytotoxicity, accumu- 
lation of TBARS and release of arachidonic acid are re- 
ported. 

MATERIALS AND METHODS 

Materials. Fetal calf serum (FCS), L-glutamine, Dulbec- 
co's phosphate-buffered saline (PBS) without calcium 
and magnesium, trypsin solution and RPMI-1640 were 
obtained from Gibco Laboratories (Paisley, Scotland). 
RPMI-1640 without leucine and phenolic red was pre- 
pared from the RPMI-1640 select-amine kit (Gibco) and 
was sterilized by filtration through a 0.22 pm Sterivex- 
GS filter obtained from Millipore Corp. (Bedford, MA). 
Actinomycin D, arachidonic acid, bovine serum albumin 
(BSA), cycloheximide, dl-a-tocopherol, ethylenedi- 
aminetetraacetic acid (EDTA), indomethacin, 3-(4,5-di- 
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT), quinacrine, sodium dodecylsulfate, 1,1,3,3- 
tetraethoxypropan, 2-thiobarbituric acid, trypan blue 
and BHT were obtained from Sigma Chemical Co. (St. 
Louis, MO). Gentamicin sulfate was obtained from 
Schering Corp. (Kenilworth, NJ), and ethanol was ob- 
tained from Vinmonopolet A/S (Oslo, Norway). BHA 
(mixture of 2-BHA and 3-BHA) and 4-hydroxymethyl- 
2,6-di-t-butylphenol was part of the food additive kit-92 
from Supelco (Bellefonte, PA). Hydroxyeicosatetraenoic 
acids (HETE), prostaglandins and epoxy fatty acid stan- 
dards for high-performance liquid chromatography 
(HPLC) were purchased from Cayman Chemical Co. 
(Ann Arbor, MI). Citric acid monohydrate, tri- 
chloroacetic acid (TCA), hydrochloric acid, ethyl acetate 
of Uvasol quality, 1-butanol of pro analysis quality and 
methanol of Lichrosolv quality were obtained from E. 
Merck (Darmstadt, Germany). n-Hexane of HPLC qual- 
ity was obtained from Fisons (FSA Laboratory Supplies, 
Loughborough, England). Propan-2-ol and acetonitrile 
(HPLC grade) were purchased from Rathburn Chemi- 
cals Ltd. (Walkerburn, Scotland), and acetic acid of 
HPLC grade was obtained from Pierce Chemical Co. 
(Rockford, IL). The octadecyl (Cls) columns (500 mg) 
were purchased from Bond Elut (Varian SPP., Harbor 
City, CA). Murine rTNF-a with a specific activity of 
8 • 107 U/rag protein, and human rTNF-a with a 
specific activity of 7.6 x 107 U/mg protein, as determined 
in a bioassay, were kindly provided by Genentech Inc. 
(South San Francisco, CA). Murine rTNF-a was used 
if not otherwise indicated. Streptavidin-phycoerythin 
was purchased from Becton-Dickinson & Co. (Moun- 
tain View, CA). L-[4,5-3H]leucine (135 Ci/mmol), 
[5,6,8,9,11,12,14,15-3H]arachidonic acid (219 Ci/mmol) 
and [5,6,8,11,12,14,15(n)-3H]prostaglandin E 2 (140 
Ci/mmol) were obtained from Amersham International 
(Buckinghamshire, United Kingdom). Optifluor | scintil- 
lation fluid was purchased from Packard Instrument 
Company, Inc. (Downer's Grove, IL). 

Cell culture. The WEHI 164 clone 13 cell line (termed 
WEHI clone 13 cells) which is highly sensitive to 
rTNF-a-induced cytotoxicity, was previously isolated 
from the WEHI 164 parental cell line (25). The L929 cell 

line was a generous gift from Dr. D. Lovhaug (Nycomed 
Bioreg, Oslo, Norway). WEHI and L929 cells were cul- 
tured in 75-cm 2 flasks (Costar 3275, Cambridge, MA) in 
RPMI-1640 containing 2 mM L-glutamine and 10% 
(vol/vol) heat-inactivated (56~ 30 min) fetal calf serum 
(FCS-M). Cells were passed twice a week using trypsin 
and cultured at 37~ in a humidified atmosphere of 95% 
air and 5% CO 2. Antioxidants were added to the FCS-M 
dissolved in ethanol. Ethanol at a final concentration of 
0.05% (vol/vol) had no effect on rTNF-a-induced cyto- 
toxicity. 

Chromium release assay, rTNF-a-induced cytotoxicity 
was measured using the chromium release assay and was 
performed as previously described (23). The percent spe- 
cific cell lysis was calculated as 100 x (E-S)/(T-S), where E 
represents experimental [SiCr]-release, S represents 
spontaneous release and T total release after lysing the 
cells with sodium dodecylsulfate at a final concentration of 
0.5% (wt/vol). 

Cell survival assay. Cell survival after exposure to 
rTNF-a was measured using the MTT assay as described 
(24). The stock solution contained MTT (5 g/L) dissolved in 
Dulbecco's PBS (without calcium and magnesium). WEHI 
clone 13 or L929 cells were trypsinized and seeded at 2 x 
103 cells per well in microtiter plates (Costar 3598) using 
200 pL FCS-M/well. The medium was removed after 48 h 
culture if not otherwise indicated. After 22 h incubation at 
37~ with murine rTNF-(~ and the indicated inhibitors, 
the medium was again removed and 110 pL/well of 
FCS-M containing M2~r at a final concentration of 0.45 
g/L were added. The cultures were incubated for 4 h at 
37~ 50 ~L of the supernatant was removed and 100 pL 
propan-2-ol containing 0.04 N HC1 was added to dissolve 
the formazan. After the formazan had been dissolved, the 
optical density (OD) was measured on a Titertek Multi- 
skan MCC/340 MK II microplate reader (Flow Lab, Irvine, 
Scotland) as described (24). Percent cell survival was cal- 
culated as: 100 x (OD in wells with TNF)/OD in wells 
without TNF). 

rTNF-a receptor binding. WEHI clone 13 cells were 
seeded in 1400-ram microbiological petri dishes (Nunc 
A/S, Roskilde, Denmark) at 2 • 106 cells/dish, and cul- 
tured as nonadherent cultures in 15 mL FCS-M. After 
22-24 h incubation, 5 mL FCS-M containing BHA or 
BHT (100 pM) was added, and the incubation continued 
for 4 h. Cells were pelleted at +4~ FCS-M added 
(+4~ and kept at 0-4~ Thereafter, 106 ceils were 
treated with biotinylated human rTNF-a in PBS con- 
taining BSA (PBS/BSA) for 45 min, washed twice in 
PBS/BSA and stained with streptavidin-phycoerythrin 
for 45 min at 0-4~ Cells were subsequently washed in 
PBS, fixed in 2% (vol/vol) formalin and stored at 0-4~ 
Thereafter, 5 • 103 cells were analyzed on a FACScan 
flow cytometer (Becton Dickinson & Co.) as previously 
described (6). 

Protein synthesis assay. Protein synthesis was mea- 
sured essentially as described by Sandvig et al. (26). 
WEHI clone 13 cells were seeded at a density of 2 x 103 
cells/well in microplates using 200 pL FCS-M/well, and 
the incubation continued for 44 h. Protein synthesis was 
measured by adding ~3H]leucine (1 ~CEwelD in 10 laL 
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RPMI-1640 without  leucine and phenolic red, and con- 
t inuing the incubation for 30 min. The medium was 
carefully removed and cell proteins precipi tated and 
washed once with 5% (wt/vol) TCA (26). Proteins were 
dissolved in 40 ]aL KOH (0.1 M), samples  mixed with 10 
mL Optifluor R scintillation fluid and radioactivity deter- 
mined using an LKB Wallac 1211 Rackbeta  counter  
(Turku, Finland). 

TBARS assay. WEHI  clone 13 or L929 cells were 
t rypsinized and seeded in 1400-mm microbiological 
petr i  dishes at  2 x 106 cells/dish in 10 mL FCS-M. After 
4 h of incubation, control medium or medium (10 mL) 
containing unlabeled arachidonic acid was added as in- 
dicated. After approximate ly  47 h of total incubation, 
the cells pre incubated with arachidonic acid were resus- 
pended, centrifuged and seeded in microbiological petri  
dishes a t  1 x 106 cells/mL in FCS-M. Cells received 
rTNF-a  in the absence or presence of ant ioxidant  af ter  
approximate ly  48 h of total  incubation. The cells were 
resuspended 22 h la ter  and aliquots t aken  for cell count- 
ing and determinat ion of viability by t rypan  blue exclu- 
sion. The cells were counted using a Coulter  Counter  ZF 
(Coulter Electronics, Dunstable  Beds, England) or a 
Btirker counting chamber.  Cells were pelleted a t  +4~ 
(800 •  15 min), washed  twice in 0.9% (wt/vol) NaC1 at  
+4~ and finally resuspended in 0.8 mL NaC1 (+4~ 
Aliquots were t aken  for protein analysis  using the 
Coomassie bri l l iant  blue technique (27) with BSA as 
s tandard.  Thereafter ,  cells were lysed and proteins pre- 
cipitated by adding 10% (~t/vol) TCA. TBARS were 
measured  according to Chow et al. (28), using reduced 
reagent  volumes to increase sensitivity. When TBARS in 
non-TCA precipitable mater ia l  were measured,  samples  
were centrifuged af ter  precipitat ion of cell proteins and 
the supe rna t an t  moved to a new tube before addition of 
thiobarbi turic  acid. Thereafter ,  TBARS were extracted 
with  1-butanol and analyzed in cells from two wells to 
f u r t he r  increase  sens i t iv i ty  of the  assay.  1,1,3,3- 
Tetraethoxypropane from 1 to 10 pM was used as stan- 
dard. Absorbance at  532 nm was measured  on a Perk in  
Elmer  Lambda  5 spectrophotometer  (Norwalk, CT), or 
on the Ti ter tek  Mul t iskan microplate reader  in the dual  
wavelength  mode with tes t  and reference wavelengths  
set a t  540 and 620 nm, respectively. The characteris t ic  
peak  at  532 nm in the ul traviolet  (UV)-spectrum was 
measured  in test  samples  and s tandards  using the 
Perk in  E lmer  Lambda  5 spectrophotometer.  

Release of [3H]arachidonic acid. The effect of BHA and 
BHT on rTNF-a-induced release of arachidonic acid from 
L929 cells was investigated in cells prelabeled with 
[3H]arachidonic acid. L929 cells were seeded at  0.5 x 106 
cells in 60-ram petri  dishes (Costar 3060). Approximately 
24 h after seeding, cells received RPMI-1640 containing 
1% (vol/vol) FCS, 2 mM L-glutamine and [3H]arachidonic 
acid (1 mCi/L) in a total volume of 2 mL. After 24 h of fur- 
ther  incubation, the culture medium was removed and 
cells were washed three t imes with FCS-M (37~ to re- 
move extracel lular  [3H]arachidonic acid. Thereafter ,  
rTNF-a  and antioxidants were added as indicated in 2 mL 
FCS-M. FCS-M containing RPMI-1640 without phenolic 
red was used to avoid quenching during liquid scintilla- 

tion counting. The culture medium was removed at  the in- 
dicated t ime points after the addition of rTNF-a  and cen- 
trifuged (500 xg,  10 min) to remove loose cells. Thereai~r ,  
aliquots (100 BL) of the supernatants  were mixed with 
10 mL Optifluor R scintillation fluid and radioactivity mea- 
sured by liquid scintillation counting on the LKB Wallac 
1211 Rackbeta counter. In some experiments, the culture 
medium was removed after 4 h of incubation with rTNF- 
a and the adherent  cells detached by adding 1 mL trypsin 
containing 0.2 g/L of EDTA (37~ A ~ r  detachment  of 
the cells, the trypsin-EDTA solution was immediately 
neutralized by addition of 1 mL FCS-M (+4~ The cul- 
ture medium was centrifuged at  +4~ (500 x g, t0  min), 
and the pellet containing nonadherent  cells was combined 
with the trypsinized cells before determination of viability 
using t rypan blue exclusion. 

Viability. Cell viability was determined by dye exclu- 
sion using t rypan  blue a t  a final concentrat ion of 0.2% 
(wt/vol). The samples  were kept  at  +4~ and 100 cells 
were counted two or three t imes in each sample  using a 
hemocytometer.  The release of lactate  dehydrogenase to 
the  m e d i u m  was  m e a s u r e d  us ing  a s t anda rd  UV 
method. 

Extraction and HPLC of arachidonic acid metabolites. 
Arachidonic acid metaboli tes  were extracted according 
to Powell (29) and analyzed b~, HPLC as previously de- 
scribed (24). Recovery of [OH]arachidonic acid and  
[3H]prostaglandin E 2 added to FCS-M was 97 +_ 4% and 
88 -+ 4% (mean _+ SD, n = 3), respectively. The samples  
were analyzed by HPLC using a 5 lam Supelcosil LC-18 
(150 m m  x 4.6 m m  i.d.) reversed-phase  column. The 
HPLC method  used in th is  r epor t  m e a s u r e d  
prostaglandins,  HETE and free fa t ty  acids, but  did not 
measure  peptido-leukotrienes (29). Metaboli tes were 
identified by coelution with s tandards  in two different 
HPLC gradients.  

Statistics. The data  were compared by one-way analy-  
sis of var iance (ANOVA) using the SPSS-PC+ version 
4.01 s ta t i s t ica l  p rog ram obta ined  f rom SPSS Inc. 
(Chicago, IL). 

RESULTS 

Effect of the antioxidant BHA on rTNF-a-induced cyto- 
toxicity. Addition of BHA simul taneously  with rT N F-a  
completely inhibited cytotoxicity both in WEHI  clone 13 
(Fig. 1A) and L929 cells (Fig. 1B). To examine whether  
BHA inhibited early or late events  in rTNF-a- induced 
cytotoxicity, we also added BHA at  different t ime points 
af ter  rTNF-a  addition (Fig. 1). Adding BHA 2 or 4 h 
af ter  rTNF-a  gave approximate ly  the same protection as 
when BHA was added s imul taneously  with rT N F-a  
(Fig. 1). When BHA was added 8 h af ter  rTNF-a  in the 
L929 cells, cell dea th  decreased from 37% in the control 
to 21% when BHA was added (Fig. 1B). However, since 
20% of the cells were a l ready dead a t  the t ime when 
BHA was added, the protection of the remain ing  viable 
cells was  still approximate ly  94%. Similar  resul ts  were 
found in the WEHI  cells (Fig. 1A). This indicates tha t  
BHA inhibits rTNF-a- induced cytotoxicity as late as 
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FIG. 1. T h e  e f f e c t  o f  d e l a y e d  a d d i t i o n  o f  b u t y l a t e d  h y d r o x y -  
a n i s o l e  (BHA) o n  r e c o m b i n a n t  t u m o r  n e c r o s i s  f a c t o r  
( r T N F - a ) - i n d u c e d  c y t o t o x i c i t y  in  (A) WEHI c l o n e  13 ce l l s  
a n d  (B) L929 ce l l s .  AI/ i n c u b a t i o n s  w e r e  s t a r t e d  b y  a d d i n g  
40  ng/L (WEHI c l o n e  13) o r  160 ng/L o f  r T N F - a  (L929 ce l l s ) .  
E x p l a n a t i o n  o f  symbo l s :  f i l l ed  bar:  n o  a d d i t i o n s ,  p e r c e n t  
d e a d  ce l l s  at  the  i n d i c a t e d  t imes ;  h a t c h e d  bar: m e d i u m  con-  
t a i n i n g  100 ~ B H A  a d d e d  a t  t h e  i n d i c a t e d  t imes ,  a n d  per-  
c e n t  d e a d  ce l l s  m e a s u r e d  16 h a f t er  the  a d d i t i o n  o f  rTNF-a.  
O p e n  bar:  c o n t r o l  m e d i u m  w i t h o u t  B H A  a d d e d  a t  th e  indi -  
c a t e d  t i m e s ,  a n d  p e r c e n t  d e a d  ce l l s  m e a s u r e d  16 h a f ter  t h e  
a d d i t i o n  o f  rTNF-a.  Cel l  d e a t h  w a s  m e a s u r e d  u s i n g  th e  
[SZCr|-release assay .  S p o n t a n e o u s  r e l e a s e  o f  [5ZCr] a f t e r  16 h 
i n c u b a t i o n  w a s  20 a n d  24% o f  to ta l  in  WEHI a n d  L929 ce l l s ,  
r e s p e c t i v e l y .  T h e  r e s u l t s  a r e  f r o m  o n e  o f  t w o  s i m i l a r  e x p e r -  
i m e n t s  (WEHI) a n d  o n e  e x p e r i m e n t  (L929),  a n d  are  g i v e n  as  
m e a n s  • SD o f  s i x  para l l e l s .  *BHA s i g n i f i c a n t l y  d i f f e r e n t  (P 
< 0.05) f rom c o n t r o l  m e d i u m  w h e n  a n a l y z e d  b y  o n e - w a y  
a n a l y s i s  o f  v a r i a n c e  u s i n g  D u n c a n  m u l t i p l e  c o m p a r i s o n  
tes t .  

6-8 h after the binding of rTNF-a to its receptors, sug- 
gesting that BHA probably inhibits some late event(s) in 
rTNF-a-induced cytotoxicity. 

We next examined whether BHA mediates its effect 
by binding or inactivating rTNF-a in the culture 
medium. Cells were preincubated for 2 h with rTNF-a 
and any remaining extracellular rTNF-a was removed 
by washing the cells extensively before adding BHA 
(Fig. 2). BHA inhibited the toxicity also when extracel- 
lular rTNF-a had been removed by washing, indicating 
that  BHA does not act by binding or inactivating 
rTNF-a in the culture medium. 

We thereafter tested whether BHA down-regulated 
rTNF-a receptor binding. Preincubation with BHA or 
B H T  did not decrease the binding of human rTNF-a to 
its receptors in WEHI clone 13 cells as measured using 
flow cytometry. This suggests that BHA probably affects 
some post receptor event in rTNF-a-induced cytotoxic- 
ity. Since we used human rTNF-(~ in the receptor bind- 
ing studies, we verified that BHA and BHT (100 buM) af- 
fected human rTNF-a toxicity similarly as murine 
rTNF-a toxicity (data not shown). 

Effect of preincubation with BHA. Since others have 
reported that BHA induces the activity of several en- 
zymes, including the glutathione S-transferase (30), we 
examined whether preincubation with BHA protected 
against rTNF-a cytotoxicity. Preincubation with BHA 

FIG. 2. T h e  e f f e c t  o f  B H A  a f t er  2-h p r e t r e a t m e n t  w i t h  
F r N F - ~  in  (A) WEHI c l o n e  13 ce l l s  a n d  (B) L929 ce l l s .  Ce l l s  
w e r e  s e e d e d  in  m i c r o t i t e r  p l a t e s ,  a n d  f u r t h e r  i n c u b a t e d  for  
48 h. Therea f t er ,  th e  m e d i u m  w a s  r e m o v e d ,  a n d  the  ce l l s  
w e r e  i n c u b a t e d  22 h w i t h  t h e  i n d i c a t e d  c o n c e n t r a t i o n s  o f  
rTNF-a  w i t h o u t  B H A  (ll),  o r  in  t h e  p r e s e n c e  o f  100 paVI B H A  
([~). In s o m e  w e l l s ,  r T N F - a  w a s  r e m o v e d  a f t er  2 h o f  i n c u b a -  
t ion ,  a n d  t h e  c e l l s  w a s h e d  t h r e e  t i m e s  w i t h  c o m p l e t e  
m e d i u m  b e f o r e  c o n t i n u i n g  t h e  i n c u b a t i o n s  i n  c o n t r o l  
m e d i u m  (V) ,  or  m e d i u m  c o n t a i n i n g  100 pM o f  B H A  (V) .  Cel l  
s u r v i v a l  w a s  q u a n t i t a t e d  b y  th e  3 - (4 ,5 -d imethy l th iazo l -2 -y l ) -  
2 , 5 - d i p h e n y l t e t r a z o l i u m  b r o m i d e  a s s a y  a f t er  a to ta l  o f  22 h 
o f  i n c u b a t i o n .  T h e  r e s u l t s  a r e  f rom o n e  o f  t w o  s i m i l a r  ex -  
p e r i m e n t s ,  a n d  a r e  p r e s e n t e d  as  m e a n  • SD o f  t r i p l i c a t e s .  
S e e  F i g u r e  1 for  a b b r e v i a t i o n s .  

for 24 or 48 h followed by removal of BHA neither had 
any effect on rTNF-a cytotoxicity, nor on BHA protection 
against rTNF-a cytotoxicity (Table 1). This indicates 
that BHA probably does not mediate its effect by induc- 
ing enzyme synthesis, or by activating some unknown 
defense mechanism to give a lasting protection against 
rTNF-cc-induced cytotoxicity. 

BHA protection in the presence of actinomycin D or cy- 
cloheximide. We next examined whether the inhibitory ef- 
fect of BHA on VENF-a cytotoxicity depends on mRNA or 
protein synthesis. BHA protected completely against 
rTNF-c~ cytotoxicity in the presence of the mRNA syn- 
thetase inhibitor actinomycin D at rTNF-a concentrations 
up to 1 rig/L, corresponding to 25% death in the control 
cells using [51Cr]-release (Fig. 3A). BHA protected only 
partially at higher rTNF-(~ concentrations, possibly be- 
cause actinomycin D potentiated rTNF-a toxicity. Simi- 
larly, BHA completely inhibited rTNF-a toxicity in the 
presence of the protein synthesis inhibitor cycloheximide 
up to 10 ng/L of rTNF-c~ (Fig. 3B). This suggests that BHA 
does not depend on protein synthesis to protect against 
rTNF-cc cytotoxicity. However, since actinomycin D and 
cycloheximide were added simultaneously with rTNF-cq 
we could not exclude that BHA stimulated protein syn- 
thesis before it was inhibited by actinomycin D or cyclo- 
heximide. 

In the next experiment, cells were preincubated for 4 h 
with actinomycin D or cycloheximide to ensure that pro- 
tein synthesis was inhibited when rTNF-a and BHA were 
added (Fig. 4). BHA again inhibited rTNF-a cytotoxicity 
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TABLE 1 

Ef fec t  of  P r e i n c u b a t i o n  w i t h  BHA o n  r T N F - a - I n d u c e d  C y t o t o x i c i t y  i n  WEHI  
C l o n e  13 Cel l s  

Optical density ~ 

24-h Preincubation 48-h Preincubat ion 

-BHA +BHA -BHA +BHA 

Incubation b 
Control 0.78 __. 0.10 0.75 _+ 0.12 0.83 _+ 0.11 0.75 _+ 0.11 
rTNF-a  0.25 -+ 0.07 c 0.26 -+ 0.07 c 0.21 _+ 0.08 c 0.24 _+ 0.07 c 
BHA 0.77 _+ 0.17 0.74 _+ 0.16 0.81 _+ 0.18 0.76 _+ 0.18 
rTNF-a  + BHA 0.75 _+ 0.08 0.68 *_ 0.10 0.74 _+ 0.06 c 0.70 _+ 0.09 

~WEHI clone 13 cells were seeded a t  2 • 103 cells/well in microplates in 200 ~*L 10% 
(vol/vol) heat- inact ivated fetal calf serum in RPMI-1640 medium containing 2 mmoFL 
L-glutamine and  40 mg/L gentamicin sulfate (FCS-M). All cells were preincubated for 
48 h, and butylated hydroxyanisole (BHA) (100 ~M) was present  during the  las t  24 or 
48 h of preincubation as indicated. 

bAdditions during incubation. After preincubation,  the  medium was removed, and the 
cells received e i ther  control medium, recombinant  tumor necrosis factor a lpha  (rTNF-a) 
(1 pg/L), BHA (100 pM) or rTNF-a  plus BHA. Cell density was measured using the 3- 
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay as described in Mate- 
rials and  Methods, and the  resul ts  are expressed as optical density. The results  are from 
five experiments,  each performed in quadruplicate,  and are given as means +_ SD of 20 
determinations.  

cStatistically different (P < 0.05) from the  control when each preincubation was analyzed 
separately by one-way analysis of variance using Duncan multiple comparison test. 

95 

10o 

80 >- 
.-- I  

_o 60 
14. 

40 
D. 

~ 20 

0 

- - ' - - t  I 

�9 Control A 

0J i 
0 

�9 Control B 

[~ BHA 
�9 Chx. 

§ 

t 100 10000 0 1 100 10000 

rTNF-a (ng/L) 

,_ I  
< 
>_ 
=> 

100 

80 

60 

40  

20 

0 

- [~ BHA 4~ 
&, Act.D 

",~ Act.O + BHA 
~j_(~ f t I t 

0 0.1 10 

[ ]  B H A  ~ l k=~  - -  

�9 C h x .  ~ : : ~ I i =  ~ 

A Chx. + BHA 
I a I ' ,1 I I I J I I I 

1000 0.1 10 1000 

rTNF~ (ng/L) 

FIG.  3. T h e  e f fec t  of  BH A  o n  r T N F - a  c y t o t o x i c i t y  i n  L929 
ce l l s  i n  t h e  p r e s e n c e  of  (A) a c t i n o m y c i n  D (Act.D) o r  (B) cy- 
c l o h e ~ i m i d e  (Chx.)  Cel ls  r e c e i v e d  Act .D (2 rag/L) o r  Chx.  (2 
mg/L) s i m u l t a n e o u s l y  w i t h  r T N F - a  i n  t h e  p r e s e n c e  o r  ab-  
s e n c e  of  BHA (100 pM),  a n d  c y t o t o x i c i t y  w a s  m e a s u r e d  16 h 
l a t e r  u s i n g  t h e  [51Crl-re lease  a s s a y  as  d e s c r i b e d  i n  Ma te r i -  
a l s  a n d  M e t h o d s .  R e s u l t s  a r e  e x p r e s s e d  as  p e r c e n t a g e  spe-  
c i f ic  lys is  a n d  g i v e n  as  m e a n s  _* SD of  t r i p l i c a t e s .  T h e  spon-  
t a n e o u s  r e l e a s e  a f t e r  16 h o f  i n c u b a t i o n  w a s  23% of  t o t a l  re-  
l ease .  A d d i t i o n s :  A: ( i )  n o n e ;  ([3) 100 ~LM BHA; (&) 2 mg/L  o f  
Act .D; (A) 2 mg /L  of  Act .D a n d  100 tLM BHA; B: ( i )  n o n e ;  (D) 
100 I~M BHA; (&) 2 mg/L  o f  Chx. ;  (A) 2 mg/L  of  Chx.  a n d  100 
~aM BHA. See  F i g u r e  1 fo r  o t h e r  a b b r e v i a t i o n s .  

almost completely at rTNF-a concentrations up to 1 ng/L 
in the presence of actinomycin D (Fig. 4A), while BHA pro- 
tection became negligible at rTNF-a concentrations above 
100 ng/L in WEHI cells. BHA increased the effective dose 

FIG.  4. T h e  e f fec t  of  BHA o n  r T N F - a - i n d u c e d  c y t o t o x i c i t y  i n  
WEHI  c l o n e  13 ce l l s  p r e i n c u b a t e d  4 h in  th e  a b s e n c e  o r  
p r e s e n c e  of  (A) 1 mg/L  of  Act.D a n d  (B) 1 mg/L  o f  Chx.  A f t e r  
44 h of  i n c u b a t i o n ,  t h e  m e d i u m  w a s  r e m o v e d  a n d  c o n t r o l  
m e d i u m ,  Act .D (1 mg/L) o r  Chx.  (1 mg/L) a d d e d  in  100 ~LL 
10% (vol/vol)  h e a t - i n a c t i v a t e d  f e t a l  c a l f  s e r u m  i n  RPMI-1640 
m e d i u m  c o n t a i n i n g  2 m m o l / L  L - g l u t a m i n e  a n d  40 mg/L  gen-  
t a m i c i n  s u l f a t e  (FCS-M) a n d  a f t e r  4 h f u r t h e r  i n c u b a t i o n ,  
r T N F - a  w a s  a d d e d  i n  t e n f o l d  d i l u t i o n s  i n  t h e  p r e s e n c e  o r  
a b s e n c e  o f  BHA i n  a t o t a l  v o l u m e  of  200 ~L  FCS-M/well .  T h e  
p e r c e n t a g e  cel l  s u r v i v a l  was  m e a s u r e d  a f t e r  22 h f u r t h e r  in-  
c u b a t i o n  u s i n g  t h e  3 - ( 4 , 5 - d i m e t h y l t h i a z o l - 2 - y l ) - 2 , 5 -  
d i p h e n y l t e t r a z o l i u m  b r o m i d e  assay.  T h e  r e s u l t s  a r e  f r o m  
o n e  o f  f o u r  s i m i l a r  e x p e r i m e n t s ,  a n d  a r e  g i v e n  as  m e a n s  _* 
SD of  q u a d r u p l i c a t e s .  A d d i t i o n s :  A: (B) none ;  (D) 250 laM 
BHA; (A) 1 mg/L  Act.D; (A) 1 mg/L  of  Act .D a n d  250 p~ l  of  
BHA; B: (n)  n o n e ;  ([~) 250 ~ BHA; (A) 1 mg/L  Chx.;  ( ~ )  1 
mg/L o f  C h ~  a n d  250 pLM of  BHA, a n d  t h e  m e a n  o p t i c a l  den-  
s i t y  in  t h e  a b s e n c e  of  r T N F - a  was:  0.90, 0.86, 0.38, 0.34, 0.90, 
0.86, 0.43 a n d  0.38, r e spec t ive ly .  See  F i g u r e s  1 a n d  3 fo r  
o t h e r  a b b r e v i a t i o n s .  
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TABLE 2 

Effect  of  Ac t inomyc i n  D and Cyc lohex imide  on P ro te in  Synthes i s  in WEHI Cells  a 

Incorporation of [3H]teucine (percent of control) 
4 h b 4 + 4 h b 

Addition c Control + Chx. + Act.D Control + Chx. + Act.D 

None 100 • 13.7 13 • 3.1 d 70 • 10.7 d 100 • 7.9 10 • 2.4 d 48 _ 10.6 d 
rTNF-r 94 • 30.2 12 • 2.4 d 66 • 8.4 d 88 • 15.4 d 9 • 2.0 d 22 • 5.8 d'e 
BHA 82 • 19.4 d 9 • 0.9 d 69 • 6.0 d 84 • 23.5 d 11 • 1.9 d 50 • 5.7 d 
rTNF-a + BHA 70 • 10.7 d 8 • 2.5 d 54 • 14.8 d'e 72 • 23.5 d 7 • 1.9 d 29 • 12.9 d'e 

aWEHI clone 13 cells were seeded at 2 x 103 cells/well in microplates using 200 }aL FCS-M/well and the medium was changed after 44 h 
of incubation. See Table 1 for other abbreviations. 
bprotein synthesis was measured after 4 h of preincubation with control medium, cycloheximide (Chx., 1 mg/L) or actinomycin D (Act.D, 
1 mg/L) as indicated, or after 4 h of preincubation followed by 4 h of incubation with the indicated additions. 
CAdditions during incubation and during assay of protein synthesis. After 4 h of preincubation, cells were incubated further for 4 h with 
control medium, rTNF-a (1 ~tg/L), B HA (250 pM) or rTNF-a plus BHA in the presence or absence of Chx. or Act.D as indicated. Protein 
synthesis was measured by adding [OH]leucine (1 ~Ci/well) as described in Materials and Methods. The results are calculated as percent 
of mean cpm in controls (14783 cpm and 21522 cpm after 4 h of preincubation and 4 + 4 h of incubation, respectively). The results are 
from three experiments, each performed in triplicate and are given as means • SD of data from nine cultures. 
dSignificantly different (P < 0.05) from the control with no addition when analyzed by one-way analysis of variance (ANOVA) using Dun- 
can multiple comparison test. Each time point was analyzed separately. 
r different (P < 0.05) from Chx. with no addition or Act.D with no addition, when analyzed by one-way ANOVA using Dun- 
can multiple comparison test. Each time point was analyzed separately. 

reducing  cell dens i ty  to 50% of control (ED50) of r T N F - a  
approximate ly  180-fold in  the  absence, and  approximate ly  
75-fold in  the  presence of ac t inomycin  D. BHA also inhib-  
i ted rTNF-a - induced  cytotexicity after  4 h p re incuba t ion  
wi th  the protein  synthes is  inhib i tor  cycloheximide (Fig. 
4B). At  a n  r T N F - a  concent ra t ion  giving 30% survival ,  
BHA increased cell survival  to approximate ly  80% in  the  
presence and  90% in the  absence of cycloheximide. Prein-  
cubat ion  with cycloheximide or ac t inomycin  D for 4 h re- 
duced prote in  synthes is  measu red  as incorporat ion of 
[3H]leucine to 13 and  70% of control, respectively (Table 
2). BHA alone (250 pM) inhib i ted  prote in  synthes is  only 
slightly. The resul ts  also confirmed tha t  ac t inomycin D 
and  cycloheximide inhib i ted  protein  synthes is  also d u r i n g  
incuba t ion  wi th  r T N F - a  and/or  BHA (Table 2). 

Effect  o f  B H A  on r T N F - a - i n d u c e d  T B A R S .  We nex t  
e x a m i n e d  w h e t h e r  BHA inh ib i t ed  the  r T N F - a - i n d u c e d  
perox ida t ion  m e a s u r e d  as TBARS. r T N F - a  dose-depen-  
den t ly  inc reased  both  the  pe rcen tage  of dead  cells a nd  of 
pro te in-assoc ia ted  TBARS (Fig. 5A). However,  there  was  
no l i nea r  r e l a t ionsh ip  be tween  TBARS a c c u m u l a t i o n  
and  cell death.  BHA (100 ~M) reduced rTNF-ct toxicity 
from 85 to 13% dead cells, respectively,  and  at  the  same  
t ime  decreased TBARS from 517 to 126% of controls  
(Fig. 5B). r T N F - a  inc reased  TBARS also w h e n  TBARS 
were  ca lcula ted  as pmol /cu l ture  well  or as pmol/106 
cells. We did no t  detect  TBARS in  the  cu l tu re  m e d i u m  
(resul ts  no t  shown).  In  a control  exper imen t ,  W E H I  cells 
t r ea t ed  wi th  w a t e r  con ta ined  100% dead cells a n d  134 
pmol TBARS/mg pro te in  compared  to control  cells which  
con ta ined  only 5% dead  cells and  138 pmol TBARS/mg 
p ro te in  (mean ,  n = 3). This  suggests  t h a t  TBARS were  
no t  only a m e a s u r e  of cell death .  

To examine  whe the r  the  effect of BHA on TBARS accu- 
mu la t i on  and  r T N F - a  cytoxicity was due to its an t iox idan t  
effect, we compared BHA with  the s imi lar  an t iox idan t  
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FIG. 5. The ef fect  o f  BHA on rTNF-a- induced a c c u m u l a t i o n  
of  p r o t e i n - a s s e c i a t e d  t h i o b a r h i t u r i c  ac id  r e a c t i v e  sub- 
s t a n c e s  (TBARS) in WEHI c lone  13 cel ls .  The  WEHI ce l l s  
w e r e  incubated  for  22 h w i t h  (A): 0, 40 or  640 ng/L of  
rTNF.a or  (B): 640 ng/L of  rTNF-a in  the  p r e s e n c e  o f  0 pM, 
25 ~aM and 100 pM of  BHA. P e r c e n t a g e  of  dead  ce l l s  w a s  mea-  
sured by  trypan  blue  exc lus ion ,  and TBARS w e r e  ana lyzed  
as  descr ibed  in Mater ia ls  a n d  Methods .  H a t c h e d  bars: per. 
cen tage  of  dead ce l l s  g i v e n  as  m e a n  • SD of  s ix  de termina-  
t ions; open  bars: pmol  TBARS per  m g  prote in  g i v e n  as  m e a n  
• SD of  tr ip l i cate  culture& One of  two  s imi lar  e x p e r i m e n t s  
is  shown.  *P < 0.05 as  compared  to the  contro l  w h e n  ana- 
l yzed  by  o n e - w a y  ana lys i s  o f  var iance  u s i n g  D u n c a n  mult i -  
ple  compar i son  test .  See  F igure  1 for  o ther  abbreviat ions .  

BHT (Table 3). In  W E H I  clone 13 cells, r T N F - a  gave 29% 
dead cells a nd  increased protein-associated TBARS to 
262% of the control wi thout  ant ioxidant .  BHT ne i the r  in- 
hibi ted rTNF-ct cytotoxicity nor  TBARS accumulat ion.  In  
comparison,  BHA blocked rTNF-a  toxicity completely and  
at  the  same t ime reduced protein-associated TBARS to 
the control level. S imi la r  resul t s  were also obta ined  us ing  
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TABLE 3 

E f f e c t  o f  B H A  a n d  B u t y l a t e d  H y d r o x y t o l u e n e  (BHT) o n  r T N F - a - I n d u c e d  T B A R S  A c c u m u l a t i o n  = 

97 

-rTNF-a +rTNF-a 

TBARS Dead cells TBARS DeAd cells 
Additions (~M) pmol/mg protein (%) pmol/mg protein (%) 

WEHI clone 13 cells 
None 87 -* 18 (3 -+ 1) 228 ,+ 76 b (29 .+ 5) b 
BHA (100) 98 • 18 (5 .+ 2) 89 ,+ 7.2 (6 .+ 1) 
BHT (100) 89 .+ 18 (4 -+ 1) 271 ,+ 88  b (60 --+ 6) b 

L929 cells 
None 74 _+ 15 (1 .+ 1) 199 ,+ 34 (34 .+ 3) 
BHA (100) 85 _+ 11 (2 • 1) 90 .+ 24 (2 .+ 1) 
BHT (100) 65 -+ 11 (2 -+ 1) 198 __. 3 (27 _+ 2) 

aWEHI clone 13 and L929 cells were cultured in 1400-mm petri dishes for 48 h as described in Materials and Methods. Thereafter, cells 
received 40 ng/L of rTNF-a (WEHI clone 13) or 160 ng/L (L929 cells) as indicated, and the incubation continued for 22 h. Thereafter, cell 
proteins were precipitated using trichloroacetic acid and protein-associated thiobarbituric acid reactive substances (TBARS) measured 
as described in Materials and Methods. The results are from two independent experiments in WEHI cells and are given as means _+ SD 
of quadruplicate cultures. The results in L929 cells are from one experiment and are given as means -+ SD of duplicates. Percent dead 
cells was measured using trypan blue exclusion, and the results are given as means _+ SD of quadruplicate cultures (WEHI) or duplicate 
cultures (L929). See Table 1 for other abbreviations. 
bSignificantly different (P < 0.05) when compared to the WEHI cell control when analyzed by one-way analysis of variance using Dun- 
can multiple comparison test. 

L929 cells (Table 3). In  a control  expe r imen t ,  B H T  was  
a d d e d  d u r i n g  the  h e a t i n g  of  t he  s a m p l e s  a s  descr ibed  by  
A s a k a w a  a n d  M a t s u s h i t a  (31). Aga in  BHA,  b u t  no t  BHT, 
i n h i b i t e d  r T N F - a - i n d u c e d  p r o t e i n - a s s o c i a t e d  TBARS,  
sugges t ing  t h a t  TBARS were  not  due  to pe rox ida t ion  dur-  
ing  the  TBARS a s s a y  (da t a  not  shown). The  r e su l t s  sug- 
ges t  t h a t  the  pro tec t ive  effect of B H A  on accumula t ion  of  
p ro te in -as soc ia t ed  TBARS a n d  r T N F - a  cytotoxici ty  is 
p robab ly  no t  r e l a t ed  to i ts  a n t i o x i d a n t  effect. 

To t e s t  w h e t h e r  r T N F - a  i n c r e a s e s  w a t e r - s o l u b l e  
TBARS,  T B A R S  were  m e a s u r e d  in  t he  s u p e r n a t a n t  
a f t e r  p r e c i p i t a t i o n  of  t h e  cell  p r o t e i n s  w i t h  TCA. T B A R S  
in  non -TCA p r e c i p i t a b l e  m a t e r i a l  were  be low the  de tec-  
t ion  level  in  W E H I  clone 13 cel ls  no t  p r e i n c u b a t e d  w i th  
a r a c h i d o n i c  ac id  ( d a t a  no t  shown).  However ,  w h e n  
W E H I  cel ls  were  p r e i n c u b a t e d  for 44 h w i t h  50 ~M 
a r a c h i d o n i c  acid,  r T N F - a  i n d u c e d  the  a c c u m u l a t i o n  of  
T B A R S  in  non -TCA p r e c i p i t a b l e  m a t e r i a l  (Fig.  6). Bo th  
B H A  a n d  B H T  s i m i l a r l y  i n h i b i t e d  the  r T N F - a - i n d u c e d  
a c c u m u l a t i o n  of  T B A R S  in  non-TCA p r e c i p i t a b l e  m a t e r -  
i a l  (Fig.  6). S ince  only  B H A  p r o t e c t e d  a g a i n s t  r T N F - a  
cy to tox ic i ty  (Fig.  6), t h e s e  T B A R S  a r e  no t  a s s o c i a t e d  
w i t h  r T N F - a  cytotoxici ty.  However ,  BHA,  b u t  no t  BHT, 
i n h i b i t e d  the  r T N F - a - i n d u c e d  a c c u m u l a t i o n  of  p ro te in -  
a s s o c i a t e d  T B A R S  in W E H I  cel ls  e n r i c h e d  w i t h  a r ach i -  
donic  ac id  ( d a t a  no t  shown) ,  i n d i c a t i n g  a g a i n  t h a t  pro-  
t e i n - a s s o c i a t e d  T B A R S  a re  a s s o c i a t e d  w i t h  r T N F - a  tox- 
icity. 

Differential effect of BHA and BHT on rTNF-a-induced 
release of [3H]arachidonic acid and prostaglandin E 2 syn- 
thesis. Since o the r s  have  r epor t ed  t h a t  T N F  enhances  the  
re lease  of  a rach idon ic  acid  in  cells sens i t ive  to T N F  toxic- 
i ty  (32), we t e s t ed  w h e t h e r  B H A  a n d  B H T  affected the  
rTNF--(z-induced re lease  of [3H]arachidonic acid. To avoid  
nonspecif ic  re lease  of [3H]arachidonic acid  secondary  to 
cell lysis ,  we compared  the  effect of  an t i ox idan t s  a f te r  4 h 
of  incuba t ion  wi th  r T N F - a .  At  th is  t ime,  cell d e a t h  h a d  
been  induced  (Fig. 2), b u t  was  not  ye t  de tec tab le  (Table 4). 
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FIG. 6. The e~ect  o~ RIgA and but]/lated hydroz~l;oluene 
( B H T )  on ~ [ W F - ~ - m d u c e d  f o r m a t i o n  of  TBARS in  non-  
t r i c h l o r o a c e t i c  a c i d  (TCA) p r e c i p i t a b l e  m a t e r i a l  in  WEHI 
c l o n e  13 ce l l s .  T h e  WEHI ce l l s  w e r e  s e e d e d  at  2 • 10 e ce l l s  
p e r  d ish ,  a d d e d  50 DM u n l a b e l e d  a r a c h i d o n i c  a c i d  a f t er  4-h 
c u l t u r e ,  a n d  t h e  i n c u b a t i o n  c o n t i n u e d  for  44 h. T h e r e a f t e r  
t h e  m e d i u m  w a s  c h a n g e d ,  a n d  c e l l s  r e c e i v e d  c o n t r o l  
m e d i u m  ( o p e n  bar)  or  40 ng/L o f  r T N F - a  ( h a t c h e d  bar)  in  t h e  
p r e s e n c e  o f  e i t h e r  100 DM o f  B H A  or  B H T  as  i n d i c a t e d  a n d  
t h e  i n c u b a t i o n  c o n t i n u e d  for  22 h. T B A R S  in  n o n - T C A  pre-  
c i p i t a b l e  m a t e r i a l  w e r e  m e a s u r e d  in  th e  s u p e r n a t a n t  a f t er  
p r e c i p i t a t i o n  o f  c e l l u l a r  p r o t e i n s  w i t h  TCA as  d e s c r i b e d  i n  
M a t e r i a l s  a n d  M e t h o d s .  U p p e r  pane l :  p e r c e n t a g e  o f  d e a d  
ce l l s  m e a s u r e d  u s i n g  t r y p a n  b l u e  e x c l u s i o n  a n d  g i v e n  as  
m e a n  • SD o f  t r i p l i c a t e s .  L o w e r  pane l :  T B A R S  in  n o n - T C A  
p r e c i p i t a b l e  m a t e r i a l  p e r  106 ce l l s .  D a t a  a r e  f r o m  t h r e e  in-  
d e p e n d e n t  e x p e r i m e n t s  a n d  a r e  g i v e n  as  m e a n  • SD o f  tr ip-  
l i ca te s .  S e e  F i g u r e s  1 a n d  5 for  o t h e r  a b b r e v i a t i o n s .  

r T N F - a  enhanced  the  re lease  of [3H]arachidonic acid  to 
231% of  control,  and  B H A  inh ib i t ed  th i s  r e lease  dose de- 
p e n d e n t l y  (Fig. 7A). BHT alone s l ight ly  i nc reased  the  
spon t aneous  r e l ease  of [3H]arachidonic acid,  whi le  i t  h a d  
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TABLE 4 

T h e  I n f l u e n c e  o f  A n t i o x i d a n t s  a n d  I n d o m e t h a c i n  o n  r T N F - ~ - I n d u c e d  R e l e a s e  o f  [ a H ] A r a c h i d o n i c  A c i d  
in  L929 Ce l l s  

Additions a AA release (cpm/well) b Dead cells (%) LDH release (%) 

Control 11503 • 155 d 3.1 • 1.8 7.2 • 0.2 
BHA 11393 ___ 372 2.1 • 0.2 7.9 • 0.3 
HBP 10006 • 186 d 2.6 --r 1.3 7.2 • 0.4 
DL-a-tocopherol 11962 • 330 d 1.1 • 0.2 d 7.0 + 0.3 
Indomethacin 17626 • 382 c'd 2.3 • 1.1 __e 

rTNF-(~ 26706 • 2084 c 4.0 • 1.7 7.5 -+ 0.6 
rTNF-cr + BHA 12330 • 561 d 2.4 • 2.0 7.2 • 0.5 
rTNF-(~ + HBP 12181 • 886 2.9 • 2.1 6.7 • 1.2 
rTNF-c~ + d/-(~-tocopherol 23699 • 744 c'd 2.0 • 0.1 8.5 • 0.4 
rTNF-cr + indomethacin 29991 • 1636 c 2.1 • 0.5 

aL929 cells were seeded at 0.5 x 106 cells/petri dish in 3 mL FCS-M. After approximately 24 h of incubation, the medium 
was changed to 1% (vol/vol) FCS-M containing I mCi/L of[3Hlarachidonic acid. After further 24 h incubation, the cells were 
washed three times with FCS-M and rTNF-(x (1 pg/L) added simultaneously with 100 pM of BHA, 4-hydroxymethyl-2,6-di- 
t-butylphenol (HBP), d/-cc-tocopherol or indomethacin, as indicated in 2 mL FCS-M containing RPMI without phenolic red. 
The supernatants were harvested after 4 h of incubation. Aliquots were counted in a liquid scintillation counter, and the 
results expressed as cpm/well and given as mean • SD of duplicate cultures from one of three similar experiments. Percent 
dead cells was determined by trypan blue exclusion after trypsinization of the cells, and the results are pooled from two ex- 
periments and given as means _+ SD of three or four incubations. Release of lactate dehydrogenase (LDH) is expressed as 
percent of total release in control cells lysed with Triton-X-100 and is given as means • SD of duplicate incubations. See 
Table 1 for other abbreviations. 
bRelease of [3H]arachidonic acid (AA) into the cell culture medium. 
cP < 0.05 compared to the control when analyzed by one-way analysis of variance (ANOVA) using Duncan multiple com- 
parison test. 
dp < 0.05 compared to rTNF-(~ when analyzed by one-way ANOVA using Duncan multiple comparison test. 
e , Not determined. 

no effect on the  r T N F - u - i n d u c e d  re lease  (Fig. 7A). Sepa-  
r a t e  t ime  course  e x p e r i m e n t s  showed t h a t  the  rTNF-(x-en- 
hanced  re lease  of [3H]arachidonic acid s t a r t e d  approxi-  
m a t e l y  1-2  h a f te r  the  add i t ion  of r T N F - a  (Fig. 7B). This  
is a p p r o x i m a t e l y  2 -3  h before the  onse t  of cell dea th .  

We n e x t  c o m p a r e d  the  effect of  B H A  on r T N F - a - i n -  
duced  r e l e a s e  of  [3H]arach idonic  ac id  w i t h  o t h e r  an t iox -  
i d a n t s  a n d  i n d o m e t h a c i n  (Table 4). The  a n t i o x i d a n t  4- 
h y d r o x y m e t h y l - 2 , 6 - d i - t - b u t y l p h e n o l ,  wh ich  comple t e ly  
b locks  r T N F - ( ~ - i n d u c e d  t o x i c i t y  (24), i n h i b i t e d  t h e  
rTNF-c~- induced r e l ea se  of  [3H]arachidonic  ac id  in  L929 
cells.  By c o m p a r i s o n ,  a - t ocophe ro l  or  i n d o m e t h a c i n  nei-  
t h e r  i n h i b i t e d  r T N F - a - i n d u c e d  r e l ea se  of  [3H]arachi-  
donic  ac id  no r  r T N F - ~ - i n d u c e d  cy to toxic i ty  a s  previ -  
ous ly  shown (23,24). I n d o m e t h a c i n  i t s e l f  i n c r e a s e d  t h e  
r e l e a se  of  [3H]arachidonic  ac id  in to  t h e  cu l t u r e  m e d i u m .  
A f t e r  4 h, r T N F - a  e n h a n c e d  the  r e l e a s e  of  [3H]-arachi-  
donic  ac id  w i t h o u t  a n y  i n c r e a s e  in  d e a d  cells,  s u g g e s t i n g  
t h a t  t h i s  r e l e a se  was  no t  s e c o n d a r y  to cell dea th .  In  a 
s e p a r a t e  e x p e r i m e n t ,  t h e  p h o s p h o l i p a s e  i n h i b i t o r  
q u i n a c r i n e  (10 pM)  i n h i b i t e d  t h e  rTNF-(~- induced  re-  
l ea se  o f  [3H]arach idonic  ac id  by  70 -+ 5.5% ( m e a n  _-2 SD, 
n = 2) a f t e r  4 h of  i n c u b a t i o n  w i t h  r T N F - a ,  s u g g e s t i n g  
t h a t  rTNF-(~ induces  p h o s p h o l i p a s e  ac t i v i t y  in  L929 
cells.  Q u i n a c r i n e  also i n h i b i t e d  r T N F - a  cy to tox ic i ty  by  
59 _+ 13% ( m e a n  _+ SD, n = 3) as  d e t e r m i n e d  by  t r y p a n  
b lue  exc lus ion  a f t e r  22 h of  i n c u b a t i o n  w i th  r T N F - a  (1 
~g/L). A d d i t i o n  of  r T N F - a  d id  no t  i n h i b i t  t he  incorpora -  
t ion  of  [3H]arachidonic  ac id  in to  L929 p h o s p h o l i p i d s  
( d a t a  no t  shown) ,  i n d i c a t i n g  t h a t  t he  e n h a n c e d  r e l e a s e  

of  [3H]arachidonic  ac id  was  no t  due  to a r e d u c e d  incor-  
p o r a t i o n  of  t h e  f a t t y  acid.  

Since the  r T N F - a - i n d u c e d  re lease  of [3H]arachidonic 
acid  was  inh ib i t ed  by  B H A  b u t  not  by  BHT, we t he r ea f t e r  
e x a m i n e d  w h e t h e r  rTNF-cr s t i m u l a t e d  the  re lease  of 
a rach idonic  acid  me tabo l i t e s  in L929 cells us ing  HPLC 
ana lys i s .  A p p r o x i m a t e l y  90% of the  rad io labe l  r e l eased  
into t he  m e d i u m  af ter  4 h of  incuba t ion  wi th  r T N F - a  was  
a rachidonic  acid  as  m e a s u r e d  us ing  HPLC (da t a  no t  
shown). Add i t ion  of r T N F - a  induced  the  syn thes i s  of 
p r o s t a g l a n d i n  E2, which s t a r t e d  a p p r o x i m a t e l y  4 h a i ~ r  
t he  add i t i on  of  r T N F - a  (Table 5). Both  B H A  a n d  in- 
domethac in  inh ib i t ed  p r o s t a g l a n d i n  syn thes i s  comple te ly  
a f te r  12 h of incuba t ion  wi th  rTNF-(~, whi le  BHT h a d  min-  
ima l  effects. Since only BHA,  bu t  not  B H T  and  in- 
domethac in ,  i nh ib i t ed  r T N F - a - i n d u c e d  cytotoxici ty bo th  
in W E H I  clone 13 (23) a n d  L929 cells (da t a  not  shown),  
the  effect of B H A  on r T N F - a  toxic i ty  cannot  be exp la ined  
t h r o u g h  inh ib i t ion  of p r o s t a g l a n d i n  E 2 syn thes i s  only. 

DISCUSSION 

The  p r e s e n t  r e p o r t  shows  t h a t  t he  a n t i o x i d a n t  B H A  in- 
h ib i t e d  r T N F - a - i n d u c e d  cy to tox ic i ty  in  L929 a n d  W E H I  
clone 13 f i b r o s a r c o m a  cells,  wh i l e  B H T  h a d  no effect. 
The  r e s u l t s  sugge s t  t h a t  BHA,  b u t  no t  BHT, i n h i b i t s  
rTNF~c~-induced p h o s p h o l i p a s e  act ivi ty ,  a n d  t h a t  t h e  ef- 
fect  is  i n d e p e n d e n t  of  p r o t e i n  or  m R N A  syn thes i s .  B H A  
m a y  i n h i b i t  r T N F - a - i n d u c e d  tox ic i ty  by  a t  l e a s t  t h r e e  
d i f f e ren t  m e c h a n i s m s  t h a t  wi l l  be  d i s cus sed  below. 
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TABLE 5 

T h e  I n f l u e n c e  o f  B H A  a n d  B H T  on  r T N F - a - I n d u c e d -  
P r o s t a g l a n d i n  E 2 S y n t h e s i s  in  L929 Ce l l s  

Incubation time with rTNF-cx 
Additions ~ 4 h 12 h 

Control ND b ND b 
BHA ND ND 
BHT ND ND 
Indomethacin ND ND 

rTNF-a 12 (0--64) 294 (281-307) 
rTNF-a + BHA ND ND 
rTNF-a + BHT ND 214 (198-230) 
rTNF-a + indomethacin ND ND 

aL929 cells were seeded in 60-mm petri dishes and cultured as de- 
scribed in Materials and Methods. The medium was removed and 
rTNF-a (1 ~tg/L) added simultaneously with 100 pM of BHA, BHT 
or indomethacin as indicated. The supernatants were harvested 
after 4 h or 12 h of incubation, and eicosanoids extracted and ana- 
lyzed by high-performance liquid chromatography. The amount of 
prostaglandin E 2 is given as the relative areas on the radioactivity 
detector. The detection limit was approximately 150 cpm of 
[3H]prostaglandin E2, corresponding to a relative area of 29. The 
results are the means and ranges from 2-4 separate experiments. 
See Tables 1 and 3 for abbreviations. 
bND, not detected. 
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FIG. 7. T h e  e f f e c t  o f  B H A  a n d  BHT o n  r T N F - a - i n d u c e d  re- 
l e a s e  o f  [ 3 H ] a r a c h i d o n i c  a c i d  in  L929 ce l l s .  A~ D o s e - d e p e n -  
d e n t  e f f e c t  o f  B H A  a n d  B H T  o n  the  r e l e a s e  o f  [3H]arachi -  
d o n i c  a c i d  4 h a f t er  the  a d d i t i o n  o f  rTNF-a.  Ce l l s  w e r e  
s e e d e d  in  p e t r i  d i s h e s  a n d  a f t er  24 h c u l t u r e ,  t h e  m e d i u m  
w a s  c h a n g e d  to  1% (vol /vol )  f e ta l  c a l f  s e r u m  in  RPMI-1640  
c o n t a i n i n g  [ 3 H ] a r a c h i d o n i c  a c i d  (1 mCi/L).  Af ter  a p p r o x i -  
m a t e l y  24 h f u r t h e r  i n c u b a t i o n ,  t h e  ce l l s  w e r e  w a s h e d  to  re-  
m o v e  e x t r a c e l l u l a r  [ 3 H ] a r a c h i d o n i c  ac id .  In  p a n e l  (A), c e l l s  
r e c e i v e d  e i t h e r  B H A  (0 ,  �9 or  B H T  (A, &) at  the  i n d i c a t e d  
c o n c e n t r a t i o n s  in  t h e  a b s e n c e  (0 ,  &) or  p r e s e n c e  o f  1 Dg/L 
r T N F . a  (O, A)  in  a to ta l  v o l u m e  o f  2 mL FCS-M. T h e  m e d i u m  
w a s  r e m o v e d  a f ter  4 I1, c e n t r i f u g e d  a n d  a l i q u o t s  t a k e n  for  
d e t e r m i n a t i o n  o f  r a d i o a c t i v i t y .  T h e  r e s u l t s  are  e x p r e s s e d  as  
p e r c e n t  o f  the  m e a n  c p m / w e l l  in  c o n t r o l  w e l l s  (13264 cpm) .  
T h e  d a t a  are  p o o l e d  f rom t w o  s e p a r a t e  e x p e r i m e n t s  a n d  
g i v e n  as  m e a n  • SD o f  q u a d r u p l i c a t e s .  B: T ime  c o u r s e  o f  
r T N F - a - i n d u c e d  r e l e a s e  o f  [ 3 H ] a r a c h i d o n i c  ac id .  T h e  ce l l s  
w e r e  w a s h e d  a n d  r e c e i v e d  e i t h e r  c o n t r o l  m e d i u m  (m), 1 
}lg/L o f  r T N F - a  ([]); r T N F - a  p l u s  50 ~LM o f  B H A  (C)) or  rTNF- 
a p l u s  50 paM o f  B H T  (A) .  T h e  m e d i u m  w a s  r e m o v e d  at  e a c h  
t i m e  po in t ,  c e n t r i f u g e d  a n d  a l i q u o t s  t a k e n  for  d e t e r m i n a -  
t i o n  o f  r a d i o a c t i v i t y .  T h e  r e s u l t s  are  e x p r e s s e d  as  c p m / w e l l ,  
a n d  are  g i v e n  as  m e a n  -+ SD o f  d u p l i c a t e s  f rom o n e  o f  t w o  
s i m i l a r  e x p e r i m e n t s .  S e e  F i g u r e s  1 a n d  6 for  a b b r e v i a t i o n s .  

One possible mechan i sm is tha t  BHA induces or acti- 
va tes  exist ing defense mechan isms  tha t  protect  the cell 
against  rTNF-a  cytotoxicity. TNF induces expression of 
mRNA for manganous  superoxide d ismutase  (33), prob- 
ably as a defense against  TNF-induced radical forma- 
tion. Both act inomycin D and cycloheximide increased 
TNF cytotoxicity (Figs. 3 and  4) in ag reement  with pre- 
vious resul ts  (34), probably due to inhibition of protein 
synthesis-dependent  resis tance agains t  TNF cytotoxic- 
ity. Others  have shown tha t  BHA induces the glu- 
ta thione S- t ransferase  enzyme (30), known to be in- 
volved in the cellular defense agains t  free radicals. This  
repor t  shows tha t  BHA protects  near ly  completely 
against  rTNF-a  cytotoxicity up to 1 ng/L of rTNF-a,  also 
in the presence of cycloheximide or act inomycin D, sug- 
gesting tha t  BHA protection is independent  of mRNA or 
protein synthesis .  The reduced protection seen a t  higher  
rTNF-a  concentrat ions is probably explained by the in- 
creased toxicity of rTNF-a  in the presence of cyclohex- 
imide (34) or actinomycin D (Figs. 3 and 4). BHA did not 
reduce the effect of cycloheximide or act inomycin D on 
protein synthesis ,  suggest ing tha t  i t  did not inhibit  
rTNF-a  cytotoxicity in the presence of cycloheximide 
through overall s t imulat ion of protein synthesis.  On the 
contrary, BHA alone slightly inhibited protein synthesis  
(Table 2). Several other  observations also suggest  t ha t  
BHA protection is independent  of protein synthesis.  
Firstly, pre incubat ing WEHI  cells with BHA, followed 
by the removal  of the BHA, had  no effect on rTNF-a  cy- 
totoxicity (Table 1). Secondly, adding BHA as late as 8 h 
af ter  rTNF-a  rescued all r emain ing  viable cells (Fig. 1). 

A recent  repor t  confirms tha t  BHA inhibits  TNF cyto- 
toxicity in L929 cells in the presence of act inomycin D 
(35). However, the same s tudy also showed tha t  BHT 
part ial ly inhibited TNF cytotoxicity a t  a concentrat ion 
(200 IdVi) tha t  we have  reported killed 83% of L929 cells 
(24). In  our hands,  BHT did not inhibit  rTNF-a  cytotox- 
icity (23,24), even when we used the same  exper imenta l  
design as Schulze-Osthoff et al. (35) (data  not shown). 
We therefore speculate tha t  different s t ra ins  of L929 
cells have been used. 

A second possible mechanism is tha t  BHA inhibits 
rTNF-(~-induced cytotoxicity through its antioxidant ef- 
fect, causing t rapping of free radicals. Several other re- 
ports indicate tha t  TNF st imulates oxygen radical forma- 
tion (18,21,22,35). However, BHA does probably not in- 
hibit rTNF-a-induced cytotoxicity through a nonspecific 
anti0xidant effect, since the antioxidants BHT (24) and a- 
tecopherol (18,20,24) do not inhibit rTNF-a-induced cyto- 
toxicity, and since both BHA and BHT inhibited formation 
of rTNF-(~-induced TBARS in non-TCA precipitable mate-  
rial (Fig. 6). We therefore speculate tha t  both BHA and 
BHT inhibit the propagation of cell peroxidation, leading 
to water-soluble, non-TCA precipitable end products, 
while only BHA can inhibit initiation and/or the accumu- 
lation of those pr imary  peroxides leading to cell death. 
This is also consistent with our observation tha t  TNF cy- 
totoxicity is correlated with the accumulation of protein- 
associated TBARS, but  not with the non-TCA precipitable 
TBARS. This shows tha t  only some of the rTNF-a-induced 
TBARS are associated with rTNF-~-induced cell death, 
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which would also explain the nonlinear relationship ob- 
served between protein-associated TBARS and TNF toxi- 
city (Fig. 5). Others have already shown that  different an- 
t/oxidants have a different ability to inhibit TNF-induced 
cytotoxicity (18,20,24) supporting the idea that  a gener- 
ally increased formation of nonenzymatically formed rad- 
icals is probably not the key event in TNF-induced toxic- 
ity. 

The differential effect of BHA and BHT on rTNF-~ tox- 
icity and protein-associated TBARS is probably not due to 
differences in solubility or in their antioxidant efficacy, 
since both inhibit the accumulation of TBARS in non-TCA 
precipitable material (Fig. 6), and since BHT has been 
shown to inhibit TBARS accumulation in other cell cul- 
ture systems (36). Their similar solubility also makes it 
unlikely that  these antioxidants accumulate at different 
sites inside the cell. One possible explanation of these re- 
sults is that  BHA, in addition to its well-known peroxide 
scavenging effects, specifically inhibits one or more en- 
zyme(s) involved in both protein-associated TBARS for- 
mation and rTNF-a-induced cell death, or by some other 
mechanism inhibits the accumulation of specific lipid per- 
oxides leading to cell death. Arachidonic acid increased 
both rTNF-a-induced protein-associated TBARS and 
TBARS in non-TCA precipitable material, possibly due to 
increased substrate for oxidation. However, preincubation 
with arachidonic acid increases rTNF-a cytotoxicity (23). 
To what extent this reflects unspecifically increased ox- 
idative damage, or the biosynthesis of oxidized metabo- 
lites of arachidonic acid that  signals rTNF-(~-induced cell 
death, is difficult to judge because of the low specificity of 
the TBARS assay (37). 

A third possible mechanism is tha t  BHA interferes with 
one of the TNF-activated signal transduction pathways. It  
has been reported that  following the binding of rTNF-(~ to 
its receptors, the internalization of TNF occurs within ap- 
proximately 2 h in L929 cells (5). Our data suggest tha t  
BHA inhibits rTNF-a-effects by interfering with some 
post receptor event since BHA almost completely inhib- 
ited the toxicity of a 2-h preincubation with rTNF-a 
(Fig. 2). This is further  supported by the observations that  
preincubation with BHA or BHT did not down-regulate 
the rTNF-tx receptors (data not shown), and that  BHA had 
no effect on TNF-induced adhesion in human endothelial 
cells (24). However, we cannot totally exclude the possibil- 
ity that  BHA affects the rTNF-a-induced turnover of its 
receptors as observed with the free radical scavenger des- 
ferrioxamine (38). However, this seems unlikely since 
BHA inhibits rTNF-(~ cytotoxicity completely when added 
2 h after rTNF-a in WEHI and L929 cells, and protects 
nearly all remaining viable cells when added as late as 
8 h after rTNF-a (Fig. 1B). We therefore speculate that  
BHA inhibits some of the late rTNF-a-induced intracellu- 
lar events possibly not related to the initial TNF-induced 
signals. 

Prostaglandins are also a part  of the TNF-induced sig- 
nal transduction mechanism(s). Prostaglandin E 2 is a 
messenger molecule in the TNF-induced regulation of 
CSF-1 mRNA levels in HL-60 cells (39), but  the involve- 
ment  of prostaglandin E 2 in TNF cytotoxicity has not been 
established convincingly. This report, as well as others 

(40), have shown that  rTNF-a stimulates prostaglandin 
E 2 synthesis and that  antioxidants have different potency 
in inhibiting the cyclooxygenase, BHA generally being 
much more potent than BHT (41,42). Since indomethacin 
had no effect on rTNF-(x-induced cytotoxicity (23), and 
prostaglandin E 2 itself does not cause cell death in L929 
cells (43), it seems unlikely that  prostaglandin E2 directly 
mediates rTNF-a cytotoxicity. However, prostaglandin E 2 
and other compounds may increase TNF cytotoxicity 
through elevation of cellular cAMP levels (43). Hayakawa 
et al. (44) showed that  TNF stimulates both release of 
arachidonic acid and prostaglandin E 2 production in sen- 
sitive, but  not in resistant, L929 cells. One critical event 
in TNF cytotoxicity may therefore be the TNF-induced re- 
lease of arachidonic acid, a conclusion in agreement with 
other reports (16,17,18,32,45). 

Since BHA, but  generally not BHT, is an inhibitor of the 
lipoxygenase (46), another possible explanation is that  
BHA inhibits rTNF-(~-induced synthesis of lipoxygenase 
products that  could be involved in signal transduction 
and/or peroxide formation. Haliday et al. (47) reported 
that  arachidonic acid itself and its lipoxygenase metabo- 
lite 5-hydroperoxyeicosatetraenoic acid regulate c-fos 
mRNA levels in preadipocytes, and TNF-induced lipoxy- 
genase metabolites mediate oxidative stress in TA1 cells 
(48). However, we could not detect TNF-induced HETE in 
the supernatants from L929 cells (data not shown). Since 
these metabolites can accumulate intracellularly and de- 
teriorate easily during storage, we cannot totally exclude 
that  rTNF-(z-induced lipoxygenase metabolites are pro- 
duced. However, we have previously shown that  nordihy- 
droguaretic acid does not inhibit rTNF-a cytotoxicity in 
WEHI clone 13 cells (23), which argues against lipoxyge- 
nases being involved in rTNF-a-induced cytotoxicity in 
these cells. 

BHA, but  not  BHT or indomethacin ,  inhibi ted 
rTNF-a-enhanced release of [aH]arachidonic acid from 
prelabeled L929 cells (Table 4 and Fig. 7). However, 
none of the tested antioxidants inhibited the unstimu- 
lated release seen in the absence of rTNF-a.  This indi- 
cates tha t  BHA specifically inhibits rTNF-a-enhanced 
release of arachidonic acid, possibly due to the inhibition 
of cellular phospholipase(s). This would also reduce ac- 
cumulation of lysophospholipids. BHA thereby inhibits 
one of the rTNF-a-induced intracellular  signal mecha- 
nisms. It  has been shown tha t  phospholipase inhibitors 
decrease TNF-induced cytotoxicity (18,20,32). However, 
to our knowledge, BHA has not previously been shown 
to directly inhibit phospholipases. It has recently been 
shown that  transfection of a cytosolic phospholipase A 2 
into resis tant  L929 cells makes them susceptible to 
rTNF-a  toxicity (49), supporting tha t  TNF-induced acti- 
vation of phospholipase A 2 is a key event  in TNF toxic- 
ity. This may also explain why BHA can inhibit  rTNF-a- 
induced cytotoxicity when protein synthesis is blocked, 
since many cell types consti tuently express phospholi- 
pase activity. The serum-induced release of arachidonic 
acid is not cytotoxic to L929 cells (45), and TNF stimu- 
lates both arachidonic acid release as well as growth in 
FS-4 fibroblasts (17), indicating tha t  enhanced arachi- 
donic acid release alone is not sufficient to induce cyto- 
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toxicity. Rather ,  our  resu l t s  sugges t  t h a t  the  TNF-in-  
duced release of  a rachidonic  acid m u s t  be coupled to a 
second m e c h a n i s m  w h e n  cell dea th  is induced.  We spec- 
u la te  t h a t  this  involves the  enzymat i c  fo rmat ion  of  oxi- 
dized lipids since pro te in-assoc ia ted  TBARS are corre- 
la ted  wi th  T N F  cytotoxici ty (Fig. 5). 

B H A  rescues  r ema in ing  viable W E H I  and  L929 cells 
as  late as 8 h af ter  rTNF-(~ addit ion,  while the  rTNF-a -  
e n h a n c e d  re lease  of  a rachidonic  acid s ta r t s  1-2  h af ter  
its addit ion,  which  is pr ior  to cell dea th  (Fig. 7). The  
mos t  l ikely explana t ion  for this  a p p a r e n t  d i sc repancy  is 
t h a t  a rachidonic  acid re lease  alone is insuff icient  to in- 
duce cell dea th  as discussed above. I f  the  formed oxi- 
dized lipid metabol i tes  exer t  a positive feedback on the  
phosphol ipase  activity, this  could explain why  BHA both  
inhibi ts  fo rmat ion  of  the  prote in-associa ted  TBARS, and  
a t  the  same  t ime inhibi ts  a rachidonic  acid release.  An- 
o ther  possible exp lana t ion  is t h a t  r T N F - a  cytotoxici ty 
requires  the  ongoing  re lease  of  a rachidonic  acid, which  
is t h e n  effectively inhibi ted by BHA. 

I t  is also possible t h a t  B H A  blocks the  rTNF-a- in -  
duced  increase  in i n t r ace l lu l a r  Ca 2+ concen t ra t ion ,  
which  s ta r t s  2 -3  h af ter  r T N F - a  addi t ion  (50). D o r n a n d  
et al. (51) have  repor ted  t h a t  B H A  inhibi ts  receptor-me-  
d ia ted  increase  in in t race l lu la r  Ca 2+. I f  B H A  blocks the  
rTNF-r late increase  in in t race l lu la r  Ca 2+, this  
could indirect ly  inhibi t  the  act ivi ty  of  calc ium-depen-  
den t  enzymes ,  inc luding phosphol ipases .  

In  summary ,  the  p resen t  repor t  indicates  t h a t  BHA, 
bu t  no t  BHT, inhib i t s  r T N F - a - i n d u c e d  cytotoxicity,  
rTNF-a - induced  re lease  of  a rachidonic  acid as well as 
r T N F - a - i n d u c e d  a c c u m u l a t i o n  of  p ro t e i n - a s soc i a t ed  
TBARS. The resul t s  m a y  sugges t  t h a t  ac t iva t ion  of  a 
phosphol ipase  followed by the  specific fo rmat ion  of  one 
or more  oxidized lipid metabol i tes  media tes  r T N F - ~  tox- 
icity. F u r t h e r  s tudies  are  needed  to e lucidate  w h e t h e r  
fa t ty  acid peroxides formed enzymat ica l ly  f rom arachi-  
donic acid are  the  more  direct  med ia to r s  of  TNF- induced  
cytotoxicity. 
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Prev ious  s tud ies  w i t h  macrophages  that  had  been  prela- 
be led  wi th  []4C]arachidonic acid (20:4) h a v e  s h o w n  that  
c o n d e n s e d  t ~ n n i u  is a potent  agonis t  for the  re lease  of  
arach idon ic  acid.  However,  it  has  not  b e e n  demons tra ted  
that  the  percentage  re lease  of  [14C]20:4 accurate ly  re- 
f lects  the  metabol ic  act iv i ty  of  the  e n d o g e n o u s  20:4 pool.  
In order  to measure  the  20:4 mass  re lease  re lat ive  to the  
total  ce l lu lar  20:4 pool,  the  free fatty ac ids  of  freshly  iso- 
lated a lveo lar  macro pha g es  were  der iva t i zed  w i t h  a flu- 
orescent  reagent ,  and  then  separated  and  quant i f i ed  by  
h igh-per formance  l iqu id  chromatography.  The a m o u n t s  
of  esterff ied fatty ac ids  were  m e a s u r e d  by  gas chro- 
matography  of  the  m e t h y l  esters.  Free  fatty acid l eve l s  
were  compared  to those  of  the  total  es ter i f ied  p ins  unes-  
ter i f ied fatty ac ids  to de t ermi ne  the  actual  percentage  
re leased  of  each  fatty acid.  T~nnin-s t imulated  re lease  of  
20:4 mass  ref lected that  prev ious ly  reported for the  re- 
l ease  o f  [14C]20:4 label  but  at a s lower  rate and at a m u c h  
lower  percentage  i n d i c a t i n g  that  114C]20:4 ha d  been  in- 
corporated into  part  o f  a more  react ive  pool.  The speci-  
f ic i ty  of  the  fatty acid re lease  i n d u c e d  by  tannin  and ~- 
1,3-glucan, a k n o w n  agonis t  for 20:4 release,  wa s  also ex- 
amined.  Both  agonis t s  promoted  an increase  in the  l eve l s  
o f  free 20:4 and of  o ther  fatty acids.  A compar i son  of  the  
absolute  increases  of  each  of  the  fatty ac ids  ind ica ted  
that  t a n n i n  caused  a preferent ia l  increase  in the  mass  of  
free 20:4, whereas  ~- l ,3-glucan e v o k e d  a se lec t ive  in- 
crease  in  the  mass  of  16.~. 
Lipids 29, 103-109 (1994). 

Resident alveolar macrophages are the principal cells 
responsible for the clearance and/or detoxification of in- 
haled airborne occupational or environmental  pollu- 
tants.  Interact ion of alveolar macrophages with the in- 
haled foreign material  activates the cells and initiates a 
sequence of events tha t  often results  in pulmonary in- 
flammation. Condensed tannin,  a polymer of monofla- 
vanoid subunits, is one of the major water-soluble com- 
ponents present  in the airborne dust  generated from the 
processing of a wide var ie ty  of woody plants (1). Inhala- 
tion of tannin  or tannin-containing organic dust  has 
been shown to evoke an acute pulmonary inf lammatory 
response. Several  of the inf lammatory mediators re- 
leased following tannin  inhalation suggested the in- 
volvement of alveolar macrophages (2). Subsequent  in 
vitro studies have shown tha t  condensed tannin  can pro- 
foundly change the functional capacity of alveolar 
macrophages (3-8). 

Among the macrophage functions found to be modu- 
lated by condensed tannin  are the release and metabo- 

*To whom correspondence should be addressed at Thoracic Dis- 
eases Research Unit, Room 621A, Guggenheim Building, Mayo 
Clinic and Foundation, Rochester, MN 55905. 
1Deceased. 
Abbreviations: ADAM, 9-anthryldiazomethane; BSA, bovine 
serum albumin; HBSS, Hank's balanced salt solution; HPLC, high- 
performance liquid chromatography. 

lism of arachidonic acid (20:4). A recent  s tudy using 
alveolar macrophages prelabeled with [14C]20:4 demon- 
s trated tha t  tannin  was a potent  agonist for 20:4 re- 
lease. Tannin st imulated the release of up to 20% of the 
incorporated [14C]20:4 in a time- and dose-dependent 
manner  (7). However, rabbit  alveolar macrophages are 
not suited to long-term culture, and hence must  be 
loaded under  nonequilibrium conditions, i.e., using 2 h 
of labeling. With such a short  loading period, it  was 
questionable whether  the labeled substrate  distr ibuted 
sufficiently to accurately reflect the metabolic activity of 
the endogenous 20:4 pool it was intended to represent.  

The present  s tudy addresses this question by using a 
sensitive, fluorescence-based method (9) to measure  the 
release of endogenous 20:4 mass from tannin-s t imulated 
alveolar macrophages. As the total amount  of 20:4 es- 
terified in alveolar macrophage giycerolipids can also be 
measured,  the percentage released from the total 20:4 
pool was also determined and compared to similar data  
previously obtained on [14C]20:4-prelabeled cells (7). In 
addition, because the fluorescence method permits  mea- 
surement  of all free fat ty acids simultaneously, the 
specificity of the fat ty  acid release from tannin-st imu- 
lated alveolar macrophages was examined and com- 
pared to tha t  evoked by ~-l,3-glucan, a well-character- 
ized agonist for 20:4 release from alveolar macrophages. 

MATERIALS AND METHODS 

Materials. The fat ty acid standards,  palmitic acid (16:0), 
stearic acid (18:0), oleic acid (18:1), linoleic acid (18:2), 
arachidonic acid (20:4) and heptadecanoic acid (17:0) 
were purchased from Nu-Chek-Prep (Elysian, MN). The 
fluorescent probe, 9-anthryldiazomethane (ADAM) was 
obtained from Molecular Probes (Eugene, OR). Medium 
199 RPMI 1640, fa t ty  acid-free bovine serum albumin 
(BSA) and part iculate ~-l,3-glucan isolated from Sac- 
charomyces cerevisiae were purchased from Sigma 
Chemical Co. (St. Louis, MO). High-performance liquid 
chromatography (HPLC)-grade solvents were obtained 
from EM Science (Gibbstown, NJ). A 4.5 • 250 mm, 5 ~m 
particle size ODS reverse-phase HPLC column was pur- 
chased from Beckman Ins t ruments  (Fullerton, CA). Tis- 
sue culture plates were obtained from Costar (Cam- 
bridge, MA). 

Isolation of cotton bract tannin. Condensed tannin  
was isolated as previously described (10) from the pre- 
senescent bracts of Acala SJ-5 cotton grown in Califor- 
nia in 1982. The bracts were a generous gift of Dr. 
Robert Jacobs of Cotton, Incorporated (Raleigh, NC). 
The purif ied t ann in  was s tored as a desiccated, 
lyophilized powder at -20~ Fresh solutions were made 
immediately before use by dissolving the tannin  in cal- 
cium- and magnesium-free Hank's  balanced salt solu- 
tion (HBSS), and the concentration of tannin  was deter- 
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mined by the spectrophotometric method of Bell and Sti- 
panovic (11). 

Preparation of particulate fl-l,3-glucan. Part iculate  ~- 
1,3-glucan was prepared by suspension in HBSS at  5 
mg/mL and was subjected to tip sonication jus t  prior to 
use to separate any adherent  particles. Following soni- 
cation, the number  of particles/mL was measured on a 
hemacytometer.  

Isolation of rabbit resident alveolar macrophages. 
Resident alveolar macrophages were obtained by bron- 
choalveolar lavage of healthy, adult  New Zealand white 
rabbits as previously described (12). Cell differentials 
performed on Wright's-stained cytospin preparat ions re- 
vealed tha t  the percentage of macrophages exceeded 
95% in all cases. The cells were resuspended at  a con- 
centrat ion of 1.5 x 106 cells/mL in culture medium (a 1:1 
mixture  of Medium 199 and RPMI 164 supplemented 
with 2 mM glutamine, 100 U/mL penicillin and 100 
lag/mL streptomycin). One-mL aliquots of the macro- 
phage suspension were added to each well of 6-well tis- 
sue culture plates, and the plates were incubated for 1 h 
at 370C in a fully-humidified atmosphere of 95% air/5% 
CO 2 to permit  the macrophages to adhere. The wells 
were then washed three times to remove any nonadher-  
ent  cells, then 1 mL of mixed media +0.1% BSA was re- 
stored to each well. 

Quantification of total phospholipids and esterified 
fatty acids in macrophages. Lipids were extracted from 
1 • 107 freshly isolated rabbit  alveolar macrophages by 
the method of Bligh and Dyer (13). After removal of the 
solvent under  nitrogen, the lipids were redissolved in 1 
mL of chloroform/methanol (2:1, by vot). Aliquots of this 
extract  were assayed for lipid phosphorus by the method 
of Bar t le t t  (14) and for total esterified fat ty acids by 
transesterif ication with 0.2 N methanolic NaOH and gas 
chromatography analysis of the methyl  esters in the 
presence of an internal  standard. 

Determination of the time and dose dependence for 
tannin-mediated 20:4 release. To define the t ime depen- 
dence of tannin-mediated 20:4 release, adherent  macro- 
phages were incubated at 37~ in a fully-humidified at- 
mosphere of 95% air/5% CO 2 in 1 mL of culture medium 
containing 100 }zg/mL tannin.  After 30, 60, 90 and 120 
min of incubation, the cells were freed from the plates by 
scraping with a silicone policeman. The suspended cells 
from 2-4  wells were combined, t ransferred to acid- 
washed 50-mL glass tubes and 2.000 lag of 17:0 was 
added to each tube to serve as an internal  standard.  The 
fat ty acids were then  extracted by the method of Bligh 
and Dyer (13). Cells extracted immediately after  addi- 
tion of the tannin-containing medium defined the basal 
level of 20:4 at the onset of the study. Following extrac- 
tion, the organic solvent was removed under  nitrogen 
and the fat ty  acids redissolved in 200 !aL of methanol  
and stored at -70~ until  derivatization and analysis. 

To define the dose dependence of tannin-mediated 
20:4 release, adherent  macrophages were incubated at  
37~ in a fully-humidified atmosphere of 95% air/5% 
CO 2 in 1 mL of culture medium containing 25, 50, 100 or 
200 lag/mL tannin.  After 90 min, the fat ty acids were ex- 
t racted and stored until  analysis, as described above. 

Two sets of controls were run  in parallel accompanying 
each experiment.  Macrophages incubated with culture 
medium alone served as controls to define the basal re- 
lease of 20:4. Wells containing culture medium, but  no 
cells, served to define the level of fat ty acids present  in 
the medium. 

Comparison of fatty acid release by tannin and fl-l,3- 
glucan. To compare the release of all fat ty acids from 
macrophages st imulated by tannin  with tha t  st imulated 
by ~-l,3-glucan, adherent  macrophages were st imulated 
with ei ther  culture medium containing 100 ~g/mL tan- 
nin or 2 x 107 particles/mL of ~-l,3-glucan for 90 min at 
37~ in a fully-humidified atmosphere of 95% air/5% 
CO 2. The fat ty acids were then extracted and stored 
until analysis as described above. 

Separation and quantification of the free fatty acids. 
To prepare fluorescent derivatives of the extracted free 
fat ty acids, a 200-~L aliquot of 10 mg/mL ADAM in 
methanol  was added to the extracted fat ty  acids in 
methanol  prepared as described above. The reaction 
tubes were purged with nitrogen, sealed and incubated 
for four hours in the dark  at room temperature .  Samples 
were then  stored at  -20~ until  analysis. All samples 
were analyzed within 24 h after  completion of the de- 
rivatization. Prel iminary studies demonstrated tha t  the 
fluorescent fa t ty  acid derivatives were stable for at least 
this period of time. 

Separat ion and quantification of the fluorescently-de- 
rivatized fat ty acids was performed by HPLC using the 
method described by Nakagawa and Waku (9). Aliquots 
of 100 laL of the fluorescently-derivatized fat ty acids 
were subjected to chromatography on a Waters Maxima 
HPLC system (Milford, MA) equipped with an in-line 
model 470 fluorescence detector. Separat ion of the de- 
rivatized fat ty  acids was achieved by chromatography 
on an ODS reverse-phase column with isocratic elution 
using a mobile phase of acetonitrile/isopropanol/water 
(90:9:1, by vol) at a flow rate  of 1.6 mL/min. The deriva- 
tized fat ty acids were detected by monitoring fluores- 
cence emission at  412 nm result ing from excitation at  
365 nm. The elution profiles of a s tandard  mixture  of 
ADAM-derivatized fat ty  acids were used to identify the 
individual fat ty acid derivatives present  in the cell ex- 
tracts. Mass values for each of the fat ty  acids were de- 
termined by comparison of the integrated peak area of 
each fat ty acid derivative and tha t  of the derivatized in- 
ternal  standard,  17:0. 

Statistical analysis. Comparisons of statistical signif- 
icance were made using the paired Student 's t-test. A P 
< 0.05 was taken  as the limit to indicate statistical sig- 
nificance. 

RESULTS 

Total phospholipid and esterified fatty acids in alveolar 
macrophages. Total lipid phosphorus was determined to 
be 64.0 _* 2.3 nmol/10 ~ cells (n = 4), a value very similar 
to tha t  reported by Sugiura et al. (15). Fa t ty  acid methyl 
esters obtained by methanolysis  of the total lipid ex- 
tract,  amounted to 106.6 _+ 3.2 nmol/106 cells (n = 4). 
About 98% of these consisted of the five predominant  
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f a t t y  ac ids  16:0, 18:0, 18:1, 18:2 a n d  20:4. W h i l e  t he  
m o s t  a b u n d a n t  e s t e r i f i ed  f a t t y  ac id  was  18:1, wh ich  
c o m p r i s e d  33.0% of  t he  to ta l ,  t he  r e s t  were  p r e s e n t  in  
n e a r l y  e q u a l  a m o u n t s  of  15 to 17% each  (Table  1). 

Free fatty acid in alveolar macrophages. The  free f a t t y  
ac ids  in  f r e sh ly  i so l a t ed  or  t a n n i n - s t i m u l a t e d  r a b b i t  
a lveo l a r  m a c r o p h a g e s  were  ex t r ac t ed ,  d e r i v a t i z e d  w i th  a 
f l uo re scen t  probe ,  s e p a r a t e d  by  H P L C  (as  i l l u s t r a t e d  in  
Fig.  1). In  u n s t i m u l a t e d  cells,  t h e  m a s s  of  f ree  f a t t y  
ac ids  p r e s e n t  r a n g e d  f rom a low of  12 _+ 4 ng/106 cel ls  for 
20:4 to a h igh  of  1200 _+ 80 ng/106 cel ls  for 16:0 (Table  1). 
W h e n  e x p r e s s e d  as  a p e r c e n t a g e  of  t h e  t o t a l  a m o u n t  of  
free f a t t y  ac ids  p r e s e n t  in  t he  m a c r o p h a g e s ,  16:0 ac-  
c o u n t e d  for a p p r o x i m a t e l y  56% of  t h e  t o t a l  free f a t t y  
acids;  18:2, 18:1 a n d  18:0 r e p r e s e n t e d  11, 17 a n d  16% of  
t he  to ta l ,  r e spec t ive ly ;  a n d  20:4 accoun ted  for only  0.5%. 
These  v a l u e s  a g r e e  wel l  w i th  t hose  p r e v i o u s l y  r e p o r t e d  
for f r e sh ly  i so l a t ed  r a b b i t  a lveo l a r  m a c r o p h a g e s  by  N a k -  
a g a w a  a n d  W a k u  (9). 

W h e n  the  a m o u n t  of  u n e s t e r i f i e d  f a t t y  ac id  was  ex- 
p r e s s e d  as  nmol/106 cel ls  a n d  c o m p a r e d  to t h e  t o t a l  
nmol/106 cel ls  p r e s e n t  in  t he  a l v e o l a r  m a c r o p h a g e s  
(Table  1), i t  w a s  found  t h a t  a p p r o x i m a t e l y  7% of  t h e  
t o t a l  f a t t y  ac ids  p r e s e n t  in  t he  m a c r o p h a g e s  we re  unes -  
te r i f ied .  Ind iv idua l ly ,  t he  r e l a t i v e  a m o u n t  of  each  f ree  
f a t t y  ac id  p r e s e n t  in  t h e  free f a t t y  ac id  pool v a r i e d  f rom 
20:4, of  wh ich  only 0.2% w a s  unes t e r i f i ed ,  to 16:0, of  
wh ich  n e a r l y  23% w a s  p r e s e n t  as  free f a t t y  acid.  The  rel-  

TABLE 1 

Free Fatty Acid Composit ion of  Freshly Isolated Alveolar 
Macrophages 

Fatty acids FFA a FFA a Esterified FA b 
ng/106 cells nmol/106 cells nmol/106 cells 

16:0 1200 _+ 80 4.69 _+ 0.30 16.0 • 0.8 
(% free) c (22.7 _+ 1.4%) 

18:0 409 • 63 1.44 +_ 0.22 17.8 • 0.4 
(% free) (7.5 _+ 1.1%) 

18:1 440 • 41 1.56 • 0.14 35.2 _+ 0.7 
(% free) (4.2 • 0.4%) 

18:2 274 • 57 0.98 +- 0.20 17.8 • 0.6 
(% free) (5.2 • 1.1%) 

20:4 12 _+ 4 0.04 +__ 0.01 17.9 • 1.1 
(% free) (0.2 _ 0.0%) 

Total d 2340 _ 160 8.69 _+ 0.59 106.6 +_ 3.2 
(% free) (6.6 _+ 0.4%) 

aThe values shown are the means _+ SEM mass for each of the in- 
dividual fatty acids (FA) determined on six independent prepara- 
tions of alveolar macrophages. FFA, free fatty acids. 
bThe values shown are the means • SEM nmol for each of the in- 
dividual fatty acids determined on four independent preparations 
of alveolar macrophages. 
CThe percentage of each fatty acid present in the unesterified form 
calculated as (nmol FFA/10 ~ cells) + (total FFA + esterified FA). 
dThe other fatty acids, e.g., 16:1, 20:5, etc., were present in low 
abundance (>2% of the total combined) and are not reported. Their 
contribution to the total fatty acids of the macrophage are, how- 
ever, reflected in the total. 
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FIG. 1. Separation of  fatty acid 9-anthryldiazomethane es- 
ters by reverse-phase high-performance l iquid chromatog- 
raphy. Shown in the top panel is a chromatogram of  a mix- 
ture of standard fatty acids fol lowing derivatization and 
chromatography on a reverse-phase ODS column. The mix- 
ture has resolved into individual  fractions corresponding to 
20:4 (1); 18:2 (2); 18:1 (3); 16:0 (4); 17:0 (5); and 18:0 (6). Shown 
in the center and bottom panels  are the profiles of  the fatty 
acids extracted from 4.5 x 10 e control or tannin-st imulated 
(100 ~g/mL) alveolar macrophages,  respectively. In each 
case, 17.~ was added to each sample prior to extraction to 
serve as an internal  standard to calculate recovery and 
quantitate the mass of each fatty acid. 

a t ive  a m o u n t s  of  t h e  o t h e r  free f a t t y  ac ids  (18:2, 18:1 
and 18:0) r a n g e d  f rom 4 - 7 %  of  t h e i r  t o t a l  a m o u n t s .  

Effect of alveolar macrophage adherence on free fatty 
acid levels. Since  a l l  s u b s e q u e n t  e x p e r i m e n t s  u t i l i z ed  
m a c r o p h a g e s  t h a t  h a d  been  a l lowed  to a d h e r e  to t i s sue  
c u l t u r e  p l a t e s ,  i t  w a s  n e c e s s a r y  to d e t e r m i n e  w h e t h e r  
a n y  c h a n g e s  occu r red  as  a r e s u l t  of  adhe rence .  F r e s h l y  
i so l a t ed  m a c r o p h a g e s  c o n t a i n e d  8.69 _+ 0.59 nmol  f ree  
f a t t y  acids/106 cel ls  c o m p a r e d  to 8.43 _+ 0.62 nmol  f ree  
f a t t y  acids/106 cel ls  found  in m a c r o p h a g e s  a f t e r  one 
h o u r  of  a dhe re nc e ,  a d i f ference  t h a t  w a s  no t  s t a t i s t i c a l l y  
s ign i f i can t  (P = 0.74). A d h e r e n c e  did, however ,  a l t e r  t h e  
m a s s  d i s t r i b u t i o n  a m o n g  the  five free f a t t y  ac ids  de- 
t e c t ed  in  r a b b i t  a lveo l a r  m a c r o p h a g e s ,  as  shown  in Fig-  
u r e  2. C o m p a r i s o n  of  t h e  m a s s  of  i n d i v i d u a l  f ree  f a t t y  
ac ids  in  f r e sh ly  i so l a t ed  cel ls  w i th  t h a t  in  cel ls  a f t e r  one 
h o u r  of  a d h e r e n c e  r e v e a l e d  t h a t  t h e  m a s s  of  a l l  t h r e e  un-  

UPIDS, VoL 29, no. 2 (1994) 



106 

N.V.C. RALSTON AND M.S. ROHRBACH 

sa tu ra ted  fa t ty  acids increased. The mass  of free 20:4 in- 
creased from 0.04 _+ 0.1 to 0.13 -+0.03 nmol/106 cells, 
while free 18:2 increased from 0.98 -+ 0.20 to 1.67 _+ 0.17 
nmol/106 cells, and free 18:1 increased from 1.56 -+ 0.14 
to 1.79 -+ 0.26 nmol/106 cells. However, the increase in 
these free fa t ty  acid levels reached stat ist ical  signifi- 
cance only for 18:2 (P = 0.023). In  contrast ,  the masses  
of both sa tu ra ted  fa t ty  acids, 18:0 and 16:0, decreased 
from 1.44 -+ 0.22 to 1.11 -+ 0.15 nmol/106 cells and 4.69 -+ 
0.30 to 3.75 -+ 0.26 nmol/106 cells, respectively, but  only 
the decrease in 16:0 was stat ist ically significant (P = 
O.O5). 

Time dependence of tannin-mediated release of arachi- 
donic acid. Exposure of alveolar macrophages  to t ann in  
resu l t ed  in the  t i m e -dependen t  re lease  of 20:4. 
Macrophages  challenged with 100 pg/mL tannin  for 2 h 
released 1.26 -+ 0.23 nmol 20:4/106 cells as compared to 
the basal  release of 0.08 -+ 0.04 nmol 20:4/106 cells ob- 
served over a 2-h period from adherent ,  uns t imula ted  
control macrophages.  As i l lustrated in Figure 3, 20:4 re- 
lease was initially modest ,  with only 15% of the maxi-  
mal  release observed 30 min  af ter  exposure to tannin.  
This was followed by a rapid release over the next  30 
min  so tha t  by 1-h post-exposure, 95% of the maximal  
release of 20:4 had  occurred. This lag in the t ime course 
for endogenous 20:4 release differed from the previously 
reported determinat ion of the t ime dependence of 20:4 
release based on the m e a s u r e m e n t  of the l iberation of 
[14C]20:4 from prelabeled alveolar  macrophages  (7). The 
t ime dependence for the release of [14C]20:4 is included 
in Figure 3 to allow comparison with the t ime depen- 
dence of endogenous 20:4 release. As i l lustrated,  the re- 
lease of [14C]20:4 was significantly grea te r  and fas ter  
t han  tha t  observed for the release of 20:4 mass  deter- 
mined in the present  study. While only 15% of the max-  
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FIG. 2. C o m p a r i s o n  o f  the  m a s s  o f  f ree  f a t t y  ac id  (FFA) in  
f r e s h l y - i s o l a t e d ,  n o n a d h e r e n t  a l v e o l a r  m a c r o p h a g e s  a n d  
m a c r o p h a g e s  o n e  h o u r  a f t er  a d h e r e n c e .  T h e  l e v e l s  o f  f ree  
f a t t y  ac ids ,  e x p r e s s e d  as  n m o l  o f  f ree  fa t ty  acid/106 ce l l s  a r e  
s h o w n  for  b o t h  f r e s h l y - i s o l a t e d ,  n o n a d h e r e n t  a l v e o l a r  
m a c r o p h a g e s  ( o p e n  bars )  a n d  m a c r o p h a g e s  1 h a f t er  a d h e r -  
e n c e  ( c l o s e d  bars) .  T h e  v a l u e s  s h o w n  are  t h e  m e a n s  • S EM 
for  f ive  i n d e p e n d e n t  p r e p a r a t i o n s .  L e v e l s  o f  f ree  f a t t y  a c i d  
in  a d h e r e n t  m a c r o p h a g e s  t h a t  d i f f e r e d  s t a t i s t i c a l l y  (P < 
0.05) f r o m  t h o s e  in  f r e s h l y - i s o l a t e d  n o n a d h e r e n t  m a c r o -  
p h a g e s  are  i n d i c a t e d  b y  a n  a s t e r i s k .  
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FIG. 3. T ime  c o u r s e  for  t n n n i n - m e d i a t e d  r e l e a s e  o f  20:4. 
S h o w n  is  th e  t i m e - d e p e n d e n t  i n c r e a s e  in  th e  m a s s  o f  f ree  
20:4 in  a l v e o l a r  m a c r o p h a g e s  s t i m u l a t e d  w i t h  100 p g / m L  
t a n n i n  ( o p e n  c irc les ) .  E a c h  v a l u e  i s  th e  m e a n  • SEM from 
f o u r  i n d e p e n d e n t  p r e p a r a t i o n s .  Fo r  c o m p a r i s o n ,  t h e  prev i -  
o u s l y  p u b l i s h e d  (7) t i m e - d e p e n d e n t  r e l e a s e  o f  [14C]20:4 
f rom a l v e o l a r  m a c r o p h a g e s  p r e l a b e l e d  for  2 h w i t h  [14C]20:4 
i s  a l so  s h o w n  ( c l o s e d  c i rc l e s ) .  A l t h o u g h  t h e  a c t u a l  p e r c e n t -  
a g e  r e l e a s e  w a s  s i g n i f i c a n t l y  g r e a t e r  (P < 0.05) a t  a l l  p o i n t s  
for  t h e  r a d i o a c t i v e  20:4 r e l e a s e ,  a c o m p a r i s o n  o f  20:4 re-  
l e a s e  e x p r e s s e d  as  a p e r c e n t a g e  o f  th e  m a x i m a l  r e l e a s e ,  i .e . ,  
t h e  r e l e a s e  d e t e r m i n e d  at  90 m i n  p o s t - e x p o s u r e  to  t a n n i n  
m e a s u r e d  b y  t h e s e  t w o  m e t h o d s ,  w a s  d i f f e r e n t  o n l y  at  30 
m i n  (P < 0.001).  

imal  release of endogenous 20:4 mass  occurred within 30 
min af ter  exposure, 65% of the maximal  [14C]20:4 re- 
lease occurred within t ha t  time. However, measure-  
m e n t s  made  by e i ther  me thod  d e m o n s t r a t e d  t h a t  
arachidonate  release reached a p la teau af ter  60 min of 
tannin  st imulat ion.  

Dose dependence of tannin-mediated release or arachi- 
donic acid. Previous studies had  indicated an unusual  
dose dependence for the tannin-media ted  release of 
[14C]20:4 from prelabeled rabbi t  alveolar  macrophages  
(7). No release of [14C]20:4 above basal  levels was ob- 
served at  t annin  concentrat ions below 25 pg/mL. Al- 
though the release of [14C]20:4 was consistently higher, 
the pa t t e rn  was s imilar  to the dose-dependent  release of 
endogenous 20:4 measured  90 min  af ter  exposure to tan-  
nin. No increase in the mass  of free 20:4 occurred with 
tannin  concentrat ions at  or below 25 pg/mL, but  near- 
maximal  release occurred at  100 pg/mL (Fig. 4). The 
s imilar i ty  between these two different methods of as- 
sess ing the  dose dependence  of t a n n i n - s t i m u l a t e d  
arachidonate  release is also appa ren t  by comparison of 
the EC5o for each method. The EC50 for t ann in-media ted  
20:4 release based on mass  was 65 pg/mL as compared 
to the previously reported EC5o of 75 pg/mL based on 
the release of incorporated [14C]20:4. 

Comparison of the specificity of fatty acid release 
evoked by tannin and fl-l,3-glucan. Because the fluores- 
cence technique permi t ted  the quantif icat ion of all free 
fa t ty  acids released, it was possible to assess  the speci- 
ficity of the release of fa t ty  acids in response to tannin  
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FIG. 4. D o s e  d e p e n d e n c e  o f  the  t a n n i n - m e d i a t e d  r e l e a s e  o f  
20:4. S h o w n  is  t h e  d o s e - d e p e n d e n t  i n c r e a s e  in  t h e  m a s s  o f  
f ree  20:4 in  a l v e o l a r  m a c r o p h a g e s  90 m i n  a f ter  the  o n s e t  o f  
e x p o s u r e  to  t h e  i n d i c a t e d  c o n c e n t r a t i o n s  o f  t a n n i n  ( o p e n  
c irc les ) .  E a c h  v a l u e  i s  t h e  m e a n  • SEM from f ive  i n d e p e n -  
d e n t  a l v e o l a r  m a c r o p h a g e  p r e p a r a t i o n s .  For  c o m p a r i s o n ,  
the  p r e v i o u s l y  p u b l i s h e d  (7) d o s e - d e p e n d e n t  r e l e a s e  o f  
[14C]20:4 f rom a l v e o l a r  m a c r o p h a g e s  p r e l a b e l e d  for  2 h w i t h  
[14C]20:4 is  a l so  s h o w n  ( c l o s e d  c irc les ) .  The  p e r c e n t a g e  re-  
l e a s e  o f  [14C]20:4 w a s  s i g n i f i c a n t l y  g r e a t e r  (P < 0.05) t h a n  
the  r e l e a s e  o f  e n d o g e n o u s  20:4 for  al l  t a n n i n  c o n c e n t r a -  
t i ons .  

s 

20:4 18:2 18:1 1 8 : 0  1 6 : 0  

FATTY ACID 

FIG. 5. C o m p a r i s o n  o f  t h e  a b s o l u t e  i n c r e a s e s  i n  t h e  m a s s  o f  
f r e e  f a t t y  a c i d s  i n  a l v e o l a r  m a c r o p h a g e s  s t i m u l a t e d  w i t h  
t a n n i n  or  ~ - l ,3 -g lucan .  Th e  a b s o l u t e  i n c r e a s e  in  th e  m a s s  o f  
e a c h  f ree  f a t t y  ac id ,  e x p r e s s e d  as  n m o l  o f  f ree  f a t t y  ac id /10  e 
ce l l s ,  is  s h o w n  for  a l v e o l a r  m a c r o p h a g e s  s t i m u l a t e d  for  90 
m i n  w i t h  100 Dg/mL t a n n i n  ( b l a c k  bars)  or  2 • 107 part i -  
c l e s / mL o f  ~ - l , 3 - g l u c a n  ( h a t c h e d  bars) .  T h e  l e v e l s  w e r e  cal-  
c u l a t e d  b y  s u b t r a c t i o n  o f  t h e  m a s s  o f  e a c h  f ree  f a t t y  a c i d  in  
c o n t r o l  m a c r o p h a g e s  f rom th e  m a s s  o f  th e  c o r r e s p o n d i n g  
f a t t y  a c i d  in  th e  s t i m u l a t e d  ce l l s .  T h e  v a l u e s  s h o w n  are  t h e  
m e a n s  • SEM for  e i g h t  i n d e p e n d e n t  p r e p a r a t i o n s .  T h e  in-  
c r e a s e  in  f ree  20:4 w a s  g r e a t e r  (P < 0.05) t h a n  t h a t  o f  18:2, 
18:1 a n d  18:0 i n  t a n n i n - s t i m u l a t e d  ce l l s .  Th e  r e l e a s e  o f  16:0 
w a s  g r e a t e r  (P < 0.05) t h a n  t h a t  o f  a l l  t h e  o t h e r  f a t t y  a c i d s  
r e l e a s e d  b y  ~ - l , 3 -g lucan .  

TABLE 2 

M a s s  o f  F r e e  F a t t y  A c i d s  in  Contro l ,  A d h e r e n t  R a b b i t  Alve-  
o lar  M a c r o p h a g e s  a n d  A d h e r e n t  M a c r o p h a g e s  
C h a l l e n g e d  w i t h  T a n n i n  or  ~ - l , 3 - G l u c a n  a 

Fatty acid Control Tannin ~-l,3-Glucan 

16:0 3.44 _+ 0.35 4.58 -+ 0.40 b 5.72 _+ 0.57 b 
(1.14 _+ 0.23) r {2.29 _+ 0.52) 

18:0 0.92 • 0.11 1.57 -+ 0.21 b 1.85 _+ 0.31 b 
(0.64 _+ 0.19) (0.93 • 0.31) 

18:t 1.82 • 0.18 1.93 • 0.26 
(0.11 _+ 0.12) 

2.55 +_ 0.28 b 
(0.73 +_ 0.14) 

18:2 1.70 -+ 0.26 2.25 • 0.28 b 2.47 • 0.28 b 
(0.55 • 0.19) (0.77 _+ 0.15) 

20:4 0.18 _+ 0.07 1.72 -+ 0.24 b 0.71 • 0.10 b 
(1.55 _+ 0.22) (0.53 +__ 0.04) 

Total 8.06 -+ 0.90 12.06 -+ 1.09 b 13.29 • 1.24 b 
(4.00 _+ 0.65) (5.23 _+ 0.99) 

aThe values shown are the means _+ SEM mass (nmol/106 cells) for 
each of the individual fatty acids in control macrophages after two 
hours of incubation in culture medium (Control), culture medium 
plus 100 pg/mL tannin (Tannin) or culture medium plus 20 • 107 
particles of 6-1,3 glucan. The values represent the average of eight 
independent preparations of alveolar macrophages. 
bValues were statistically significantly greater (P < 0.05) than the 
corresponding value in the control ceils. 
CThe mean _+ SEM nmol/lO 6 cells increase for each fatty acid over 
the level detected in control macrophages. 

or a ny  o the r  agonis t .  Cha l l enge  of a lveolar  mac rophages  
wi th  100 pg/mL t a n n i n  r e su l t ed  in  a 50% increase  in  the  
level  of to ta l  free fa t ty  acids. As seen  in  Table  2, t a n n i n -  
s t i m u l a t e d  macrophages  re leased  more  20:4 t h a n  any  
o ther  fa t ty  acid, 1.55 nmol/106 cells, which  was  signifi-  
can t ly  g rea te r  (P > 0.05) t h a n  the  re lease  of o ther  free 
fa t ty  acids except 16:0. For  compar ison ,  the  fa t ty  acid 
re lease  i nduced  by ~ - l ,3 -g lucan  was  also de te rmined .  ~- 
1 ,3-Ghican is a wel l -charac ter ized  c ompone n t  of zy- 
mosan ,  a yeas t  cell f r a g m e n t  respons ib le  for l i be ra t ion  
a n d  secret ion of a r ach idona t e  from a lveolar  macro-  
phages  (16). As also shown in  Table  2, macrophages  
s t i m u l a t e d  wi th  2 x 107 ~- l ,3 -g lucan  par t ic les /mL re- 
sponded  wi th  a 65% increase  in  free fa t ty  acids, s imi la r  
in  to ta l  m a s s  to t h a t  r e s u l t i n g  from t a n n i n  s t imula t ion .  
However,  the  profile of free fa t ty  acids was  qu i te  differ- 
e n t  (Fig. 5). Whe r e a s  t a n n i n  caused  a re lease  of s imi l a r  
a m o u n t s  of s a t u r a t e d  a nd  u n s a t u r a t e d  fa t ty  acids, ~-l ,3-  
g lucan  s t i m u l a t e d  a re lease  of s a t u r a t e d  fa t ty  acids, 
which  was  m u c h  g rea te r  t h a n  the  re lease  of u n s a t u r a t e d  
fa t ty  acids. The  mos t  p r e d o m i n a n t  fa t ty  acid re leased  by 
[~-l,3-glucan was  16:0, which  a t  2.29 nmol/106 cells, was  
s ign i f ican t ly  (P < 0.05) more  t h a n  a ny  o ther  fa t ty  acid. 

Compar i sons  based  on the  percen tage  increase  in  the  
level of a ny  free fa t ty  acid are d e p e n d e n t  u p o n  the  basa l  
level of each fa t ty  acid. A l though  t a n n i n  caused  a 10- 
fold, a nd  ~ - l ,3 -g lucan  caused  a 4-fold, inc rease  in  free 
20:4, re fe r r ing  to the i r  re lease  in  th is  way  can  be spe- 
cious because  the  basa l  levels  of free 20:4 are  so low rel- 
a t ive  to the  o ther  fa t ty  acids. To achieve a more  m e a n -  
ingful  i nd ica t ion  of the  select ivi ty  of fa t ty  acid re lease  in  
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response to agonist stimulation, we have chosen in Fig- 
ure 5 to compare the increase in actual mass of each 
fatty acid over the basal levels in the agonist-stimulated 
cells. Depicted in this way, it is apparent that the in- 
crease in mass of 20:4 was less than that for all the other 
fatty acids in ~-l,3-glucan-stimulated macrophages. 
Thus, despite the fact that ~-l,3-gtucan induced a four- 
fold increase in the level of free 20:4, it did not induce a 
selective release of 20:4. In fact, the level of free 16:0, 
which increased 70% relative to controls, represented 
the greatest mass release of any fatty acid. A quite dif- 
ferent picture emerged from the analysis of the mass 
changes of the fatty acids in tannin-treated 
macrophages. In these cells, the largest increase in mass 
was observed for 20:4, which was significantly greater 
than that observed for 18:2, 18:1 or 18:0. These data in- 
dicate that, unlike ~-l,3-glucan, tannin evoked a fatty 
acid release which was preferential for 20:4. 

DISCUSSION 

The mechanisms and factors involved in the agonist-de- 
pendent release of 20:4 levels have been studied in many 
cell types by examining the levels of radioactive 20:4 re- 
leased from prelabeled cells. In such studies, it is im- 
portant to know when the added radioactive arachido- 
nate achieved isotopic equilibrium within the phospho- 
lipid pools of the cells, and if not, what effect this 
isotropic heterogeneity would have on stimulated re- 
lease. Several factors can contribute to heterogeneous 
20:4 distribution within cellular lipid pools. First, it is 
well established that  the rates at which different phos- 
pholipid classes are labeled with exogenous radioactive 
20:4 are quite different. Phosphatidylcholine and phos- 
phatidylinositol are labeled much more rapidly than 
phosphatidylethanolamine (17). Second, within the 
phosphatidylcholine and phosphatidylethanolamine 
pools, the diacyl phospholipids are labeled more rapidly 
than either the alkylacyl or alkenylacyl phospholipids 
(18). Finally, the rates at which the same phospholipid 
present in the membranes of different subcellular or- 
ganelles are labeled may also differ (19). Thus, it was 
not unexpected to find that  the level of [14C]20:4 re- 
leased from the radiolabeled pools was different than 
the endogenous 20:4 release. 

Several conclusions can be drawn from the measure- 
ments of endogenous fatty acid mass released from alve- 
olar macrophages, especially in relation to the amounts 
of each in free and esterified pools. Upon consideration 
of the fatty acid levels in basal nonadherent cells, the 
low level of free 20:4 and high level of free 16:0 are most 
striking. Although 20:4 and 16:0 comprise similar 
amounts of the total esterified fatty acids found in the 
macrophage, 16.8 and 15%, respectively, their levels as 
free fatty acids are quite differently controlled in the cell 
(20). Although the low level of free 20:4 in alveolar 
macrophages was anticipated from earlier work, the 
finding that 23% of the cells' 16:0 was in the unesterified 
form was unforeseen. One important factor to be consid- 
ered in this regard is that  the pulmonary surfactant 
fluid in which the alveolar macrophages reside is 

markedly enriched in dipalmitoyl phosphatidylcholine. 
The high levels of free 16:0 in the alveolar macrophages 
might be the result of dipalmitoyl phosphatidylcholine 
ingestion and degradation (21,22). Furthermore, free 
16:0 represents more than 50% of the free fatty acids in 
this lipid-rich milieu (data not shown). Thus, until their 
removal from the lavage fluid, the alveolar macrophages 
are exposed to substantial amounts of 16:0. 

The decrease in the levels of free saturated fatty acids 
and increase in free unsaturated fatty acids observed 
during the process of cell adherence is consistent with 
the conclusion that  cell adherence leads to a increased 
turnover of the phospholipid fatty acids with a release of 
unsaturated fatty acids such as 20:4. This supports the 
previous observation by Kousan and colleagues (23) that 
adherence of alveolar macrophages to a plastic surface 
results in the release of 20:4. A more recent study of 
monocyte adherence by Lefkowith and colleagues (24) 
suggested that adherence and spreading not only results 
in the activation of cellular phospholipases but also the 
release of 20:4 is a necessary and integral part of the ad- 
hesion process. Inhibition of the phospholipases resulted 
in decreased adherence and spreading. 

The difference in rate for the release of [14C]20:4 and 
endogenous 20:4 mass suggest that at least two pools of 
20:4 exist within the alveolar macrophage that differ in 
the rate at which 20:4 is released following cell stimula- 
tion. The [14C]20:4 incorporated into the alveolar 
macrophages during a two-hour labeling period appears 
to enter a more "reactive" pool since the rate at which 
the [14C]20:4 is released is faster and greater than the 
percent of endogenous 20:4 mass released from the cells' 
lipid pools. Several previously published reports (25-27) 
have suggested the existence of different intracellular 
pools of 20:4 which are distinguishable on the basis of 
the rates at which they either incorporate or release 
20:4. Fonteh and Chilton (28) have recently reported 
that the increase in extracellular 20:4 released from 
antigen-activated mast cells was more rapid than the 
increase in free intracellular 20:4 or 20:4 metabolites. 
The extracellular 20:4 also differed in specific radioac- 
tivity from free intracellular 20:4 or 20:4 metabolites. 
They concluded that the extracellular 20:4 and intracel- 
lular free 20:4 arose from mobilization of different pools 
of 20:4. If a similar situation also occurs in rabbit alveo- 
lar macrophages, it could explain the discrepancy be- 
tween the initial rates of 20:4 release from the tannin- 
stimulated macrophages measured by release of pre-in- 
corporated [14C]20:4 and the release of total 20:4 mass 
measured. The previously reported measurement of 
[14C]20:4 release from prelabeled macrophages quanti- 
fied only the extracellular [14C]20:4 while the mass de- 
terminations used in the present study measured the 
combined total mass of free intracellular and extracellu- 
lar 20:4. However, it is interesting to note that  tannin- 
mediated arachidonate release from [14C]20:4 prela- 
beled cells was similar to that from endogenous 20:4 in 
terms of dose response and time dependence. 

~-l,3-Glucan is presumed to stimulate the deacylation 
of phospholipids by activation of phospholipase A 2 (29) 
and is known to have little or no effect on the activity of 
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the enzymes involved in reacylation (7). However, as is 
apparent  from the release of saturated fatty acids at  a 
greater rate than  the unsa tura ted  fatty acids, it appears 
tha t  the glucan-stimulated deacylation activity is not se- 
lective for fat ty acids located in the sn-2 position. On the 
contrary, comparison of the amounts  of individual fatty 
acids released in response to ~-l,3-glucan reveals that  
16:0 was selectively released. This selectivity of ~-l,3- 
glucan-stimulated fatty acid release was not observed in 
cells prelabeled with [14C]20:4 and [14C]16:0 (16) and re- 
quires further study, 

While ~-l,3-glucan st imulated a significant release of 
all fatty acids, tannin-mediated release was significant 
for all fatty acids, except 18:1, which remained at a vir- 
tually constant level in macrophages challenged with 
tannin. As 18:1 is twice as abundant  as any other 
macrophage fatty acid at -37% of the total, it is re- 
markable tha t  it is the least affected by tannin (Table 2). 

Finally, comparison of tannin- and ~-l,3-glucan-stim- 
ulated macrophage free fat ty acid levels is consistent 
with the hypothesis tha t  the mechanism responsible for 
fat ty acid release is different for these two agonists. 
Whereas ~-l,3-glucan appears to stimulate phospholi- 
pase A activity, tannin  may increase fat ty acid levels by 
inhibiting reacylation (7). The fact tha t  tannin induces 
the greatest  increase in the mass of free 20:4 is consis- 
tent  with our previous observation that  the inhibition of 
reacylation of fatty acids in tannin-treated macrophages 
was most pronounced for 20:4 (30). Together, these re- 
sults suggest tha t  rabbit alveolar macrophages may con- 
tain a 20:4-specific acyl-CoA synthetase as has been re- 
ported for human  platelets (31) and that  inhibition of 
this enzyme by tannin is responsible for the selective in- 
crease in free levels of 20:4. Fur ther  studies are cur- 
rently underway to investigate this possibility. 
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The  effects  of  o i l -der ived d ie tary  essent ia l  fatty  ac ids  on  
the  ac t iv i t i e s  of  mi t chondr ia l  Mn-SOD (manganese-su-  
perox ide  d i smutase)  and  cytoso l ic  cupric  z inc-superox-  
ide  d i s m u t a s e  (Cu/Zn-SOD) were  inves t iga ted  in  rat  
heart .  A control  group of  rats  w a s  fed a s tock  diet  for 29 
d, and a s econd  group wa s  fed on a fat-free diet.  Three  
o ther  groups  were  fed fat-free diets  that  were  supple-  
m e n t e d  wi th  (i) borage  oil,  w h i c h  is  r ich  in  l ino le ic  
(18:2n-6) and  T-linolenic (18:3n-6) acids,  (ii) fungal  oil,  
w h i c h  is  r ich  in T-linolenic, but  low in  l ino le i c  acid, or (iii) 
e v e n i n g  pr imrose  oil,  w h i c h  is  r ich  in  l ino le ic  acid and 
low in  T-linolenic acid.  An  increase  in  the  percentage  
compos i t i on  of  arach idon ic  ac id  (20:4n-6) in  both  the  
cho l ine  and e t h a n o l a m i n e  phosphol ip ids ,  together  w i th  a 
decrease  in l ino le ic  acid in e t h a n o l a m i n e  phosphol ip ids ,  
w e r e  found  in  heart  m e m b r a n e s  after f eed ing  the  rats  
w i t h  diets  c o n t a i n i n g  borage  oi l  or fungal  oi l  as com- 
pared  to those  fed the  s tock diet.  The  respec t ive  activi-  
t ies  o f  Mn-SOD in  rats fed the  borage  or funga l  oi l  d iets  
were  also  s ign i f i cant ly  h i g h e r  than  in  rats fed the  s tock 
diet  a lone.  No change  in  cytoso l ic  Cn/Zn-SOD act iv i ty  
w as  observed.  Dietary  supply  o f  l ino le i c  acid-r ich eve- 
n i n g  pr imrose  oi l  resu l ted  in  an  increased  proport ion  of  
cho l ine  phospho l ip id  l ino le i c  acid w i t h o u t  any  c h a n g e s  
in  arach idon ic  ac id  content  or in  the  act iv i ty  of  Mn-SOD. 
By contrast ,  a r edu c t i o n  in  the  act iv i ty  of  Mn-SOD was  
detected  in  rats  fed a fat-free diet.  Thes e  resul ts  s h o w  
that  the  act iv i ty  of  heart  mi tochondr ia l  Mn-SOD is influ- 
e n c e d  by  d ie tary  essent ia l  fatty  acids,  w h e r e a s  the  activ- 
i ty  of  cytoso l ic  Cu/Zn-SOD r e m a i n e d  unaffected.  
Lipids 29, 111-115 (1994). 

Superoxide radicals are physiologically generated in 
mammalian cells during the transport of electrons along 
the mitochondrial respiratory chain (1,2) through meta- 
bolic processes catalyzed by oxidative metallo-enzymes 
and through nonenzymatic oxidoreductive reactions (3,4). 
The radicals are dismutated to hydrogen peroxide and 
molecular oxygen by mitochondrial matrix-soluble man- 
ganese-superoxide dismutase (Mn-SOD) and cytosolic sol- 
uble cupric zinc-superoxide dismutase (Cu/Zn-SOD) (5). 
The enzymatic dismutation of these radicals at their sites 

*To whom correspondence should be addressed at The Institute of 
Brain Chemistry and Human Nutrition, Queen Elizabeth Hospital 
for Children, Hayward Building (3rd Floor), Hackney Road, Lon- 
don E2 8PS, United Kingdom. 
1Present address: United Medical and Dental Schools of Guy's and 
St. Thomas's Hospitals, Rayne Institute, St. Thomas' Hospital, 
London SE1 7EH, United Kingdom. 
Abbreviations: BOO, borage oil; CPL, choline phospholipids; 
Cu/Zn-SOD, cupric zinc-superoxide dismutase; EPO, evening prim- 
rose oil; EPL, ethanolamine phospholipids; FFD, fat-free diet; 
FGO, fungal oil; HPLC, high-performance liquid chromatography; 
INT, p-iodonitrotetrazolium violet; Mn-SOD, manganese-superox- 
ide dismutase. 

of formation offers protection to cellular structures from 
peroxidative damage (4). 

During myocardial ischemia, the activity of mitochon- 
drial Mn-SOD is reduced by approximately 50%, and 
reperfusion does not restore the activity of the enzyme (6). 
A quantitatively similar reduction in Mn-SOD activity 
has also been reported in the iris ciliary body during en- 
dotoxin-induced acute ocular inflammation, where activ- 
ity is restored within seven days as the inflammatory re- 
action declines (7). It is not known how and why the ac- 
tivity of Mn-SOD is reduced, although it is known that 
under both myocardial ischemia and ocular inflammation, 
mitechondria show structural alterations, impairment of 
respiratory function, inhibition of SH-dependent enzymes 
and changes in calcium transport kinetics (7-9). In addi- 
tion, membrane-bound arachidonate is released and per- 
oxidized to eicosanoids (10-12). Release of catecholamines 
from membrane vesicles (13,14), activation ofxanthine de- 
hydrogenase to oxidase (3,15) and generation of superox- 
ide radicals (16-18) have also been detected in the heart 
during ischemia. Membrane lipid peroxidation, inhibition 
of ATPase, release of catecholamines and impairment of 
respiratory mitochondrial function have been observed 
during cardiotoxicity induced by adriamycin (19,20), a 
drug known to generate superoxide radicals in the mito- 
chondria, following complexation with iron (21,22). Fur- 
thermore, iron-induced lipid peroxidation of isolated my- 
ocardial mitechondria is inhibited by addition of superox- 
ide dismutase (SOD) and catalase (23). 

Most of the above data point toward peroxidative dam- 
age and suggest that under oxidative stress the antioxi- 
dant defenses of the heart are unable to dispose of oxygen 
radicals and thus cannot protect against oxygen-induced 
toxicity. The activities of the protective antioxidant en- 
zymes are comparatively low in the heart (6,24,25). Since 
cardiac phospholipid composition can be altered by di- 
etary fatty acids with associated changes in the activities 
of some enzymes (26-28), the present study was under- 
ta~-en to investigate the effects of diets containing borage 
oil (BOO), fungal oil (FGO) and evening primrose oil 
(EPO) as sources of essential fatty acids on the  activities 
of mitochondrial Mn-SOD and cytosolic Cu/Zn-SOD in rat 
heart tissue. 

MATERIALS AND METHODS 

Reagents. Xanthine, buttermilk xanthine oxidase, p- 
iodonitrotetrazolium violet (INT), SOD and bovine serum 
albumin were purchased from Sigma Chemical Co. (Poole, 
Dorset, United Kingdom). Inorganic salts were of the 
AnalaR Grade and were obtained from British Drug 
House (Poole, Dorset, United Kingdom). 

Animals and diets. Fifteen six-week-old female Wistar 
rats were obtained from Bantin & Kingman Ltd. (Hull, 
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TABLE 1 

C o m p o s i t i o n  of  D i e t s  a 

Nutrient Fat-free diet (wt%) Stock dietb 

Protein 15.3 14.7 
Fat 0.0 2.6 
Fiber 4.6 5.3 
Carbohydrate 70.5 61.5 
Ash 4.5 5.9 
Moisture 5.0 10.0 

aVitamin and mineral composition: vitamin A, 2.9 mg/kg; vitamin 
E, 97 mg/kg; vitamin C, 47.6 mg/kg; iron 65.1, mg/kg; copper, 11.6 
mg/kg; zinc, 27.2 mg/kg; selenium, 69.9 mg/kg; manganese 50 
~pg/kg. 

ercentage of main fatty acids in stock diet: palmitic acid, 0.32%; 
oleic acid, 0.76%; linoleic acid, 0.71%; a-linolenic acid, 0.06%; 
arachidonic acid, 0.13%. 

United Kingdom) and fed one of five diets for 29 d. Diet 1 
was a stock rodent diet RM1 (see Table 1) supplied by Spe- 
cial Diet Services Ltd. (Witham, Essex, United Kingdom). 
Diet 2 was a fat-free rodent diet (FFD), also supplied by 
Special Diet Services Ltd. (see Table 1). Diets 3, 4 and 5 
consisted, respectively, of FFD 2 and EPO (Oenothera bi- 
ennis) to provide a linoleic acid-enriched Diet 3, BOO (Bor- 
ago officinalis) to provide a linoleic acid and ~,-linolenic 
acid-enriched Diet 4, and FGO (Mucor javanicus) to pro- 
vide a low linoleic acid and high y-linolenic acid-enriched 
Diet 5. Each oil was added at 5% of the total dietary en- 
ergy. The fatty acid compositions of the oils before diet 
mixing are shown in Table 2. The synthetic antioxidant 
2,6-di-tert-butyl-4-methylphenol (butylated hydroxy- 
toluene) was added, at 50 mg/100 g, to the oils. Animals 
were housed three per experimental group in grid bot- 
tomed cages at a mean room temperature of 21 • 1.5~ 
and a light/dark cycle of 14 h light and 10 h dark. 

Sacrifice of animals and collection of tissues. Animals 
were euthanized with diethyl ether after 29 d on the diets. 
The heart  was immediately removed and placed on ice. 
About 100 mg of tissue was excised from the apex of the 

TABLE 2 

F a t t y  Ac id  C o m p o s i t i o n  o f  Oils  a 

Fatty acid EPO (wt%) BOO (wt%) FGO (wt%) 

14:0 0.0 0.1 0.0 
16:0 6.2 9.3 22.0 
18:0 1.7 2.8 7.0 
20:0 0.3 0.6 0.0 
22:0 0.0 0.4 0,0 
24:0 0.0 0.1 0,0 
16:1 0.1 0.4 0.0 
18:1 9.9 14.2 37.0 
20:1 0.2 4.2 0.0 
22:1 0.0 2.7 0.0 
24:1 0.0 1.5 0.0 
18:2n-6 71.2 38.0 10.0 
18:3n-6 9.4 25.0 17.0 
18:3n-3 0.3 0.0 0.0 

aAbbreviations: EPO, evening primrose oil; BOO, borage oil; FGO, 
fungal oil. Oils were supplied by John E. Sturge Ltd. (Yorkshire, 
United Kingdom) and ViPONTE Ltd. (Hull, United Kingdom). 

heart  and homogenized in 4 mL of 0.25 M sucrose in 0.1 
M potassium phosphate buffer (pH 7.2) at 4~ Homoge- 
nization was done using a borosilicate tube and a Teflon 
plunger with a clearance of 0.20 mm at 2,000 rpm. The re- 
maining heart  was frozen at -20~ for subsequent fatty 
acid analysis. 

Subcellular fractionation. Exactly 1.0 mL of the ho- 
mogenate was removed and kept at -20~ for enzyme as- 
says. The remaining 3 mL were centrifuged at 37,000 • g 
at 4~ for 20 min using a Beckman model J2-21 centrifuge 
(Beckman, Palo Alto, CA). At the end of the run, the mi- 
tochondria-rich pellet was separated from the cytosolic su- 
pernatant, washed twice and suspended in 2 mL of su- 
crose phosphate buffered medium (pH 7.2). Succinate de- 
hydrogenase was used as a mitochondrial marker  enzyme 
to test the effectiveness of the subcelhilar fractionation of 
the homogenate into a mitechondria-rich fraction and a 
cytosolic supernatant. 

Protein determination. The concentration of protein in 
100-pL aliquots of heart  homogenates, and of mitochon- 
drial and cytosolic fractions, were estimated by the biuret 
method (29). 

Tests for SOD. In preliminary experiments, pretreat- 
ment of heart  mitechondrial suspension (200 pL) with 150 
ilL of chloroform/ethanol (2:1, vol/vol) abolished the activ- 
ity of superoxide dismutase. In separate tests, addition of 
3 mM potassium cyanide to the assay mixture did not 
exert a significant inhibitory effect on the activity of mito- 
chondrial SOD. In contrast, the activity of the cytosolic 
SOD was inhibited by 3 mM potassium cyanide, but re- 
mained unaffected by the chloroform/ethanol mixture. 
This indicated that  the mitochondrial fraction contained 
mainly the chloroform/ethanol inactivated, cyanide insen- 
sitive Mn-SOD form, whereas the cytosolic supernatant  
contained the cyanide-sensitive Cu/Zn-SOD form. 

Assay for SOD (EC 1.15.1.1) activity. Hear t  ho- 
mogenates, mitochondrial pellets and cytosolic super- 
natants  were separately assayed for SOD (7,30). The 
assay was carried out at a temperature of 25~ in a 3-mL 
mixture contained in a spectrophotometric cuvette and 
consisting of 2.5 mL of 0.04 M phosphate buffer (pH 7.45), 
0.25 mM xanthine as substrate, 0.3 mM INT as the chro- 
mogenic reagent and 0.1 mM ethylenediaminetetraacetic 
acid as chelator for transition metal ions. The reaction 
was initiated by addition of 10 milliunits of buttermilk 
xanthine oxidase (one milliunit of xanthine oxidase, E.C. 
1.1.3.22, converts one nanomole of xanthine to uric acid 
at pH 7.5 at 25~ The change in absorbance (0.25--0.45 
Units) against a xanthine oxidase blank sample was 
recorded for 10 min at 550 nm using a Perkin-Elmer 402 
spectrophotometer (Perkin-Elmer Ltd., Beaconsfield, 
Bucks, United Kingdom). An aliquot of 200 pL containing 
155-455 ]Jg of protein of the heart  sample under test was 
added to both the blank and the experimental cuvettes, 
and the change in absorbance was recorded for another 10 
min. The percent inhibition of heart  SOD on the xan- 
thine/oxidase/INT reaction was measured and the activity 
of the enzyme calculated from calibrated SOD graph, in 
which one SOD unit exerted 50% inhibition on the xan- 
thine/xanthine oxidase/INT reaction under the conditions 
of the assay. 
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Assay for succinate dehydrogenase activity (EC 
1.3.99.1). Succinate dehydrogenase activity was assayed 
at 25~ (31) in 3.0 mL of a mixture containing 0.1 M 
potassium phosphate buffer, pH 7.8, 0.63 mM potassium 
ferricyanide, 50 mM sodium succinate, and 160-325 ~g of 
protein of the mitochondrial suspension or 190-325 gg of 
protein of the cytosolic supernatant.  The reaction was fol- 
lowed at 420 nm for 20 rain, and the activity of the enzyme 
was calculated from the change in absorbance and the 
absorption coefficient of potassium ferricyanide, and ex- 
pressed in gmoles of succinate per min (Units) per mg of 
protein. 

Lipid extraction and fatty acid analysis. Hearts  (0.5-0.7 
g) were homogenized in 100 vol (wt/vol) of chloro- 
form/methanol (2:1, vol/vol) until a fine suspension was 
formed, and then extracted overnight at 5~ The lipid ex- 
tracts were filtered and then processed according to Folch 
et al. (32). Total lipids were concentrated under a stream 
of nitrogen and redissolved in 1.0 mL of chloroform and 
separated by high-performance liquid chromatography 
(HPLC) on a Varian model 5000 (Varian, Palo Alto, CA). 
The chromatographic column was a 25 cm • 8 mm 
prepacked Lichrosorb 5 silica 60 column (Thames Chro- 
matography, Berkshire, United Kingdom), which con- 
tained silica of a particle size of 5 gm. The mobile phase 
solvent system was used isocratically (33). Briefly, Solvent 
A, 95% acetonitrile, and Solvent B, 5% methanol/85% or- 
thophosphoric acid [methanol/H3PO 4 (85%) 5:1.5 vol/vol], 
were delivered to the column at a flow rate of 1 mL/min at 
a pressure of 26 bar (382 PSI) at 27~ and detected at 203 
nm. Fractions were identified by comparison of their re- 
tention times with those of phospholipid standards ob- 
tained from Sigma Chemical Co. Choline phospholipids 
(CPL) and ethanolamine phospholipids (EPL) separated 
by HPLC were evaporated to dryness under a stream of 
nitrogen and transmethylated with 5 mL of methanol con- 
taining 5% sulfuric acid for 3 h at 70~ in a nitrogen at- 
mosphere. Methyl esters were recovered by addition of an 
equal volume of 5% saline and extracted into 3 • 2 mL of 
petroleum hydrocarbon (b.p. 30-40~ The extract was 
dried over anhydrous sodium sulfate, evaporated to dry- 
ness and redissolved in 3 mL of Analar grade heptane. 
Methyl esters were analyzed by gas-liquid chromatogra- 
phy (34). 

Statistics. Student's unpaired t-test was used to com- 
pare and evaluate significant differences between stock 
diet and experimental results. 

RESULTS 

Enzymatic activities. The overall (combined) specific activ- 
ities of SODs (Mn-SOD and Cu/Zn-SOD) in homogenates 
of hearts from rats fed BOO or FGO diets were signifi- 
cantly higher than the activities in hear t  homogenates 
from rats fed the stock diet. Similarly, the respective spe- 
cific activities of Mn-SOD in hear t  mitochondrial fractions 
from borage or fungal oil fed rats were also significantly 
higher as compared to the activity of hear t  mitochondrial 
Mn-SOD from rats fed the stock diet. There was no signif- 
icant difference between the specific activities of Mn-SOD 
in hear t  mitochondria from rats  fed BOO or FGO. The ac- 

tivities of Cu/Zn-SOD in cytosolic supernatants from the 
hearts  of rats fed borage, fungal or stock diets were not 
statistically different. There were no significant changes 
in the activities of SOD(s) in the homogenate, mitochon- 
drial or cytosolic fractions from hearts of EPO fed rats rel- 
ative to the respective activities detected in rats fed the 
stock diet. The overall (combined) specific activity of Mn- 
SOD and Cu/Zn-SOD detected in heart  homogenates from 
rats fed the FFD was decreased in comparison to the ac- 
tivity in rats fed the stock diet. Similarly, hear t  mitochon- 
drial fractions from FFD rats exhibited decreased Mn- 
SOD activity relative to hear t  mitochondria from stock 
diet fed rats. No statistical difference was found between 
the activity of Cu/Zn-SOD in the cytosol of FFD fed rats 
and that  of stock diet fed rats (Table 3). 

The activities of the mitochondrial marker  succinate de- 
hydrogenase in mitochondria-rich fractions from the 
hearts of EPO fed rats were 15.15 _+ 3.03 ~moles of succi- 
nate per min (Units) per mg of protein, from BOO fed rats 
13.05 _+ 2.40 Units/mg of protein and from FGO fed rats  
16.88 +_ 2.10 Units/mg of protein. No succinate dehydroge- 
nase activity was found in the cytosolic supernatants.  This 
indicated that  mitochondria-rich pellets containing Mn- 
SOD were effectively separated by centrifugation at 
37,000 x g from the cytosolic supernatant  tha t  contained 
Cu/Zn-SOD. 

Heart CPL fatty acids. A significant increase was de- 
tected in the proportion of CPL-linoleic acid (18:2n-6) in 
the hearts of rats fed EPO relative to the level of 18:2n-6 
in the hearts of stock diet fed rats. This resulted in a re- 
duced arachidonic acid to linoleic acid ratio. In contrast, 
rats fed BOO or FGO showed an increase in hear t  CPL- 
arachidonic acid compared to stock diet fed rats. As a con- 
sequence, the arachidonic to linoleic acid ratio was in- 
creased (Table 4). 

Heart EPL fatty acids. In hear t  tissues of rats fed BOO- 
and FGO-rich diets, the proportions of EPL-linoleic acid 
were significantly reduced relative to that  in the heart  of 
stock diet fed animals. By contrast, the proportions of 
hear t  EPL-arachidonic acid were increased in BOO- and 
FGO-fed rats. These fatty acid changes in the heart,  in- 
duced by BOO and FGO diets, resulted in a respective 
fourfold and eightfold rise in the ratio of EPL-arachidonic 
to EPL-linoleic acid relative to the ratio in stock diet fed 
rats (Table 4). 

DISCUSSION 

The results of the present study suggest tha t  an increase 
in the ratio of arachidonic to linoleic acid is related to the 
increase in the activity of mitochondrial Mn-SOD. This is 
apparent  from the effects of the BOO-supplemented diet 
that  resulted in a twofold increase in the activity of the en- 
zyme and a fourfold increase in the EPL-arachidonic to 
EPL-linoleic acid ratio. Similarly, the FGO-containing diet 
also resulted in a twofold increase in the activity of Mn- 
SOD, and an eightfold rise in the EPL-arachidonic to 
EPL-linoleic acid ratio. In contrast, in EPO fed rats where 
there was no change in the ratio of EPL-arachidonate to 
EPL-linoleate, there was no effect on Mn-SOD activity. 
The increases in the proportion of hear t  arachidonate 
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TABLE 3 

Ef f ec t s  o f  D i e t a r y  Oi l s  o n  t h e  O v e r a l l  S p e c i f i c  A c t i v i t i e s  o f  M n - S O D  a n d  Cu/Zn-SOD in  H e a r t  H o m o g e n a t e s  
a n d  R e s p e c t i v e  A c t i v i t i e s  in  M i t o c h o n d r i a  a n d  C y t o s o l  Af ter  29 D a y s  a 

Total protein Total activity Specific activity 
Diet (mg) (SOD Units)  (SOD Units /mg protein) 

Homogenate 
STK 4.05 • 0.13 9.71 • 1.4 2.40 • 0.31 
BOO 5.87 • 0.81 e 18.36 • 0.88 b 3.15 • 0.20 e 
FGO 4.60 • 0.17 15.81 • 1.80 d 3.43 • 0.26 d 
EPO 4.55 • 0.71 11.82 • 1.10 2.63 • 0.30 
FFD 4.20 • 0.45 6.16 • 1.66 f 1.45 • 0.25 e 

Mitochondria-rich fraction 
STK 2.38 • 0.29 2.03 • 0.29 0.85 • 0.06 
BOO 2.63 • 0.66 4.93 • 1.06 ~ 1.87 • 0.06 b 
FGO 2.25 • 0.44 3.86 • 0.60 d 1.73 • 0.17 b 
EPO 2.05 • 0.43 1.54 • 0.17 0.77 • 0.15 
FFD 2.73 • 0.15 1.18 • 0.18 e 0.43 • 0.09 c 

Cytosolic superna tan t  
STK 3.17 • 0.19 14.65 • 1.47 4.62 • 0.35 
BOO 2.70 • 0.13 e 12.30 • 0.69 4.57 • 0.33 
FGO 3.67 • 0.76 16.19 • 1.04 4.52 • 1.10 
EPO 2.65 • 0.34 11.54 • 0.68 4.39 • 0.43 
FFD 3.27 • 0.15 15.36 • 2.08 4.69 • 0.43 

aData are reported as means  • SD (n = 3). One superoxide dismutase (SOD) uni t  exerted 50% inhibit ion on the  assay reaction (0.25 mM 
xanthine,  10 mUni ts  xanth ine  oxidase, 0.3 mM p-iodonitrotetrazolium violet, 0.1 mM ethylene diaminetetraacet ic  acid in 3.0 mL of 0.04 
M phosphate  buffer, pH 7.45). Abbreviations as in Table 2. 
b - f  b c d P values relative to control stock diet: < 0.001; < 0.005; < 0.01; e< 0.025; f< 0.05. 

e f f ec t ed  w i t h  t h e  B O O  a n d  F G O  d i e t s  p r o b a b l y  a r o s e  f r o m  
t h e  h i g h  c o n t e n t  of  T- l inolenic  acid.  T h e  l a t t e r  b y p a s s e s  t h e  
r a t e - l i m i t i n g  A6 d e s a t u r a s e  s t e p  a n d  is  r e a d i l y  c o n v e r t e d  
to  a r a c h i d o n i c  ac id  (35,36) .  T h e  f i n d i n g  t h a t  M n - S O D  ac- 
t i v i t y  is  r e d u c e d  i n  t h e  h e a r t  of  r a t s  f ed  t h e  F F D  d i e t  i s  
c o n s i s t e n t  w i t h  t h e  d e c r e a s e  i n  t h e  a c t i v i t y  of  a d e n y l a t e  
cyc l a se  i n  t h e  h e a r t  of  e s s e n t i a l  f a t t y  a c i d - d e f i c i e n t  r a t s  
(37). I n t e r e s t i n g l y ,  i t  h a s  a l so  b e e n  r e p o r t e d  (38)  t h a t  di-  
e t a r y  n - 3  f a t t y  a c i d s  d e c r e a s e  t h e  a c t i v i t i e s  of  S O D s  i n  r a t  
h e a r t .  T h i s ,  w h e n  c o m p a r e d  to  o u r  f i n d i n g s ,  s u g g e s t s  t h a t  
n - 6  a n d  n - 3  f a t t y  a c i d s  h a v e  d i f f e r e n t i a l  e f fec t s  on  m i t o -  
c h o n d r i a l  S O D  ac t iv i ty .  C h a n g e s  i n  t h e  E P L  r a t i o  of  
a r a c h i d o n i c  to  l ino le ic  ac id ,  b r o u g h t  a b o u t  b y  d i e t a r y  m a -  
n i p u l a t i o n s ,  h a v e  a l so  b e e n  o b s e r v e d  i n  t h e  e r y t h r o c y t e s  of  

m o n k e y s  w i t h  r e s p e c t i v e  c h a n g e s  i n  t h e  s u s c e p t i b i l i t y  of  
m e m b r a n e s  to  p e r o x i d a t i v e  d a m a g e  (34). O n e  h y p o t h e s i s  
t h a t  c a n  b e  a d v a n c e d  to e x p l a i n  t h e  i n c r e a s e s  i n  t h e  ac-  
t i v i t i e s  of  M n - S O D  o b s e r v e d  i n  t h e  p r e s e n t  i n v e s t i g a t i o n  
is  t h a t  t h e  i n c r e a s e d  h e a r t  m e m b r a n e  a r a c h i d o n a t e  i n  
r a t s  f ed  t h e  B O O  a n d  F G O  d i e t s  i n c r e a s e s  t h e  "pe rox id i z -  
a b l e  i ndex , "  w h i c h  m a y  s t i m u l a t e  M n - S O D  a c t i v i t y  a s  a 
c o n s e q u e n c e  o f  s u p e r o x i d e  r a d i c a l  f o r m a t i o n .  M a m m a l i a n  
M n - S O D  is  a t e t r a m e r i c  m e t a l l o - p r o t e i n  c o n s i s t i n g  of  t w o  
d i m e r i c  s u b u n i t s  (5,39).  T h e  e n z y m e  m a y  e x h i b i t  al-  
l o s t e r i c  k i n e t i c  p r o p e r t i e s  i n  t h e  p r e s e n c e  of  r e d u c e d  o r  in -  
c r e a s e d  q u a n t i t i e s  of  t h e  s u b s t r a t e  ( s u p e r o x i d e  ions) .  T h i s  
m a y  e x p l a i n  t h e  5 0 %  d e c r e a s e  i n  t h e  a c t i v i t y  of  t h e  en -  
z y m e  i n  t h e  m i t o c h o n d r i a l  f r a c t i o n s  f r o m  F F D  f ed  r a t s .  I t  

TABLE 4 

Ef fec t s  o f  D i e t a r y  Oi l s  o n  C h o l i n e  P h o s p h o l i p i d  a n d  E t h a n o l a m i n e  P h o s p h o l i p i d  F a t t y  A c i d s  o f  R a t  H e a r t  a 

Diet LA AA AA/LA ratio Relative % change 

Choline phospholipid 
STK 8.8 _+ 1.4 18.9 • 2.0 2.1 100.0 
BOO 8.8 • 1.3 26.2 _+ 4.0 f 2.9 138.1% 
FGO 10.2 _+ 1.7 28.5 _+ 4.3 f 2.8 133.3% 
EPO 16.0 • 2.2 d 21.4 • 2.6 1.3 61.9% 

E t h a n o l a m i n e  p h o s p h o l i p i d s  
STK 2.81 • 0.60 25.8 • 3.5 9.2 100.0 
BOO 0.80 • 0.24 d 32.3 • 3.5 40.3 438.0% 
FGO 0.46 • 0.17 c 35.2 • 3.6 f 76.5 831.5% 
EPO 3.40 +_ 0.54 27.6 • 3.8 8.1 88.0% 

aData are means  • SD (n = 3). Abbreviat ions as in Table 2. LA, linoleic acid (18:2n-6); AA, arachidonic acid (20:4-6). 
c,d,fp values: c< 0.005; d< 0.01; f< 0.05. 
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would also explain the  twofold rise in enzymat ic  activity 
with the fourfold or eightfold increases in EPL-arachidi-  
na te  to EPL-linoleate rat io in the hea r t  of BOO- or FGO- 
fed rats .  A second hypothesis  is t ha t  the  level of mem-  
brane  arachidonate  m a y  modula te  the induction/tran- 
scription of the  Mn-SOD gene (40), possibly v/a the acti- 
vat ion of  oxidative stress-responsive t ranscr ipt ion factors 
(41). 

The dependence of Mn-SOD activity on m e m b r a n e  fa t ty  
acid composit ion m a y  explain the  absence or low activity 
of this enzyme in some leukemia  cells (42) of  reduced 
po lyunsa tu ra ted  fa t ty  acid s ta tus  (43). Similarly, the inac- 
t ivity of  Mn-SOD in Morris hepa toma  of  h igh superoxide 
ion production (44,45) m a y  arise from decreased levels of 
po lyunsa tu ra ted  fa t ty  acids as a resul t  of peroxidation. 

I n  summary ,  our  studies suggest  t h a t  mitochondrial  
Mn-SOD activity is influenced by the fa t ty  acid composi- 
t ion of m e m b r a n e  phospholipids and, in particular,  by the  
proport ions of the unsa t u r a t e d  fa t ty  acids linoleic and  
arachidonic acid. 
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Glucose uptake into jejunal brush border membrane  
(BBM) varies along the crypt-villus axis (CVA). In the 
present  study, the question was  addressed whether  up- 
take of the essential  long-chain fatty acid l inoleic acid 
also varies along the CVA~ Using agitation techniques,  
five jejunal enterocyte  fractions were  sequential ly iso- 
lated from female New Zealand white  rabbits. A sixth 
and final fraction of  lower-villus/crypt cells was obtained 
by the scraping of the remaining jejunal mucosa.  Cell 
fraction along the CVA was  proven histologically, by not- 
ing decreasing alkaline phosphatase activit ies  in sequen- 
t ially i solated fractions,  and by demonstrat ing  [3H- 
methyl]thymidine uptake mainly in the final fraction of 
the lower villus/crypt cells. BBM vesic les  were  prepared 
from the upper-, mid- and lower-vil lus/crypt enterocyte  
fractions, using differential centrifugation and divalent 
ion precipitation. D-Glucose uptake into each fraction 
showed an Na+-gradient dependent  t ime-course "over- 
shoot" with l inear uptake to 15 s and a subsequent de- 
cl ine to a steady-state plateau. Varying D-glucose con- 
centrations from 50-1000 p_M demonstrated saturation ki- 
net ics  of uptake, with maximal  transport rates (Vmax) and 
Michaelis  affinity constants  (K m) varying between  frac- 
tions; the K m and Vma x were  both lowest  in the upper.vil- 
lus fraction. A l inear relat ionship existed be tween  
l inoleic acid concentration (25-200 pM) and uptake in 
each fraction. Linoleic acid uptake was equivalent in all 
fractions when  expressed per mg protein, but when  ex- 
pressed in terms of  the est imated minimal  BBM, vesic le  
surface area uptake was  greater in the upper- than in the 
lower-vil lus/crypt fractions. Thus, BBM vesicle  uptake of 
both l inoleic acid and glucose vary along the crypt-villus 
axis of  the rabbit jejunum. 
Lipids 29, 117-127 (1994). 

Enterocytes originate in the crypt of the intestinal villus 
and mature as they advance along the crypt-villus axis 
(CVA). During this advance, the enterocytes change 
from cuboidal to columnar cells, and the microvilli 
change from being broad and relatively sparse in the 
crypt cells to the narrower and more numerous mi- 
crovilli of the upper-villus enterocytes (1). The length of 
the microvilli increases as rat  enterocytes advance along 
the CVA, with lengths of 1.8 mm in microvilli from ente- 
rocytes from the upper-villus, as compared to values of 1 

*To whom correspondence should be addressed at Division of Gas- 
troenterology, 519 Robert Newton Research Building, University of 
Alberta, Edmonton, Alberta, T6G 2C2 Canada. 
Abbreviations: ALP, alkaline phosphatase; BBM, brush border 
membrane; CVA, crypt-villus axis; F, fraction of enterocytes along 
the crypt-villus axis; FABPm, fatty acid binding protein in brush 
border membrane; Hepes, N-(2-hydroxyethyl) piperazine-N-(2- 
ethanesulfonic acid); INV, invertase; Kin, Michaelis affinity con- 
stant of glucose uptake; LA, linoleic acid (18:2n-6); SGLT u sodium 
dependent glucose transporter; TK, thymidine kinase; UWL, un- 
stirred water layer; Vmax, maximal transport capacity of D-glucose 
uptake. 

and 0.8 mm in mid- and lower-villus enterocytes, re- 
spectively (2). As enterocytes advance along the CVA, 
the intracellular activity of thymidine kinase decreases 
while the brush border membrane (BBM) activities of al- 
kaline phosphatase (ALP) and invertase (INV) increase 
(3-13). 

Following a meal rich in dietary fats, lipid droplets 
are seen predominantly in upper-villus enterocytes (14). 
Autoradiographic studies have demonstrated that  the 
uptake ofpalmitic acid occurs mainly in the upper-villus 
fraction of the CVA (15). Similar studies have demon- 
strated that amino acids and hexose uptake also occur 
predominantly in the enterocytes of the upper third of 
the villus (16-19). In vitro studies using BBM vesicles 
prepared from enterocyte fractions harvested from along 
the CVA have established that  there is greater uptake of 
amino acids and hexoses in the upper than in the lower 
portions of the CVA (3,5,9,20). Indeed, it has been sug- 
gested that a second hexose carrier may appear as the 
enterocytes migrate along the CVA (3,5,21-23), and that 
the kinetic properties of carrier-mediated transport vary 
along the CVA (3,5,9). Taken together, these findings 
give support to the concept that nutrients are absorbed 
principally in the upper portion of the villus. 

BBM vesicles have been shown to be a useful tool to 
assess the uptake of linoleic acid (LA) by the small in- 
testine (24,25). However, no published studies are avail- 
able comparing the uptake of this essential long-chain 
fatty acid by BBM vesicles obtained from enterocytes 
originating at different levels of the CVA. Accordingly, 
the present study was undertaken to test the null hy- 
pothesis that there is no gradient in the uptake of LA or 
D-glucose along the CVA of rabbit jejunum. The results 
suggest that the null hypothesis is rejected, and that  
they passive permeability properties for LA, and the 
maximal transport capacity (Vma x) and Michaelis affin- 
ity constant (K m) for glucose uptake, are greater for the 
BBM of enterocytes from the upper as compared to the 
lower portions of the CVA. 

MATERIALS AND METHODS 

Preparation of tissue. The guiding principles in the care 
and use of laboratory animals, approved by the Cana- 
dian Federation of Biological Societies (Ottawa, On- 
tario) and by the Council of the American Physiological 
Society (Washington, D.C.), were observed in the con- 
duct of this study. Mature female New Zealand white 
rabbits weighting 1.6-2.2 kg were given ad libitum ac- 
cess to standard Purina @ (Ralston-Purina, St. Louis, 
MO) rabbit chow and water until the morning of study. 
Animals were sacrificed by a lethal injection of sodium 
thiopental (240 mg/kg) into a marginal ear vein. The ab- 
dominal cavity was rapidly opened, and 80 cm of jejunal 
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distal to the ligament of Trietz was removed. This jeju- 
nal segment was gently flushed with 100 mL iced saline 
and was divided into 20-cm segments. The intestinal 
mesentery was removed, and the jejunal loops were 
everted over glass rods. The tissue was kept at 40C. 

The subsequent steps of enterocyte harvesting were 
begun within 20 min of sacrificing the rabbits. The two 
ends of each jejunal segment were tied after filling the 
segment with isolation buffer I (154 mM NaC1, 10 mM 
NaH2PO4, 1.5 mM ethylenediaminetetraacetic acid, 0.5 
mM glutathione, 0.1 mM phenylmethylsulfonyl fluoride, 
pH 7.3). Segments of jejunum were individually sus- 
pended in beakers containing 20 mL of citrated buffer 
solution (96 mM NaC1, 1.5 mM KC1, 8.0 mM KH2PO4, 
5.6 mM Na2HPO4, 27 mM sodium citrate, 0.1 mM 
phenylmethylsulfonyl fluoride, pH 7.3), and were gently 
shaken for 15 min in a water bath heated to 37~ This 
initial exposure to citrated buffer solution promoted en- 
terocyte dissociation from the underlying lamina buffer. 
The initial solutions, labeled Fraction 1 (F1), were 
pooled in 250-mL polypropylene bottles and stored on 
ice. After 40 min of agitation, the resultant solutions 
were labeled Fraction 2 (F2) and pooled in a 250-mL 
polypropylene bottles for further processing. Next, the 
jejunal segments were transferred to beakers containing 
20 mL of isolation buffer, and were agitated for 10 min. 
Solutions from this step were pooled as Fraction 3 (F3), 
and the segments were transferred to a fourth series of 
beakers containing isolation buffer. After 25 min of ag- 
itation, incubation solutions were recovered, labeled 
Fraction 4 (F4) and pooled in cooled 250-mL polypropy- 
lene bottles. Intestinal segments were then transferred 
to a final series of beakers for 10 min of agitation. The 
resultant solutions were labeled Fraction 5 (F5) and 
were pooled in a similar fashion as the previous col- 
lected fractions. The intestinal segments were then 
opened longitudinally, and the remaining mucosa was 
removed by gently scraping with a microscopic slide. 
Mucosal scrapings were pooled in cooled 250-mL 
polypropylene bottles containing 160 mL of isolation 
bugger, labeled as Fraction 6 (F6) and saved for further 
processing. 

In order to produce more distinct populations of ente- 
rocytes from along the CVA, enterocytes from F1, F3 and 
F5 were not utilized in the study of nutrient uptake 
along the CVA, and therefore BBM vesicles were not 
prepared from these fractions. However, all six fractions 
were utilized in histological and enzyme assay studies to 
validate the technique of enterocyte fractionation along 
the CVA. 

All subsequent steps were carried out at a tempera- 
ture of 4~ Each fraction (F2, F4, F6) was treated sep- 
arately in a similar fashion. Fractions were centrifuged 
in a Beckman JA-1 rotor (Beckman Instruments, Inc., 
Palo Alto, CA) at 2,400 • g for 5 min. Aliquots were 
taken from each fraction for protein determination by a 
modification of the Lowry method using bovine serum 
albumin (26,27), and for DNA determination by a modi- 
fication of the Dische reaction of DNA with dipheny- 
lamine (28,29). The resultant supernatant was dis- 
carded, and the pellets were resuspended in 115 mL of 

mannitol-Tris buffer (300 mM D-mannitol/10 mM tris- 
HCI, pH 7.0) in 250-mL polypropylene bottles. Fractions 
were then homogenized using a Brinkmann Polytron | 
(Brinkmann Instruments, Westbury, NY) at a setting of 
"6" for I0 s, and were centrifuged at 600 • g in a Beck- 
man JA-14 rotor for 15 min. CaC12 was added to the su- 
pernatants to yield final concentrations of 10 mM CaC12. 
The resultant solutions were stirred on ice for 10 min to 
precipitate subcellular components, and were then cen- 
trifuged at 7,800 x g for 20 min. The pellets were dis- 
carded, and the supernatants were centrifuged at 
30,000 • g for 20 min. Following this, supernatants were 
discarded, and the pellets were resuspended in 20 mL of 
isolation buffer II [300 mM D-mannitol/10 mM N-(2-hy- 
d r o x y e t h y l ) p i p e r a z i n e - N - ( 2 - e t h a n e s u l f o n i c  
acid)(Hepes)-Tris, pH 7.4]. The resultant solutions were 
homogenized using a Brinkmann Polytron | at a setting 
of "6" for 15 s, and were then centrifuged at 30,000 x g 
for a final 20 min. The supernatant was discarded, and 
the pellet was resuspended in 1.0-1.5 mL of Isolation 
Buffer II. Aliquots of the resultant BBM vesicle-en- 
riched suspension were taken from each fraction for pro- 
tein determination by a modification of the Lowry 
method using bovine serum albumin (26,27). 

Sections 1 cm in length were taken from jejunal seg- 
ments at the end of each step in the fractionation 
process. These specimens were fixed in formaldehyde 
solution, embedded in paraffin wax, sectioned parallel to 
the CVA for light microscopy, and stained with hema- 
toxylin and eosin. Photomicrographs were obtained of 
each specimen to determine villus height in each frac- 
tion, as well as the depth of mucosal scraping in F6. 

Photomicrographs of histological sections of segments 
of jejunum demonstrated a progressive decline in the 
height of villi with each successive fractionation step, 
with F2 demonstrating removal only of the upper-villus 
enterocytes and F4 demonstrating removal of the upper- 
villus and mid-villus enterocytes. Histology of F6 
showed virtual absence of villi (data not shown). 

Enzyme determinations. Enzyme activity was as- 
sayed in both enterocyte homogenates and in the BBM 
vesicle suspensions. ALP activity was measured by in- 
cubating the samples with 2-amino-2-methyl-1-propanol 
buffer in the presence of MgC12 at pH 10.25. With the 
addition of p-nitrophenyl phosphate, p-nitrophenol was 
formed as a result of ALP-induced hydrolysis, and the 
solution changed color. Photometric determination of 
the resultant color change allowed a quantification of 
ALP activity in each specimen. INV activity was mea- 
sured by incubation of the sample with sucrose, with 
assay by a glucose-specific hexokinase reaction of the 
glucose formed. Enrichment of enzyme activity in BBM 
vesicle suspensions as compared to cell homogenates 
was demonstrated by ratios of 4.1 for INV activity in F2, 
6.1 for F4 and 5.1 for F6, and by ratios of ALP activity 
for 2.6 for F2, 4.0 for F4 and 5.3 for F6. 

To indirectly assess thymidine kinase activity, rabbits 
were injected intravenously with 400 mCi of [3H- 
methyl]thymidine (86 Ci/mmol; Amersham Interna- 
tional, Amersham, United Kingdom) in 0.9% NaC1 solu- 
tion, and were sacrificed two hours later. Enterocytes 
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were isolated from along the CVA, and cell homogenates 
were prepared from each fraction and t ransferred to 
scintillation counting vials (20 mL; Fisher  Scientific, 
Montreal ,  Quebec, Canada).  Scint i l lat ion cocktail 
(Ready-Safe Liquid Scintillation cocktail; Beckman In- 
s t ruments  Inc., Fullerton, CA) was added, and specific 
activity of [3H-methyl]thymidine was determined for 
each fraction. 

Glucose uptake. To determine glucose uptake as a 
function of incubation time, a solution of 100 mM D-glu- 
cose was made up in B-glucose t ransport  buffer (100 mM 
NaSCN/1 mM MgCI2/2mM CaC12.2H20/100 mM D-man- 
nitol/10 mM Hepes-Tris, pH 7.4). D-Glucose in this solu- 
tion consisted of 1% D-[3H]glucose (4.4 Ci/mmol; Amer- 
sham International) ,  which had been dried down under  
nitrogen in the presence of 99% reagent  grade D-glucose. 
The selected t imes of incubation were 5, 10, 15, 30 and 
45 s and 1, 1.5, 2, 3, 5, 10 and 15 min. 

BBM vesicle uptake of glucose was studied at  room 
tempera ture  (20~ The vesicles had been initially sus- 
pended in Na+-free solution so tha t  a 100 mM inwardly- 
directed Na § gradient  was present  at  the s tar t  of the in- 
cubation. Incubations of under  1.0 min were carried out 
by mixing 20 mL of BBM vesicle suspension with 20 mL 
of D-glucose solution in 17 • 100 mm polystyrene tes t  
tubes (Fisher Scientific). For t ime trials of 1.0 min and 
longer, incubations of 50 mL of both vesicle suspension 
and D-glucose solutions were used in similar polystyrene 
tubes. Reactions were initiated by the mixing of the so- 
lutions with a vortex mixer. Uptake was te rminated  by 
the use of a stopping buffer (100 mM NaSCN/0.6 mM 
phlorizin/0.15 M KC1/2 mM Hepes-Tris ,  pH 7.4). 
Aliquots of the solution were rapidly filtered through a 
0.45-m nitrocellulose filter (Micron Separations, Inc., 
Westboro, MA) under  the vacuum on an Amicon Filtra- 
tion Manifold VFMI. Filters were prewashed with stop- 
ping buffer. The filters were rinsed with 4 mL stopping 
buffer and were placed in scintillation counting vials. 
The filters were air-dried for 10 min at 55~ and 7.0 mL 
of scintillation cocktail was added to each scintillation 
vial. Radioactivity associated with the filter was mea- 
sured using a Beckman LS 9800 liquid scintillation 
counter  (Beckman Inst ruments ,  Inc., Irvine, CA). 

The value of radioactivity used to calculated uptake 
for each BBM vesicle sample was the net  radioactivity 
af ter  subtraction of the nonspecific binding of radioac- 
tivity to the filter, as determined by measuring the up- 
take of radioactive substrate  by the filter in the absence 
of vesicle suspension. D-glucose uptake trials were car- 
ried out in identical fashion for BBM vesicle suspensions 
derived from enterocytes isolated from F2 (upper-villus), 
F4 (mid-villus) and F6 (lower-villus/crypt). Each data  
point represents  the average of four duplicate determi- 
nations each tested on a minimum of four rabbits. 

The time-course study of D-glucose uptake for each 
fraction showed an "overshoot" phenomenon, with ini- 
tial l inear rates  of uptake to 15 s. Accordingly, a 5-s 
durat ion of incubation was considered representat ive of 
substrate  uptake at  "initial rate" and was selected for 
the subsequent  studies of D-glucose uptake by the BBM 
vesicles a t  varying B-glucose concentrations. BBM vesi- 

cle uptake as a function of D-glucose concentration was 
studied with D-glucose concentrations varied from 50 to 
1000 mM at increments of 50 mM. Studies were carried 
out in an equivalent fashion for BBM vesicle suspen- 
sions derived from each fraction. Each data  point of glu- 
cose uptake represents  an average of six duplicate stud- 
ies from a minimum of four rabbits. 

LA uptake. The uptake of LA, 18:2n-6 by jejunal  
BBM vesicle was studied in a similar fashion as D-glu- 
cose uptake: 100 mM LA solutions were suspended in 
lipid t r anspor t  buffer  (1 mM MgC12/2 mM 
CaC12-2H20/100 mM D-mannitol/10 mM Hepes-Tris/2 
mM taurocholic acid, pH 7.4). LA in this solution con- 
sisted of 20% [14C]LA (55.6 mCi/mmol; Amersham In- 
ternational)  and 80% reagent  grade LA (Sigma Chemi- 
cal, St. Louis, MO). In the preparat ion of the LA incu- 
bation solution, a 600 mM unlabelled LA stock solution 
was prepared by dissolving the required amount  of LA 
in 25 mL chloroform. Aliquots were pipetted into tubes, 
dried under  nitrogen and stored at  -80~ On the day of 
the experimentation,  the appropriate amount  of unla- 
belled LA was reconsti tuted in chloroform with the ad- 
dition of the required amount  of radiolabelled LA. The 
labeled and unlabelled LA were then  dried down under  
nitrogen and reconsti tuted in lipid t ranspor t  buffer. 

Studies on BBM vesicle uptake of LA were carried out 
for 5, 10, 15, 30 and 45 s, and for 1, 1.5, 2, 3, 5, 10 and 
15 min. Uptake was arrested using stopping buffer (0.2 
mM phloretin/0.15 M KC1/2 mM Hepes-Tris, pH 7.4). To 
prevent  the filters from binding LA, the filters were pre- 
washed with 2.0 mL of cold wash solution (2 mM TC/500 
mM LA/0.15 M KC1/2 mM Hepes-Tris). Otherwise, sim- 
ilar filters were used, as described above, for the studies 
of D-glucose uptake. To determine LA uptake as a func- 
tion of concentration, as incubation time of 5 s was cho- 
sen. LA concentrations of 25-200 mM were used. Each 
data  point of LA uptake represents  the average of six 
duplicate studies from a minimum of four rabbits. 

Expression of results and statistical analysis. Since 
the effective resistance of the intestinal unst i r red water  
layer (UWL) is negligible for isolated cells or BBM vesi- 
cle (30), the value of the apparent  Michaelis affinity con- 
s tant  was taken as the value of the t rue constant,  Km. 
Glucose uptake kinetics were determined by nonlinear 
regression analysis (Michaelis-Menten) using the Enz- 
fit ter | software package (Biosoft; Elsevier-Biosoft, Cam- 
bridge, United Kingdom), and using the Systat  (SYSTAT 
Inc., Evanston, IL) program for best-fit curves. The 
analysis was performed by fitting the observed data 
points to the Michaelis-Menten equations. As the vari- 
ance increased with the size of the variable Y (rate of up- 
take of glucose), data  points were weighted in proportion 
to the reciprocal of the within-concentration est imates of 
variance. Nonlinear regression analysis was est imated 
for each t reatment .  The i terative analysis employed 
sought to minimize the residual sum of squares between 
the observed and predicted values. Convergence oc- 
curred with 20 iterations using the nonlinear regression 
modules of Systat.  The values of Vma x and K m were also 
assessed by l inear  regress ion analysis  of the  
Lineweaver-Burke plot (inverse of glucose uptake  vs. in- 
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verse of glucose concentration), and the Eadie-Hofstee 
plot (glucose up take  vs.  uptake/glucose concentration). 

All values  given in the table and figures represent  the 
mean  _+ s tandard  error. Analysis of var iance analysis  
and Student  Newman-Keul ' s  tes t  were used to search 
for differences between means ,  with 0.05 t aken  as the 
upper  l imit  of significance. 

BBM vesicle up take  data  are usually normalized to 
unit  protein. When using protein as the denominator,  it 
is assumed tha t  the proportion of glucose carr ier  to total 
membrane  protein remains  constant  along the CVA. 
Morphological data  suggests tha t  the number  of glucose 
carriers per  uni t  membrane  surface area  remains  con- 
s tant  from crypt to villus tip (2), but  it is unknown 
whether  this is the case for the m em brane  fa t ty  acid 
binding protein tha t  is thought  to play a role in the up- 
take  of fa t ty  acids, part icularly at  low concentrations 
(31). In addition, the BBM surface are becomes ampli- 
fied as the enterocytes migra te  up the CVA (2), so tha t  
the appearance  of grea ter  up take  of nutr ients  from the 
upper  ra ther  than  the lower portion of the CVA may  not 
necessari ly be from a greater  t rue Vma x of individual glu- 
cose carriers  per  uni t  BBM surface area  from upper-vil- 
lus cells, bu t  instead may  be due to a greater  total sur- 
face area. For this reason, it may  be necessary to use 
other denominators  of uptake.  In the time-course stud- 
ies of D-glucose uptake,  the equilibrium values of glucose 
up take  were lower in F2 than  in F6 (Fig. 1); longer peri- 
ods of incubation confirmed the differences in equilib- 
r ium uptake  ra tes  of glucose (data not shown). We 
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FIG. 1. Uptake of  100 ~M D-glucose by brush border mem- 
brane (BBM) vesicles,  isolated from along the crypt-vil lus 
axis, during  varying incubat ion  t imes.  BBM vesicles  were  
suspended  in 300 mM D-mannitoU10 mM Hepes-Tfis,  pH 7.4, 
and uptake  of  100 pM D-glucose suspended in 100 mM 
NaSCN/1 mM MgCl2/2 mM CaCI2 �9 2H2/100 mM D-mannitol/10 
mM Hepes-Tris, pH 7.4, was  assayed at 25~ BBM vesicle  
uptake  of  substrate was  s topped by the addit ion of  100 mM 
NaSCN/0.6 mM phlorizin/0.15 M KCI/2 mM Hepes-Tris, pH 
7.4; m e a n  • SEM. 

wished to use a second method of expressing the up take  
data  on the basis of ra te  of up take  per glucose carr ier  or 
per unit  microvillus membrane ,  but  we did not have 
available to us the molecular biological methods to mea-  
sure the sodium-dependent  glucose t ranspor te r  (SGLT1), 
the membrane  fa t ty  acid binding protein (FABPm), or the 
microvillus surface area. We chose to use the equilib- 
r ium values for glucose up take  to determine intravesicu- 
lar  volume, and then to calculate the min imum surface 
area  of the BBM vesicles obtained from F2, F4 and F5. 
We recognize tha t  this approach assumes  tha t  the aver- 
age size of BBM vesicles is similar  from F2, F4 and F6. 
Accepting the l imitations of this approach, in some stud- 
ies glucose and LA uptake  were expressed as pmol �9 unit  
BBM vesicle surface area  -1 �9 5 s -1, and nmol �9 uni t  BBM 
vesicle surface area  �9 5 s -1, respectively. At equilibrium, 
the concentrations of D-glucose in the intravesicular  
space is equal to the D-glucose concentration in the ex- 
ternal  solution. Since the intravesicular  space is sub- 
stantial ly smaller  than  the extravesicular  space, the con-  

centrat ion of D-glucose on both sides of the vesicle wall 
following equilibrium will not be significantly less than  
the concentration of D-glucose in the external  solution a t  
the beginning of the t ime trial. Thus, at  equilibrium, the 
concentration of D-glucose in the intravesicular  space 
will be very close to this value. The uptake  of D-glucose 
by the vesicular solution at  equilibrium was: F2, 275 
pmol/mg protein; F4, 487 pmol/mg protein; and F6, 655 
pmol/mg protein. Analysis of up take  at  equilibrium 
demonst ra ted  statistically significant differences (P < 
0.05) between F4 and F6 and between F2 and F6. The 
calculated intravesicular  volumes of the vesicles in F2 is 
2.75 mL/mg protein, while tha t  of F4 is 4.87 mL/mg pro- 
tein and tha t  of F6 is 6.55 mL/mg protein. 

The value of the equil ibrium up take  has  been previ- 
ously used as a denominator  for expression of vesicle up- 
take.  Vinay et  al .  (32) studied lactate  t r anspor t  in baso- 
lateral  membrane  vesicles isolated from both outer  
medul la  and from thick ascending l imb segments  iso- 
lated from the dog kidney. They expressed up take  as a 
percentage of equil ibrium up take  value. We chose to use 
the values for equil ibrium up take  to calculated the sur- 
face area  of the BBM vesicle, and  to express glucose and 
LA uptake  on this basis. 

As BBM vesicle form spheres  in solution, the total  vol- 
ume of the BBM vesicles can be expressed by the for- 
mula  4.3 �9 xR 3, where  R equals the radius  of the sphere. 
The calculated values  of R are therefore: F2 0.869 ~m, 
F4 1.052 pm and F6 1.161 pm. The min imum surface 
area  of the BBM vesicle sphere  is expressed b y  the for- 
mula  4 �9 uR 2. The calculated surface area  of the BBM 
vesicle is: F2 9.49 ~tm2/mg protein, F4 13.89 pm2/mg pro- 
tein and F6 16.93 pm2/mg protein. The rat ios of the sur- 
face areas  of the BBM vesicles, with the surface area  of 
F2 vesicles assuming  the value of 1.0, would be: F2 1.0, 
F4 1.46 and F6 1.78. Thus,  for every uni t  of surface area  
in F2 tha t  contains one until  of protein,  F4 contains 0.68 
uni ts  and F6 contains 0.56 units.  Therefore,  the up take  
of glucose a t  initial ra te  was expressed as pmol �9 mg pro- 
tein -1 �9 s -1 and pmol �9 uni t  BBM surface area  -1 s k, and 
the up take  of LA at  initial  ra te  was expressed as 
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nmo1-1 �9 mg  protein 4 �9 5 s -1, and nmol �9 uni t  BBM vesicle 
surface a rea  �9 5 s -1. 

R E S U L T S  

Validation of techniques. Numerous  methods have  been 
reported in the l i te ra ture  to express the activities of 
ALP, INV or thymidine  kinase  (TK). So tha t  our resul ts  
could be compared to those of others,  we chose to express 
the activities of ALP, INV and TK in several  ways. In 
order to de termine  the validity of expressing enzyme ac- 
t ivity resul ts  in t e rms  of the protein or DNA contents of 
the enterocyte suspensions,  the relat ionship between 
protein and DNA content  of the enterocyte suspensions 
along the CVA was assessed. The amount  of DNA pre- 
sent  per  cell r emains  constant  as the cell ma tu re s  along 
the CVA, but  cellular morphology changes along the 
CVA. Thus,  it might  be ant ic ipated tha t  the protein con- 
ten t  of the enterocyte would also vary  along the CVA, 
with  resu l tan t  changes in the rat io protein/DNA in each 
cellular fraction. The lowest rat io of protein/DNA was 
in F1, highest  in F3 and declining in F4 -6  (Fig. 2). For 
this reason, the enzyme activities in the different frac- 
tions were expressed on the basis  of mg  protein as well 
as mg  DNA. 

The cumulat ive  amount  of protein and DNA obtained 
from along the CVA in the six fractions was determined,  
and the percentage of protein or DNA in each fraction 
relat ive to the total  amount  obtained was calculated. 
The relat ive position of each fraction on a cont inuum of 
protein and DNA content  along the CVA could then  be 
determined.  The cumulat ive  activity of each enzyme in 
all six fractions was calculated, and the percentage of 
total  enzyme activity in each fraction was determined.  
Enzyme activity could thus  be analyzed in several  ways  
and expressed in each fraction relative to the protein or 
DNA content  of tha t  fraction, or as percentages  of the 
total  amount  of enzyme, protein and DNA harvested.  
Init ial ly collected fractions represented  early percent-  
ages, with subsequent  fractions being added to previous 
fractions. F2 represented  the point at  which 6 to 18% of 
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the total  protein and DNA had  been collected, while F4 
was located a t  the point a t  which 30 to 45% of protein 
and DNA had been collected. F6 represented  the point 
at  which 100% of protein and DNA had been collected. 

ALP activity was lower in enterocyte fractions en- 
riched in mid-villus and lower-villus/crypt cells, as com- 
pared  to fractions enriched in upper-vil lus cells (Fig. 3); 
this was observed regardless  of whether  ALP activity 
was expressed relative to the protein or DNA content  of 
the sample,  or was expressed as a percentage of the total  
protein or DNA of the six fractions (F1-F6). INV activ- 
ity was highest  in F1 when expressed as INV/mg protein 
in the six fractions, or as a percentage of the total  pro- 
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tein (A) or mi l l igram DNA (B), or per gram protein vs.  a p e r .  
centage of  total cumulat ive  protein (C), or per mi l l igram 
DNA vs.  a percentage o f  total cumulat ive  DNA (D); mean  • 
SEM. 

tein or DNA, and was highest  in F3 when expressed as 
INV/mg DNA (Fig. 4). The up take  of [3H-methyl]thymi- 
dine was highest  in F6 when up take  was expressed as 
dpm/mg protein or percentage of total  up take  in the six 
fractions, or as dpm/mg protein vs. percentage of total  
protein (Fig. 5). 

D-Glucose. The Na + dependent  up take  of 100 mM D- 
glucose into BBM vesicles isolated from F2, F4 and F6 
showed a t ime-course "overshoot" with initial ra tes  of 
up take  being l inear  up to 15 (Fig. 1). Peak  glucose up- 
take  was a lmost  twice as high in fractions enriched in 
mid-villus and crypt  enterocytes (F4 and F6) as com- 
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FIG. 5. [ 3 H - m e t h y l ] t h y m i d i n e  uptake in each enteroc~te 
fract ion along the crypt-vi l lus  axis. The i n  v i v o  [~H- 
m e t h y l ] t h y m i d i n e  uptake  in  each enterocyte  fract ion  
(F1-F6) is expressed as nmol /mg protein (A), percentage of  
total uptake  (B) or as nmol /mg protein vs.  percentage o f  
total cumulat ive  protein (C); mean  • SEM. 

pared  with the fraction enriched in upper-vil lus entero- 
cytes (F2). And equil ibrium s ta te  was achieved within 
15 min of onset of incubation of BBM vesicle in D-glu- 
cose. 

Varying D-glucose concentrat ions from 50 to 1000 mM 
and using an incubation of 5 s demons t ra ted  a curvilin- 
ear  relat ionship between D-glucose concentrat ion and 
uptake.  The up take  of glucose was s imilar  in all frac- 
tions, up to a glucose concentrat ion of 400 mM. At 
higher  concentrations,  up take  of glucose was lower in F2 
than  in F4 or F6. The absolute values of the K m and 
Vma x varied depending upon the method used to esti- 
ma te  the kinetic constants  (Table 1, Panel  A). 

The value of the Vma x was F2 < F6 < F4 using Systat ,  
Enzfi t ter  with proportional  and proport ional  plus robust  
weighting, Sigmaplot  and Eadie Hofstee plot; the rela- 
tive rat ios were F6 < F2 < F4 for Lineweaver-Burke plot 
and Enzf i t ter  with simple weighting. When the value of 
Vma x was expressed on the basis  of the es t imated  BBM 
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FIG. 6. T i m e - c o u r s e  o f  u p t a k e  o f  100 pM l i n o l e i c  a c i d  (LA) 
b y  b r u s h  b o r d e r  m e m b r a n e  (BBM) v e s i c l e s  i s o l a t e d  f rom 
a l o n g  the  c r y p t - v i l l u s  ax i s ,  w i t h  i n c u b a t i o n  t i m e s  b e t w e e n  5 
s a n d  15 min .  B B M  v e s i c l e s  w e r e  s u s p e n d e d  in  300 mM D- 
m a n n i t o l / 1 0  m M  Hepes -Tr i s ,  p H  7.4, a n  u p t a k e  o f  100 p_M LA 
s u s p e n d e d  in  100 p_M LA, 1 m M  MgC12/2mM CaCI2.2H20/100 
m M  D-manni to l /10  m M  H e p e s - T r i s / 2 m M  t a u r o c h o l i c  ac id ,  p H  
7.4, w a s  a s s a y e d  a t  25"C. B B M  v e s i c l e  u p t a k e  o f  s u b s t r a t e  
w a s  s t o p p e d  b y  th e  a d d i t i o n  o f  0.2 mM p h l o r e t i n / 0 . 1 5  M 
KCI/2 m M  Hepes -Tr i s ,  pH 7.4; m e a n  • SEM. 

vesicle minimum surface area, the highest values were 
for the mid-villus (Table 1, Panel B). In all methods of 
analysis, the value of the K m was lowest in F2, but the 
relative values of K m in F4 and F6 varied between the 
method of estimation of the kinetic constants. 

LA. No overshoot was noted for the rate of uptake of 
100 mM LA in F2, F4 and F6, with a plateau of the rate 
of uptake occurring beyond 5 min of incubation (Fig. 6). 
With a 5-s incubation and solubilization of LA in 2 mM 
taurocholic acid, a linear relationship was noted be- 
tween LA concentration and uptake (nmol/mg protein/5 
s) in F2, F4 and F6 (Fig. 1A). The slope of the linear re- 
lationship between LA concentration (25-200 mM) and 
uptake represents the passive permeability coefficient of 
the BBM. This value was similar for the three fractions 
and was 0.172 nmol �9 5 s -1 �9 mg protein -1 �9 mM -1. The 
vertical intercept was greater than  zero (P < 0.05). 
When LA uptake was expressed on the basis of the cal- 
culated BBM vesicle surface area, the passive perme- 
ability coefficient was higher for F2 than  for F4, and for 
F4 than  for F6 (Fig. 7B), with values of 0.185, 0.130 and 
0.079 nmol �9 5 s -1 �9 unit  surface area -1 - mM 1 for F2, F4 
and F6, respectively. Although the relationship between 
BBM vesicle LA uptake and concentration was linear, 
the vertical intercept for each fraction was significantly 
(P < 0.05) greater  than zero. 
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FIG. 7. E f f e c t  o f  v a r y i n g  c o n c e n t r a t i o n  o f  l i n o l e i c  a c i d  (LA) 
on  i t s  u p t a k e  b y  b r u s h  b o r d e r  m e m b r a n e  (BBM) v e s i c l e s  
i s o l a t e d  f rom a l o n g  th e  c r y p t - v i l l u s  a x i s  as  i n i t i a l  ra te  (5 s). 
B B M  v e s i c l e s  w e r e  s u s p e n d e d  in  300 m M  D - m a n n i t o l  10 m M  
Hepes -Tr i s ,  pH 7.4, a n d  i n c u b a t e d  w i t h  25 to  200 p_M LA sus-  
p e n d e d  in  1 mM MgCI2/2mM CaCI 2 �9 H 2 0 / 1 0 0  m M  D-manni -  
to l /10  m M  Hepes -Tr i s /2  mM t a u r o c h o l i c  ac id ,  pH 7.4. LA up-  
t a k e  b y  B B M  v e s i c l e  s u s p e n s i o n s  w a s  s t o p p e d  a f t er  5 s o f  in-  
c u b a t i o n  b y  th e  a d d i t i o n  o f  0.2 m M  ph lore t in /0 .15  M KCI/2 
mM Hepes -Tr i s ,  p H  7.4. U p t a k e  is  e x p r e s s e d  as  n m o l  �9 m g  
p r o t e i n  "1 �9 5 s "z (A), or  as  n m o l  �9 u n i t  s u r f a c e  a r e a  "l �9 s "1 (B), 
m e a n  • SEM. 

D I S C U S S I O N  

Isolation method. Enterocytes can be isolated sequen- 
tially from along the CVA, and their origin can be estab- 
lished by determining their profile of enzyme activities 
(3-10,12,13,33). Cells in the intestinal crypt are rich in 
enzymes involved in protein synthesis, whereas in the 
mid- and upper-villus, the major cell functions include 
the digestion, absorption and metabolism of luminal nu- 
trients. Thus, enterocytes in these fractions of the CVA 
are rich in enzymes such as ALP and INV, and have de- 
creasing amounts  of TK and therefore incorporate less 
[3H-methyl]thymidine (Fig. 5). These findings are simi- 
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TABLE 1 

Kinetic Constants for D-Glucose Uptake Along the Crypt-Villus Axis of  the Rabbit Jejunum Using Different Techniques 
of Data Analysis  a 

Calculation method 
A. Uptake per mg protein B. Uptake per unit surface area 

Upper-villus Mid-villus Lower-villus Upper-villus Mid-villus Lower-villus 
F2 F4 F6 F2 F4 F6 

Michaelis-Menton 
Systat 

(proportional weighting) 
Vmax b 1448 • 79 4569 • 191 3122 • 538 1448 • 79 3111 • 134 1711 - 292 d 
K m 90 • 22 559 • 51 c 655 • 20 90 • 22 560 • 52 c 628 • 196 c 

Sigmaplot 
(simple weighting) 

Vma x 1718 • 272 5441 • 591 c 4131 -+.+ 1059 c 1718 • 272 3700 • 402 c 2313 • 5934 
K m 134 • 13 918 • 116 1098 • 526 c 134 • 13 918 • 116 1098 • 526 c 

Enzfitter 
(simple weighting) 

Vma x 1720 -+ 272 5895 • 491 c 2438 • 391 d 1720 • 272 4009 • 334 c 1365 • 2204 
K m 135 • 13 833 • 100 c 420 • 96 c'd 135 • 13 833 • 100 c 420 • 96 c'd 

(proportional weighting) 
Vm~ 1696 • 235 8657 • 1581 r 3221 • 3174 1696 • 235 5880 • 1066 c 1797 • 181 d 
K m 219 • 61 1633 • 503 c 943 • 283 219 • 61 1631 • 500 c 935 • 278 

(proportional + robust 
weighting) 

Vma x 2025 • 372 7100 -+ 711 c 4414 • 1109 d 2025 • 372 4841 • 486 c 2459 • 648 d 
K m 148 • 43 1211 • 289 1352 • 411 c 148 • 43 1213 • 291 1345 • 433 ~ 

Lineweaver-Burke 
Sigmaplot 

(simple weighting) 
Vma x 2188 • 327 6092 • 1376 c 3824 • 1350 2188 • 327 4147 • 961 2127 • 739 
K m 388 • 145 1079 • 296 879 • 268 388 • 145 1083 • 305 872 • 261 

Eadie-Hoffstee 
Sigmaplot 

Vm~ 1522 • 266 4228 • 902 ~ 2855 • 975 1522 • 266 2874 • 613 1599 • 547 
K m 81 • 17 556 • 177 c 412 • 175 81 • 17 556 • 177 c 412 • 176 

aThe uptake of D-glucose by brush border membrane vesicles prepared from F2, F4 and F6 (fraction of the enterocytes along the crypt- 
villus axis) were determined at initial rate (5 s) as described in the Materials and Methods section. Uptake is expressed as pmol/rag pro- 

tein �9 5 s (A), or as pmol �9 unit surface area �9 5 s (B), mean • SEM. Abbreviations: Vma x, maximum transport capacity of D-glucose up- 
take; kin, Michaelis affinity constant of glucose uptake. 

bMean • SEM; Vmax, pmol �9 mg protein.  5 s or pmol �9 unit surface area - 5 s; K m mM. 

cp< 0.05, F4 vs. F2, F6 vs. F2. 

dp < 0.05, F6 vs. F4. 

l a r  to t h o s e  d e s c r i b e d  by  o t h e r s .  F o r  e x a m p l e ,  u s i n g  a 
t e c h n i q u e  t h a t  i n v o l v e d  a s s a y i n g  e n z y m e  a c t i v i t y  in  seg-  
m e n t s  o f  i n t e s t i n a l  w a l l  s e c t i o n e d  h o r i z o n t a l l y  f r o m  
a l o n g  t h e  CVA in  a d u l t  W i s t a r  r a t s ,  N 6 r d s t r o m  e t  al .  

(11) d e m o n s t r a t e d  h i g h e s t  v a l u e s  for  A L P  f r o m  t h e  
u p p e r  q u a r t e r  o f  t h e  v i l l u s ,  w i t h  v a l u e s  d e c l i n i n g  t o w a r d  
t h e  ba se .  I N V  w a s  a l so  l ow c lo se r  to t h e  v i l l u s  b a s e ,  b u t  
p e r s i s t e d  o v e r  a g r e a t e r  l e n g t h  o f  t h e  v i l lus .  S u n d a r a m  
e t  al .  (12) r e p o r t e d  A L P  a s  a p e r c e n t a g e  o f  t h e  v a l u e s  in  
t h e  v i l l u s  t i p  c o m p o n e n t .  T h i s  w a s  t h e  h i g h e s t  v a l u e ,  
a n d  t h e  a c t i v i t y  o f  I N V  d e c l i n e d  m o v i n g  f r o m  t h e  v i l l u s  
t i p  to t h e  ba se .  F r e e m a n  e t  al .  (5) a l so  f o u n d  t h e  h i g h e s t  
A L P  to  be  i n  t h e  v i l l u s  t i p  f r a c t i o n ,  w i t h  v a l u e s  dec l in -  
i n g  p r o g r e s s i v e l y  t o w a r d  t h e  m i d - p o r t i o n  of  t h e  v i l l u s ,  
w i t h  l i t t l e  f u r t h e r  c h a n g e  b e t w e e n  t h a t  p o i n t  a n d  t h e  
b a s e  o f  t h e  v i l lus .  A L P  a n d  I N V  a c t i v i t i e s  w e r e  ex-  
p r e s s e d  as  m m o l  �9 m i n  -1 �9 m g  p r o t e i n  -1, a n d  w e r e  p l o t t e d  
a g a i n s t  t h e  p e r c e n t  of  i s o l a t e d  cel ls .  T h e r e  w a s  a p ro-  
g r e s s i v e  a n d  s i m i l a r  d e c l i n e  i n  a c t i v i t y  m o v i n g  f r o m  t h e  
i n i t i a l  20% to  t h e  f i na l  100% of  i s o l a t e d  cel ls .  M o r r i l l  et  

al .  (10) p l o t t e d  s u c r a s e / i s o m a l t a s e  a c t i v i t y  r e l a t i v e  to 
p r o t e i n  o r  D N A  c o n t e n t ,  a s  w e l l  a s  p l o t t i n g  e n z y m e  ac- 
t i v i t y  vs.  t h e  p e r c e n t a g e  o f  t o t a l  p r o t e i n  o r  t h e  p e r c e n t -  
a g e  o f  t o t a l  D N A .  T h e y  f o u n d  t h a t  t h e  h i g h e s t  v a l u e s  
a p p e a r e d  i n  t h e  m i d - p o r t i o n  o f  t h e  CVA w h e n  e x p r e s s e d  
as  u n i t s / m g  p r o t e i n  vs.  p e r c e n t a g e  o f  t o t a l  p r o t e i n ,  
w h e r e a s  s u c r a s e / i s o m a l t a s e  a c t i v i t y  w a s  h i g h e s t  in  t h e  
v i l l u s  t ip  w h e n  e x p r e s s e d  a s  u n i t s / m g  D N A  or  vs.  per -  
c e n t a g e  o f  t o t a l  D N A .  T h i s  w a s  p r e s u m a b l y  b e c a u s e  t h e  
r a t i o  o f  p r o t e i n / D N A  d e c l i n e d  f r o m  t h e  v i l l u s  t ip  to  t h e  
c ryp t .  We  c o n f i r m  t h i s  f i n d i n g  (Fig.  4). H a r t m a n  e t  a l .  

(6) e x p r e s s e d  s u c r a s e  a c t i v i t y  as  u n i t s / g r a m  p r o t e i n  a n d  
d e t e r m i n e d  t h a t  t h e  h i g h e s t  a c t i v i t y  w a s  i n  t h e  m i d - v i l -  
l u s  f r a c t i o n ,  w i t h  l o w e r  v a l u e s  a t  t h e  v i l l u s  t i p  a n d  
l o w e r - v i l l u s / c r y p t .  D u d e j a  e t  al .  (3) d e m o n s t r a t e d  h i g h -  
e s t  v a l u e s  o f  s u c r a s e  w h e n  e x p r e s s e d  on  t h e  b a s i s  o f  p ro -  
t e i n ,  in  v i l l u s  t i p  ce l l s  a s  c o m p a r e d  w i t h  l ow v a l u e s  i n  
l o w e r - v i l l u s  a n d  i n t e r m e d i a t e  v a l u e s  i n  t h e  m i d - v i l l u s .  
T h u s ,  t h e  p a t t e r n  o f  d i s t r i b u t i o n  o f  A L P  a n d  I N V  a c t i v -  
i t y  v a r i e s  f r o m  m e t h o d  to m e t h o d ,  a n d  w i t h  t h e  m a n n e r  
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used to express the results, but  activities are generally 
higher  in the upper  than  in the lower portion of the vil- 
lus (Figs. 3 and 4). 

Regardless of the method of expression of TK used in 
previous studies (3,5,9), greater  than  60% of activity ap- 
pears in the lower-villus fraction. In our study, the high- 
est uptake of [3H-methy l ] thymid ine  was found in the 
basal portion of the villus (Fig. 5). Thus, F2 represents  
the upper  portion of the villus while F6 represents  the 
basal portion of the villus and the crypt cells, and F4 
represents  the mid-portion of the villus. It  is critical to 
note, however, tha t  the pa t te rn  of change reported in our 
s tudy and those reported by others depend upon the 
method used to express the result. It  is likely tha t  our 
upper-, mid- and lower-villus fractions may have been 
different from those reported by other  authors.  

Glucose uptake.  Glucose entry  into enterocytes occurs 
as the resul t  of Na + dependent  coupling to a cotrans- 
porter  in the BBM (3,5,9,21,22). In this study, glucose 
t ranspor t  in the presence of an inwardly-directed Na § 
gradient  (NaSCNou t = 100 mM; NaSCNin = 0) at a D-glu- 
cose concentration of 100 mM demonstra ted the ex- 
pected time-course "overshoot" phenomenon in BBM 
vesicle derived from all three fractions (Fig. 1). Incuba- 
tion of BBM vesicle with glucose in concentrations be- 
tween 50 and 1000 mM demonstra ted saturat ion kinet- 
ics (Table 1). Although the intestinal  SGLT 1 has been 
isolated and cloned (34-38), the kinetic characterizat ion 
of intest inal  glucose t ranspor t  remains focused on the 
est imation of the values of the Vmax, the K m and the pas- 
sive permeabili ty coefficient. Theoretical and experi- 
mental  considerations have demonstra ted the impor- 
tance of correction for the intestinal  UWL resistance 
(39). Using isolated BBM vesicles minimizes the contri- 
but ion of passive permeat ion and the effective resis- 
tance of the UWL (30), but  there  remains considerable 
variabili ty in the magnitude of the est imates of Vma x 
and Kin, dependent  on the methods used to est imate 
them (30). 

L inear  t ransformat ions  on the Michael is-Menten 
equation may not always produce valid est imates  of 
Vma x and Kin, part icularly in the presence of an UWL 
and when the magnitude of the passive component is not 
taken  into account (40--43). The nonlinear methods of 
est imating Vma x or K m does not change, or may obscure 
the demonstrat ion of differences where such differences 
do, in fact, exist. In addition, differences may resul t  
from the use of parametr ic  vs. nonparametr ic  methods 
to est imate the magnitude ofVma x and K m (45,46). Fur- 
thermore,  the lack of consensus for the optimal method 
of est imating these kinetic constants results  in difficulty 
comparing experimental  results  obtained in one labora- 
tory using one method with those obtained in another  
laboratory using a second method. Accordingly, we chose 
to analyze the kinetic data  for glucose uptake,  Vma x and 
Kin, with several methods of analysis. 

Utilizing BBM vesicles harvested from along the CVA 
using fractionation techniques, other investigators have 
established tha t  a gradient  of glucose uptake exists 
along the CVA of the proximal small intestine. Med- 
dings et al. (9) demonstra ted in fasted young male New 

Zealand white rabbits tha t  the highest  rates  of trans- 
port of glucose occurred in BBM vesicles isolated from 
upper- and mid-villus cells. These fractions are aplcrox- 
imately comparable to our F2 and F4. They recorded a 
K m for glucose uptake by BBM vesicle obtained from 
enterocytes  isolated from the lower-villus/crypt, F6 
(Table 1). Also, Meddings et al. (9) used the Systat  pro- 
gram to obtain est imates of Vma x tha t  were highest in 
cells from the upper-villus, in termediate  in cells from 
the mid-villus and lowest from the lower-villus (47.8, 
40.0 and 7.7 nmol �9 mg protein -1 �9 min 1, respectively). 
These findings have been supported by autoradiography 
in in  vivo glucose studies by Kinter  and Wilson (18) and 
Fedorak et al. (47), which demonstra ted tha t  most glu- 
cose uptake  occurred in the enterocytes of the upper-vil- 
lus. 

Dudeja et al. (3) used the Lineweaver-Burke method 
to est imate the value of Vma x and K m. They demon- 
strated, in fasted adult  male Lewis rats,  a K m for D-glu- 
cose t ranspor t  of 121 mM for BBM vesicles derived from 
the villus tip cells, a value of 164 mM for BBM vesicles 
derived from the mid-villus level and 44 mM for BBM 
vesicles derived from crypt cells. Values for Vma x of 904, 
1296 and 498 pmol �9 mg protein -1. min-1 from higher  vs. 
lower portions of the villus, and K m values of 482 and 14 
mM from the same positions along the CVA. Thus, in 
these three studies using male rabbit  and ra t  BBM vesi- 
cle, Vma x and K m were highest in upper- and mid-villus 
enterocytes,  when uptake was expressed on the basis of 
mg protein and when different methods were used to es- 
t imate the values of Vma x and Km. This was opposite to 
the gradient  described in this s tudy when our data  were 
expressed as pmol �9 mg protein "1 �9 5 s -1 (Table 1). 

In the present  s tudy with each of the methods used to 
est imate the value of Vma x, the lowest value was ob- 
tained in F2. Similarly, the value for K m was lowest in 
F2 for each method of analysis. The relative ratio of the 
Vma x or K m between F2, F4 and F6 varied depending 
upon the method of analysis. For example, for Vma ~ the 
relative values were F2 < F6 < F4 using Systat,  Enzfit- 
ter  with proportional and proportional plus robust  
weighting, Sigmaplot and Eadie-Hofstee plot. By con- 
trast ,  the relat ive ratios were F6 < F2 < F4 for 
L ineweaver -Burke  plot and Enzf i t t e r  with simple 
weighting. Differences were also noted in the relative 
values of the K m depending upon the method used for 
these estimations. The K m values were F2 < F6 < F4 
with Systat,  Enzfi t ter  simple and proportional weight- 
ing groups as well as the Eadie-Hofs tee  and 
Lineweaver-Burke plots. In contrast,  the ratio was F2 < 
F4 < F6 for Systat,  Sigmaplot and Enzfi t ter  proportional 
and robust  analyses. Thus, since it is not possible to de- 
termine which of these is the "correct" value for estima- 
tion of Vma x and K m, it is suggested tha t  Systat  and at  
least one other  program be utilized. Regardless of which 
methods of kinetic analysis were used, the values of the 
Vma x and K m were ei ther  lowest in F2 as compared with 
F4 and F6, or the value of Vma x was  unchanged and the 
value of the K m more than  doubled between F2 and F6. 
Thus,  different methods of kinetic analysis are unlikely 
to have been the explanation for our inability to confirm 
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the qualitative na ture  of the previously-reported gradi- 
ent  of kinetic constants for glucose uptake along the 
CVA of the jejunum. 

These differences in the relative values of Vma x and 
K m between the villus fractions may have been due to a 
different population of enterocytes harvested from along 
the CVA. For example, intestinal  scraping to obtain 
crypt cells was not employed in the studies of Dudeja 
et al. (3) or Freeman et al. (5). Our upper-villus fraction 
used to determine glucose uptake (F2) may have had dif- 
ferent  t ransport  properties than the very most  distal 
cells sometimes used by others. Other  differences be- 
tween these and out studies included the age or gender 
of the animals used, and variations in their  recent in- 
take of food. In this study, mature  female rabbits were 
used with weights in the range of 1.6 to 2.2 kg, as com- 
pared to younger male rabbits with a weight range of 0.5 
to 0.75 kg used in the studies of Meddings et al. (9). In 
a male Wistar  ra t  model, Na+-dependent D-glucose 
t ranspor t  varied with age, with young animals having a 
greater  capacity for Na§ D-glucose t ranspor t  
(48). The male rats studied by Dudeja et al. (3) were 
fasted for 18 h prior to sacrifice. Rabbits studied by 
Meddings et al. (9) underwent  overnight fasts before 
being sacrificed. Rabbits used in this study were al- 
lowed ad l i b i t um  access to food and water  up until  t ime 
of sacrifice. Prior experiments have demonstrated tha t  
changes occur in the BBM as a resul t  of malnutr i t ion 
tha t  may  influence t ranspor t  characteristics (49,50). It  
is unknown whether  simple fasting overnight without  
previous prote in-energy malnutr i t ion or dietary carbo- 
hydra te  changes alters the relative values of Vma x and 
K m for glucose uptake along the CVA. It is also un- 
known what  effect gender differences might have on the 
expression of sugar or lipid t ranspor t  along the CVA. 

The mechanism of these changes in glucose uptake ki- 
netics along the CVA is unclear. Meddings et al. (9) pos- 
tulated tha t  glucose t ransport  is influenced by BBM flu- 
idity: these workers noted tha t  Vma x is higher  across the 
rigid BBM of the mid- and upper-villus enterocytes, as 
compared to the more fluid BBM of the crypt  cells. 
Dudeja et al. (3) did not demonstrate  an association be- 
tween membrane  fluidity and glucose uptake: despite 
being less fluid than  their  control counterparts ,  upper- 
villus BBM vesicles from diabetic rats  had similar glu- 
cose uptake rates. 

Several studies have postulated tha t  more than  one D- 
glucose carr ier  is present  in the BBM. Harig et al. (21) 
using BBM vesicles prepared from human  je junum and 
ileum, detected a single high-affinity, low-capacity 
t ranspor ter  along the entire small intestine, plus a sec- 
ond low-affinity, high-capacity carrier  limited to the 
proximal jejunum. Kaunitz and Wright (22), using 
bovine and rabbit  small intest ine preparations,  simi- 
larly demonstra ted two Na+-dependent saturable trans- 
porter  systems: a high-capacity, low-affinity system and 
a second system with a lower capacity and higher  affin- 
ity. Malo (23) was able to identify a low-affinity high-ca- 
pacity system as well as a high-affinity low-capacity sys- 
tem in studies of human  fetal small intestine, but  not 
when using vesicles obtained from human  adult  t issue 

donors (45,46). Both Freeman et al. (5) and Dudeja et al. 
(3) have postulated tha t  at least two distinct Na§ - 
pendent  D-glucose t ransporters  are present  in the BBM 
along the CVA. This possibility has been raised previ- 
ously, based on theoretical considerations (51), and the 
variations in glucose uptake along the CVA may reflect 
different proportions of the two postulated carriers, each 
of which has different kinetic properties. However, mo- 
lecular biological methods have not suggested the pres- 
ence of multiple intestinal  carriers (34), and Enzfi t ter  
analysis of nonparametrical ly-assessed uptake rates in 
adult  animals is compatible with a single glucose carr ier  
(45,46) (Table 1). Thus, variations in the ratio of two 
postulated hexose carriers would not likely explain the 
qualitative differences in the values of the Vma x and K m 
reported for different CVA fractions in our study, as com- 
pared with findings by other authors.  

L A  uptake.  The intestinal  uptake of lipids has been 
considered to be by a process of passive diffusion (52). 
The UWL and the BBM represent  the major barr iers  to 
the movement  of lipids into the enterocyte. The UWL 
has been considered the rate-limiting factor in the mu- 
cosal uptake of fat ty acids (53). An FABP m of ra t  je- 
j unum has been identified, and it has been suggested 
tha t  the uptake of fat ty acids by the BBM may be medi- 
ated in par t  by FABP m (31). In a s tudy of LA t ranspor t  
by rabbit  BBM vesicles, Ling et al. (25) demonstra ted an 
overshoot phenomenon of uptake as a function of time. 
We were unable to confirm the presence of an overshoot 
ei ther  in this study (Fig. 6) or in a previous study using 
a homogenate of enterocytes obtained from along the en- 
tire CVA of mature  rabbit  Je junum (24). This in con- 
t ras t  to the pressure of such an overshoot for the uptake 
of D-glucose (Fig. 1), which suggests the presence of a 
sodium-dependent uptake step (24). A l inear relation- 
ship was found between LA concentrations of 25-200 
mM and uptake at the initial ra te  of 5 s. This is consis- 
tent  with a process of passive uptake,  but  does not ex- 
clude the possibility of the presence or importance of 
FABP m. This point is part icularly relevant  because the 
Y-axis intercept  of the relationship between LA concen- 
t ra t ion and uptake was different from zero (Fig. 7). 

Autoradiographic studies with [3H]palmitic acid have 
demonstra ted higher  uptake in villus tip enterocytes 
than  in enterocytes found in the crypt (15). It  is possi- 
ble tha t  the in vivo uptake of fat ty acids varies along the 
CVA as a resul t  of changes in the effective resistance of 
the UWL (54). The fluidity of the BBM falls from crypt 
to villus tip (9), so tha t  these differences in lipid uptake 
along the CVA cannot be explained by variations in 
BBM fluidity. There is no gradient  of LA uptake in F2, 
F4 or F6 when expressed as nmol �9 mg protein -1 �9 5 s 1 
(Fig. 7A) but  when LA uptake is expressed as nmol �9 uni t  
surface area -1 �9 5 s -1, the permeabil i ty coefficient was 
greater  for F2 than  for F4 or F6 (Fig. 7B). Thus, lipid 
uptake in vivo may be greater  in the upper  portion of the 
villus because of variations in the dimension of the 
UWL, greater  membrane  surface area of the enterocytes 
from the upper  than  from the lower portion of the CVA, 
greater  passive permeabil i ty coefficients of BBM iso- 
lated from enterocytes near  the upper  portion of the vil- 
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lus  or  d i f fe rences  a long  the  CVA in t h e  c o n t r i b u t i o n  of  
t h e  F A B P  m. 

The  i n t e s t i n e  is  c apab l e  of  a d a p t a t i o n ,  w i th  v a r i a t i o n s  
in  n u t r i e n t  u p t a k e  occur r ing ,  w i th  a g i n g  (48), d i e t a r y  
l ip id  c h a n g e s  (55), d i a b e t e s  m e l l i t u s  (3,16,47,56), bowel  
r e sec t ion  (57) or  e t h a n o l  i nges t i on  (58,59). In  r a t s  ren-  
d e r e d  h y p e r g l y c e m i c  by the  in jec t ion  of  s t rep tozo toc in ,  
g lucose  u p t a k e  in  the  i l e u m  is i n c r e a s e d  by  " rec ru i t -  
m e n t "  of  e n t e r o c y t e s  f rom more  d i s t a l  loca t ions  a long  
t h e  CVA (47). I t  r e m a i n s  con t rove r s i a l  w h e t h e r  t h i s  is  
t he  m e c h a n i s m  of  i n c r e a s e d  glucose  u p t a k e  in  t he  je -  
j u n u m  in d i a b e t e s  (3,16). I t  a lso  r e m a i n s  to be e s t ab -  
l i shed  w h e t h e r  a l t e r e d  u p t a k e  of  l ip ids  in  t h e s e  mode l s  
of  i n t e s t i n a l  a d a p t a t i o n  r e s u l t s  f rom c h a n g e s  in  t he  pas -  
s ive p e r m e a b i l i t y  coeff ic ients  of e n t e r o c y t e s  on the  
u p p e r  po r t i on  of  t h e  v i l lus ,  or  f rom c h a n g e s  in  a l l  of  t h e  
BBM from e n t e r o c y t e s  f rom a long  the  CVA. 
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This  s tudy  e x a m i n e d  the  effect  on  the  p lasma  l ip ids  and  
p lasma  p h o s p h o l i p i d  and cho les tery l  ester  fatty ac ids  of  
c h a n g i n g  from a typica l  we s t ern  diet  to  a very  low fat 
(VLF) vege tar ian  diet  c o n t a i n i n g  one  egg/day. The  effect  
o f  the  addi t ion  of  saturated,  m o n o u n s a t u r a t e d  or polyun-  
sa turated  fat (PUFA) to the  VLF diet  wa s  also  examine{L 
Three  groups  of  10 subjects  (6 w o m e n ,  4 men)  were  fed 
the  VLF diet  (10% energy  as fat) for two  weeks ,  and t h e n  
in  the  next  two w e e k s  the  d ie tary  fat in  each  group was  
increased  by  10% ene rg y / week  u s i n g  butter, o l ive  oi l  or 
saff lower oil.  The  fat rep laced  dietary  carbohydrate .  The  
VLF diet  reduced  both  the  low dens i ty  l ipoprote in  (LDL)- 
and  h i g h  dens i ty  l ipoprote in  (HDL)-cholesterol  levels;  
addi t ion  o f  the  m o n o u n s a t u r a t e d  fats and  PUFA in- 
creased  the  HDL-cholesterol  levels ,  w h e r e a s  but ter  in- 
creased  the  cho les tero l  l eve l s  in  both  the  LDL- and HDL- 
fract ions.  The  VLF diet  l ed  to  s ign i f i cant  reduct ions  in 
the  proport ion  of  l ino le ic  ac id  (18-.20)6) and e icosapen-  
taeno ic  ac id  (20:5r and  to increases  in  pa lmi to le i c  
(16:1), e i c o s a t r i e n o i c  (20:3{o6) and  a r a c h i d o n i c  ac ids  
(20:4{o6) in both  phos pho l i p i ds  and cho les tery l  esters.  Ad- 
d i t ion  of  butter  reversed  the  c h a n g e s  s e e n  on the  VLF 
diet,  w i t h  the  except i o n  of  16:1, w h i c h  r e m a i n e d  e levated .  
Addi t ion  of  o l ive  oi l  resu l ted  in  a s ign i f i cant  rise  in the  
proport ion  of  18:1 and s ign i f i cant  decreases  in  all  r 
PUFA except  22.~ compared  w i t h  the  us ua l  diet.  The  ad- 
d i t ion  of  saf f lower  oi l  resu l ted  in s ign i f i cant  increases  in 
18".2 and 20:4r and s ign i f i cant  decreases  in 18:1, 20:5{o3 
and  22:5(o3. These  resul ts  ind ica te  that  the  reduc t ion  of  
saturated  fat content  o f  the  diet  (<6% die tary  energy) ,  ei- 
ther  by  r e d u c i n g  the  total  fat content  of  the  diet  or by  ex- 
c h a n g i n g  sa turated  fat w i t h  uns a tur a ted  fat, r educed  the  
total  p lasma choles tero l  l eve ls  by  approx imate ly  12% in  
n o r m o c h o l e s t e r o l e m i c  subjects .  A l t h o u g h  the  VLF vege- 
tar ian  diet  reduced  both  LDL- and HDL-cholesterol  lev- 
els,  the  long-term effects o f  VLF diets  are u n l i k e l y  to  be 
de le ter ious  s ince  popu la t ions  w h i c h  hab i tua l ly  c o n s u m e  
these  diets  h a v e  low rates  of  coronary  heart  disease .  The  
addi t ion  of  saff lower oi l  or o l ive  oi l  to a VLF diet  pro- 
d u c e d  favorable  cha ng es  in the  l ipoprote in  l ip id  prof i le  
compared  w i t h  the  addi t ion  o f  butter. The  VLF diets  and 
diets  r ich  in  butter,  o l ive  oi l  or saf f lower  oi l  had  di f ferent  
effects  on  the  20 carbon e i cosano id  precursor  fatty  ac ids  
in the  plasma.  This  sugges ts  that  advice  on  p lasma l ip id  
l o w e r i n g  should  also  take  into  account  the  effect  o f  the  
diet  on  the  fatty acid profi le  o f  the  p lasma  l ipids.  
Lipids 29, 129-138 (1994). 

I t  is generally accepted that  high plasma cholesterol lev- 
els are associated with an increased risk of occlusive vas- 
cular disease (1). Since it is possible to manipulate  the 
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Abbreviations: CE, cholesteryl esters; LDL, low density lipopro- 
teins; HDL, high density lipoproteins; PL, phospholipids; PUFA, 
polyunsaturated fatty acids; VLDL, very low density lipoproteins; 
VLF, very low fat. 

p lasma cholesterol level in most  people by dietary means,  
numerous studies have been conducted examining the ef- 
fect of different foods and dietary t rea tments  on p lasma 
cholesterol levels. In particular, there has been a focus of 
research on the relationship between dietary fats and cho- 
lesterol on p lasma cholesterol levels. The results have led 
to recommendations to the populations in many  western 
countries to reduce the total fat  content of their  diets, and 
particularly the amount  of sa turated fat. Both monoun- 
sa tura ted  fat and polyunsaturated (PUFA) are considered 
beneficial, although in Australia recent advice on dietary 
modification has suggested that,  where possible, satu- 
rated fats should be replaced by monounsatura ted  fats (2). 
There is also an increasing awareness of the importance of 
the two different families of PUFA ({o6 and o}3), and na- 
tional committees in a number  of countries have recom- 
mended tha t  the level of the {o3 PUFA in the diet should 
be increased (2). 

Much of the research on reducing plasma lipid levels 
has focused on the quality (fatty acid type) of the fats and 
less on the total fat content of the diet. Generally, the rec- 
ommendations have suggested tha t  the total fat  intake 
should be reduced to about 30% of energy. There is con- 
cern about reducing the fat level below this for a number  
of reasons, including difficulty in achieving compliance to 
low-fat diets and the adverse effect of low-fat diets on high 
density lipoprotein (HDL)-cholesterol levels (3). 

The purpose of the present  investigation was to exam- 
ine the effect of both the quanti ty and the quality of the fat  
on p lasma lipid levels and plasma fat ty acids. The study 
was designed so tha t  all subjects s tar ted from the same 
point by eating a very low-fat (VLF) vegetar ian diet (<10% 
energy) containing one egg daily for 2 wk and then in- 
creasing the fat content of their  diet over a 2-wk period to 
30% energy from fat  using one of the following three fat  
sources: but ter  (saturated fat), olive oil (monounsaturated 
fat) or safflower oil (polyunsaturated fat). 

METHODS 

Subjects. Thirty free-living subjects (18 women, 15 pre- 
menopausal  and 3 postmenopausal,  and 12 men) partici- 
pated in the study. Mean body mass  index for the women 
was 22.4 _+ 2.6 kg/m 2 (mean -+ SD) and for the men was 
24.0 _+ 1.6 kg/m 2. The subjects were randomly assigned to 
three groups of 10 subjects (6 women, 4 men), who were 
designated to the but ter  group, the olive oil group or the 
safflower oil group. In the but ter  group, the mean  age was 
35.2 -+ 14.6 yr, the mean  weight was 67.3 _+ 12.1 kg and the 
mean  body mass  index 23.1 +_ 2.3 kg/m 2. In the olive oil 
group, the mean  age was 35.3 _+ 13.7 yr, the mean  weight 
was 68.0 -+ 10.8 kg and the mean  body mass  index 23.2 _+ 
1.9 kg/m 2. In the safflower oil group, the mean  age was 
39.3 _+ 13.3 yr, the mean  weight was 66.0 -+ 12.0 kg and the 
mean  body mass  index was 22.9 +- 3.0 kg/m 2. There was no 
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significant difference in age, weight or body mass index 
among the three groups (analysis of variance). 

Design of the study. The protocol was approved by the 
Ethics Committee of Deakin University (Geelong, Victo- 
ria, Australia). All subjects gave their written voluntary 
consent before participating and were free to withdraw 
from the study at any stage. The subjects were each pro- 
vided with digital kitchen scales and asked to weigh and 
record all food and liquid intake for the full five weeks of 
the study. The subjects reported to the University on a 
weekly basis for dietary counseling and supervision. Dur- 
ing this appointment, fasting blood samples were taken, 
the previous week's food diary was collected and checked, 
and subjects were instructed of any changes to be made to 
their  diet for the coming week. The subjects prepared 
most of their meals at home and were closely monitored 
each week through seven-day weighed food records. They 
were asked to maintain their  usual pat tern of physical ac- 
tivity. Any sign of illness, medications used and any devi- 
ations to the diet were reported weekly to the dietitian. 
Several subjects who started the diets could not complete 
the full study and their results were not included; the rea- 
sons for failure to complete included personal problems, 
lack of motivation and inability to maintain weight. 

Each study lasted for five weeks with each subject act- 
ing as his or her own control using a protocol we have pre- 
viously devised (4,5). In our experience and that  of others, 
serum lipid levels stabilize within 7-14 d following a di- 
etary change (4-6). Volunteers followed their habitual 
diet, which was not vegetarian, during the one-week base- 
line period. In the second and third weeks they consumed 
a VLF vegetarian diet with the addition of one egg per day. 
The addition of the egg to the vegetarian diet was to pro- 
vide a constant cholesterol intake in the low to normal 
range typically found in the Australian diet. Because of 
the low energy density and high bulk of the diet, a carbo- 
hydrate supplement (a glucose polymer) was provided to 
maintain energy intake and to prevent weight loss (Poly- 
cose| Ross Laboratories, Columbus, OH). This supple- 
ment  was adjusted on an individual basis to be equivalent 
to 20% energy and was provided as two drinks daily. We 
have previously used this supplement to maintain energy 
intakes in similar studies on VLF diets (5). In the fourth 
and fifth weeks, the subjects continued to eat one egg/day; 
however, the fat content of the diet was increased in a 
stepwise fashion to 20% energy in week 4 and 30% energy 
in week 5 by substituting butter, olive oil or safflower oil, 
for either one-half of the carbohydrate supplement (week 
4) or all of it (week 5). This ensured that  there were no 
major changes in the composition of the diet over the 
weeks 2 to 5, except for substitution of fat for carbohy- 
drate supplement. The average quantities of added fats 
(butter, olive oil, safflower oil) were 22 and 44 g/d in weeks 
4 and 5, respectively. 

A research dietitian instructed each subject individu- 
ally to eat a wide variety of suitable foods to ensure a nu- 
tritionally adequate diet and to maximize the palatability 
of the diet. Allowable foods included skim milk and other 
nonfat dairy products, grains and cereal products, such as 
bread and pasta, fruit and vegetables, except soybeans, 
olives and avocados. Jam, soft drinks and nonfat confec- 

tioneries were also allowed. Fats, oils, nuts, meat, fish, 
chicken and commercial foods with added fat were ex- 
cluded from the diet. An extensive list of nonfat vegetar- 
ian recipes and some preprepared low-fat vegetarian 
meals were supplied to provide variety and convenience 
(Spotless Catering; North Geelong, Victoria, Australia). 

Dietary composition was calculated using Microdiet 
(Salford University, Surrey, United Kingdom) and SODA 
(Computer Models, Cottesloe, W.A., Australia) software 
packages, based on United Kingdom and Australian data, 
respectively, but  with our own data incorporated for cho- 
lesterol content of Australian eggs (389 mg/100 g edible 
egg) (7). Body weights were measured to the nearest  0.1 
kg on a weekly basis. 

These studies were conducted over a 2-yr period (July 
1988--June 1990), and subjects were enrolled into the diet 
groups in random order to reduce any possible effects of 
time on the results. In most cases, there were 4-6 subjects 
on diets at any one time. 

Lipoprotein lipid analysis. Cholesterol and triglyceride 
levels in fasting plasma were measured enzymatically 
after enzymatic hydrolysis on a centrifugal analyzer (Cen- 
trifichem System 500; Interscience Group, Moorabin, Vic- 
toria, Australia) using commercially available kits (Cho- 
lesterol Monotest; Triglyceride GPO-PAP; Boehringer, 
Mannheim, Germany). In our laboratory, the normal 
range for cholesterol concentrations in fasting plasma is 
3.5-5.5 mmol/L and for triglycerides 0.5-2.0 mmol/L; 
quality control samples were routinely analyzed with each 
batch of samples examined. Very low density lipoproteins 
(VLDL) were separated by ultracentrifugation of plasma 
at 436,000 • g for 3 h (Beckman TK 100 ultracentrifuge; 
Beckman Australia, Mt. Waverley, Victoria, Australia). 
HDL were separated within two hours of blood collection 
by precipitation with 15% polyethyleneglycol 6000 (BDH 
Chemicals, Kilsyth, Victoria, Australia). Lipids in low den- 
sity lipoproteins (LDL) were calculated by difference be- 
tween whole plasma and the sum of VLDL- plus HDL-cho- 
lesterol concentrations (4). Triglyceride concentrations 
were measured in whole plasma and VLDL fractions only. 

Plasma cholesteryl ester (CE) and phospholipid (PL) 
fatty acid analyses. Lipids were extracted from plasma by 
standard techniques, and the CE and PL fractions were 
separated from the other plasma lipids by thin-layer chro- 
matography (8). The methyl esters were formed by saponi- 
fication followed by t ransester if icat ion in BF 3 in 
methanol, and these were separated by capillary gas-liq- 
uid chromatography using a 50 m by 0.32 mm i.d. fused 
silica column CP Sil 88 column (Chrompak, Middelburg, 
The Netherlands) as described previously (8). 

Statistical analyses. The paired t-test was used to com- 
pare results within groups and a two-sample analysis of 
variance to compare results between men and women. All 
results are expressed as mean _+ SD; significance was 
taken as P < 0.05. Spearman's rank correlation (r s) was 
used to evaluate the relative change in plasma cholesterol 
among the subjects for the different dietary procedures. 

RESULTS 
The changes in body weight and dietary composition of the 
three groups of subjects are shown in Table 1. The carbo- 
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hydrate supplement  ensured tha t  the energy intake re- 
mained relatively constant throughout the study period 
despite major changes to the dietary fat  composition im- 
posed by the dietary protocol. The mean body weight did 
not change significantly in the olive oil group, but  in both 
the other groups there was one t ime point in the 5 wk 
when there was a significant decrease in body weight for 
the group (week 3, but ter  group and week 4, safflower 
group). 

As planned, the proportion of energy derived from fat in 
weeks two and three fell to jus t  below 10% during the VLF 
diet, which was compensated for by an increase in carbo- 
hydrate using the carbohydrate supplement.  The trend to- 
ward increased fiber was significant in each of the three 
groups a t  most  of the t ime intervals (P < 0.05). In the 
group fed butter, the dietary cholesterol increased in 
weeks four (P < 0.05) and five (P < 0.001), and the percent- 
age of fat  energy contributed from saturated fat ty acids 
also increased as expected during this time. In the groups 
fed olive oil or safflower oil, the dietary cholesterol re- 
mained constant throughout weeks two to five, inclusive. 

The percentage of energy from fat contributed by PUFA, 
monounsatura ted  fat ty acids and saturated fat ty acids 
changed as expected in weeks four and five on the addition 
of the different fats. In the but ter  group, the proportion of 
sa turated fats was higher in week five than  during week 
one (1.2• while the percentage of energy derived from 
PUFA was less than  1/3 of the baseline value. Subjects 
who supplemented their  diet with olive oil during weeks 
four and five of the study had an increased percentage en- 
ergy from monounsatura ted  fat ty acids in week five com- 
pared with the baseline value (1.4• while there was a 2/3 
drop in the proportion of sa turated fat ty  acids in the same 
period. In the subjects who supplemented their  diet with 
safflower oil, the percentage energy from PUFA in week 
five was approximately double tha t  of the subjects' usual 
diet, the proportion of sa turated fat ty acids dropped by 
about 2/3 in week five compared with the usual diet and 
tha t  from monounsatura ted  fat ty acids fell by about one- 
half  in the same period. The mean  dietary P/S ratio at  
baseline was 0.5 for all 30 subjects compared with 0.7 on 
the VLF diet, and 0.2, 0.9 and 2.6 after  2 wk on butter, 
olive oil or safflower oil, respectively. 

The changes in cholesterol and triglyceride concentra- 
tions in lipoprotein lipids over the 5-wk study period are 
presented in Table 2. Total cholesterol concentrations fell 
significantly (P < 0.01) within one week of commencing 
the VLF diet by a mean  of 0.53 mM for all 30 subjects. 
After two weeks on the VLF diet, the mean reduction of 
total p lasma cholesterol was 0.60 mM (12%) for all 30 sub- 
jects. The decline in total cholesterol was observed in 
28/30 subjects, and the range of responses varied from an 
increase of 0.9 mM to a decline of 1.9 mM (Fig. 1). After 
two weeks on the VLF diet, LDL-cholesterol in all 30 sub- 
jects fell by a mean  of 0.38 mM (11%) (P < 0.01), while the 
HDL-cholesterol concentrations also decreased signifi- 
cantly (P < 0.001) by a mean  of 0.36 mM (26%). These 
changes were evident after one week on the VLF diet. 
P lasma triglyceride and VLDL triglyceride both rose sig- 
nificantly (P < 0.001) during the 2 wk on the VLF diet in 
all three study groups. VLDL-cholesterol concentrations 

1" 
�9 Butter 

�9 - ~ �9 Olive Oil 
I1�9 ~ -1' + Safflower Oil 

_~ Total B 
Q 
'~ 2 

~ 3: li: ' 
1 a + 

0 =-" - . �9 + 
�9 § I "  -*§ 

i l l  I " : " -2 i 

Total  L D L  H D L  

FIG. 1. Changes  in  p l a s m a  total ,  l o w  d e n s i t y  l i p o p r o t e i n  
(LDL)- a n d  h i g h  d e n s i t y  l i p o p r o t e i n  (HDL)-eholes terol  lev-  
els .  A. The  d i f f erence  in  total  p l a s m a  cho le s tero l  b e t w e e n  
subjects  on  the  u s u a l  d i e t  ( w e e k  1) a n d  on  the  very  l o w  fat  
(VLF) d ie t  ( w e e k  3) is p lo t t ed  for each  subject .  The  three  
c o l u m n s  r e p r e s e n t  the  v a l u e s  for i n d i v i d u a l s  in  each  o f  the  
three  d ie t  groups  (butter, o l ive  oi l  and  sa f f lower  oil).  B. The  
d i f f erence  in  total ,  LDL- a n d  HDL-cho les tero l  l eve l s  be- 
t w e e n  the  VLF d ie t  ( w e e k  3) a n d  d ie t s  c o n t a i n i n g  butter,  
o l ive  oil ,  or sa f f lower  oi l  ( w e e k  5) is p lo t t ed  for e a c h  subject .  
The  three  c o l u m n s  represent  the  v a l u e s  for i n d i v i d u a l s  in  
each  of  the  three  d ie t  groups  (butter, o l ive  oi l  a n d  sa f f lower  
oil).  

increased significantly in 2/3 groups on the VLF diet. 
There was no significant difference between the response 
of the men and the women to the VLF diet in terms of 
changes in total p lasma cholesterol, LDL-cholesterol or 
HDL-cholesterol. 

In the group supplemented with but ter  during weeks 
four and five of the study, the total, LDL- and HDL-cho- 
lesterol levels increased significantly each week (P < 0.01) 
compared with the VLF diet (week 3). Total cholesterol 
had increased by 20% upon the addition of but ter  for two 
weeks while LDL- and HDL-cholesterol concentrations in- 
creased by 29 and 16%, respectively, during this time. The 
rise in total and LDL-cholesterol occurred in 9/10 subjects 
and 7/10 subjects for the HDL-cholesterol (Fig. 1). There 
was no significant rank  correlation for the degree of 
change in the total p lasma cholesterol from the usual diet 
to the VLF diet compared with the change from the VLF 
diet to the butter-enriched diet (r s = 0.36, P > 0.05). Values 
for both total cholesterol and LDL-cholesterol concentra- 
tions a t  the end of week 5 were significantly above the 
baseline level of this group (P < 0.05), which is consistent 
with the increase in dietary sa turated fat  and cholesterol 
in this period. Triglyceride concentrations decreased dur- 
ing weeks 4 and 5 with the addition of but ter  to the VLF 
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diet, but  they still remained significantly higher than  the 
baseline value (P < 0.01). 

In contrast  to the group supplemented with butter, total 
cholesterol concentrations remained significantly lower (P 
< 0.05) than  the values on the subjects' usual diet when ei- 
ther  olive oil or safflower oil were added to the VLF diet 
(Table 2), although there were different individual re- 
sponses to the addition of unsa tura ted  oils ranging from a 
decrease in total cholesterol of 1.1 mM to an increase of 
1.1 mM (Fig. 1). For each of the diets containing the added 
unsa tura ted  oils, 6/10 subjects showed a decrease in the 
total cholesterol concentration compared with the value 
on the VLF diet. There was no significant rank  correlation 
for the degree of change in the total p lasma cholesterol 
from the usual diet to the VLF diet compared with the 
change from the VLF diet to the olive oil-enriched diet (r s 
= -0.04, P > 0.05). However, there was significant negative 
correlation in the safflower oil-fed group (r s = -0.66, P < 
0.05) (i.e., the subjects showing the greatest  decrease in 
p lasma cholesterol on the VLF diet showed the greatest  
rise on the safflower oil diet). The LDL-cholesterol con- 
centrations in week 5 after the addition of either of the un- 
sa turated oils were significantly lower than  the values de- 
termined in these subjects on their  usual  diet (P < 0.01), 
although they were not significantly different from the 
levels on the VLF diet at  week 3 of the study. HDL-cho- 
lesterol concentrations were significantly higher in week 5 
on addition of either olive oil (P < 0.01) or safflower oil (P 
< 0.05) compared with the VLF diet at  week 3 of the study, 
by 23 and 17%, respectively. 

The LDL/HDL ratios rose following the change from the 
usual  diet to the VLF diet for the 30 subjects (from 2.9 to 
3.4, P < 0.05). The ratio remained elevated on the but ter  
diet (ratio = 3.5); however, the ratio fell significantly (P < 
0.05) on the safflower oil diet to a value of 2.7. The ratio 
fell in 7/9 subjects on the olive oil diet, but  the mean value 
was not significantly different from the value on the VLF 
diet. Triglyceride concentrations felt during weeks 4 and 5 
with the addition of olive oil or safflower oil. For both 
these groups this decrease was significant when compared 
with week 3. The mean  triglyceride concentration at  week 
5 in the olive oil group was less than  the week i baseline 
values. VLDL triglyceride concentrations followed a simi- 
lar  trend to total p lasma triglycerides. 

There were significant changes in the fat ty acid compo- 
sition of the p lasma PL in the subjects during the VLF pe- 
riod compared with the usual baseline diet (Table 3). The 
major changes in all three groups of subjects were signifi- 
cant reductions in the percentage of 18:2o6 (P < 0.01) and 
20:5o3 (P < 0.05) and significant rises in 16:1 (P < 0.05), 
20:3m6 (P < 0.01) and 20:4o)6 (P < 0.05). There was a de- 
d ine  in the percent of stearic acid which was significant in 
2/3 groups (P < 0.01). There were rises in palmitic acid 
(16:0) and docosahexaenoic acid (22:6o3), which were sig- 
nificant in 2/3 groups (P < 0.05). The inclusion of but ter  in 
the diet was associated with a normalization of the 
plasma PL fat ty acid profile with the exception of 16:1 and 
20:3o6, which remained significantly elevated (P < 0.05). 
The addition of olive oil led to a significant increase in 
oleic acid (18:1ca9) (P < 0.05) whereas 18:3o)3, 20:5a)3 and 
docosapentaenoic acids (22:5o3) remained significantly 

lower than  on the usual  diet (P < 0.05). The safflower oil- 
fed group had increased levels of 20:4o6 (P < 0.01) and 
22:6a)3 (P < 0.05) compared with the usual diet and sig- 
nificantly decreased levels of 16:0, 18:1, 20:5o3 and 
22:5a)3. 

There were significant changes in the fat ty acid compo- 
sition of the p lasma CE in the subjects during the VLF pe- 
riod compared with the usual baseline diet (Table 4). The 
major changes in all subjects were reductions in the per- 
centage of 18:2o6 (P < 0.01) and a rise in the percentages 
of 16:0 (P < 0.01), 16:1 (P < 0.01), 18:1o9 (P < 0.01), 20:3(06 
(P < 0.05) and 20:4o6 (P < 0.05). The proportion of 20:5o3 
decreased significantly in 2/3 groups (P < 0.05). The addi- 
tion of but ter  had little effect on the fat ty acid composition 
of the CE fraction compared with the composition on the 
VLF diet, except for a decrease in the proportion of 
20:4a)6. The addition of either olive oil or safflower oil led 
to a normalization of the 16:0 and 16:1 values and a sig- 
nificant reduction in the proportion of 18:3a)3 (P < 0.05) 
and 20:5o3 (P < 0.01) compared with the usual  diet. In the 
case of olive oil, the level of 18:1r (P < 0.001) and 20:3o6 
(P < 0.05) remained significantly elevated compared with 
week 1 (baseline), and the proportion of 18:2(06 rose but  
was still significantly below the baseline value (P < 0.001). 
In  the safflower oil-fed group, the 18:1o9 and 20:5o3 pro- 
portions fell below the baseline value (P < 0.001) and tha t  
of 18:2a)6 rose above the baseline (P < 0.01). In the lat ter  
two groups, the proportion of 20:4m6 remained signifi- 
cantly elevated above the baseline value (P < 0.01). 

DISCUSSION 

This study was designed to compare the effect of the total 
fat  content (<10% and up to 30% of energy from fat) and 
the quality of the fat in subjects consuming one egg per 
day on plasma cholesterol levels. The results indicate tha t  
a reduction in the sa turated fat  content of the diet (<6% 
dietary energy) ei ther  by reducing the total fat  content of 
the diet (VLF diet) or by exchanging saturated fat with 
unsa tura ted  fat reduced the total p lasma cholesterol lev- 
els by approximately 12% in normocholesterolemic sub- 
jects. The VLF diet reduced the levels of both p lasma 
LDL- and HDL-cholesterol while the 30% fat  diets con- 
taining monounsatura ted  fats or PUFA maintained the 
low LDL-cholesterol levels and increased HDL-cholesterol 
levels. The 30% fat diet rich in sa turated fat  (butter) led to 
an increase in all cholesterol-containing fractions in the 
plasma. 

The design of this study was chosen in order to compare 
the effect of major  changes in both fat  content and fat  
quality over a short t ime period. Since the usual diet of the 
subjects contained 34% energy from fat (range 21-47%), it 
was felt the design would allow, firstly, a comparison be- 
tween this medium to high-fat diet and the VLF diet, and 
secondly, tha t  adding different types of fat  back to the VLF 
diet gave an opportunity to examine the effect of marked 
changes in dietary fat  quality. For example, the change in 
sa tura ted  fat in the group fed but ter  was from 14% on the 
usual diet, to 4% on the VLF diet, then to 16% of energy 
during the addition of but ter  to the diet. This design, 
therefore, allowed a comparison of a substantial  decrease 
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and then an increase in saturated fat. Other designs, 
which start  from modest to high fat levels, do not allow 
comparisons of changes in saturated fat of this magni- 
tude. If the butter  diet had merely followed the subjects' 
usual diet, without the intervention of the VLF diet pe- 
riod, the change in saturated fat would only have been 
from 14% (usual diet) to 16% (butter diet). Because of the 
variations in the fat intake of the subjects on their  usual 
diet, such a change would have meant  a reduction in sat- 
urated fat for some subjects and an increase in saturated 
fat for others, thus leading to potentially different effects 
on plasma cholesterol levels. Although the dietary periods 
in the study were only of 1-2 wk duration, others have re- 
ported that  serum cholesterol levels can reach a steady 
state within 7-14 d of commencing a new dietary regime 
(4-6) and maintain these levels over several months (6,9). 
In confirmation of these observations, the changes in 
plasma cholesterol in the present study took place rapidly 
with the greatest changes occurring in the first 7 d on the 
VLF diet. In contrast, addition of but ter  at 10% energy for 
7 d and then at 20% energy for an additional 7 d was as- 
sociated with a continuous increase in the plasma choles- 
terol concentration. We acknowledge that  the dietary pe- 
riods were of a relatively short duration, and we cannot 
exclude the possibility that  the cholesterol levels mea- 
sured were not in a steady state. The study design chosen 
involved substantial changes to the level and quality of 
fat, and in such circumstances we were concerned about 
poor compliance to these diets if the diet periods had been 
extended in time. 

When subjects were on the VLF diet, there were reduc- 
tions in both the LDL- and HDL-cholesterol levels as re- 
ported by our group and others in previous studies with 
diets very low in fat (5,8,10,11). It would be expected that  
both the decrease in saturated fat from 15 to 3% and the 
increase in fiber from 23 to 35 g/d (12,13) would have con- 
tributed to this plasma cholesterol reduction. VLF diets 
(high-carbohydrate diets) are frequently associated with 
increased VLDL production and increased plasma triglyc- 
eride concentrations (14), as was observed in the groups 
on the VLF diet. The carbohydrate increased from 48 to 
76% of energy in this period. The reduced HDL-cholesterol 
concentration we observed may have been due, in part, to 
an exchange of triglyceride and CE between VLDL and 
HDL, resulting in a relative depletion of cholesterol from 
the HDL particle (15). Recent work investigating the 
turnover of apolipoprotein A (transport and catabolic 
rates), in a group of subjects who consumed beth low- and 
high-fat diets, has suggested that  mechanisms which re- 
sult in the decrease in HDL-cholesterol levels observed in 
the subjects on the VLF diet differ from those mechanisms 
which lead to low HDL-cholesterol levels in some individ- 
uals on high-fat diets (10). There has been some discus- 
sion recently about the HDL-cholesterol lowering effect of 
low-fat diets with Sacks and Willett (3) arguing that,  on 
balance, there is insufficient evidence to conclude that  
lowering of HDL-cholesterol by reduction in the total fat 
intake is innocuous. However, populations which habitu- 
ally consume low-fat diets have low levels of both LDL- 
and HDL-cholesterol and also have low rates of coronary 
hear t  disease (16). 

The effect of increasing the fat content of the diet from 
below 10 to 30% over the final 2 wk of the study depended 
on the quality of the fat introduced. The inclusion of but- 
ter, which increased the saturated fat and the cholesterol 
content of the diet, was associated with significant rises in 
total, LDL- and HDL-cholesterol levels; both the total and 
LDL values significantly exceeded the prediet values. In 
contrast, the unsaturated oils did not significantly change 
the total cholesterol concentration, but  there were signifi- 
cant increases in the HDL-cholesterol fraction on both 
diets (P < 0.05), which were partially compensated for by 
nonsignificant decreases in the LDL-cholesterol values. 
The main difference between the olive oil and safflower oil 
diets was that  the HDL-cholesterol was not significantly 
different from pretrial values in the olive oil group, 
whereas the HDL-cholesterol was still 16% lower than the 
starting values (P < 0.01) in the safflower group. Although 
it is recognized that  dietary linoleic acid at 30-50% energy 
lowers beth LDL- and HDL-cholesterol (17,18), there is 
evidence that  at more realistic intakes (e.g., 10% energy) 
there are effects only on the LDL-cholesterol concentra- 
tions (19,20). However, a more recent long-term study of a 
comparison between ohve oil and sunflower oil, in which 
the PUFA intake was 12-13% energy, showed that  there 
were significantly higher concentrations of HDL-choles- 
terol in the subjects on the olive oil diet (21). The present 
result, at 20% energy safflower oil, indicates a difference 
between the olive oil and safflower oil groups, but  whether 
this is the result of the high level of linoleic acid, the rela- 
tively short term nature of this experiment or the effect of 
individual responses is not clear. 

These results highlight the observations of others who 
have reported a wide variability in the response of plasma 
cholesterol concentration to changes in diet between indi- 
viduals (22-24). Apolipoprotein polymorphism, particu- 
larly apoE and apoB phenotypes, may contribute to the 
variation in responses of individuals to changes in the 
amounts of dietary fat and cholesterol (25,26). Apoprotein 
phenotypes were not measured in the present study, and 
therefore, it is not possible to make generalizations about 
the subjects' individual variations. 

Subjects experienced difficulty in maintaining their 
weight on the VLF diet, and this result is similar to that  
of other investigators who have reported low-fat diets to 
be an effective means of achieving weight reduction even 
when no limitations are placed on the quanti ty consumed 
(27). However, a diet which replaces saturated fat with 
monounsaturated fats or PUFA rather  than carbohydrate 
is easier to comply with and, therefore, presents a more 
realistic and achievable goal for public health messages. A 
moderate-fat diet allows greater scope for variety than  a 
VLF diet, thereby helping to ensure an adequate supply of 
nutrients. Such a diet may also minimize both the in- 
crease in triglycerides and the decrease in HDL-choles- 
terol accompanying substantial increases in carbohydrate 
intake. 

There were changes in the fatty acid composition of the 
plasma CE and PL in subjects on the VLF diet which were 
similar to those reported in our previous studies on VLF 
diets (4,5,8). These included increases in 16:0 and 16:1 
and decreases in the proportion of 18:2r The former in- 
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creases are presumably the result  of increased synthesis 
of fat  from the high carbohydrate diet and the la t ter  de- 
crease maybe due to the very low level of the essential 
18:2o6 in the diet. Additionally, the VLF diet was associ- 
ated with increases in 20:3o6, 20:4a)6 and decreases in 
20:5o3 in both lipid fractions and increases in 22:6a)3 in 
the PL. These la t ter  changes may  be due to the fact tha t  
all subjects were consuming one egg/day which provided 
20:3a)6, 20:4(o6 and 22:6o)3 at  levels of 8, 77 and 31 mg per 
50 g egg, respectively (7). We have previously reported 
tha t  VLF vegetar ian diets (egg-free) consumed for a simi- 
lar 2-wk period were associated with decreases in 18:20)6 
and 20:5a)3 only, whereas VLF diets containing low levels 
of long-chain PUFA, such as 20:4a)6, 20:5a)3 and 22:6o)3 
(20-80 mg long-chain PUFA/100 g edible food) derived 
from either lean mea t  or fish, were associated with in- 
creases in the p lasma PL and CE levels of 20:3a)6, 20:4to6 
and 22:6o33 (8). 

The addition of the three dietary fats/oils to the VLF 
diet resulted in interesting changes in the p lasma lipid 
fat ty acid profiles, particularly for the 20 carbon PUFA. 
The but ter  diet resulted in a raised 20:3r and 20:5o3 
and decreased 20:4a)6 compared with the VLF diet. In con- 
t rast ,  both the olive and safflower oil diets decreased 
20:3r and 20:5(o3 levels and maintained the elevated 
20:4o6 level seen on the VLF diet. The lat ter  two diets 
also decreased the level of 18:3a)3. Lasserre et al. (28) have 
previously reported similar effects of diet on the 20 carbon 
PUFA of p lasma PL in subjects fed diets rich in milk fat or 
sunflower oil, respectively, for 5 mon. A possible explana- 
tion for these results is based on the known competition 
between oleic, linoleic and linolenic acids for metabolism 
via the A6 desaturase (29). Diets rich in milk fat contain a 
low level of linoleic acid and a low 18:2o6:18:3o)3 ratio 
(about 3:1) which would enhance the formation of 20:5o3 
relative to 20:4a)6 (30). In contrast, the diets rich in ohve 
oil and safflower oil were essentially devoid of 18:3a)3, and 
thus the high level of 18:1r or the 18:2a)6 would effec- 
tively block metabolism of any small quanti ty of linolenic 
acid to 20:5o3 (31). 

There is general agreement  tha t  the ratio of the 0)6 to 
(o3 PUFA is too high in the current  Western diet. I t  has  
been postulated tha t  this dietary imbalance leads to a tis- 
sue PUFA imbalance and a consequent exaggerated me- 
tabolism of 20:4o)6 to eicosanoids (32). On this basis there 
is concern tha t  diets which raise tissue 20:4o6 relative to 
20:5(03 might  be pro-thrombotic since increased platelet 
20:4e)6 could lead to an increased production of thrombox- 
ane A 2 with resul tant  platelet aggregation (33). On the 
other hand, 20:5o)3 has  been shown to effectively reduce 
production of thromboxane by platelets and to reduce 
platelet aggregation (34). The present  results demonstrate  
tha t  the VLF diet and the diets containing olive oil or saf- 
flower oil increased the 20:4a)6/20:5o)3 ratio in the p lasma 
PL. In addition to these two 20 carbon PUFA, it may  also 
be necessary to consider the p lasma levels of 20:3a)6 since 
this fat ty acid is a precursor of prostaglandin E l ,  which 
prevents platelet aggregation and thus might  be poten- 
tially antithrombotic (35). The VLF and the but ter  diets 
increased the 20:3o)6 level in the p lasma lipids, whereas 
both oils reduced the level of this PUFA. Although the 

changes described in the proportion of p lasma PL PUFA 
in this s tudy were quite small, we have prel iminary evi- 
dence tha t  diets which induce similarly minor changes in 
C20 PUFA are associated with significant changes in the 
in vivo production of prostacyclin (as measured  by gas 
chromatography/mass spectrometry of the main  ur inary 
metabolite; Mann, N.J., and Sinclair, A.J,, unpublished 
data). These data  suggest tha t  advice on plasma lipid low- 
ering should also take into account the effect of the diet on 
the fat ty acid profile of the p lasma lipids. To establish the 
biological significance of the present  dietary changes in 
p lasma PUFA, it will be necessary to determine the effects 
on eicosanoid production and platelet aggregation. 
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Interactions Between Medium-Chain and Long-Chain Triacylglycerols 
in Lipid and Energy Metabolism in Growing Chicks 
Remedios T, Mabayo, Mitsuhiro Furuse*, Atsushi Murai and Jun-ichi Okumura 
Laboratory of Animal Nutrition, School of Agriculture, Nagoya University, Nagoya 464-01, Japan 

The  c o m b i n e d  effects  of  d ie tary  m e d i u m - c h a i n  triacyl-  
g lycerols  (MCT) and  long-chain  tr iacy lg lycero l s  (LCT) on 
l ip id  and  energy  u t i l i za t ion  in  ch icks  were  inves t igated .  
Corn oi l  was  used  as the  LCT source,  and tr ioc tano in  (8.'0) 
w as  used  as the  MCT source.  The  e f f ic iency  of  d ie tary  en- 
ergy  u t i l i za t ion  ( such as metabo l i zab le  energy  va lues  an d  
fat and energy  retent ion)  decreased  Hnearly as the  l eve l  
o f  MCT increased,  but  the  e f f ic iency  of  d ie tary  prote in  
u t i l i za t ion  (prote in re ta ined  per  prote in  c o ns umed )  was  
not  affected in  a cons i s t ent  manner.  Fecal  saturated  and  
m o n o u n s a t u r a t e d  fatty ac id  compos i t i on  wa s  d e p e n d e n t  
on  the  d ie tary  fatty  ac id  compos i t ion ,  w h e r e a s  fecal  
Hnoleic  ac id  content  wa s  not.  It is  co nc l uded  that  d ie tary  
MCT and LCT in f lue nc e  each  other  to some  degree,  w i t h  
respect  to prote in  and  l ip id  metabo l i sm in  chicks .  More- 
over, in  most  cases ,  the  nutr i t iona l  character i s t i cs  of  
e a c h  tr iacylglycerol ,  i n c l u d i n g  food e f f ic iency  an d  fat 
and  energy  retent ion ,  are i n d e p e n d e n t  of  each  other  in 
g r o w i n g  chicks .  
Lipids 29, 139-144 (1994). 

In chicks, a h igh  level of long-chain triacylglycerols 
(LCT) in the diet was shown to increase the efficiency of 
energy utilization, but  the LCT diet has a tendency to 
cause fat deposition in the body compared to medium- 
chain triacylglycerols (MCT) diet. However, the effi- 
ciency of protein utilization is improved by dietary MCT 
(1). Metabolizable energy (ME) (1) and net  energy (NE) 
(2) values for MCT are lower than  those for LCT. The 
metabolism of MCT is carni t ine-independent  and does 
not require chylomicron formation. MCT are easily oxi- 
dized and utilized as fuel, and have little tendency to de- 
posit as fat  (3). On the other  hand, dietary LCT alleviate 
essential  fa t ty  acid deficiency (4). High-fat diets in- 
crease peroxisomal B-oxidation activity in rats  (5), but  
the contribution of peroxisomal B-oxidation to total he- 
patocellular long-chain fat ty acid (LCFA) oxidation de- 
pends on both the concentration and the chain length of 
the fat ty acids involved (for a review, see Ref. 6). Thus, 
dietary MCT have both advantages and disadvantages 
as a dietary fat source. In order to take full advantage of 
the nutri t ional  characteristics of both MCT and LCT, 
fur ther  insights mus t  be gained. 

It  has been demonstra ted tha t  dietary MCT and LCT 
mutual ly  affect each other. For instance, when MCT 
were administered together  with LCT, oxidation was 
slowed down (7), and release of medium*chain fat ty 
acids (MCFA) into the bloodstream was delayed (8). 
When LCT and MCT were ingested simultaneously, the 
energy absorbed was greater  than  tha t  when ei ther  one 
of the fats was ingested alone (9). 

*To whom correspondence should be addressed. 
Abbreviations: CCK: cholecystokinin; LCFA, long-chain fatty 
acid(s); LCT, long-chain triacylglycerol(s); MCFA, medium-chain 
fatty acid(s); MCT, medium-chain triacylglycerol(s); ME, metabo- 
lizable energy; NE, net energy. 

In the present  s tudy we investigated the effects of a 
diet containing MCT and LCT on the lipid and energy 
metabolism in chicks. 

MATERIALS AND METHODS 

One-day-old Single Comb White Leghorn male chicks 
were given a commercial s tar ter  diet for seven days. The 
diet consisted of 21.5% crude protein and 12.1 kJ/g ME 
(Marubeni Shiryo Ltd., Tokyo, Japan).  On day 8, the 
chicks were individually weighed after  fasting overnight 
and were divided into six groups of five chicks each, so 
tha t  mean  body weights per group were as uniform as 
possible. The chicks in the sixth groups were killed by 
cervical dislocation and were used to determine base 
values. The remaining five groups of chicks were indi- 
vidually housed in stainless-steel metabolic cages and 
were fed ad l ibi tum the experimental  diets from day 8 to 
day 18. 

Table 1 shows the composition of the experimental  
diets. Corn oil was used as the LCT source and Co- 
conado RK ~ (glyceryl tr icaprylate,  8:0; donated by Kao 
Corporation, Wakayama, Japan)  was used as the MCT 
source. The d ie ta ry  oil (200 g/kg diet) contained 
MCT/LCT combinations in five different proportions, 
namely  0:200, 50:150, 100:100, 150:50 or 200:0 g 
MCT/LCT/kg diet. The 200 g MCT/kg diet thus  was de- 
void of linoleic acid. 

The chicks were killed by decapitation on day 18. The 
carcass was minced in a meat  grinder, the mince frozen in 
liquid nitrogen, minced for the second time and then dried 
at 55~ for 48 h. Nitrogen (N) in the diets and carcasses 
was determined by the Kjeldahl procedure, and protein 
was calculated as N x 6.25. The fat of the carcasses was 
extracted overnight (about 16 h) with diethyl ether  using 
a Soxhlet apparatus and measured gravimetrically. Gains 
in protein, fat and energy over the experimental period 
were determined by subtracting the values for the initial 
body composition from the final experimental values. The 
energy content of the chicks was calculated using the val- 
ues 39.12 and 23.68 kJ/g for fat and protein, respectively 
(10). Droppings were collected during the last three days 
to determine the N-corrected ME values of the diets (11). 
The trays in which the droppings were collected were 
filled with 0.05% HC1 solution to prevent N loss and fecal 
fat saponification. An automatic bomb calorimeter (Shi- 
madzu CA-4; Shimadzu Co., Kyoto, Japan) was used to de- 
termine the gross energy content of the diets and drop- 
pings. Total fecal bile acids were extracted by the method 
of Malchow~ et al. (12) and measured enzymatically 
by a Total Bile Acid Test | (Wako Pure Chemicals, Osaka, 
Japan). Fecal fat was extracted as was fat from carcasses. 
The total lipid extract was filtered, dried under a gentle 
stream of nitrogen and the residual lipids were redis- 
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TABLE 1 

Composition of Experimental Diets (g/kg) 

Ingredient 0:200 50:150 

MCT/LCT ratio a 

100:I00 150:50 200:0 

Isolated soybean 
protein 226 

Mineral mixture b 58.8 
Vitamin mixture c 2 
Choline chloride 1.5 
Inositol 1 
L-Methionine 2.9 
L-Threonine 1.2 
Glycine 4.2 
Cellulose 100 
Corn starch 402.4 

Corn oil 200 150 100 50 0 
RK *d 0 50 100 150 200 

Dietary fatty acid 
composition (%) 
8:0 0 25.0 50.0 75.0 100 
16:0 8.19 6.14 4.10 2.05 0 
16:1n-7 0.070 0.053 0.035 0.018 0 
18:0 3.72 2.79 1.86 0.930 0 
18:in-9 27.30 20.48 13.65 6.82 0 
18:2n-6 58.03 43.52 29.02 14.51 0 
18:3n-3 1.06 0.80 0.53 0.265 0 
20:3n-9 1.37 1.03 0.685 0.343 0 
20:4n-6 0.252 0.19 0.126 0.063 0 

aMCT, medium-chain triacylglycerols; LCT, long-chain triacylglycerols. 

bContained 20.7 g CaHPO 4 �9 2H20 , 14.8 g CaCO3, 10 g K2HPO 4, 3 g KCI, 6 g NaC1, 3 g 
MgSO 4, 0.5 g FeSO 4 �9 7H20, 0.35 g MnSO 4 - 5H20, 2.6 mg KI, 40 mg CuSO 4 �9 5H20, 
62 mg ZnO, 1.7 mg Na2MoO a �9 2H20 , 0.4 mg Na2SeO3, 0.93 mg CoC12. 
CContained 15 mg calcium pantothenate, 6 mg riboflavin, 4 mg pyridoxine hydrochlo- 
ride, 40 mg nicotinic acid, 1.5 mg folic acid, 0.2 mg biotin, 0.02 mg cyanocobalamin, 3 mg 
thiamin hydrochloride, 200 ICU vitamin D 3, 0.5 mg vitamin K 3, and 1.93 g glucose. The 
DL-a-tocopheryl acetate (10 IU) and retinyl acetate (1700 IU) were dissolved in glyceryl 
tricaprylate or corn oil. 
dCoconado RK ~, glyceryl tricaprylate (Kao Corp., Wakayama, Japan). 

solved in  2.8% sodium methox ide  to ob ta in  f a t ty  acid  
m e t h y l  es ters .  The  solut ion was  incuba ted  a t  45~ for 2 h 
and  ex t r ac t ed  th ree  t imes  w i th  2 m L  o fhexane .  A n  a l iquot  
of  the  hexane  solut ion was  used  for d e t e r m i n i n g  the  f a t ty  
acid  composi t ion.  F a t t y  acid  me thy l  e s te r s  were  ana lyzed  
on a gas  c h r o m a t o g r a p h  (GC-14A; S h i m a d z u  Co.) f i t ted  
wi th  a 25 m x 0.25 m m  i.d. PEG-20M cap i l l a ry  co lumn 
(Gasuku ro  Kogyo Inc., Tokyo, Japan) .  The  c h r o m a t o g r a p h  
was  equ ipped  wi th  a d a t a  sys t em (CR-4A; S h i m a d z u  Co.) 
to ca lcula te  f a t ty  acid  composi t ion.  The  fa t ty  acid compo- 
s i t ion of t he  d ie t  was  ana lyzed  in  t he  s a m e  m a n n e r  as  de- 
scr ibed  for feces. 

The  d a t a  were  subjec ted  to ana lys i s  of  va r iance ,  a n d  the  
s ignif icance of  differences be tween  m e a n s  was  d e t e r m i n e d  
by  Duncan ' s  mu l t ip l e  r a n g e  t e s t  u s ing  a commerc ia l ly  
ava i l ab le  s t a t i s t i ca l  ana lys i s  package  (SAS, 1985; Ref. 13). 
Regress ion  equa t ions  were  also f i t ted  to t he  da ta .  

RESULTS 

The  effect  of  d i e t a r y  M C T  a n d  LCT a t  d i f f e ren t  r a t i o s  on 
body  we igh t  ga in ,  food i n t a k e ,  food efficiency, p r o t e i n  re-  

t e n t i o n  a n d  p r o t e i n  u t i l i z a t i o n  is shown  in  Table  2. Al l  
p a r a m e t e r s ,  excep t  for t he  eff iciency of  p r o t e i n  u t i l i za -  
t ion,  d e c r e a s e d  l i n e a r l y  as  t h e  p ropo r t i on  of  MCT in t h e  
d i e t  i nc rea sed .  The  eff iciency of  p r o t e i n  u t i l i z a t i o n  w a s  
s o m e w h a t  i m p r o v e d  a t  t he  50:150 a n d  150:50 ra t ios ,  
c o m p a r e d  w i th  LCT a n d  MCT alone.  

Table  3 g ives  t h e  e n e r g y  u t i l i z a t i o n  v a l u e s  of  d ie t s  
c o n t a i n i n g  LCT a n d  MCT in va r i ous  p ropor t ions .  ME 
va lues  a n d  M E  in t a ke ,  fa t  a n d  e n e r g y  r e t e n t i on ,  a n d  ef- 
f ic iency of  e n e r g y  u t i l i z a t i o n  d e c r e a s e d  l i n e a r l y  as  t he  
p ropo r t i on  of d i e t a r y  MCT inc rea sed .  

Table  4 shows  to t a l  fecal  fa t  con ten t  a n d  bi le  ac id  se- 
c re t ion  for ch icks  g iven  d ie t s  w i th  d i f fe ren t  MCT/LCT 
ra t ios .  No s ign i f i can t  d i f fe rences  were  o b s e r v e d  b e t w e e n  
the  d i f fe ren t  r a t i o s  in  bo th  p a r a m e t e r s .  

The  effects  on fecal  f a t t y  ac id  compos i t i on  a r e  shown 
in Table  5. The  leve ls  of f a t t y  ac ids  w i t h  8:0, 10:0, 12:0 
ca rbon  cha in s  i n c r e a s e d  l i n e a r l y  as  MCT levels  in- 
c reased .  The  leve ls  of  16:0, 18:1n-9, 20:3n-9 a n d  20:4n-6 
d e c r e a s e d  l i n e a r l y  a s  t he  MCT levels  i nc rea sed .  The  ex- 
c re t ion  of  l inole ic  ac id  (18:2n-6) w a s  no t  c h a n g e d  as  t h e  
r a t i o  of  MCT/LCT was  a l t e r ed .  
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TABLE 4 

Total Fecal  Fat and Fecal  Bile  Acids o f  Chicks Fed Diets  
Containing Medium- (MCT) and Long-Chain 
Triacylglycerol (LCT) at Different Ratios a 

MCT/LCT ratio (g/kg diet) Pooled 
Parameter 0:200 50:150 100:100 150:50 200:0 SEM 
Fecal fat (%) 6.48 5.90 6.82 5.94 6.30 0.482 

(mg fat) 27.58 24.31 27 .95  24 .15  23.40 0.091 
(mg/g fat 
intake) 9.80 8.40 11.2 9.2 9.6 0.008 

Bile acid (%) 0 . 1 3 8  0 .084  0 .079  0.106 0.094 0.03 
(rag/d) 5.98 3.29 3.22 4.19 3.37 1.08 
(mg/g fat 
intake) 2.05 1.22 1.26 1.53 1.41 0.412 

aValues are mean of five birds. Details oftriacylglycerol sources are 
described in Table 1. 

The levels of total  sa tu ra ted  fa t ty  acids (8:0 + 12:0 + 
14:0 + 16:0 + 18:0) increased l inearly while the levels of 
total monounsa tu ra t ed  fa t ty  acids (16:1n-7 + 18:1n-9) 
decreased l inearly as the MCT levels increased. How- 
ever, the levels of the po lyunsa tura ted  fa t ty  acids (n-6; 
18:2n-6 + 18:3n-6 + 20:4n-6) were not al tered by a 
change in MCT/LCT ratio. 

DISCUSSION 

In  the diet containing MCT alone as fat  source, the re- 
qu i rement  for linoleic acid (10 g/kg diet; Nat ional  Re- 
search Council; Ref. 14) was not met.  However, symp- 
toms of linoleic acid deficiency, such as growth depres- 
sion, did not  become a p p a r e n t  wi th in  the  shor t  
exper imenta l  period. Therefore, the effects seen in the 
present  s tudy were a t t r ibuted  to the nutr i t ional  charac- 
teristics of MCT p e r  se. Feeding the MCT diet reduced 
the food in take  of chicks when compared to those in the 
LCT diet (1). In  the present  s tudy an  increase in the lev- 
els of MCT l inearly decreased the food in take  by the 
chicks (Table 2); thus, most  of the pa r ame te r s  measured  
were affected by food intake.  The depressive effect of di- 
e ta ry  MCT on food intake by chicks has  been a t t r ibuted  
to the enhanced release of cholecystokinin (CCK); a 
known sat ie ty hormone (15). Furuse  et al. (16) have  
shown, however, t ha t  injection of Devazepide, a type A 
receptor antagonis t  of CCK, did not block the decrease 
in food in take  caused by MCT in chicks. Denbow et al. 
(17) have  shown tha t  in t rahepat ic  adminis t ra t ion  of 
MCT suppressed  food in take  of birds within 1 h, 
whereas  in t ragas t r ic  infusion of MCT resul ted in de- 
layed reduction in food intake.  The rate  of absorption of 
MCT from the gut  could be one of the sat iety factors 
(17). Another  reason for the reduced food intake by 
chicks could be the unpala tabi l i ty  of the MCT diet; 
chicks preferred the LCT diet when allowed to choose 
between the MCT and LCT diets (16). This, however, 
was not t rue  for rats.  Given a choice, ra t s  did not show 
a preference for the LCT diet over the MCT diet (18). 

The ME values of the diets also decreased as the di- 
e t a ry  MCT concentrat ion increased. According to Clark  
and Holt  (9), the energy absorbed was grea ter  when a 

combination of MCT and LCT was used t han  when 
ei ther  fat  was  ingested alone. Furuse  et al. (1) calculated 
the ME of MCT to be 30.7 kJ/g (0.82 of tha t  of LCT, 37.5 
kJ/g; Ref. 19). In  the present  study, no improvement  of 
energy util ization was seen with any  combination of 
MCT and LCT, because as the levels of MCT increased, 
the ME of the diet decreased. Thus,  energy uti l ization in 
chicks might  be dependent  on the energy value of each 
fat  source. As a result ,  the ME intake was synergisti-  
cally decreased by both the reduction in food in take  and  
in ME values. All pa r ame te r s  except for the efficiency of 
protein utilization were associated with the ME intake 
(equations not shown). I t  was also reported,  however, 
t ha t  when chicks were given the same amount  of food 
(similar  ME intake between MCT and LCT groups), fat  
re tent ion remained  low with the MCT diet (20). MCT 
are hydrolyzed by intest inal  enzymes and pancreat ic  li- 
pase  more rapidly t han  LCT (21), and MCFA are oxi- 
dized in larger  amounts  and more rapidly than  are  
LCFA; thus  energy expendi ture  from MCT is grea ter  
(22). In fact, not only the ME value, but  also the ME 
value of MCT is lower t han  tha t  of LCT in growing 
chicks (2). 

Previous studies have  shown tha t  MCT improved the 
efficiency of protein util ization in chicks (1,20). In  these 
two previous experiments ,  the MCT diet also contained 
LCT (180 g MCT and 20 g LCT/kg diet). In  the present  
study, no significant difference was seen in the efficiency 
of protein util ization between the diets containing LCT 
alone and MCT alone. However, some combinations of 
LCT and MCT improved the efficiency of protein utiliza- 
tion, the reason for which is present ly  not understood. 
In humans ,  it was shown tha t  the ni trogen balance was 
be t te r  when total  paren te ra l  nutr i t ion pat ients  received 
lipids containing MCT ra the r  t h a n  when LCT alone was 
given (23). 

In  the present  study, the levels of fat  and bile acids in 
the droppings were measured  to evaluate  the combined 
effect of MCT and LCT on the excretion of fa t ty  acids 
and bile acids tha t  may  have resul ted from metabolic 
changes in the chicks. However, there  were no differ- 
ences in the bile acid excretion at  different combinations 
of diet on MCT and LCT. Rubin et al. (24) demons t ra ted  
tha t  infusion of LCT or MCT, or of a mixture  of MCT and 
LCT, as emulsions did not affect bile flow and bile acid 
secretion in rats.  In chickens, bile flow in the cystic duct 
was not affected by the die tary  fat  sources (Mabayo, Fu- 
ruse and Okumura ,  unpubl ished data),  a l though MCT 
were potent  s t imulators  of CCK secretion (15). LCT re- 
quire bile acids for micelle format ion to facilitate its ab- 
sorption, whereas  MCT do not (25). I t  was concluded, 
however, tha t  the reabsorpt ion of bile acids might  be in- 
dependent  of the die tary  fat  source. There were no dif- 
ferences in the amount  of fat  excreted between the dif- 
ferent  t r ea tments ,  which m a y  imply tha t  in chicks, total  
absorption of die tary  fat  was probably the same. Possi- 
ble differences between the MCT and LCT could be ex- 
plained by different ra tes  of absorption from the gut, by 
different hepatic  fa t ty  acid synthesis  and fa t ty  acid oxi- 
dation, and by differences in the fate of the fa t ty  acids 
released from triacylglycerols in the per ipheral  tissues. 
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These factors have  been pinpointed in chicks fed die tary  
MCT when food intake and fat  re tent ion in the body 
were decreased, but, conversely, liver fat  was  increased 
(1) when compared to LCT. Fa t  in the feces is present  be- 
cause of incomplete absorption of die tary  fat, and par t ly  
because of intest inal  lipid secretions and the presence of 
desquamated  cells derived from endogenous sources. No 
specific effect was seen a t  any combination of the two di- 
e tary  triacylglycerols on the content  of fecal fat; how- 
ever, there  was an effect on specific fa t ty  acids. Octanoic 
acid (8:0) is absorbed efficiently and rapidly, and it prob- 
ably does not accumulate  in the intest inal  mucosa (26); 
hence, the fecal 8:0 seen in the present  s tudy may  have 
been due to the high level of fat  present  in the diet. The 
increasing levels of 10:0 and 12:0 seen as dietary MCT 
levels were increased may  have been due to elongation 
of 8:0 prior to completion of B-oxidation and may  have 
been the resul t  of intest inal  secretion. In the d ie tary  fat, 
16:0, 20:3n-9 and  20:4n-6 were present  at  decreasing 
levels as the MCT level increased. A s imilar  t rend was 
seen in the fecal fat ty  acid composition. Linoleic acid 
(more than  50% of the fa t ty  acid content  of corn oil used 
as LCT source) was not excreted a t  var iable  levels into 
the feces, whereas  18:1n-9 was excreted in a dose-de- 
pendent  manner.  This could mean  tha t  18:2n-6 is ab- 
sorbed be t te r  than  18:1n-9. The predominant  mecha- 
nism of linoleic acid absorption at  high concentrations is 
thought  to be simple diffusion (27), resul t ing in a l inear  
relat ionship between linoleic acid concentrations and 
t ranspor t  ra tes  (28). Oleic acid was well utilized by 
chicks with an absorbabil i ty of 88% (29). However, the 
up take  of o/eic acid by j e juna /mucosa / ce l l s  is media ted  
by a membrane-bound  fa t ty  acid binding protein, and 
addition of linoleic acid decreased oleic acid absorption 
ra tes  (30) accounting for the differences in excretion be- 
tween oleic acid and linoleic acid. In  the present  study, 
the excretion of 8:0 in high concentrations relat ive to 
fecal fat  raises questions in regard to the  absorption 
mechanism of this fa t ty  acid. Although the absorption of 
8:0 was the same af ter  total  bile diversion as it was  be- 
fore (31), it is possible tha t  micelle format ion is required 
when 8:0 is given in large amounts ,  Bloom et al. (32) re- 
ported tha t  MCT were more completely hydrolyzed than  
LCT and tha t  thei r  fa t ty  acids were rapidly absorbed via 
the portal  vein. In t raduodenal  infusion of tr ioctanoin re- 
duced the s teady s ta te  absorption of oleic acid, bu t  the 
absorption of 8:0 was not inhibited by oleic acid. This 
may  imply a competi t ion for some m em brane  site which 
may  be involved in the mucosal  up take  of these fa t ty  
acids (9). There  might  be other  mechan isms  involved in 
the absorption of 8:0 when  given in high concentration, 
a l though St remmel  (30) suggested tha t  8:0 does not in- 
terfere with micelle formation and is t aken  up by a 
t r anspor t  mechan i sm other than  fa t ty  acid binding 
membrane  protein. 

We conclude t ha t  d ie tary  MCT and LCT affect each 
other  with respect  to protein and lipid metabol ism in 
chicks. However, in most  cases, the nutr i t ional  charac- 
teristics of each triacylglycerol, including food efficiency 
and fat  and energy retent ion are independent  of each 
other. 
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The Acute Effects of a Single Very High Dose of n-3 Fatty Acids 
on Plasma Lipids and Lipoproteins in Healthy Subjects 1 
N. Svaneborg a,d, J.M. M~ller b, E.B. Schmidt a, K. Varming c, H.H. Lervang d and J. Dyerberg e'* 
Departments of aHaematology, bGastroenterology, cClinical Immunology and dClinical Chemistry, Aalborg Hospital, 9100 Aalborg 
and eMedilab a.s., 1304 Copenhagen, Denmark 

Forty  h e a l t h y  v o l u n t e e r s  w e r e  a l located  in a double  
bl ind,  r a n d o m i z e d  s tudy  to rece ive  e i ther  20 g o f  n-3 
poly~m~aturated fatty ac ids  (PUFA) or  20 g of  n-6 PUFA at 
the ir  e v e n i n g  meal .  The effect  on p la sma  l ip ids  and 
l ipoprote ins  of  th is  s ingle  dose  of  f ish oi l  vs. corn  oil  w a s  
s tud ied  the  nex t  morn ing ,  14 h after  ingest ion .  P l a s m a  
tr ig lycer ides  and very  l o w  dens i ty  l ipoprote in-choles -  
terol  s igni f icant ly  d e c r e a s e d  (33%) after  n-3 PUFA (P < 
0.001), and  s igni f icant ly  (P < 0.01) m o r e  tha~  after  in take  
of  n-6 PUFA. The d e c r e a s e  in p la sma  tr ig lycer ides  after  n- 
3 PUFA inges t ion  w a s  m o r e  p r o n o u n c e d  in subjects  w i th  
h igher  base l ine  l eve l s  o f  t r ig lycer ides  (P < 0.001). Total 
cho l e s t ero l  d e c r e a s e d  after  both  supp lement s ,  but  did  
no t  differ b e t w e e n  the  supp lement s .  L o w  dens i ty  l ipopro- 
t e in -cho les tero l  d id  no t  change ,  and h igh  dens i ty  l ipopro- 
t e in -cho les tero l  s igni f icant ly  d e c r e a s e d  in subjects  g iven  
n-3 PUFA c o m p a r e d  to  base l ine ,  but  not  w h e n  c o m p a r e d  
to subjects  r e c e i v i n g  n-6 PUFA. In  conc lus ion ,  w e  have  
s h o w n  that  a s ingle  very  h igh  dose  of  n-3 PUFA has  a pro- 
n o u n c e d  h y p o t r i g l y c e r i d e m i c  effect ,  w h i c h  is d irec t ly  re- 
la ted  to the  in i t ia l  p la sma  level .  
Lipids  29, 145--147 (1994). 

Fish oils rich in n-3 po lyunsa tura ted  fa t ty  acids (PUFA) 
have  been shown to lower p l a sma  tr iglycerides in 
normo- and hypertr iglyceridemic subjects (1-4) in a 
dose-dependent  fashion (5). I t  has  also been shown tha t  
the presence of n-3 PUFA in the diet reduces the post- 
prandial  l ipemia 1-8 h af ter  an oral fat  load (6-9). The 
reduction in p lasma  triglycerides is most  likely caused 
by an inhibition of very low density l ipoprotein (VLDL) 
production in the liver (1). Even a modera te  in take  (5 g/d 
for 6 wk) of n-3 PUFA was recently shown to a t t enua te  
the lipemic response to a s tandard  fat  meal  (10). In con- 
t rast ,  s tudies examining the effect of an acute load of 
n-3 PUFA on p l a sma  lipids and lipoproteins in subjects 
on their  habi tual  diets have  given inconsistent  resul ts  
(6-8,11). 

The present  s tudy was under t aken  to invest igate  the 
effects of a single very high dose of n-3 PUFA on p l a sma  
lipids and lipoproteins 14 h af ter  ingestion in a group of 
heal thy  subjects. 

1This study has been presented in part as a poster at the Omega-3 
Symposium, Oslo, Norway, 1992. 
*To whom correspondence should be addressed at Medilab a.s., 
Adelgade 7, DK-1304 Copenhagen K, Denmark. 
Abbreviations: HDL, high density lipoproteins; LDL, low density 
lipoproteins; PUFA, polyunsaturated fatty acids; VLDL, very low 
density lipoproteins. 

TABLE 1 

Composit ion of  Fish and Vegetable Oils Used in the Study 

Composition Fish oil (%)a Vegetable oil (%)a 

Main fatty acids 
16:0 2.6 10.4 
18:1 8.3 26.4 
18:2 2.4 59.2 
20:5 34.0 0 
22:5 3.5 0 
22:6 19.0 0 

Total n-6 <5 61 
Total n-3 68 0 
Monounsaturated 17 27 
Saturated <5 12 
Free fatty acids <1 <1 
Unspecified <5 <1 

Cholesterol (mg/g) <1 1.3 
Vitamin E (IU/g) 2 2 

a • W/W of to ta l  fat. 

MATERIALS AND METHODS 

Patients and oil supplements. Forty apparen t ly  healthy, 
nonobese volunteers,  who did not consume alcohol on a 
regular  basis, were included in a randomized,  double 
blind placebo-controlled study. Twenty females  (aged 
21-51 yr; median  age 37.5 yr) and twenty  males  (aged 
2(}-45 yr; median  age 31.5 yr), all free of medicat ion for 
a t  least  2 wk prior to the study, were included. Block 
randomizat ion was used to secure an equal  distr ibution 
with respect  to gender. The subjects were randomly al- 
located to receive at  the t ime of their  evening meal  at  6 
p.m., e i ther  30 capsules of a fish oil triglyceride concen- 
t ra te  (Epax 5500 TG; produced by Pronova Biocare a.s., 
Lysaker, Norway, delivered as Pikasol (R) by Lube a.s., 
Hadsund,  Denmark)  containing a total  of 20 g of n-3 
PUFA, or 30 capsules of corn oil (delivered by Pronova 
Biocare a.s.) containing 20 g of n-6 PUFA. The composi- 
tion of the oil is given in Table 1. 

The subjects were advised to eat  their  usual  evening 
meal  on the two days before blood testing, but  meals  
containing any fish or high amounts  of fat  were not al- 
lowed. 

Blood sampling and analyses. The subjects had blood 
sampled af ter  an overnight  fast  res t ing in the supine po- 
sition for 15 min  at  8:00 a.m. on Day 1. Blood was drawn 
from an antecubital  vein us ing minimal  stasis,  and the 
first  few millil i ters of blood were discarded. At 6 p.m. on 
the same day, the subjects took e i ther  30 capsules of fish 
oil or vegetable oil with thei r  evening meal.  The next  
morning at  8 a.m. (14 h af ter  ingestion of the capsules) 
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the subjects again had blood drawn (Day 2) using the 
same procedures as on Day 1. Triglyceride and total cho- 
lesterol in plasma were measured using a Cobas Mira 
(Roche, Switzerland).  Triglycerides were measu red  
using Triglycerides PAP (R) (Roche, Basel, Switzerland), 
and total cholesterol was determined using Monotest (R) 
(Boehringer Mannheim, Mannheim, Germany).  Plasma 
high density lipoprotein (HDL)-cholesterol was deter- 
mined after  precipitation of apo B containing lipopro- 
teins with phosphotungstic acid and magnesium. VLDL- 
cholesterol was determined as plasma triglycerides di- 
vided by 2.2, and low density lipoprotein (LDL)-cho- 
lesterol was calculated using the Friedewald formula 
(12). The study was approved by the Ethics Committee 
of Nor thern  Jut land.  

Stat i s t ics .  Pra t t s  test  was used for comparison of re- 
sults within each of the two groups. The n-3 PUFA group 
was compared to the n-6 PUFA (control) group using 
Mann-Whitney's test  for unpaired data. Correlation 
analyses were performed by Spearman's  test. A P-value 
less than  0.05 (two-tailed) was considered statistically 
significant. 

RESULTS 

Despite the large number  of capsules ingested, the sup- 
plements were well tolerated. The only adverse effects 
noted were nausea,  belching with a fishy taste  and loose 
stools in a few of the subjects receiving fish oil. 

The results on plasma lipids and lipoproteins are 
shown in Table 2. Total cholesterol decreased signifi- 
cantly af ter  both n-3 PUFA and n-6 PUFA by 7.7 and 
1.5%, respectively. The difference in the reduction be- 
tween the two groups approached, but  did not reach, 
statistical significance (0.1 > P > 0.05). Plasma LDL-cho- 
lesterol did not change significantly in any of the two 
groups, or between groups. Plasma HDL-cholesterol de- 
creased significantly by 9.1% in the group given n-3 
PUFA, whereas there  was an insignificant decline in the 
n-6 group. However, there  was no significant difference 
between the two supplements.  VLDL-cholesterol and 
plasma triglycerides decreased significantly af ter  sup- 
plementat ion with both n-3 PUFA and n-6 PUFA by 33 
and 12%, respectively (Fig. 1). Plasma triglycerides de- 
creased in all subjects given n-3 PUFA, and the decrease 

3 V 
! 

2.5 i P < 0.001 
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c 2 
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1.5!  
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FIG. 1. The  effect  on  p l a s m a  t r ig lyeer ides  o f  a single dose  o f  
n-3 or n-6 p o l y u n s a t u r a t e d  fat ty  acids .  Med ians  (+) are 
s h o w n  a n d  P-values within a n d  b e t w e e n  groups  are indi-  
cated.  

in triglycerides was significantly greater  (P < 0.01) in 
the n-3 group than in the group receiving n-6 PUFA. The 
hypotriglyceridemic effect in subjects receiving n-3 
PUFA was significantly (P < 0.001) correlated to the 
baseline levels of plasma triglycerides, whereas such a 
correlation could not be demonstra ted in the n-6 group. 

DISCUSSION 

The main finding in the present  s tudy was a decrease in 
plasma triglycerides in all subjects (n = 20) given n-3 
PUFA with a median decrease in plasma triglycerides of 
33%. This decrease was more pronounced in subjects 
with higher baseline levels of plasma triglycerides, as 
there  was a significant correlation between baseline 

TABLE 2 

P l a s m a  L i p i d s  a n d  L i popro te ins  (retool/L) Before  a n d  After  S u p p l e m e n t a t i o n  w i t h  n-3 PUFA or n-6 PUFA a 

n-3 PUFA n-6 PUPA 
Day 1 Day 2 Day 1 Day 2 

Triglycerides 
Total cholesterol 
VLDL-cholesterol 
LDL-cholesterol 
HDL-cholesterol 

1.00(0.82-1.63) 0.65(0.52-0.98) b'e 1.10(0.92-1.52) 
5.30(4.30-6.55) 4.80(3.93-6.45) b 6.00(5.43-6.40) 
0.46(0.38-0.75) 0.30(0.23-0.46) b,e 0.50(0.43-0.70) 
3.05(2.35-4.30) 2.95(2.22-4.40) 3.85(3.13-4.28) 
1.65(1.30-1.88) 1.50(1.20-1.72) d 1.63(1.22-1.88) 

0.97(0.77-1.25) c 
5.60(4.93-6.47) d 
0.46(0.37-0.57) b 
3.70(3.30-4.35) 
1.53(1.23-1.88) 

aResults are shown as medians with interquartiles (25-75%) in parentheses. PUFA, polyunsaturated fatty acids; VLDL, very low 
density lipoprotein; LDL, low density lipoprotein; HDL, high density lipoprotein. 
bp < 0.001. 
cp < 0.002. 
dp < 0.05. 
el:, < 0.01, comparing n-3 PUFA with n-6 PUFA. 
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triglyceride levels and the reduction in p l a sma  triglyc- 
erides. P l a sma  levels of total  cholesterol decreased af ter  
n-3 PUFA due to a reduction in HDL-cholesterol  and, 
mainly, in VLDL cholesterol levels, while p la sma  LDL- 
cholesterol was  unal tered.  

While low and modera te  doses of n-3 PUFA do not af- 
fect, or slightly increase, p l a sma  HDL cholesterol, the 
lowering of HDL-cholesterol  in the present  s tudy is in 
accordance with findings from studies in which n-3 
PUFA were given in very high daily doses for a few 
weeks (1,13). The present  s tudy extends previous find- 
ings and shows tha t  the reduction of HDL cholesterol 
levels by very high doses of n-3 PUFA occurs rapidly, al- 
though the mechan ism by which it occurs is unknown. 
Thus,  there  is no convincing evidence t ha t  d ie tary  n-3 
PUFA decrease apolipoprotein A synthesis  or enhance 
removal  of HDL-cholesterol from the circulation. Also, 
studies t ha t  examined the effects of n-3 PUFA on key en- 
zymes involved in HDL kinetics, such as cholesterol 
es ter  t r ans fe r  protein and lecithin cholesterol acyl t rans-  
ferase, have yielded inconsistent  resul ts  (14-18). I t  
should be noted t h a t  in our study, p la sma  HDL-choles- 
terol did not significantly differ between in takes  of 
PUFA from the n-3 vs. the n-6 family. Our  resul ts  do not 
indicate, however, whether  p la sma  triglycerides were 
decreased due to increased clearance of triglyceride-rich 
l ipoproteins from the circulation or due to reduced he- 
patic VLDL secretion, a l though based on l i tera ture  
data,  the la t ter  m a y  be the more likely mechan ism 
(1,19). 

The resul ts  from our s tudy are in agreement  with the 
findings from a recent  tr ial  in which a single dose of n-3 
PUFA (50 mg/kg) was given to nine hea l thy  subjects who 
had  p lasma  triglycerides measured  a t  baseline,  and a t  
24, 48 and 72 h af ter  the supplements  (20). In  tha t  
study, triglyceride levels significantly decreased by 15% 
at  24 h and 16% at  48 h, but  began to normalize 72 h 
af ter  n-3 PUFA intake, 

The impact  of t r e a t m e n t  of hyper t r ig lycer idemia on 
coronary hear t  disease remains  controversial  (21,22). 
However, pa t ients  with p lasma levels of triglycerides 
above 10 mmol/L are at  r isk for abdominal  symptoms  
and pancreat i t is  (23), and could potential ly benefit  from 
t r ea tmen t  with n-3 PUFA (4,13). 

Fa t  el imination from the diet is considered the cor- 
ners tone in the t r e a t m e n t  of pa t ients  wi th  acute pan- 
creatitis. However, highly concentrated prepara t ions  of 
n-3 PUFA could, due to thei r  rapid lowering of p la sma  
triglycerides and chylomicrons, be considered for s tudy 
in pat ients  with acute pancreat i t is ,  especially as n-3 
PUFA are now becoming available for in t ravenous  infu- 
sion (24,25). Before such invest igations are under taken ,  
the acute effects of n-3 PUFA in pat ients  wi th  hyper-  
t r iglyceridemia should, however, be established. 

In  conclusion, we have  shown tha t  a single very high 
dose of n-3 PUFA has  a pronounced hypotriglyceridemic 
effect in heal thy  subjects. The magni tude  of this effect is 
directly related to the initial p l a sma  triglyceride level. 
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Singlet Oxygen Quenching Ability of Naturally Occurring Carotenoids 
Osamu Hirayama*, Kyoko Nakamura, Syoko Hamada and Yoko Kobayasi 
Department of Food Nutrition, Faculty of Agriculture, Kinki University, Nara 631, Japan 

The s ing le t  o x y g e n  q u e n c h i n g  abi l i ty  of  var ious  natural ly  
occurr ing  caro teno ids  w a s  e x a m i n e d  by m e a s u r i n g  tolu- 
id ine  b lue - sens i t i zed  p h o t o o x i d a t i o n  of  l ino le ic  acicL To 
asses s  quenching ,  the  ox idat ion  of  l ino le ic  acid w a s  fol- 
l o w e d  by m e a s u r i n g  o x y g e n  c o n s u m p t i o n  and u l trav io le t  
absorbance  at  235 nm.  We found that  o x y g e n  q u e n c h i n g  
increased  as the  n u m b e r  of  conjugated  double  b e n d s  in 
the  caro teno ids  increased ,  but  q u e n c h i n g  var ied  w i t h  
cha in  s t ruc ture  and funct iona l  groups .  Acycl ic  carote-  
no ids  e n h a n c e d  q u e n c h i n g  m o r e  than did  cyc l ic  carote-  
noids .  Conjugated  ke to  groups  and the  p r e s e n c e  o f  a cyo 
c l opentane  r ing  s t imula ted  quenching ,  w h i l e  h y d r o x ~  
e p o x y  and m e t h o x y  groups  s h o w e d  l e s ser  effects .  The 
p h o t o s y n t h e t i c  bac ter ia l  c a r o t e n o i d s ,  s p i r i l l o x a n t h i n  
and  rhodopin ,  w e r e  found to  be  m o s t  e f fec t ive  as  quench-  
ers,  f o l l owed  by the  c a y e n n e  caroteno id ,  capsorbin.  
Lipids 29, 149-150 (1994). 

There is currently much interest in the role of active 
oxygen and free radicals in disease processes. It is being 
realized that active oxygen species, such as superoxide 
anion, hydrogen peroxide and singlet oxygen, can induce 
destructive events, including enzyme inactivation, 
DNA-strand cleavage and membrane lipid peroxidation 
(1-3). 

A number of studies have indicated that B-carotene is 
able to quench singlet oxygen (4) and oxygen free radi- 
cals (5). Earlier research on carotenoid function was 
mostly focussed on B-carotene. Recently, several other 
carotenoids and xanthophylls were examined, and ly- 
copene and astaxanthin were reported to be more effec- 
tive antioxidants than B-carotene (6,7). 

In the present study we investigated the relative sin- 
glet oxygen quenching abilities of several additional nat- 
urally occurring carotenoids. Quenching was measured 
by monitoring toluidine blue-sensitized photooxidation 
of linoleic acid. The relationship between structure and 
quenching ability of the carotenoids will be discussed. 

MATERIALS AND METHODS 

Nineteen carotenoids were prepared from higher plants, 
animals, marine algae and photosynthetic bacteria 
(PSB) according to the published methods (8,9). A sim- 
ple and rapid method for the measurement of linoleic 
acid photooxidation was employed, using toluidine blue 
as the photosensitizing dye. In a micro glass vial (2 mL), 
toluidine blue (final concentration, 0.05 mM) and 
linoleic acid (final concentration, 60 mM) with or with- 
out carotenoids (final concentration, 15 }lM) were added, 
and the final volume was adjusted to 1 mL with n- 
hexane/ethanol (1:1, vol/vol). The vial was tightly closed 
with a screw cap that had a septum. The mixture was il- 

*To whom correspondence should be addressed. 
Abbreviation: PSB, photosynthetic bacteria. 

luminated at 11,000 lux at 30"C for 2 h in a photocham- 
ber (LX-3000, Taitec Co., Saitama, Japan). After com- 
pletion of the reaction, 100 pL of headspace gas was re- 
moved with a microsyringe and gas chromatographed on 
a molecular sieve 13X column to estimate oxygen con- 
sumption. In addition, 100 pL of the reaction mixture 
was removed and diluted to 3 mL with ethanol, and the 
absorbance at 235 nm was measured to estimate the for- 
mation of conjugated dienes. 

RESULTS AND DISCUSSION 

Table 1 shows the inhibitory effects of various naturally 
occurring carotenoids on photooxidation of linoleic acid, 
which were measured by monitoring oxygen consump- 
tion and ultraviolet absorbance at 235 nm (conjugated 
diene formation). Based on the oxygen consumption rate 
in the reaction, it was found that  the quenching ability 
varied greatly, depending on the structures of 
carotenoids. As reported previously (10,11), the number 
of conjugated double bonds is the most effective para- 
meter to assess singlet oxygen quenching ability. Com- 
parison of the structure and quenching ability of B- 
carotene with those of lycopene, and those of cryptoxan- 
thin and rhodopin, indicates that an open chain has a 
higher quenching ability than a fi-ionone ring. Smaller 
differences between the abilities of B-carotene and cryp- 
toxanin, and of spheroidene and OH-spheroidene, sug- 
gest that the hydroxy group has a positive effect but is 
less effective as quencher. Similarly, epoxy and methoxy 
groups have lesser effects. The effects of capsanthin and 
capsorbin were more pronounced than those of B- 
carotene and cryptoxanthin, although they have the 
same number of conjugated double bonds. This higher 
potency could be due to the presence of conjugated keto 
groups and of the cyclopentane rings. Isolated C=C dou- 
ble bonds seem to have an additional effect on quench- 
ing. The relatively higher potency of lycopene than of 
other carotenoids with the same number of conjugated 
double bonds can probably be attributed to the presence 
of the two isolated double bonds and an acyclic chain ef- 
fect. 

The oxidation of linoleic acid by singlet oxygen is ex- 
pected to result in roughly half the products consisting 
of conjugated diene hydroperoxides, and half being non- 
conjugated. The pattern of conjugated diene formation 
measured by absorbance at 235 nm was similar to that 
of 02 consumption rates, suggesting that  absorbance at 
235 nm could be used as index for singlet oxygen- 
quenching by carotenoids. 

It is of interest that photosynthetic bacterial cells 
have a large amount of highly effective acyclic carote- 
noids, such as spirilloxanthin, rhodopin, anhydro- 
rhodovibrin and lycopene. The observed therapeutic ef- 
fects of PSB cells on growing young fish (12) may be re- 
lated, in part, to oxygen quenching by carotenoids. The 
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TABLE 1 

Inhib i tory  Effects  of  Various Carotenoids  on  Toluidine  B lue -Sens i t i zed  P h o t o o x i d a t i o n  of  Linole ic  Acid 

Carbon Functional 0 2 consumption 

Carotenoids Sources F a chain groups  b lamol c %d 

Conjugated diene formation 

A235 c %d 

None 1.980 100 
Neurosporen PSB 9 acyclic 1.340 68 
Violaxanthin Spinach 9 cyclic 20H, 20< 0.833 42 
Neoxanthin Spinach 10 e cyclic 30H, 0< 1.299 66 
Fucoxanthin Brown algae 10 e cyclic 20H CO f, 0< 1.110 56 

CH3CO 
Spheroidene PSB 10 acyclic CH30 0.931 47 
OH-spheroidene PSB 10 acyclic OH, SH30 0.803 41 
Lutein Spinach 10 cyclic 2OH 0.970 49 
[3-Carotene Spinach 11 cyclic 1.064 54 
Cryptoxanthin Persinon 11 cyclic OH 0.990 50 
Spheroidenone PSB 11 acyclic CH30 , CO f 0.772 39 
OH-spheroidenone PSB 11 acyclic OH, CH30, CO f 0.738 37 
Capsanthin Cayenne 11 cyclic 2OH, C(5 f 0.666 34 
Lycopene Tomato 11(2) acyclic 0.621 30 
Capsorbin Cayenne 11 cyclic 2OH, 2CO f 0.535 27 
Rhodopin PSB 11(1) acyclic OH 0.511 26 
Anhydrorhodovibrin PSB 12 acyclic CH30 0.597 30 
Astaxanthin Salmon 13 cyclic 2OH, 2CO f 0.719 36 
Spirilloxanthin PSB 13 acyclic 2CH30 0.413 21 

0.845 100 
0.681 81 
0.336 40 
0.525 62 
0.423 50 

0.353 42 
0.298 35 
0.423 50 
0.468 55 
0.439 52 
0.338 40 
0.323 38 
0.258 31 
0.288 34 
0.236 28 
0.219 26 
0.217 26 
0.311 37 
0.187 22 

aNumber of conjugated double bonds; the number in parentheses gives isolated double bonds. 

bOH, hydroxy; O<, epoxy; CO, carbonyl; CH3CO, acetyl; CH30 , methoxy; PSB, photosynthetic bacteria. 

CThe values were obtained for photooxidation of linoleic acid at 30~ for 2 h. 

dpercent control (none). 

ec -c - -c  group as conjugated double bonds. 

fConjugated keto group. 

h igh ly  effect ive ca ro teno ids  of  cayenne ,  c a p s u n t h i n  and  
capsorbin ,  equa l ly  a t t r a c t  a t t e n t i o n  as effect ive oxygen  
quenchers .  
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Inhibition of Human Neutrophil Leukotriene B 4 Synthesis in Essential 
Fatty Acid Deficiency: Role of Leukotriene A Hydrolase 
Leslie G. Cleland a,*, Michael J. James a, Susanna M. Proudman a, Mark A. Neumann b and Robert A. Gibson b 
aRheumatology Unit, Royal Adelaide Hospital, Adelaide, South Australia and bDepartment of Paediatrics, Flinders Medical Centre, 
Bedford Park, South Australia, Australia 

A female  subject  dependent  on long-term total  par- 
enteral  nutrit ion developed an avers ion and noncompli-  
ance to a prescribed w e e k l y  l ipid infusion des igned to 
mee t  essent ia l  fatty acid (EFA) requirements .  Fatty 
acids (FA) in the subject's p lasma and iso lated periph- 
eral blood neutrophi ls  were  analyzed in search of bio- 
chemica l  ev idence  of  EFA deficiency.  Neutrophi l  5- 
l ipoxygenase  metabol i sm was  examined  to assess  the 
poss ib le  ef fects  of  EFA def i c i ency  on neutrophi l  
e icosanoid metabol ism.  EFA def ic iency was  conf irmed 
by marked  deplet ion of  l inoleic  acid (18:2n-6) and accu- 
mula t ion  of  e i cosa tr i eno ic  acid (ETrA; 20:3n-9) in 
p lasma and neutrophi l  phosphol ip ids .  In the  neu- 
trophils ,  ETrA comprised  5.2% of phosphol ipid FA (nor- 
mal  reference  values  <0.1%), and arachidonic  acid (AA; 
20:4n-6) comprised  8.6% of  phosphol ipid FA (normal ref- 
e rence  range 10-16%). When s t imula ted  by A23187 
in vitro on three separate  occasions,  the subject's neu- 
trophils  displayed impaired synthes is  of  l eukotr iene  B 4 
(LTB4) , but produced normal  amounts  of  5-hydroxy- 
e icosatetraenoic  acid and all-trans i somers  of  LTB 4 
formed nonenzymat ica l ly  from leukotr iene  A 4 (LTA4). 
This pattern of synthes is  suggested  inhibit ion of  LTA 
hydrolase  and was  also seen  in neutrophi ls  from heal thy  
subjects  by addition of exogenous  ETrA in vitro. Com- 
parative s tudies  of  the effects of  ETrA and eico-sapen- 
taenoic  acid (20:5n-3) on neutrophi ls  in vitro suggested  
that  ETrA is  the more  potent  inhibitor.  Accumulat ion of 
ETrA, rather than deplet ion of  AA, appears principal ly 
responsible  for the observed impairment  of neutrophi l  
LTB 4 synthes is  seen  in this  EFA-deficient subject. 
Lipids 29, 151-155 (1994). 

Eicosanoid mediators of inflammation, such as prosta- 
glandins, thromboxane and leukotrienes are typically 
derived from arachidonic acid (AA, 20:4n-6) as n-6 fatty 
acids (FA) are the prevalent essential fatty acids (EFA) 
in the Western diet, which contains relatively little n-3 
FA. In the presence of severe dietary EFA deficiency, 
oleic acid (18:1n-9), which can be synthesized endoge- 
nously, becomes the predominant substrate for the he- 
patic desaturase/elongase enzymes that  normally con- 
vert dietary linoleic acid (LA; 18:2n-6) to AA. As a result, 
plasma and cellular levels of eicosatrienoic acid (ETrA; 

*To whom correspondence should be addressed at Rheumatology 
Unit, Royal Adelaide Hospital, North Terrace, Adelaide, South 
Australia, Australia 5000. 
Abbreviations: AA, arachidonic acid (20:4n-6); EFA, essential fatty 
acids; EPA, eicosapentaenoic acid; ETrA, n-9 eicosatrienoic acid 
(20:3n-9); FA, fatty acid(s); HPLC, high-performance liquid chro- 
matography; LA, linoleic acid (18:2n-6); LTA, leukotriene A; LTB 4, 
leukotriene B4; 5-HETE, 5-hydroxyeicosatetraenoic acid. 

20:3n-9) increase, and the overall cellular content of 20 
carbon highly unsaturated fatty acids is maintained, in 
spite of AA depletion (1,2). 

EFA deficiency has been associated with reduced in- 
flammatory responses in animals (3,4), including ame- 
lioration in models ofinfiammatory disease (5-8). Early 
studies demonstrated that EFA-deficient animals with 
experimentally-induced inflammation had reduced pro- 
duction of prostaglandins derived from AA via the cy- 
clooxygenase pathway (3). Prostaglandins can have am- 
bivalent effects on inflammation, including mediation of 
enhanced nociception (8) and tissue oedema (9,10), but 
decreased T lymphocyte responses (11). 

More recently, the potential importance of the alter- 
nate 5-1ipoxygenase pathway of AA metabolism has 
been recognized. This pathway is active in both mononu- 
clear phagocytes and neutrophils and, in the latter, is 
the principal pathway of AA metabolism (12). An impor- 
tant product of this pathway is leukotriene B 4 (LTB4), 
which is a very potent neutrophil chemotaxin and also 
stimulates neutrophil degranulation and oxidative burst 
activity (12). LTB 4 can have pro-inflammatory effects on 
mononuclear cells, including enhancement of production 
of the key inflammatory cytokines interleukin-1 (13,14), 
interleukin-2 (15) and interferon-gamma (15,16). LTB 4 
inhibits mitogen-induced proliferation of CD4 § T cells 
and enhances proliferation of CD8 § T cells (17,18) and, 
accordingly, may also modulate immunological re- 
sponses. EFA deficiency in rats is associated with 
marked inhibition of LTB 4 production by neutrophils 
stimulated in vivo (19,20). The effect of EFA deficiency 
on LTB 4 production in humans has not been reported. 

A woman receiving total parenteral nutrition with in- 
tolerance to intravenous lipid therapy and severe EFA 
deficiency has provided the opportunity to assess this 
issue in a human subject. In vitro studies, in which neu- 
trophils from healthy volunteers were treated with 
ETrA, were also undertaken to assess the possible rela- 
tionship between the observed ETrA accumulation and 
impaired LTB 4 synthesis in the neutrophils of the EFA- 
deficient subject. 

MATERIALS AND METHODS 

Experimental subject. A 33-year-old female had been 
maintained on total parenteral nutrition via an in- 
dwelling subclavian catheter for 12 years, following 
subtotal resection of the small and large bowel for idio- 
pathic intestinal pseudo-obstruction. She also had three 
successful pregnancies during this period. Complica- 
tions included superior vena cava obstruction, recurrent 
septicaemia, proximal myopathy and an osteoporotic rib 
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fracture. Typically, the intravenous regimen involved 
daily 1800-mL infusions containing glucose, amino acids 
and electrolytes (Vamin or Synthamin; Baxter Health 
Care, Sydney, NSW, Australia). MVI-12 (Rhone-Poulenc, 
Melbourne, Victoria, Australia) was given daily to pro- 
vide water-soluble vitamins (one 5-mL vial) and fat-sol- 
uble vitamins (one 5-mL vial). Intralipid 20% (Baxter 
Health Care), 500 mL weekly, was prescribed as the 
source of dietary fat, including EFA. Due to intolerance 
of the fat infusion, the interval of self-administration 
was typically two weeks, and the infusion was not com- 
pleted. Concentrations of fat soluble vitamins in plasma 
were as follows: vitamin A, 0.9 mmol/L (R 2.1-6.7); vita- 
min E, 10.5 mmo//L (R 12-46) and vitamin D, 39 nmol/L 
(R 40-160). Vitamin K was not measured because the 
subject was receiving warfarin treatment. Forearm bone 
content was between the first and tenth percentiles with 
bone mineral content 0.86 g/cm (fat corrected to 0.91) 
and bone mineral density 344 mg/mL (expected 426). 
The selenium concentration was 1 mmol/L (normal 
range >1) and zinc 14.2 mmol/L (R 9-18). Total carnitine 
was 13 mmol/L (R 35-65) with free carnitine 12 mmol/L 
(R 30-60), acylated carnitine 1 mmol/L and the ratio of 
acylated to free 0.08 (R 0.10-0.75). In vitro tests of neu- 
trophil function revealed normal degranulation, oxida- 
tive burst and bactericidal activity. 

Healthy subjects. Peripheral venous blood samples 
from healthy subjects were used to establish reference 
ranges for analysis of (i) fatty acids in plasma (n = 40) 
and neutrophil phospholipid (n = 29) and (ii) neutrophil 
5-1ipoxygenase pathway responses (n = 44). No differ- 
ence was seen between males and females for any of 
these analyses. Healthy laboratory personnel (one male, 
two female) provided blood samples for studies on the 
effects of exogenous fatty acids added to neutrophils 
in vitro prior to cell stimulation. 

FA analysis. Neutrophil phospholipid fractions were 
isolated by chloroform/methanol extraction and thin- 
layer chromatography. The phospholipids were then 
subjected to acid methanolysis by using 1% H2SO 4 in 
methanol at 70~ for 3 h. Fatty acid methyl esters were 
resolved and quantified by capillary gas-liquid chro- 
matography on 50 M WCOT columns coated with 
SP2330 (Chromalytic Technology, Boronia, Victoria, 
Australia), as described previously (21). All organic sol- 
vents contained 0.005% butylated hydroxyanisole. The 
analysis allowed quantification of saturated and unsat- 
urated fatty acids, including n-7 fatty acids, which are 
increased in EFA deficiency. 

Leukotriene and 5-hydroxy acid production. Periph- 
eral blood neutrophils were isolated using a double non- 
continuous Percoll ~radient, as previously described 
(22). Neutrophils (10D/mL) were stimulated with A23187 
(0.5 pmol/L final concentration, Sigma Chemical Co., St. 
Louis, MO). After 5 min at 37~ the mixture was acidi- 
fied with 0.25 mL of 100 mM citric acid; 15-hydroxy- 
eicosatetraenoic acid (15-HETE) (Cayman Chemical, 
Ann Arbor, MI) was added as an internal standard. 
Leukotrienes and hydroxy acids, including 5-HETE and 
the all-trans isomers of LTB4, were assayed by high-per- 
formance liquid chromatography as previously de- 

scribed (23). 20-Hydroxy LTB 4, formed by o~oxidation of 
LTB4, was also measured. Under the stimulation condi- 
tions used, 20-carboxy LTB 4 constituted 13% (-+2%) of 
the total co-oxidation products, and as the low values 
were frequently near the limits of detection, the values 
for 20-carboxy LTB 4 were not compiled. 

To assess the effects of exogenous FA added in vitro, 
ETrA (Cayman Chemical) or eicosapentaenoic acid 
(EPA) (Sigma Chemical Co.) were added to neutrophils 
from healthy volunteers (106/mL; final concentration of 
fatty acids, 1-5 ~mol/L; methanol, 0.05%) followed by 
pre-incubation at 25~ (5 min) prior to stimulation with 
A23187, as described in the previous paragraph. 

RESULTS 

Plasma and leukocyte FA. Analysis of FAs in the experi- 
mental subject's plasma revealed a triene/tetraene 
(ETrA/AA) ratio of 4.3. A ratio of greater than 0.2 indi- 
cates EFA deficiency (1). Accumulation of n-7 and n-9 
FAs, including ETrA, was seen in total plasma FA and 
neutrophil phospholipids. In the leukocyte phospho- 
lipids, ETrA constituted 5.2% of total FA, and AA was 
reduced compared with levels found in leukocytes from 
healthy subjects (Table 1). These data indicate severe 
EFA deficiency. 

Effect of EFA deficiency on neutrophil LTB 4 synthetic 
pathway. Neutrophil LTB 4 production, as assessed by 
assaying LTB 4 and 20-hydroxy LTB4, was reduced to 
more than two standard deviations below the mean for 
healthy subjects (Fig. 1). 5-HETE and the all-trans iso- 
mers of LTB 4 (LTB 4 isomers) were not reduced (Fig. 1). 
The ratio of (LTB 4 + 20-hydroxy LTB4)/(LTB 4 + 20-hy- 
droxy LTB 4 + LTB 4 isomers), which is an index of the 
fraction of available leukotriene A 4 (LTA 4) converted by 
LTA hydrolase to LTB4, was reduced compared to the 
normal range for healthy subjects (Fig. 2). The observed 

TABLE 1 

Fatty Acid Composi t ion  of  Total P lasma Lipids  and Pe- 
ripheral  Blood Neutrophi l  Phosphol ip ids  from a Female  
Subject Dependent  on Chronic Total Parenteral  Nutrit ion a 

Fatty acids (% total fatty acids) 
Total p lasma Neutrophil phospholipids 

Observed Ref. range Observed Ref. range 
16:1n-7 6.5 0.7-3.5 1.4 <0.1-0.8 
18:1n-7 5.5 1.0-2.8 5.7 0.8-1.6 
Total n-7 12.0 1.8-5.8 7.1 0.5-2.1 

18:ln-9 36.2 15-28 33.4 23-29 
20:3n-9 11.5 <0.1-0.4 5.2 <0.1 
Total n-9 51.5 16-29 44.1 24-31 

18:2n-6 0.6 21-38 0.7 7-15 
20:4n-6 2.7 3.2-9.6 8.6 10-16 
Total n-6 4.3 29-48 10.9 25-34 

Total n-3 0.6 1.3-5.3 1.1 1.4--6.2 

aReference (Ref.) ranges were established using samples from 
healthy subjects (plasma, n = 40; neutrophil phospholipids, n = 29). 
The range shown is from two standard deviations above and below 
the mean for healthy subjects. 
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FIG. 1. Product ion of  leukotr iene  B 4 (LTB4) 20-hydroxy 
LTB4~ LTB 4 isomers  and 5-hydroxyeicosatetraenoic acid 
(5-HETE) by neutrophi ls  s t imulated  by  A23187, as descr ibed 
in the Materials and Methods section. Results  f~om the  eso 
sential  fatty acid-def ic ient  subject's neutrophi ls  s tudied on 
three separate occasions (open circles) and neutrophi ls  
from heal thy  volunteers  (closed circles) are shown.  The 
shaded areas indicate  two standard deviat ions  above and 
be low the  m e a n  (horizontal  l ines)  for hea l thy  subjects. 

normal production of 5-HETE and  LTB 4 isomers sug- 
gests normal availability of AA for metabolism by 5- 
lipoxygenase, whereas reduced fractional conversion of 
LTA 4 to LTB 4 suggests inhibition of LTA hydrolase. 

LTB 4 had a retention time of 11.6 min. Dual high-per- 
formance liquid ch romatography  (HPLC) peaks  at  
slightly longer retention times were observed with ra- 
tios of retention times relative to LTB 4 of 1.48 and 1.29. 
These peaks were not observed in control subjects. 

Correction of EFA deficiency. Once it was established 
tha t  the subject was EFA deficient, the following adjust- 
ments  were made to the regimen for lipid infusion. In- 
tralipid (500 mL) was diluted with dextrose solution 
(50%, 500 mL) and an electrolyte solution (Synthamin 
17, 750 mL) prior to infusion, and the infusion was car- 
ried out over a longer period of time. With these adjust- 
ments,  the subject was able to complete the weekly lipid 
infusion without significant unwanted  effects. After ap- 
proximately two years on this revised regimen, neu- 
trophil fatty acid values were: LA, 6.2%; ETrA, 0.5%; 
and AA, 12.4%. Rates of synthesis of 5-1ipoxygenase 
products were as follows (ng/106 cells/5 rain): LTB4, 18.5; 
20-hydroxy LTB4, 17.8; 5-HETE, 53.3; all-trans isomers 
of LTB 4, 19.6 (the normal reference ranges are shown in 
Fig. 1). 

Effect of exogenous ETrA on neutrophil LTB synthetic 
pathway. Addition of ETrA in vitro to neutrophils from 

FIG. 2. Leukotriene A (LTA) hydrolase fractional conver- 
s ion is computed  as (LTB 4 + 20-hydroxy LTB4)/(LTB 4 + 20- 
hydroxy LTB 4 + LTB 4 isomers).  The denominator  reflects 
the substrate potentially available to LTA hydrolase for en- 
zymat ic  convers ion  to LTB 4. Open circles indicate values 
obtained with neutrophiiA isolated from the  essent ia l  fatty 
acid-deficient  subject on three separate occasions.  Closed 
circles indicate values obtained with neutrophils from 
heal thy  subjects.  The data used for these  computat ions  are 
those shown in Figure 1. The shaded areas indicate  two 
standard deviations above and below the m e a n  (horizontal  
line) for heal thy  subjects.  LTB, leukotr iene  B. 

TABLE 2 

Effect on Neutrophi l  Leukotriene B 4 (LTB 4) Production 
of  Exogenous  Eicosapentaenoic  Acid (EPA) and n-9 
Eicosatrienoic  Acid (ETrA) Added Alone 
and in Combinat ion  a 

Fatty acid LTB 4 synthesis 
(ttmol/L (mean • SEM; 

ng/106 cells/5 rain) 
ETrA EPA 

0 0 14.2• 
1 0 13.5• 
0 1 11.2• 
1 1 9.8• 
2.5 0 9.2• 
0 2.5 7.4• 
2.5 2.5 6.2• 

aHuman neutrophils from a healthy subject were pre-incubated 
with fatty acids and stimulated with A23187 as described in the 
Materials and Methods section. Incubations were performed in 
triplicate. 
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FIG. 3. Effect o f  exogenous  e icosapentaenoic  acid (EPA) 
(open circles) and eicosatrienoic  acid (ETrA) (closed cir- 
cles) o n  L T B  4 product ion by h u m a n  neutrophi ls  in response 
to A23187 under  condit ions  described in the Materials and 
Methods section. Results  are expressed as mean  • SEM of  
triplicate incubations.  The horizontal  dashed l ine repre- 
sents  the  m i n i m u m  detectable  m o u n t .  Data shown are 
wi th  neutrophi ls  isolated from a single heal thy  subject. 
S imi lar  f indings  were  obtained wi th  neutrophi ls  from two 
addit ional  subjects (data not  shown).  See Figure 2 for other 
abbreviations.  

three healthy subjects reproduced the pattern of hy- 
droxy acid synthesis observed in the EFA-deficient sub- 
ject, viz., reduced production of LTB 4 (Fig. 3) and 20-hy- 
droxy LTB4, but not LTB 4 isomers (data not shown). 
Thus the pattern of neutrophil LTA hydrolase inhibition 
found in the EFA-deficient subject was induced in nor- 
mal neutrophils by addition of ETrA in vitro. Dual peaks 
with ratios of retention times relative to that of the 
LTB 4 peak of 1.50 and 1.30 were observed in chro- 
matograms from ETrA-treated, but not control, cell 
preparations. 

Comparison of effects of  ETrA and EPA. Exogenous 
ETrA was a more potent inhibitor of LTB 4 production 
than exogenous EPA (Fig. 3 and Table 2). Additive in- 
hibitory effects of EPA and ETrA added in vitro on neu- 
trophil LTB 4 production were seen (Table 2). 

DISCUSSION 

The altered pattern of synthesis of 5-lipoxygenase prod- 
ucts seen in this EFA-deficient subject is consistent with 
inhibition of LTA hydrolase (24-26). The appearance of 
dual HPLC peaks with retention times slightly greater 
than that of LTB 4 when neutrophils were treated with 
ETrA, is consistent with the formation of the all-trans 
isomers of LTB 3, which are nonenzymatic breakdowns of 
LTA 3 and which are resolved in this manner relative to 
LTB 4 (24). Whatever the identity of these peaks, their 
presence in the chromatogram from the EFA-deficient 
subject suggests that ETrA formed in vivo was metabo- 
lized by the EFA-deficient neutrophils. Dietary supple- 
mentation with EPA-rich fish oils and addition of exoge- 

nous EPA to neutrophils in vitro yielded a similar alter- 
ation in n-6 products (27,28), which was attributed to in- 
hibition of LTA hydrolase by LTA 5 derived from EPA 
(29). Both ETrA and EPA can be converted to products, 
i.e., LTA 3 and LTA 5, respectively, which are less effi- 
ciently metabolized by LTA hydrolase than LTA 4 derived 
from AA, but which can act as competitive inhibitors of 
LTB 4 production. Insignificant amounts of LTA 3 are 
converted to LTB 3 (26). Although LTB 5 is formed in 
measurable amounts, this compound has much less 
chemotactic activity than does LTB 4 (30-32). 

Dietary fish oil supplements containing EPA lessen 
symptoms in rheumatoid arthritis and reduce neu- 
trophil LTB 4 synthesis ex vivo (27,28,33,34). However, it 
has been reported that suppression of LTB 4 production 
is greater in EFA-deficient rats than in fish oil-supple- 
mented rats (20). EFA deficiency has been consistently 
associated with reduced inflammation and reduced 
organ damage in animal models of inflammation (3-6). 
Although no direct experimental comparisons have been 
reported, in small laboratory rodents, EFA deficiency 
seems to be associated with suppression of inflammation 
to a degree at least as great as that achieved with fish 
oil diets. Indeed, fish oil treatment can have ambiguous 
effects in animal models of inflammation (35-37) and 
has yielded only modest symptomatic improvement in 
patients with rheumatoid arthritis (27,28,33,34) and 
psoriasis (38,39). This lack of potency may, in part, re- 
late to the ambivalent effects of EPA on production of in- 
flammatory mediators. For example, inhibition of LTB 4 
production potentially reduces leukocyte recruitment 
and degranulation (12), whereas alteration in prostacy- 
clin/thromboxane balance in favor of the vasodilatory 
effects of prostacyclin could increase tissue oedema 
(8,9). Unlike AA and EPA, ETrA cannot be metabolized 
to prostacyclin or other ring structure prostaglandins 
tha t  might potentiate tissue oedema, but it does 
inhibit LTB 4 production and thus might be expected 
to exert a more consistent anti-inflammatory effect 
than EPA. 

When normal dietary requirements for LA are met, 
there is very little conversion of the 18 carbon fatty acids 
of the n-3 and the n-9 series to their respective 20 car- 
bon fatty acids, EPA (n-3) and ETrA (n-9) (40,41). The 
present case indicates that  EFA deficiency can be rela- 
tively well tolerated, as the subject accepted the dryness 
and scaliness of her skin as preferable to the unpleasant 
effects of bolus therapy with Intralipid. However, avoid- 
ance of dietary LA sufficient to allow accumulation of 
ETrA is not a realistic approach to the treatment of in- 
flammatory diseases in free-living human subjects. Di- 
rect fortification of the diet with ETrA could provide a 
more practical strategy. 

The n-3 analogue of ETrA, EPA can be incorporated 
into cell membranes in competition with n-6 fats when 
introduced directly within an EFA-sufficient diet, as 
evinced by numerous animal and human intervention 
studies (42-44). Similarly, ETrA was incorporated into 
the cell membranes of rabbits when fed together with an 
EFA-sufficient diet, with a broadly similar efficiency to 
that reported for EPA (Gibson, R.A., and Neumann, 
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M.A., unpublished results). Thus, dietary supplementa- 
tion with ETrA could conceivably result  in accumulation 
of ETrA in cell membranes  sufficient to influence syn- 
thesis of inf lammatory eicosanoids. 

Cold water  fish are rich in n-3 fats and fish oils, and 
extracts of cultures of certain marine bacteria and 
yeasts (45,46) provide commercially available sources of 
concentrated EPA for dietary supplementation. The lack 
of a similar high yield biological source of ETrA or a 
cheap synthetic process is an obstacle to the evaluation 
of the possible anti- inflammatory effects of ETrA. Be- 
cause ETrA lacks the unpleasant  odor of EPA-rich ma- 
rine oil preparations and is chemically more stable than  
EPA, because it is less unsaturated,  it could be inte- 
grated into foods. Such an approach should be far more 
acceptable to consumers than  the strategy of giving fish 
oils in gelatin capsules. This advantage,  plus the effect 
of ETrA on LTA hydrolase, which can be the rate-limit- 
ing enzyme in the LTB 4 synthetic pathway (47), justifies 
further  investigations into the anti- inflammatory effects 
of ETrA and biosynthetic sources for its production. 
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We examined the effect of dietary supplementat ion of  
l inoleic acid (LA), arachidonic acid (AA) or eicosapen- 
taenoic acid (EPA) to rats fed a diet low in l inoleic acid 
on in v i t ro  and  in vivo production of prostacycl im Male 
Sprague Dawley rats were  fed a high-fat diet (50% energy 
as fat, 1.5% linoleic acid) for two  weeks .  Three of the 
groups were  then supplemented orally with  either 90 
mg/d of LA, AA or EPA, all as the ethyl  esters,  for a fur- 
ther two  w e e k s  whi le  remaining on the high-fat diet.  
Forty-eight hour urine samples  were  col lected at the end 
of the second and fourth weeks .  In vivo prostacyclin pro- 
duction was  determined by a stable isotope dilution, 
gas chromatography/mass spectrometry assay for the 
major urinary metaboli te  o fpros tacyc l in~  (2,3-dinor~- 
keto-PGFla or PGI2-M and A17-2,3-dinor-6-keto-PGFla or 
PGI3-M). In v i t ro  prostacycl in production was deter- 
mined by radioimmunoassay of the stable metaboHte (6- 
keto-PGFla) fol lowing incubation of  arterial  t issue.  Oral 
supplementat ion with  AA resulted in a rise in plasma 
and aorta 20:4n-6, and increased in v i tro  prostacycl in 
and urinary PGI2-M production. EPA supplementat ion 
resulted in a rise in plasma and aorta 20:5n-3 and 22~n- 
3, and a decl ine in plasma 20:4n-6, but not  in the aorta. In 
the EPA-supplemented group, the in  v i t ro  prostacycl in 
and the urinary PGI3-M increased, but urinary PGI2-M 
decreased. The increase in in v i tro  prostacycl in produc- 
t ion in the EPA-supplemented rats was  unexpected and 
without  obvious explanation. Supplementat ion with  LA 
had minimal  effect on fatty acid composi t ion of  plasma 
or aorta and caused no change in prostacycl in produc- 
t ion with  either method.  The in vivo measure  of  prosta- 
cycl in production was  posit ively correlated with  aorta 
AA levels,  and negatively correlated with  aorta levels  of  
EPSL There was  a significant posit ive  correlation be- 
tween  the in  v i t ro  production of prostacyclin and the in  
v ivo  production (as measured  by the urinary prostacy- 
clin metaboli te  level),  despite  the differences observed in 
the EPA-fed group. There was  a high inter-animal vari- 
ability in prostacycl in production using either method.  
These results  indicate that dietary AA st imulates  and di- 
etary EPA reduces  in  vivo PGI 2 production in the rat. An 
equivalent amount  of dietary LA was  without  effect. 
L i p i d s  29, 157-162 (1994). 

We have previously shown that  when rats were fed high- 
fat diets low in linoleic acid [1.2-1.5% linoleic acid (LA)] 
with a relatively low n-6/n-3 polyunsaturated fatty acids 

*To whom correspondence should be addressed. 
Abbreviations: AA, arachidonic acid (20:4n-6); BSTFA, N,N- 
bis(trimethylsilyl) trifluoroacetamide; DHA, docosahexaenoic acid 
(22:6n-3); EPA, eicosapentaenoic acid (20:5n-3); GC/MS, gas chro- 
matography/mass spectrometry; KRB, Krebs Ringer bicarbonate 
buffer; LA, linoleic acid (18:2n-6); NICI, negative ion chemical ion- 
ization; PGI, prostaglandin I (prostacyclin); PGI2-M , 2,3-dinor-6- 
keto-PGFla; PGI3-M, A17-2,3-dinor-6-keto-PGFl_; PL, phospho- 
lipid; PUFA, polyunsaturated fatty acid; RIA, ra~ioimmunoassay; 
SIM, selected ion monitoring; TLC, thin-layer chromatography. 

(PUFA) ratio (as either beef tallow or butter) there was 
a decrease in arachidonic acid (AA) and an increase in 
eicosapentaenoic acid (EPA) in phospholipids (PL) of 
plasma, platelets and aorta of the rats compared with 
rats fed low-fat diets (1-4). These fatty acid changes 
were associated with a decrease in the in vitro arterial 
prostacyclin production and collagen-induced thrombox- 
ane production [as measured by radioimmunoassay 
(RIA) of their stable metabolites] (1-4). In subsequent 
studies, we showed that when rats fed high-fat diets 
(containing butter) were supplemented with 80 mg/d of 
AA for 2 wk there was complete restoration of tissue AA 
levels and also of the in vitro levels of prostacyclin and 
thromboxane production (5). 

Therefore, the in vitro prostacyclin and thromboxane 
production appeared to be regulated either directly by 
tissue levels of their precursor AA or indirectly by levels 
of EPA and docosahexaenoic acid (DHA, 22:6n-3), which 
may competitively inhibit AA metabolism via the cy- 
clooxygenase pathway (6), or a combination of both. In 
these studies, the relative importance of decreased AA 
levels or increased EPA levels on eicosanoid synthesis in 
the rat has not been established. 

In vitro methods for determining eicosanoids are sub- 
ject to some major limitations and the aim of this study 
was to compare the in vitro method for prostacyclin used 
in our previous studies with an in vivo assessment of 
prostacyclin. With the in vitro method used, there is a 
propensity to produce artifactual results due to ex vivo 
activation of arterial endothelium during sampling. 
Prostacyclin 12 (PGI 2) is rapidly converted to its nonen- 
zymatic hydrolysis product 6-keto-PGFla under physio- 
logical conditions (7), and it is this primary metabolite 
which is assayed by the in vitro method. Secondly, it is 
unlikely that the in vitro RIA assay for prostacyclin dis- 
tinguishes between the metabolite derived from PGI 2 (6- 
keto-PGFla) and that derived from prostacyclin 13 (PGI 3, 
A17-6-keto-PGFla). Since both sets of metabolites are po- 
tentially produced in rats with a low AA/EPA ratio in en- 
dothelial cells (such as in our previous studies), the in- 
terpretation of RIA results could be ambiguous. 

These problems can be overcome by the measurement 
of the systemic production of prostacyclin in vivo by 
quantification of the characteristic metabolites of 
prostacyclin in urine (8). In humans (9,10) and rats (11) 
the B-oxidized metabolite of PGI 2, 2,3-dinor-6-keto- 
PGFla is the major metabolite excreted in urine, where- 
as 6-keto-PGFla mainly reflects renal synthesis (12). 
With the application of combined gas chromatogra- 
phy/mass spectrometry (GC/MS) to the identification 
and quantification of urinary metabolites of prosta- 
glandins, an accurate assessment of systemic PGI 2 pro- 
duction has been made possible. Thus potential artifacts 
related to sampling and handling of arterial tissue are 
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avoided and the exact identity of the metabolite being 
measured is known. 

The aims of the present study were (i) to determine 
the effect of feeding LA, AA or EPA on in vivo prostacy- 
clin production in the rat and (ii) to compare the stan- 
dard in vitro RIA method for the determination of 
prostacyclin production with the in vivo GC/MS urinary 
assay for prostacyclin metabolites. 

MATERIALS AND METHODS 

Materials. Sodium thiopentone was purchased from 
Abbott Australasia (Sydney, Australia). Scintillation 
proximity assay RIA kits for 6-keto-PGFla were pur- 
chased from Amersham Australia Pty Ltd. (Sydney, 
Australia). Standard 2,3-dinor-6-keto-PGFla was pur- 
chased from Biomol Research Laboratories (Plymouth 
Meeting, PA). Tetradeuterated [19,19,20,20-2H412,3 - 
dinor-6-keto PGFla was a generous gift from Upjohn 
(Kalamazoo, MI). N,N-bis(trimethylsilyl) trifluoro- 
acetamide (BSTFA), pentafluorobenzyl bromide, meth- 
oxylamine hydrochloride and triethylamine were pur- 
chased from Pierce (Rockford, IL). "Clinelute" disposable 
columns (CE 1005) used for urinary extraction were pur- 
chased from Analytichem International (Harbor City, 
CA). All solvents were high purity grade (Suprapur) 
supplied by BDH-Merck (Poole, England), unless other- 
wise indicated. Diisopropylamine was supplied by the 
Aldrich Chemical Company (Milwaukee, WI). Ethyl 
arachidonate and ethyl linoleate were supplied by 
Nu-Chek-Prep (Elysian, MN). Ethyl eicosapentaenoate 
was purchased from Marubeni Corporation (Tokyo, 
Japan). Thin-layer chromatography (TLC) was per- 
formed on four-channel Silica Gel 60 A (LK6DF) plates 
from Whatman International (Maidstone, England). 
Metabolic cages were supplied by IFFA Credo (Domaine 
des Oncins, France). Disposable polypropylene tubes 
were supplied by Sarstedt (Rommelsdorf, Germany). 
BP-1 capillary columns were purchased from SGE (Mel- 
bourne, Australia), and CP-SIL 88 capillary columns 
from Chrompak (Middelburg, The Netherlands). Dihep- 
tadecanoyl phosphatidylcholine was supplied by Sigma 
Chemical Co. (St. Louis, MO). 

Animals. Forty male Sprague Dawley rats (140-220 
g) were housed in a temperature-controlled room with a 
12-h light-dark cycle. Ten rats were randomly allocated 
to each of four dietary groups. Food and water were pro- 
vided ad libitum and food consumption and body weight 
recorded three times per week. Rats were placed in 
metabolic cages on days 1, 14 and 28 and urine collected 
for 48 h into containers packed in dry ice. The urine was 
then stored at -80~ for later extraction of the prostacy- 
clin metabolite and its subsequent quantification by 
GC/MS. 

Diets. The nutrient composition of the high-fat diet 
per 100 g diet was 29.5 g corn starch, 18.9 g casein, 18.9 
g unprocessed bran, 26.8 g butter (salt reduced), 0.2 g 
choline chloride, 4.2 g mineral mix, 1.2 g vitamin mix 
and 0.3 g methionine, giving 50% energy from fat, 30% 
energy from carbohydrate and 20% energy from protein. 
The quantities of vitamins and minerals added were cal- 

culated to reach the levels recommended by the Ameri- 
can Institute of Nutrition (13). Detailed fatty acid analy- 
sis of the diet was as previously described (1), the major 
fatty acids being (% composition): 8:0, 1.8%; 10:0, 3.6%; 
12:0, 3.6%; 14:0, 11.4%; 16:0, 28.7%; 16:1, 1.7%; 18:0, 
12.3%; 18:1, 25.8%; 18:2n-6, 3.0%; 18:3n-3, 1.0%; total 
saturated fatty acids (FA) 61.4%; monoenoic FA, 27.5%; 
polyenoic FA, 4.0%. All four groups of ten rats were fed 
the high-fat diet for four weeks. During the final two 
weeks, three of the groups were supplemented orally 
with 90 mg/d of either LA, AA or EPA as ethyl esters. 
One group of rats received no PUFA supplementation 
and was designated as a high-fat control group. 

In vitro prostacyclin production. At the conclusion of 
the four-week feeding period, the rats were anaes- 
thetized with sodium thiopentone (75 mg/kg intraperi- 
toneally). Blood was taken by cardiac puncture for 
plasma PL FA analysis. Immediately after blood collec- 
tion, rats were perfused with Krebs Ringer bicarbonate 
buffer (KRB), pH 7.4, containing 5.5 mM glucose, to 
flush out the remaining blood, leaving the circulatory 
system free of adhering blood clots. The abdominal aorta 
was carefully dissected free of connective tissue and the 
distal 2-cm segment above the bifurcation removed. This 
was then split longitudinally and allowed to stabilize in 
KRB at 37~ for 15 min in a shaking water bath to min- 
imize artifactual contribution of prostacyclin production 
due to mechanical stimulation of the arterial tissue. The 
artery strip was then carefully transferred to another 
vial and incubated in KRB for a further 15 min, after 
which a 200-~L aliquot was taken and stored at -20~ 
for RIA of 6-keto-PGF]a. At the end of the incubation, 
aortic segments were removed, blotted on filter paper 
and weighed to obtain the 'wet weight,' then freeze-dried 
and reweighed to obtain the 'dry weight.' 

FA composition of plasma and aorta PLs. Lipid ex- 
tracts were prepared from plasma and thoracic aorta by 
chloroform/methanol extraction (14). Following separa- 
tion of the PL from the neutral lipids by TLC in the sol- 
vent system hexane/diethyl ether/acetic acid (85:15:2, by 
vol), the PL FA were converted to their methyl esters 
(15). The concentration of component FA was then de- 
termined by gas-liquid chromatography on a 50 m x 
0.32 mm fused silica capillary column coated with CP- 
SIL 88, using diheptadecanoyl phosphatidylcholine as 
an internal standard, as previously described (15). 

Assessment of in vivo prostacyclin production. En- 
dogenous prostacyclin production (PGI 2 and PGI 3) was 
determined by measuring the urinary levels of the major 
systemic metabolite of PGI 2, 2,3-dinoro6-keto-PGFla and 
its A 17 analog from PGI 3. Both were measured by stable 
isotope dilution assay using negative ion chemical ion- 
ization GC/MS in the selected ion monitoring mode 
(SIM) as has been described previously (8,16-18). 

In brief, urine samples were thawed and centrifuged 
(2000 g for 5 min), after which a 3-mL aliquot was 
spiked with 10 ng tetradeuterated [19,19,20,20-2H412,3 - 
dinor-6-keto-PGFla. The endogenous compound and the 
internal standard were then extracted and purified by 
sequential steps of column chromatography and TLC. 
The purified compounds were then derivatized to their 
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methyloxime pentaf luorobenzyl  es te r  form and purif ied 
by TLC. The der ivat ized sample  was ext rac ted  from the 
sil ica gel and  fur ther  der iva t ized  to the  t r imethy ls i ly l  
e ther  wi th  BSTFA/pyridine.  I t  was then  dr ied down 
under  n i t rogen and made  up in 20 ]JL dodecane ready  
for GC/MS ana lys i s  (16). 

The der iva t ized  dinor  metabol i te  of the  dienoic prosta-  
cyclin (PGI 2) and  the corresponding tr ienoic metabol i te  
der ived from PGI3, were quant i f ied  s imul taneous ly  by 
GC/MS using SIM and moni tor ing m / z  586 for PGI2-M 
and 584 for PGI3-M and 590 for the  t e t r a d e u t e r a t e d  in- 
t e rna l  s t a n d a r d  (19). Gas chromatography  was per- 
formed on a Hewle t t  Packard  5890, opera ted  in spl i t less  
mode with  a 12 m x 0.22 mm BP-1 fused silica capi l la ry  
column. Injector  t e m p e r a t u r e  was 250~ interface tem- 
pe ra tu re  260~ The oven was kep t  a t  190~ for 1 min,  
then  hea ted  to 300~ a t  a ra te  of 20~ then  held for 
a fur ther  5 min. The car r ie r  gas was he l ium at  a column 
head  pressure  of 87 KPa. The gas  chromatograph  was 
in terfaced to a Hewle t t  Packa rd  5988A single quadra-  
pole mass  spec t rometer  opera ted  in negat ive  ion chemi- 
cal ionizat ion mode wi th  me thane  as the  ionizat ion gas. 
Source t e m p e r a t u r e  was 100~ electron energy 70 eV, 
emission cur ren t  300 mA and electron mul t ip l i e r  vol tage 
1889 V. 

Statist ical analyses. Differences be tween groups were 
es tab l i shed  us ing analys is  of var iance  in conjunction 
with  mul t ip le  comparison tests .  Dunnet ' s  tes t  was used  
for FA ana lyses  and in vitro prostacyclin.  Tukey's tes t  
was used for weight  gain  and food consumption.  In vivo 
PGI 2 and PGI  3 product ion were assessed  us ing pa i red  
t-test .  The re la t ionsh ip  between in vitro and in vivo 
prostacycl in product ion was es tab l i shed  us ing Pearson 's  
corre la t ion coefficient. All s ta t i s t i ca l  ana lyses  were 
performed on Mini tab  Version 8 (Mini tab Inc., S ta t e  
College, PA). Resul ts  were expressed as mean  _+ SEM, 
P < 0.05 for all s ignif icant  changes,  unless  otherwise 
indicated.  
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TABLE 1 

Fatty Acid Composition of Plasma Phospholipids (% of 
total fatty acids) 

Fatty High-fat High-fat High-fat High-fat 
acids a (control) + LA + AA + EPA 

(n = 8) (n = 9) (n = 10) (n = 10) 

16:0 21.5• 21.7• 20.2• 21.5• 
16 :1  0.7• 0.8• 0.7• 0.7• 
18:0  19.1• 20.7• 20.0• 20.4• 
18:1 11.3• 12.0• 11.6• 12.9• 
18:2n-6 13.3• 14.2• 6.6• b 12.5• 
20:3n-9 0.8• 0.8• 0.1• b 0.6• 
20:3n-6 1.3• 1.6• 0.4• b 1.4• 
20:4n-6 22.1• 20.2• 35.4• 16.1• b 
20:5n-3 1.2• 0.9• 0.3• b 4.4• b 
22:5n-3 0.8• 0.6• 0.8• 1.8• 
22:6n-3 8.1• 6.5• b 3.9• b 7.5• 

%n-6 36.6• 37.3• 42.5• b 30.0• b 
%n-3 10.2• 8.2• 5.0• b 13.3• 
n-6/n-3 3.7• 4.6• 9.2• b 2.3• 
ratio 

aRats were fed the high-fat diet for two weeks then supplemented 
with ethyl linoleate (LA), ethyl arachidonate (AA) or ethyl eicos- 
apentaenoate (EPA) for a further two weeks. 
bSignificantly different from the high-fat control group (P < 0.05). 

prostacycl in  product ion by the abdominal  aor ta  in vitro 
(Fig. 1). The groups supp lemented  with  AA and EPA 
both showed signif icant  increases  in in vitro prostacy- 
clin production,  wi th  the g rea tes t  increase  in the  AA- 

TABLE 2 

Fatty Acid Composition of Aorta Phospholipids (% of total 
acids) 

Fatty High-fat High-fat High-fat High-fat 
acids a (control) + LA + AA + EPA 

(n = S) (n = 8) (n = S) (n = 8) 

RESULTS 
14:0 

There was no signif icant  difference in energy consump- 15:o 
16:0 t ion between any of the  diet  groups. S imi la r ly  there  was 
16:1 

no s ignif icant  difference in weight  gain  between the 18:o 
groups in the  f i rs t  14 d (7.0 _+ 0.3 g/d), or dur ing  the sec- 18:1 
ond two-week period while receiving FA supplements  18:2n-6 
(3.6 _+ 0.2 g/d). 20:2n-6 

Supp lemen ta t ion  of the  high-fa t  d ie t  wi th  LA resu l ted  20:3n-9 
20:3n-6 

in a signif icant  decline in p l a sma  PL 22:5n-3 and 22:6n- 20:4n-6 
3, wi th  no signif icant  change in aortic PL FA, re la t ive  to 20:5n-3 
the  high-fat  control group (Tables 1 and 2). AA supple- 22:4n-6 
men ta t ion  resu l ted  in signif icant  decreases  in p l a sma  22:5n-6 

22:5n-3 
18:2n-6, 20:3n-9, 20:3n-6 and 22:6n-3, while 20:4n-6 22:6n-3 
showed a signif icant  increase.  In  aortic PL, 18:2n-6, 
20:3n-9, 20:5n-3 and 22:6n-3 all fell, while 20:4n-6 in- % n-6 
creased significantly. EPA supplementa t ion  resu l t ed  in % n-3 
a s ignif icant  decrease  in 20:4n-6, while 20:5n-3 and n-6/n-3 
22:5n-3 increased  in the  p l a sma  PL. The aortic PL of ratio 
th is  group showed a signif icant  r ise in 20:5n-3 and  
22:5n-3. 

Supp lemen ta t ion  of an ima l s  on the high-fa t  d ie t  wi th  
LA showed a nonsignif icant  t r end  toward  increased  

1.5• 1.4• 1.3• 1.3• 
1.3• 1.2• 1.0• 1.1• 

23.9• 23.1• 23.3• 23.3• 
1.8• 1.6• 1.2• 1.4• 

19.7• 21.1• 22.9• 20.9• 
14.9• 16.0• 12.7• 13.9• 
6.0• 6.0• 2.9• b 5.3• 
0.8• 0.6• 0.9• 0.7• 
1.3• 1.1• 0.8• b 1.1• 
1.8• 1.6• 1.3• 1.7• 

18.5• 19.4• 22.9• b 17.5• 
1.0• 0.7• 0.4• 2.8• b 
2.0• 1.6• 2.7• 1.6• 
0.9• 1.1• 1.8• 1.1• 
1.6• 1.4• 1.9• 3.1• b 
3.0• 2.4• 2.2• b 3.4• 

30.0• 30.2• 32.5• 27.9• 
5.7• 4.5• b 4.4• b 9.3• b 
5.3• 6 .9•  7.4• b 3.1• b 

aRats were fed the high-fat diet for two weeks then supplemented 
with ethyl linoleate (LA), ethyl arachidonate (AA) or ethyl eicos- 
apentaenoate (EPA) for a further two weeks. 
bSignificantly different from the high-fat control group (P < 0.05). 
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(control) + LA + AA + EPA 

FIG. 1. In vitro aortic prostacycl in production in rats fed a 
high-fat diet and supplemented with fatty acids where  in- 
dicated; measured as 6-keto-PGFta; mean • SEM. *Signifi- 
can t  difference from the high-fat control diet (P < 0.05). Ab- 
brevia t ions :  LA, l inoleic  ac id  (18:2n-6); AA, arachidonic acid 
(20:4n-6); EPA, eicosapentaenoic  acid (20:5n-3). 

supplemented group representing a 2.8-fold increase 
over the high-fat control group. 

Quantitative analysis was carried out for the two en- 
dogenous metabolites of prostacyclin (PGI2-M or 2,3- 
dinor-6-keto-PGFla and PGI3-M or A17-2,3-dinor-6-keto - 
PGFla) in each of the three dietary groups receiving FA 
supplements, with each group being their own control as 
they went from high-fat control diet to high-fat diet plus 
FA supplement (Table 3). AA supplementation signifi- 
cantly increased (66.7%, P < 0.01) the excretion of PGI 2- 
M, conversely PGI2-M excretion was decreased signifi- 
cantly (60.0%, P < 0.01) by EPA supplementation. The 
PGI3-M was significantly increased (100%, P < 0.01) by 
EPA supplementation. LA supplementation did not lead 
to an increase in the PGI2-M production. 

TABLE 3 

The Effect of  PUFA Supplementat ion on Production 
of  Urinary PGI 2 and PGI 3 Metabolites as Determined 
by Gas Chromatography/Mass Spectrometry 

Diet PGI2-M PGI3-M 
group a Before After Before After 

High-fat 1.27 _+ 0.13 b 
(n = 10) 
High-fat 1.20 + 0.12 
+LA 
(n = 10) 
High-fat 1.23 +_ 0.12 
+AA 
(n = 8) 
High-fat 1.26 _+ 0.15 
+ EPA 
(n = 9) 

0.08 _+ 0.02 

1.13 _+ 0.12 0.04 _+ 0.01 0.04 _+ 0.01 

2.05 _+ 0.36 c 0.05 • 0.01 0.02 • 0.01 

0.80 -+ 0.06 c 0.05 _+ 0.01 0.10 _+ 0.01 c 

aRats were fed the high-fat diet for two weeks then supplemented 
with ethyl linoleate (LA), ethyl arachidonate (AA) or ethyl eicos- 
apentaenoate (EPA) for a further two weeks. Urine was collected 
before and after the two-week supplementation period. PUFA, 
polyunsaturated fatty acids; PGI, prostaglandin I. 
bValues are means +_ SEM (ng/mg creatinine). 
cSignificantly different from their own baseline (P < 0.05). 
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FIG. 2. Correlation of an radioimmunoassay measure of  
prostacyclin production in vitro by incubated aortic s t r ips ,  
wi th  in vivo prostacyclin production, as measu red  by  uri-  
na ry  metabol i t e  level  wi th  gas chromatography/mass spec- 
t rometry ;  r ffi 0.345 (P < 0.05). 

There was a significant positive correlation between 
the in vitro and in vivo methods for the determination of 
prostacyclin production (r = 0.345, P < 0.05) (Fig. 2). In 
addition, there was a significant positive correlation be- 
tween the in vivo production of PGI2-M and the AA level 
in aorta PL (r = 0.473, P < 0.01) and a significant nega- 
tive correlation with the EPA level in the aorta PL (r = 
0.411, P < 0.05). 

DISCUSSION 

In  th i s  s t u d y  we found  t h a t  d i e t a r y  A A  led  to i n c r e a s e s  
in  p l a s m a  a n d  a o r t a  P L  A A  levels  in  t h e  r a t  a n d  t h a t  
t h e s e  c h a n g e s  were  a s s o c i a t e d  w i t h  a n  i n c r e a s e  in  bo th  
t he  in vitro a n d  in vivo p r o s t a c y c l i n  p roduc t ion .  We have  
p r e v ious ly  no ted  t h a t  d i e t a r y  A A  i n c r e a s e s  a o r t a  P L  A A  
levels  a n d  in vitro p r o s t a c y c l i n  p roduc t ion ;  however ,  to 
our  k n o w l e d g e  t h i s  is  t h e  f i r s t  t ime  t h a t  d i e t a r y  A A  h a s  
been  shown  to i n c r e a s e  t h e  p roduc t i on  of  PGI2-M (which  
is c ons ide r e d  to re f lec t  t h e  s y s t e m i c  p r o d u c t i o n  of  
p ros t acyc l in )  in  a n y  species .  F a l a r d e a u  a n d  M a r t i n e a u  
(20) found  A A  i n d u c e d  a fourfold  i n c r e a s e  in  u r i n a r y  
PGI2-M in  r a t s  w h e n  in jec ted  subcu taneous ly .  These  re-  
su l t s  a r e  a l so  in  a g r e e m e n t  w i t h  d a t a  f rom o t h e r  g roups  
who  have  shown  t h a t  i n c r e a s e d  A A  levels  in  aor t i c  PL,  
ach i eved  by  m a n i p u l a t i o n  of  d i e t a r y  LA a n d  n-3 P U F A  
r a t h e r  t h a n  by  A A  s u p p l e m e n t a t i o n ,  were  a c c o m p a n i e d  
by  i n c r e a s e d  in vitro p ros t a c yc l i n  p roduc t i on  (21, 22). 

The  a d d i t i o n  of  A A  to bovine  a r t e r i a l  e n d o t h e l i a l  cel ls  
in  c u l t u r e  l e a d s  to i n c r e a s e s  in  e icosano id  p roduc t ion  
(23) p r e s u m a b l y  by  i n c r e a s i n g  t h e  s u b s t r a t e  a v a i l a b i l i t y  
a n d  r e d u c i n g  t h e  level  of  c ompe t i t o r  FA, such  as  EPA 
a n d  DHA.  Th i s  e x p l a n a t i o n  m a y  also be t r u e  in  t h e  in 
vivo s i t u a t i o n  in  t he  r a t  s ince  t h e r e  was  a s ign i f i can t  
pos i t ive  co r r e l a t i on  b e t w e e n  t h e  a o r t a  P L  A A  level  a n d  
the  u r i n a r y  PGI2-M level  a n d  a s ign i f i can t  n e g a t i v e  cor- 
r e l a t i o n  b e t w e e n  t h e  a o r t a  P L  EPA level  a n d  t h e  u r i n a r y  
PGI2-M level .  
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THE EFFECT OF AA AND EPA ON PROSTACYCLIN PRODUCTION 

There was an 18% rise in the AA in the aorta PL; how- 
ever, the increase in the production of prostacyclin was 
more than doubled in the in vitro assay and was in- 
creased by 67% in the in vivo assay. In order to account for 
this greater increase in prostacyclin production than the in- 
crease in the tissue AA levels, it is necessary to consider the 
likely pools of AA used for eicosanoid synthesis. Phos- 
phatidylinositol and phosphatidylethanolamine are consid- 
ered to be the reservoir of substrate (4) for eicosanoid syn- 
thesis, and it is possible that the AA supplementation re- 
sults in a differential enrichment of AA in these particular 
PL. Alternatively, it has been suggested that the speed with 
which eicosanoids are produced from dietary AA and DHA 
indicates that the dietary PUFA may not have to be incor- 
porated into tissue PL before being available as an 
eicosanoid precursor (24,25). Lands and others (24,26) have 
suggested that the likely pool is a nonesterified FA fraction. 

Supplementation of the rats with the same amount of 
dietary LA as AA did not increase the plasma or aorta 
PL AA levels, nor did it alter the production of prostacy- 
clin. It has been well established that  dietary AA is a 
more effective precursor of tissue AA than is dietary LA 
in the rat (27). The reasons advanced for this difference 
are that  AA is conserved better than LA, due to a lower 
rate of B-oxidation and that  LA is found in most lipid 
classes in tissues with only a fraction of that ingested 
available for conversion to AA (28). Knapp and Fitzger- 
ald (18) have previously shown that LA supplementa- 
tion (in the form of safflower oil) in humans did not in- 
crease the urinary output of 2,3 dinor-6-keto-PGFla. 
This is presumably due to a failure of this dietary 
regime to significantly increase the tissue AA levels. 

The dietary supplementation of the rats with 90 mg/d 
of EPA led to significant increases in the EPA level in 
plasma and aorta PL and to a significant reduction in 
AA levels in the plasma PL but not in the aorta PL. The 
level of urinary PGI2-M decreased significantly follow- 
ing supplementation with EPA. Knapp and Salem (29) 
also obtained a decrease in PGI2-M production following 
the dosing of rats with fish oil for 14 d, but the decrease 
was not significant, presumably due to the small num- 
ber of animals used (n = 4). While there was no decrease 
in the AA level in the aorta PL in the present experi- 
ment, the decreased PGI2-M may have been the result of 
a reduced availability of AA in a particular PL in the 
aorta, or as discussed above from the nonesterified FA 
pool used for eicosanoid synthesis. This result supports 
previous in vitro studies (3,30,31) and the suggestion by 
Needleman et al. (6) that EPA competitively inhibits AA 
metabolism by cyclooxygenase. However, it is not con- 
sistent with the results of Fischer and Weber (32), 
Knapp et al. (19) and Fischer et al. (25), who found no 
decrease in urinary PGI2-M levels in humans fed diets 
rich in fish oil or purified n-3 PUFA. There is no imme- 
diate explanation for these contradictory findings; how- 
ever, they may be the result of differences in eicosanoid 
metabolism between species, or the form in which the 
EPA was administered, or the dose rate. It should be 
noted that  in the latter study of Fischer et al. (25) there 
was a substantial variation in response between indi- 
viduals (2 increased, 4 decreased). The EPA supplemen- 
tation led to a small but significant increase in urinary 

PGI3-M , which is consistent with the data of Knapp and 
Salem (29) who fed fish oil (9% wt/wt) to rats for 14 d. 

The in vitro prostacyclin production by arterial strips 
in the group supplemented with EPA exhibited a signif- 
icantly increased prostacyclin production, although this 
was less marked than with AA supplementation. Other 
groups feeding fish oil or EPA in the free acid form have 
obtained significant decreases in in vitro prostacyclin 
production by rat aorta (30,33); however, Hamazaki et 
al. (34) also fed EPA to rats as the ethyl ester and found 
an increase in the production of pros~acyclin by aortic 
rings using a bioassay method. The mechanism of in- 
crease in in vitro prostacyclin by ethyl ester of EPA has 
not been determined, but may be accounted for by the 
fact that  the aortic PL 20:4n-6 level was unchanged and 
the 20:5n-3 was significantly increased. Thus together 
this could lead to an increase in total prostacyclin pro- 
duction, due to unaltered PGI 2 production coupled with 
increased PGI 3 production. It is highly unlikely that the 
antibody used in this RIA technique is capable of differ- 
entiating between the PGI~-stable metabolite, 6-keto- 
PGFla and its PGI 3 analog A17-6-keto-PGFla. It is also 
possible that  this is an artificial result observed after 
feeding the ethyl ester of EPA, but not present when fish 
oils or free acid form of EPA is used. We conclude that 
increased levels of tissue 20:5n-3 have different effects 
on the in vivo systemic production of prostacyclin and 
the in vitro production by arterial tissue in this rat  
model. In humans, DeCaterina et al. (35) found in- 
creased 6-keto-PGFla production ex vivo in arterial tis- 
sue from patients taking fish oil, following coronary by- 
pass surgery. 

The data presented here show that there is a signifi- 
cant positive correlation between the two methods for 
determination of prostacyclin, namely the in vitro pro- 
duction of 6-keto-PGFla by arterial preparations and 
the in vivo prostacyclin production as measured by the 
urinary level of one of the main prostacyclin metabolites 
in the rat (2,3-dinor-6-keto-PGFla). In both methods, 
there is considerable variation between animals within 
the one dietary group. The in vitro method may have an 
inherent variability due to the procedures involved in 
obtaining the arterial strips from each animal and the 
possibility of having different proportions of endothelial 
cells and smooth muscle cells between preparations. In 
the case of the in vivo assay, this variation can be over- 
come to some extent since it is possible to measure the 
PGI2-M levels before and after treatment. 

Finally our results suggest that the systemic prostacy- 
clin levels closely parallel aorta PL 20:4n-6 levels and 
that EPA reduces AA conversion to PGI 2 by cyclooxyge- 
nase in vivo, but not in aortic tissue in vitro in the rat. Fu- 
ture studies will be aimed at examining the effect of these 
dietary treatments on the systemic levels of thromboxane 
using similar GC/MS methodology. The potential physio- 
logical consequences of these dietary changes can be as- 
sessed when we have data on beth these eicosanoids. 
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Characterization of Calcium-Independent Cytosolic Phospholipase A 2 
Activity in the Submucosal Regions of Rat Stomach and Small Intestine 
Takeshi Fukushirna and Ginette Serrero* 
W. Alton Jones Cell Science Center, Lake Placid, New York 12946 

This study was  undertaken to compare  the calcium-in- 
dependent  phosphoHpase A 2 (PLA 2) act ivi t ies  in the 
cytosols  of  twe lve  rat t i ssues  and to determine  whether  
their  act iv i t ies  were  dist inct .  1-O-Alk-l'-enyl-2-[14C]- 
oleoyl-sn-glycero-3-phosphocho-l ine (PIsC) and 1-O-Alk- 
1' -enyl-2-[14Cloleoyl-sn-glycero-3-phosphethanolamine 
(PIsE) were  synthes ized  and used as substrates,  instead 
o f  phosphat idyl  compounds ,  to  exc lude  hydrolysis  by 
cytosol ic  PLA t activity that could be present  in some  of  
the cytosol ic  preparations.  For each tissue,  w e  exam- 
ined substrate specificity, pH optimum, and effect of  
adenos ine  tr iphosphate  (ATP) and ATP analogues. PLA 2 
activity was  detected  in e leven out  of  the twelve  i s sues  
examined.  Based on substrate specif ic i ty  and pH opti- 
mum, eytosol ic  ca lc ium-independent  PLA~ were  classi- 
fied in three groups. The first group, which  included 
PLA 2 from small intestine, s tomach and spleen,  had the 
highest  specif ic  act ivi ty  wi th  PIsC as substrate (1253, 
309 and 75 nmol /mg protein/hour, respect ively)  and an 
opt imal  pH at 6.5. Act ivi ty  wi th  PIsE as substrate was 
m u c h  lower  (20-37%) than with PIsC. The second group 
of  PLA 2 act iv i t ies  inc luded the cytosoHc act ivi t ies  from 
thymus,  lung, l iver  and pancreas  that showed  lower  spe- 
cific act ivi t ies  for both substrates  (14-23 nmol /mg pro- 
te in/hour wi th  PIsC) and had a broader opt imal  pH 
range of 6.1 to 7.5. The cytosols f rom brAin~ kidney, heart  
and musc le  comprised  the th i rd  PLA 2 group that was 
found to have  a higher  specif ic  act iv i ty  with  PIsE (5-20 
nmol /mg protein/hour) than PIsC and an opt imal  pH 
range from 7.4 to 7.9. Since the highest  specif ic  act ivity 
was  found in the cytosol f rom small intest ine,  this  PLA 2 
was examined further.  PLA 2 activity was found to be 
equally distributed in the cytosol  of  the submucosal  
port ion of  duodenum, jejunum and i leum with  an opti- 
mal  pH of  6.1 and a 5-fold h igher  activity with PIsC than 
PIsE as substrate.  Moreover, this PLA 2 activity was in- 
hibi ted by treatment  wi th  detergents .  These  results  in- 
dicate the presence  in the submucosal  port ion of  the in- 
tes t ine  of  a ca lc ium-independent  cytosol ic  PLA 2 with a 
high specif ic  activity toward  PIsC and propert ies  dis- 
t inct  from those  descr ibed for the PLA 2 found in the ino 
testinal brush-border. 
Lipids 29, 163-169 (1994). 

Phospholipase A 2 (PLA 2) catalyzes the hydrolysis of the 
acyl group at  the sn-2 position of glycerophospholipids. 

*To whom correspondence should be addressed at W. Alton Jones 
Cell Science Center, 10 Old Barn Road, Lake Placid, NY 12946. 
Abbreviations: AMP-PCP, adenosine-5'(~,7,methylene)triphos- 

14 phate; AOG, 1-O-alk-renyl-2-[ C]oleoyl-sn-glycerol; AOGP, 1-O- 
alk-l'-enyl-2-[14C]oleoyl-sn-glycero-3-phosphate; ATP, adenosine 
triphosphate; ATlaS, adenosine 5'-O-(3-thio)triphosphate; CHAPS, 
3-[(3-cholamidopropyl)-dimethylanaonio]- 1]propanesulfonate; 
DTNB, 5,5'-dithiobis(2-nitrobenzoic aicd); HPLC, high-perfor- 
mance liquid chromatography; PLA2, phopholipase A2; PlsC, plas- 
menylcholine, 1-O-alk-l'-enyl-2-oleoyl-sn-glycero-3-ph-osphcholine; 
PlsE, plasmenylethanolamine, 1-O-alk-l'-enyl-2-oleoyl-sn-glycero- 
3-phosphoethanolamine; TLC, thin-layer chromatography. 

PLA 2 plays an impor tant  role in phospholipid catabo- 
lism and in the remodeling of the acyl groups of phos- 
pholipids in general. In addition, intracellular  phospho- 
lipase A 2 plays an impor tant  role in the release of 
arachidonic acid, which is the precursor for metabolites 
of the cyclooxygenase and lipoxygenase pathways (1). 
Although several types of PLA 2 have been purified from 
various tissues or biological fluids and cloned, most of 
them are Ca 2+ dependent.  Type I and type II secreted 14 
kDa phospholipases A 2 have been extensively studied in 
many  laboratories. Recently, cDNA encoding a calcium- 
dependent  85 kDa PLA 2 was cloned (2,3). In addition to 
these calcium-dependent PLA 2, reports in the l i terature  
are pointing to the existence of calcium-independent 
PLA 2 in a wide variety of animal tissues (4-20), includ- 
ing guinea pig intestine, hamster,  dog and human  
hearts ,  bovine brain and ra t  parotid gland. However, a 
systematic evaluation of the activities between tissues 
has not been carried out except for the study by Pierik 
et al. (19). This has made the comparison o fP LA 2 activ- 
ity from various tissues difficult since the na ture  and 
presentat ion of the substrates,  pH and composition of 
the buffers can influence enzymatic activity measure-  
ments.  

In the present  study, systematic experiments  were 
carried out to evaluate the calcium-independent PLA 2 
activity in the cytosols of twelve different ra t  tissues 
using plasmalogens as substrates.  The purpose of these 
experiments was to identify t issues containing high cal- 
cium-independent PLA 2 specific activity and to charac- 
terize these activities in the various tissues with respect 
to substra te  specificity, pH optimum and response to in- 
hibitors. The data  presented here also show the pres- 
ence in small intest ine cytosol of a calcium-independent 
PLA 2 with high specific activity. Since calcium-indepen- 
dent  PLA 2 activity has been previously observed in ileal 
brush border (10,11), the activity detected here  in the 
small intest ine cytosol was fur ther  examined. Evidence 
for differences between the PLA 2 in the intestinal  cy- 
tosol and tha t  in the intestinal  brush-border membrane  
is also provided. 

MATERIALS AND METHODS 

Substrates .  1-O-Atk- l '-en yl-2-[14C ]oleo yl-sn-glycero-3 - 
phosphocholine (plasmenylcholine, PlsC) and 1-O-alk-l'- 
enyl-2-[ i4C]oleoyl-sn-glycero-3-phosphoethanolamine 
(plasmenylethanolamine,  PlsE) were prepared in our 
laboratory according to the procedure of Pa l tauf  and 
Hermet t e r  (21). The specific radioactivity of these plas- 
malogens was 0.5 mCi/mmol. Plasmalogens containing 
2-[14C]arachidonoyl instead of 2-[14C]oleoyl were also 
synthesized. Similarly, nonradioactive PlsC and PlsE 
and plasmalogens containing the 2-arachidonoyl moiety 
in the sn-2 position instead of 2-oleoyl were synthesized. 
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1-O-Alk-l'-enyl-2-[14C]oleoylglycerol (AOG) and 1-0- 
alk-l'-enyl-2-[14C]oleoylglycerophosphate (AOGP) were 
prepared from [14C] PlsC by incubation with phospholi- 
pase C and phospholipase D, respectively, and subse- 
quent purification by thin-layer chromatography (TLC). 

Preparation of tissue cytosols. Male Sprague-Dawley 
rats (3-month-old) were subjected to ether anesthesia 
and killed by exsanguination. Tissues were excised and 
rinsed with a chilled saline solution. Each tissue was 
weighed, minced and homogenized on ice with a glass 
homogenizer or a Polytron (Brinkmann Instruments, 
Westbury, NY) in 2 or 3 vol of extraction buffer (0.25 M 
sucrose, 10 mM imidazole and 10 mM KC1 at pH 7.5) 
containing a cocktail of protease inhibitors (0.1 mM 
phenylmethylsulfonyl fluoride, 1 pg/mL leupeptin and 1 
~tg/mL pepstatin). Homogenates were centrifuged at 
14,000 x g for 20 min, and the supernatants were then 
ultracentrifuged at 105,000 x g for 60 min. The final su- 
pernatant  cytosolic fractions were prepared and used ei- 
ther immediately or after being stored at -70~ 

Preparation of mucosal and submucosal fractions 
from small intestine. Rat small intestine was rinsed by 
perfusion with cold saline containing the protease in- 
hibitor cocktail described above. The intestine was then 
divided into duodenum, jejunum and ileum. Each por- 
tion was slit open on a chilled plate. Mucosa was col- 
lected by gentle scraping with a spatula and then was 
homogenized in 2 mL of the extraction buffer. The ho- 
mogenate was ultracentrifuged at 105,000 x g, and the 
supernatant representing the mucosal cytosolic fraction 
was collected. The particulate fraction corresponding to 
the brush border fraction was treated with 1.5 mL of 1% 
Triton X-100 (10) for 30 rain at 0~ The mixture was 
centrifuged at 14,000 x g for 20 min, and the super- 
natant  (solubilized brush-border membranes) was col- 
lected. After removal of mucosa, the remaining intesti- 
nal portion corresponding to the submucosa was homog- 
enized as described above. Homogenate was centrifuged 
at 105,000 x g and the supernatant, corresponding to 
the submucosal cytosol, was used in the experiments. 

Assay of PLA 2 activity using radiolabeled plasmalo- 
gens as substrates. PLA 2 activity was measured by the 
method of Dole and Meinertz (22), with slight modifica- 
tion, using radiolabeled PlsC and PlsE as substrates. 
Substrates were dispersed by sonication for 10-20 s in 
0.5% Triton X-1000. The assay mixture (100 ~tL) con- 
sisted of a 2-fold dilution of a 100 mM wide range pH 
buffer (23) with 5 mM ethylenediaminetetraacetic acid, 
5 mM ethyleneglycol-bis(~-aminoethylester)N,N,N,N'- 
tetraacetic acid, 0.125% Triton X-100, 40-45 nmol of the 
substrate (0.5 mCi/mmol) and the enzyme solution. 
Prior to performing the assay, the pH of the reaction 
mixture was measured in the absence of substrate. After 
incubation at 37~ for 7.5-60 min, liberated [14C]oleic 
acid was isolated and measured by liquid scintillation 
counting. The incubation time for each cytosol was cho- 
sen so that  more than 85% of the substrate remained at 
the end of the incubation period. 

Analysis of reaction products by TLC. In some experi- 
ments, in addition to PlsC and PlsE, radiolabeled AOG 
and AOGP were used as substrates. At the end of the in- 

cubation period, to the reaction mixture (100 ~tL) was 
added 2 mL of chloroform/methanol (2:1, vol/vol) and 0.4 
mL of water. The lower chloroform phase was collected, 
and the upper phase was re-extracted twice with 1 mL 
portions of the chloroform/methanol mixture. The com- 
bined extracts were washed twice with 1 mL of aqueous 
methanol (1:1, vol/vol) and dried. The residue was re- 
solved by TLC using chloroform/methanol/ammonia 
(60:35:3, by vol) as solvent, and analyzed by autoradiog- 
raphy. Fractions were scraped from the plates and 
counted in a liquid scintillation counter. 

Assay of PLA 2 activity by high-performance liquid 
chromatography (HPLC). The composition of the assay 
mixture was the same as that used in the standard 
assay except that  nonradiolabeled substrate was used. 
At the end of the incubation at 37~ the reaction mix- 
ture was extracted by the Dole and Meinertz procedure 
(22), and 1 mL of the heptane phase was dried, the 
residue was phenacylated (24) and analyzed by HPLC 
on a reverse-phase C18 column (5 m, 4.6 • 250 mm, 
218TP; Vydac, The Nest Group, Southboro, MA). The re- 
action products were eluted isocratically with 90% ace- 
tonitrile in water containing 0.1% trifluoroacetic acid at 
a flow rate of 1 mL/min. The retention times for the de- 
rivatives of arachidonic acid and oleic acid were 10 and 
20 min respectively. 

Protein determination. Protein concentration was 
measured by the Bradford method (Bio-Rad, Richmond, 
CA) using bovine serum albumin as standard. 

RESULTS AND DISCUSSION 

Presence of Ca2§ PLA 2 in rat tissue cytosols. 
The Ca2+-independent PLA 2 activity was examined in 
the cytosols of twelve tissue extracts. Activity was de- 
termined at various pH values (from pH 5 to 9) using 
PlsC and PlsE as substrates. PLA 2 activity was detected 
in each of the cytosols except in that from the submaxil- 
lary gland. The PLA 2 specific activities in the eleven tis- 
sue cytosols and their optimal pH values or optimal pH 
ranges are shown in Table 1. The highest PLA 2 specific 
activity was observed in the cytosol from small intestine, 
followed by stomach and spleen. Based on the pH-activ- 
ity curves of PLA 2 and the specific activities measured 
with both PlsC and PlsE, the PLA 2 activities of the 
eleven cytosols can be divided into three groups. The 
first group included the cytosolic PLA 2 from intestine, 
stomach and spleen that exhibited sharp activity peak 
at about pH 6.5 with PlsC as substrate (Fig. 1A). Their 
activities towards PlsE were 64-81% lower than the 
ones obtained with PlsC (Fig. 1A). The second group in- 
cluded the cytosolic PLA 2 from lung, thymus, liver and 
pancreas. It also showed higher activities toward PlsC 
than PlsE, but the difference in activities between the 
two substrates was only about 2-fold. In addition, the 
optimal pH value for this group of cytosolic PLA 2 was 
about 6.5. However, the pH-activity representation for 
the second group showed broad peaks between 6.0 and 
7.0, especially with PlsE as substrate. The third group 
included the cytosolic PLA 2 from brain, kidney, heart  
and skeletal muscle. This group was characterized by 
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TABLE 1 

PhosphoHpase A 2 (PLA 2) Activity  and pH Optimum in Eleven  Rat Tissue Cytosols a 
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Plasmenylcholine (PlsC) 

PLA 2 activity 
Tissue pH Optimum (nmol/mg protein/hour) 

Plasmenylethanolamine 

PLA 2 activity 

pH Optimum (nmol/mg protein/hour) 

Intestine 6.5 (6.5) 1253 _+ 70 6.5 (6.5) 241 
Stomach 6.5 (6.5) 309 _+ 40 6.5 (6.5) 79.3 
Spleen 6.1 (6.1) 75.4 +_ 9.5 6.1 (6.1) 27.7 
Lung 6.2-7.5 (7.2) 23.2 -+ 1.6 6.2-7.5 (7.2) 17.2 
Thymus 5.9-7.5 (6.3) 16.3 -+ 2.6 5.9-7.5 (6.3) 6.8 
Liver 6.1-6.9 (6.5) 16.3 _+ 0.8 6.1-7.9 (6.5) 8.3 
Pancreas 6.1-6.8 (6.4) 14.2 -+ 1.8 6.1-7.8 (6.4) 8.5 
Brain 6.3-8.5 (7.9) 11.9 _+ 0.8 6.3-8.5 (7.9) 19.7 
Kidney 6.0--8.3 (7.4) 9.6 _+ 0.7 6.8-8.3 (7.4) 14.9 
Heart 5.5-7.8 (7.8) 5.5 • 0.2 6.2--8.3 (7.8) 9.3 
Muscle 5.7-8.0 (7.5) 2.9 _+ 0.1 6.6-8.5 (7.5) 4.7 

+ 8.3 
_+2.0 
• 3.9 
+ 0.8 
-+ 0.4 
_+0.3 
+ 0.4 
-+0.5 
+ 0.4 
+ 0.9 
_+0.1 

aActivity was measured by the Dole and Meinertz assay (Materials and Methods) in the presence of I mM 
adenosine triphosphate and 1 mM dithiothreitol using radiolabeled PlsC and PlsC as substrates. Measure- 
ments were done at various pH values as described in Materials and Methods and in Figure 1. Broad pH 
optima are shown as ranges. Values of activity are expressed in nmol]mg protein/hour and correspond to the 
mean _+ SD from four determinations at the optimal pH indicated in parentheses. 
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FIG. 1. The pH opt imum of  phosphol ipase  A 2 activity of  
cytosols  from intest ine  and kidney. Act ivi ty  was  mea- 
sured by  the Dole assay (Materials and Methods) us ing  
p lasmenylchol ine  (PIsC) (O) and p lasmenyle thano lamine  
(PlsE) ($) as substrates.  Each reaction mixture  conta ined 
I mM adenosine  tr iphosphate  and I mM dithiothreitol .  A. 
Cytosol o f  smal l  intestine,  80 pg of  protein was  incubated  
for 7.5 m i n  wi th  PIsC and 15 m i n  wi th  PlsE. B. Cytosol of  
kidney, 525 pg of  protein ws  incubated for 60 m i n  wi th  ei- 
ther one of  the  substrates.  Each point  is  the m e a n  of  du- 
pl icate analysis.  

higher  act ivi t ies  toward  PlsE t han  PlsC (about  2-fold) a t  
essent ia l ly  all pH tested.  As i l lus t r a t ed  for the  k idney 
cytosol (Fig. 1B), the  pH-act iv i ty  curves for th is  ~roup 
showed broad  peaks  be tween pH 6 and 8.5. The CaZ§ - 
dependent  PLA 2 act ivi t ies  in the  cytosols from ra t  kid- 
ney, hear t ,  pancreas ,  spleen liver, lung and bra in  have 
been detected previously (19). However, the  specific en- 
zymatic  act ivi t ies  we found in our assays  were from 4- 
fold h igher  for b ra in  to 96-fold h igher  for spleen t han  
those repor ted  previously (19). These differences could 
be a t t r i bu ted  to the  differences in  assay  conditions,  such 
as pH, buffer composition, p repa ra t ion  and the na tu re  of 
subs t ra tes .  In  addit ion,  the  da ta  in Table 1 show the 
presence o f P L A  2 act ivi t ies  in the  cytosols from small  in- 
tes t ine,  stomach, thymus  and skele ta l  muscle t ha t  had  
not  been described previously. 

The PLA 2 act ivi t ies  given above were  obta ined by 
measur ing  the re lease  of rad io labeled  oleic acid from the 
sn-2 posit ion of the  subs t ra tes .  Since the  assay  was done 
with  cytosolic extracts ,  addi t ional  exper iments  were car- 
r ied out  to de te rmine  whe ther  the re lease  of radiola-  
beled oleic acid resu l ted  from the direct  action of PLA 2 
only or whe ther  other  enzymes p resen t  in the  cytosols 
indirect ly  contr ibuted  to th is  activity. We therefore used 
two other  subs t ra tes ,  namely  AOG and AOGP, in addi-  
t ion to PlsC and PlsE. At  the  end of the incubat ion t ime,  
the react ion mix tures  were ext rac ted  and analyzed  by 
TLC. The resul t s  obta ined with  the  cytosols from intes-  
t ine  and  k idney are shown in Figure  2. The TLC analy-  
sis of react ion mix ture  obta ined by incubat ing  in tes t ina l  
cytosol (80 pg protein) wi th  PlsC (45 nmol) is shown in 
lane 1 of F igure  2A. In th is  case, about  25% of the  ra-  
dioact ivi ty  of the  subs t ra te  was recovered as oleic acid 
(11 nmol), and  l i t t le  radioact iv i ty  was recovered from 
fract ions corresponding to AOG or AOGP. When AOG 
(12 nmol) or AOGP (8 nmol) were incubated  with  the  
same amount  of in tes t ina l  cytosol, l i t t le  re lease  of 
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FIG. 2. Thin-layer chromatography (TLC) annlysis  o f  the re- 
act ion products  obtained by incubat ing  t issue cytosols  wi th  
different radiolabeled substrates.  A. 80 ttg o f  intest inal  cy- 
tosol extract was  incubated  for 7.5 m i n  at 37~ wi th  e i ther 
45 nmol  o f  [:4C]PIsC (lane 1), 12 nmol  o f  [14C]1-O-alk-1'-enyl- 
2-[14C]oleyl-sn-glycerol (AOG) (lane 2) or 8 nmol  o f  [14C]l-O- 
alk-1'-enyl-2-[14C]oleyl-sn-glycero-3-phosphate (AOGP) 
(lane 3). B. 525 ttg o f  k idney  cytosol ic  extract was  incubated 
for 60 m i n  at 37~ wi th  e i ther  45 nmol  of  [14C]PlsE (lane 1), 
12 nmol  o f  [14C]AOG (lane 2) or 8 nmol  o f  [14C]AOGP (lane 
3). At the end of  the incubat ion  period, reaction products  
were  extracted and separated by TLC on a s i l ica gel  plate  as 
described in Materials and Methods. Products  were  ana- 
lyzed by autoradiography on the plate. Fractions were  also 
scraped from the plates and counted in  a sc int i l lat ion 
counter. The minor  band in lane 1 at the pos i t ion of  PIsE 
(panel A) corresponds to a contaminat ion.  The ident i ty  o f  
the fraction be low AOG in lane 2 (panel A) is unknown;  OA, 
oleic acid. See Figure 1 for other abbreviations.  

rad io labe led  oleic acid was  observed ( lanes  2 a n d  3 of 
Fig. 2A). I n  the  case of k i d n e y  cytosol (525 pg protein) ,  
8 nmol  of oleic acid was  produced from P l sE  (45 nmol) ,  
4 nmol  from AOG (12 nmol)  a nd  1 nmol  from A O G P  
(8 nmol) ,  respect ively  ( lanes  1-3,  Fig. 2B). In  con t ras t  to 
i n t e s t i n a l  cytosol, k idney  cytosol re leased  re la t ive ly  
la rge  a m o u n t s  of oleic acid from AOG a n d  conver ted  
mos t  of A O G P  to AOG. However,  i n  bo th  cases, l i t t le  ac- 
c u m u l a t i o n  of AOG a n d  A O G P  was  observed w h e n  PlsC 
or P l sE  was  used  as subs t ra te .  Radioac t iv i ty  was  only  
recovered in  the  AOG or A O G P  frac t ion w h e n  AOG a n d  
A O G P  themse lves  were  used  as subs t r a t e s ,  i nd i ca t i ng  
t h a t  no hydrolys is  took place u n d e r  these  condi t ions.  
The  re su l t s  sugges t  t h a t  the  re lease  of oleic acid in  the  
presence  of the  cytosolic ex t rac t  from i n t e s t i n e  or k i d n e y  
did no t  t ake  place via fo rmat ion  a n d  s u b s e q u e n t  hydrol-  
ysis  of AOG a n d  AOGP b u t  r a t h e r  di rect ly  from the  plas-  
malogens .  S i mi l a r  r e su l t s  were ob ta ined  from these  
ana lyses  t h a t  were  car r ied  out  w i th  the  cytosolic ex- 
t r ac t s  from b ra in ,  s tomach,  sp leen  a nd  l iver  (da ta  no t  
shown).  Thus ,  the  rad iochemica l  me thod  used  in  th i s  
work appea r s  appropr i a t e  for m e a s u r i n g  PLA 2 ac t iv i ty  
in  r a t  t i s sue  cytosols. 

Effects of ATP and 5,5'Dithiobis(2-nitrobenzoic acid) 
(DTNB). In  a p r e l i m i n a r y  inves t iga t ion  we found t h a t  
ATP a n d  d i th io thre i to l  inc reased  PLA 2 ac t iv i ty  of k idney  
cytosol. Therefore,  we e x a m i n e d  the  effects of ATP, 
adenos ine  5 ' -O-(3- th io) t r iphosphate  (ATPTS) a n d  DTNB 
on PLA 2 ac t iv i ty  of e leven  cytosols. All cytosolic frac- 
t ions  e x a m i n e d  lost  10 to 40% of the i r  PLA 2 act ivi t ies  in  
the  absence  of ATP w h e n  PlsE served as s u b s t r a t e  

TABLE 2 

Effects o f  ATP and ATPvS on Phosphol ipase  A 2 Activity  of  Tissue Cytosols a 

Plasmenylcholine Plasmenylethanolamine 

Tissue -ATP -ATP + ATPTS b -ATP -ATP + ATPTS b 

Intestine 99 • 0.2 99 • 0.1 67 • 2.5 123 • 2.3 
Stomach 86 _+ 2.4 93 • 0.3 73 -+ 0.1 104 _+ 1.4 
Spleen 81 • 1.2 88 • 1.7 75 -+ 1.3 107 • 0.9 
Lung 95 • 3.2 _c 88 • 1.2 99 -+ 0.5 
Thymus 72 _+ 5.7 _ 61 -+ 1.3 97 _+ 0.3 
Liver 83 _+ 0.1 60 -+ 0.5 94 • 1.0 
Pancreas 91 • 0.7 78 • 3.3 93 • 0.5 
Brain 98 • 0.3 78 • 1.9 93 • 3.2 

88 • 1.7 63 -+ 2.4 100 _+ 1.2 
Heart 100 • 4.2 81 • 2.9 101 • 1.2 
Muscle 82 • 2.2 90 -+ 0.1 106 • 0.1 

aActivity was measured by the Dole and Meinertz assay (Ref. 22); the complete reaction system contained 
1 mM adenosine triphosphate (ATP) and 1 mM dithiothreitol in the standard mixture (Materials and Meth- 
ods). Assays for each cytosol were carried out at the optimal pH used for activity measurement as in Table 
1. Each data point is the mean _+ SD of duplicate analyses and expressed as percent of the activity of each 
complete system. Specific activity of the complete system of each cytosol was essentially the same as that 
given in Table 1. 

bAdenosine 5'-O-(3-thio)triphosphate (ATPTS) was added at 1 mM. 
CNot measured. 
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TABLE 3 

S u b s t r a t e  S p e c i f i c i t y  o f  PLA 2 A c t i v i t y  i n  V a r i o u s  C y t o s o l s  a 
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Plasmenylcholine 
(nmoYmg protein/hour) 

PI asmenylethanolamine 
(nmol/mg protein/hour) 

2-Oleoyl 2-Arachidonoyl 2-Oleoyl 2-Arachidonoyl 

Intestine 1545 _+ 49 969.0 _+ 15 310.0 • 5.0 206.0 _+ 8.0 
Stomach 338.0 _+ 20 282.0 • 24 72.0 • 1.0 52.0 • 4.0 
Spleen 87.0 • 5.0 74.0 • 5.0 39.0 • 0.3 24.0 _+ 0.6 
Brain 15.0 • 0.8 4.2 • 0.1 22.0 • 2.5 6.6 • 0.6 
Kidney 8.3 • 0.8 5.4 • 0.1 17.0 • 5.3 9.0 • 0.9 
Muscle 3.2 • 0.8 1.3 • 0.07 5.8 _+ 0.07 1.5 • 0.07 

aPhospholipase A 2 (PLA 2) activity was measured with unlabeled substrates. At the end of the incubation 
period, reaction products were extracted and analyzed by high-performance liquid chromatography as de- 
scribed in Materials and Methods. Each data point is the mean • SD of duplicate analyses and expressed 
as nmol/mg protein/hour. 

(Table 2). Activity was most ly  restored to the level ob- 
served with  ATP by addition of ATPTS. In  the case of in- 
tes t inal  cytosol, ATPTS gave a much  higher  PLA 2 activ- 
i ty t han  ATP. When PlsC was used as substra te ,  omis- 
sion of ATP resul ted in a smal ler  decrease t han  when 
PlsE was used. I t  is not clear whether  or not these re- 
sults  point  toward  the presence of two types of PLA 2. 
Similar  or slightly lower activities were observed in the  
presence  of adenos ine-5 ' (~ ,T-methylene) t r iphosphate  
(AMP-PCP) ins tead of ATP or ATPTS. The fact t ha t  
AMP-PCP is as efficient as ATP and ATPTS in act ivat ing 
or stabilizing PLA 2 in the presence of high concentra- 
tions of chelators would indicate tha t  the phosphoryla-  
t ion or hydrolysis of ATP is not involved in the increase 
of PLA 2 activity with ATP. 

According to Hazen  et al. (14,15), Ca2+-independent 
PLA 2 of myocardial  cytosol is s t imulated and stabilized 
by ATP, AMP-PNP and ATPTS. As s imilar  s t imulat ion or 
stabil ization effect of ATP on PLA 2 activity was ob- 
served in r a t  parot id  gland (18) and in an  adipogenic cell 
line (Fukush ima  and Serrero, submit ted  for publica- 
tion). Our  present  resul ts  suggest  t ha t  modulat ion of 
Ca2+-independent PLA 2 by ATP is not specific for car- 
diac PLA 2 and also occurs in other  t issues (Table 2). 

The effect of DTNB on PLA 2 activity was also exam- 
ined. DTNB (0.1 mM) inhibited by 78 to 98% cytosolic 
PLA 2 activity in ten of eleven t issues studied. Liver cy- 
tosolic PLA 2 activity was not inhibited by 0.1 mM 
DTNB, but  complete inhibition was  observed with 1 mM 
DTNB. In  our studies, r a t  lung cytosolic PLA 2 was  com- 
pletely inhibited by DTNB. However, a DTNB-insensi-  
t ive PLA 2 has  also been purified from ra t  lung cytosol 
(6). These da ta  suggest  t ha t  s imilar  to Ca2§ 
PLA 2 of the myocardial  cytosol (15), PLA 2 in most  r a t  
t issue cytosols assayed requires  the  presence of in tact  
thiol(s) for activity. 

Substrate specificity of PLA 2 activity. PLA 2 activities 
from six t issues tha t  represented  each of the  three  PLA 2 
groups previously defined were measured  by HPLC 
using 2-oleoyl and 2-arachidonoyl PlsC and PlsE as sub- 
s t ra tes  (Table 3). None of the cytosolic extracts  exam- 
ined showed h igher  act ivi t ies  wi th  2-arachidonoyl  
species of e i ther  of the plasmalogens compared to the 

2-oleoyl species. By contrast ,  it has  been previously re- 
por ted  t h a t  ca lc ium- independen t  PLA 2 f rom my-  
ocardium, which is stabilized by ATP, showed a 2-fold 
higher  activity for p lasmalogens  containing arachi-  
donoyl ins tead of oleoyl in the 2-position (15). 

Further examination of  PLA  2 activity in rat small in- 
testine and stomach. A Ca2+-independent PLA 2 activity 
had  previously been detected and par t ia l ly  character-  
ized in the b rush  border  of r a t  and guinea pig i leum 
(10,11). This PLA 2 activity had  an alkaline pH opt imum, 
was localized in the brush  border, was solubilized with 
endogenous proteinases  (10) and was act ivated by bile 
salts and by 1% 3-[(3-cholamidopropyl)dimethylammo- 
n io] - l -p ropanesu l fona te  (CHAPS) (10,11). Based on 
these characterist ics,  this  PLA 2 activity was assumed  to 
play a role in lipid digestion. Therefore,  the PLA 2 activ- 
ity tha t  we detected in the small  intest ine was fur ther  
characterized,  and its propert ies  were compared to those 
of ileal b rush  border  PL/L 2. Rat  small  intest ine was 
divided into the  duodenum, je junum and ileum, and 
PLA 2 activity was measured  in the cytosols of the sub- 
mucosa and the mucosa  and also in the solubilized 
brush-border  m e m b r a n e s  of each portion. In  all samples,  
activity was measured  with  PlsC and PlsE as sub- 
s trates ,  a t  pH 6.5 or pH 8.5, and  in the absence or in the 
presence of CHAPS. As i l lustrated in Table 4, the sub- 
mucosal  cytosols from the three  small  intest ine regions 
showed high PLA 2 activities when  assayed with  PlsC at  
pH 6.5, indicating this PLA 2 activity is not localized in 
one par t icular  region of the small  intestine.  In  the three 
cases, only 15-25% of the activity was observed with 
PlsE as subs t ra te  when compared with PlsC. Very little 
activity was detected a t  pH 8.5 with ei ther  of the sub- 
strates.  The activity of the cytosols was fully inhibited 
with 1% CHAPS. Deoxycholate (0.2%) also inhibited the 
activity of the cytosols (data  not shown). The mucosa  cy- 
tosols from the duodenum and je junum showed activity 
pa t t e rns  s imilar  to those of the submucosal  cytosols al- 
though the specific activities were 60% lower. However, 
the cytosol of ileal mucosa  was found to be different. In  
the absence of CHAPS, PLA 2 activity measured  with  
PlsC as subs t ra te  was high a t  pH 6.5 and very low at  pH 
8.5; wi th  PlsE, low activity was  observed a t  both  pH. In  
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TABLE 4 

PLA 2 Activity in Rat Small Intestine = 

PLA 2 activity (nmoYmg protein/hour) 

Plasmenylcholine (PlsC) Plasmenylethanolamine (PlsE) 
pH 6.5 pH 8.5 pH 6.5 pH 8.5 

CHAPS (1%) - + - + - + - + 

Submucosa cytosol 
Duodenum 818 7 24 10 168 7 21 5 
Jejunum 735 12 24 21 126 10 20 14 
Ileum 1268 49 26 80 189 59 17 91 

Mucosa cytosol 
Duodenum 261 16 32 13 78 16 31 15 
Jejunum 224 15 14 17 40 15 13 20 
Ileum 580 267 46 343 73 285 29 447 

Solubilized mucosa 
membranes 

Duodenum 43 27 34 26 20 16 23 17 
Jejunum 24 32 17 37 15 34 15 38 
Ileum 111 682 87 837 50 753 52 854 

aRat small intestine was divided into duodenum, jejunum and ileum. Mucosa was separated from snbmu- 
cosa, and brush-border membranes were prepared according to the procedure described in Materials and 
Methods. Phospholipase A 2 (PLA 2) activity was measured with 1 mM adenosine and 1 mM dithiothreitel 
using PlsC and PlsE at pH 6.5 and 8.5 without (-) or with (+) 1% 3-[3-cholamidopropyl)dimethylammonio]- 
1-propanesulfonate (CHAPS). Values are expressed as nmoYmg protein/hour. 

the presence of CHAPS, activity toward PlsC was de- 
creased by more than  50% at pH 6.5 but was increased 
more than 7-fold at pH 8.5. With PlsE as substrate, ac- 
tivity increased in the presence of CHAPS and was sim- 
ilar to tha t  obtained with PlsC at both pH. The solubi- 
lized brush-border membrane fraction of the ileum 
showed high activity with both substrates only in the 
presence of CHAPS, and the activity was slightly higher 
at  pH 8.5 than  6.5. In this case, little difference in ac- 
tivities was seen with PlsE and PlsC as substrates.  The 
results shown in Table 4 indicate tha t  the calcium-inde- 
pendent  cytosolic PLA 2 described here is preferentially 
distributed in the submucosa of all three portions of the 
intestine. In contrast, CHAPS-activated PLA 2 is local- 
ized mainly in the ileal brush-border membranes  and 
appears to be similar to the PLA 2 already reported by 
Pind and Kuksis (10). 

In  summary, submucosal cytosolic PLA 2 has a very 
narrow pH optimum at pH 6.5, is inhibited by CHAPS 
and deoxycholate and its specific activity toward PlsC is 
much higher than  that  toward PlsE. By contrast, brush 
border PLA 2 has a broad pH optimum, requires CHAPS 
for full activity and shows little substrate selectivity be- 
tween PlsC and PlsE. This indicates tha t  the PLA 2 ac- 
tivity found in cytosol of submucosa of the small intes- 
tine has properties tha t  are distinct from those of the 
brush-border PLA 2 described previously. 

Since high PLA 2 activity was also detected in the 
stomach (Table 1), its distribution was examined. Cy- 
tosol prepared from the submucosa of the stomach 
showed a slightly higher activity than  cytosol from the 
mucosa (330 v s .  230 nmol/mg protein/hour). As observed 
with PLA 2 from small intestine, PLA 2 activity from 

stomach was fully inhibited with 0.2% deoxycholate 
(data not shown). 

The data presented here demonstrate  the presence of 
calcium-independent PLA 2 activities in eleven of the 
twelve rat  tissues cytosols examined suggesting that  cy- 
tosolic calcium-independent PLA 2 is quite ubiquitous. 
Based on specific activity, substrate specificity and pH 
optimum, we divided these PLA 2 into three classes, each 
with different properties. At this point our data do not 
allow us to conclude tha t  this classification reflects the 
existence of various isoforms of calcium-independent 
PLA 2 in different tissues, as this diversity could equally 
reflect the heterogeneous nature  of the membrane lipid 
constituents in the different tissues serving as natural  
PLA 2 substrates. A more detailed characterization of 
the PLA 2 activities in the different tissues will be neces- 
sary to determine whether these activities correspond to 
different molecular species or PLA 2 isoforms or are due 
to the variation in sample composition. Recently, the ex- 
istence of two isoforms of calcium-independent PLA 2 has 
been reported in human  myocardium (25). One form 
with a pH opt imum of 7.0 is the major form and has a 
preference for arachidonoyl plasmalogens, whereas the 
other form, which is a minor form, has an optimum pH 
of 8.5 and hydrolyzes other phospholipids as well as 
plasmalogens. In addition, two distinct types of calcium- 
independent PLA 2 have been characterized from bovine 
brain cytosol (26). 

The data  reported here are also of interest  because 
they demonstrated the presence of a calcium-indepen- 
dent PLA 2 with a high specific activity in mucosal and 
submucosal fractions of small intestine, which has dif- 
ferent properties from the brush border PLA 2 character- 
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ized previous ly  (10,11). The  role of  this  cytosolic PLA 2 is 
no t  clear. Various p ros tag land ins  are  syn thes ized  in the  
s tomach  and  intes t ine,  and  it is k n o w n  t h a t  these  or- 
gans  are  h ighly  sensi t ive to p ros tag land ins  (27,28). To 
date,  the  re lease  of  a rachidonic  acid for p ros t ag land in  
syn thes i s  has  ma in ly  been  a t t r ibu ted  to ca lc ium-depen-  
den t  cytosolic P L A  2 act ivi ty  (2). However,  a recent  re- 
por t  showed t h a t  ca lc ium- independen t  PL A 2 med ia t ed  
the  hormona l ly - induced  re lease  of  a rachidonic  acid in 
aor t ic  smooth  muscle  cells (29). PL A 2 activi t ies so far  
charac te r i zed  in  the  gas t ro in tes t ina l  t r ac t  include g roup  
I PLA 2 in the  gas t r ic  mucosa ,  g roup  I I  PLA 2 and  cal- 
c ium- independen t  PL A 2 p resen t  in secre tory  g lands  and  
in  b rush -borde r  m e m b r a n e s  (30-32).  Based  on the i r  lo- 
cation,  all these  PL A 2 activi t ies a p p e a r  to funct ion ex- 
tracellularly.  Yet, the  cytosolic in tes t ina l  PL A 2 descr ibed 
he re  appea r s  to be different.  A l though  this  PLA 2 is no t  
a rachidonic  acid-specific, i ts role could be to supply  fa t ty  
acid, inc luding arachidonic  acid wi th in  t issues.  Since 
the  PLA 2 act ivi ty  in the  in tes t ine  was  very  high,  this  
PLA 2 m a y  p lay  an  i m p o r t a n t  role in in t race l lu la r  lipid 
me tabo l i sm in this  t issue. Moreover,  our  d a t a  indicate  
t h a t  submucosa l  por t ions  o f  the  in tes t ine  appea r  to be 
adequa t e  sources for the  fu r t he r  charac te r iza t ion  of  this  
P L A  2 
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The Reaction of Low Levels of Nitrogen Dioxide with Methyl 
Linoleate in the Presence and Absence of Oxygen 
Aris A, Gallon and William A, Pryor* 
Chemistry Department and the Biodynamics Institute, Louisiana State University, Baton Rouge, Louisiana 70803 

The reac t ion  o f  m e t h y l  l inoleate with low levels of nitro- 
gen diox ide  in a car r ie r  gas, such as h e l i u m  or  air, at ni- 
t rogen diox ide  c o n c e n t r a t i o n s  rang ing  f rom 2 to 228 p p m  
was studied and  the  product s  formed  w e r e  monitored.  In 
bo th  aerobic  and  anaerob ic  condi t ions ,  l o w  concentra-  
t ions  of  ni t rogen diox ide  reac ted  w i t h  m e t h y l  l inoleate 
p r e d o m l n a t e l y  to  form allylic products .  When a 1:1 mix-  
ture  o f  m e t h y l  p~ lmi ta te /methy l  l ino leate  w a s  layered 
o v e r  an a q u e o u s  buffer and a n i t rogen  d iox ide  s t r e a m  
w a s  p a s s e d  from underneath ,  so that  the  s t r e a m  passed 
throu gh  the  aq u eous  layer  before  contac t ing  the  organic 
layer,  al lyl ic  product s  again predominated.  In the ab- 
sence of  air, the  allylic products  consisted of allylic ni t ro 
and  ni tr i te  der iva t ives  o f  l inoleate ,  w h e r e a s  in the  pres- 
ence of  air, allylic h y d r o p e r o x i d e s  w e r e  the  principal  
products .  The  f indings  sugges t  that  fatty  ac ids  w i t h  dou- 
bly al lyl ic  h y d r o g e n  a t o m s  react  preferent ia l ly  by  a hy- 
d r o g e n  a t o m  abstract ion  r e a c t i o n  ra ther  than by the  ad- 
d i t ion  o f  n i t rogen  d iox ide  to a double bond. 
Lipids 29, 171-176 (1994). 

Nitrogen dioxide has  been shown to ini t iate the autoxi- 
dat ion of unsa tu ra t ed  fa t ty  acids both in vivo and in 
vitro (1-6). The oxidation of lung lipids is thought  to be 
involved in the pathology caused by the inhalat ion of ni- 
t rogen dioxide-containing polluted air  (1-6), which in- 
cludes diseases such as pulmonary  edema,  bronchitis,  
pu lmonary  fibrosis and perhaps  cancer (7-9). We have 
previously shown tha t  low concentrat ions of ni t rogen 
dioxide react  wi th  cyclohexene predominant ly  by a hy- 
drogen a tom abst rac t ion mechan i sm r a t he r  than  by the 
addition mechan i sm tha t  had  b e e n  assumed  to apply 

*To whom correspondence should be addressed at Biodynamics In- 
stitute, 711 Choppin Hall, Louisiana State University, Baton 
Rouge, LA 70803-1804. 
Abbreviations: AN, allylic nitro or nitrite compounds; c, c/s double 
bond; DTPA, diethylenetriaminepentaacetic acid; GC, gas chro- 
matography; GC/MS, gas chromatography/mass spectrometry; 
HPLC, high-performance liquid chromatography; IR, infrared; 
NCI, negative chemical ionization; NMR, nuclear magnetic reso- 
nance; t, trans double bond; UV, ultraviolet; vinyl nitro, mixture of 
methyl 9-nitro-9,12-octadecadienoate and methyl 13-nitro-9,12-oc- 
tadecadienoate; vinyl nitrate, mixture of methyl 9-nitrate-9,12-oc- 
tadecadienoate, methyl 10-nitrato-9,12-octadecadienoate, methyl 
12-nitrate-9,12-octadecadienoate, and methyl 13-nitrato-9,12-oc- 
tadecadienoate; c,t-18:2, mixture of methyl cis-9,trans-12-octadeca- 
dienoate and methyl trans-9,cis-12-octadecadienoate; 9c,llt-13AN, 
mixture of methyl 13-nitrito-cis-9,trans-ll-octadecadienoate and 
methyl 13-nitro-cis-9,trans-ll-octadecadienoate, 9c, llt-13HP, 
methyl 13-hydroperoxy-cis-9,trans-ll-octadecadienoate; 9t, llt- 
13AN, mixture of methyl 13-nitrito-trans-9,trans-ll-octadeca- 
dienoate and methyl 13-nitro-trans-9,trans-ll-octadecadienoate; 
9t, llt-13HP, methyl 13-hydroperoxy-trans-9,trans-ll-octadeca- 
dienoate; 10t, 12c-9AN, mixture of methyl 9-nitrite-trans- 10,c/s- 12- 
octadecadienoate and methyl 9-nitro-trans-lO,cis-12-octadeca- 
dienoate; 10t, 12c-9HP, methyl 9-hydroperoxy-trans- lO,cis- 12-oc- 
tadecadienoate; 10t,12t-9AN, mixture of methyl 9-nitrite-trans- 
l O,trans-12-octadecadienoate and methyl 9-nitro-trans- l O,trans- 
12-octadecadienoate; 10t, 12t-9HP, methyl-9-hydroperoxy-trans- 
l O,trans- 12-octadecadienoate. 

(10,11). We also have identified the allylic n i t ra te  and 
nitro compounds formed when methyl  l inoleate and 
methyl  l inolenate react  with NO 2 in the absence of oxy- 
gen (12). Recently, Post le thwai t  and Bidani (13) have  re- 
ported t ha t  15N-labeled NO 2 was not t aken  up  by the 
lipids of isolated, perfused ra t  lungs tha t  were exposed 
to NO2; they in terpre ted  these resul ts  to mean  tha t  ni- 
t rogen dioxide reacts  in vivo by a H a tom abstract ion 
mechanism.  

According. to  our H a tom abstract ion mechan ism 
(10,11), ni t rogen dioxide abs t rac ts  a hydrogen a tom from 
an allylic or doubly allylic position, forming a resonance- 
stabilized radical and ni trous acid (see Scheme 1). In  the 
absence of oxygen, the allylic radical (A) can combine 
with a molecule of ni t rogen dioxide to form an allylic 
nitro (B) or nitr i te  compound (C). In  the presence of 
oxygen, the radical reacts  to form a peroxyl radical  (D). 

Ni t rogen dioxide can also react  with alkenes by an  ad- 
di t ional  mechan i sm.  According to this  m e c h a n i s m  
(10,11), ni trogen dioxide adds to the double bond in a re- 
versible step (14), forming a carbon-centered radical 
(compound E in Scheme 2). In  the absence of oxygen, the 
carbon-centered radical can react  with a second mole- 
cule of n i t rogen dioxide, forming a dinitro (F) or 
n i t r0-n i t r i te  compound (G). These dinitro or ni t ro-ni-  
t r i te  compounds can el iminate  ni trous acid to form a 
vinyl ni tro or vinyl ni tr i te  compound (H). In  the pres- 
ence of oxygen, the carbon-centered radical can react  
with a molecule of oxygen to form a nitro-peroxyl radical 
(I) (15). 

In the present paper, we report studies of the reaction 
of nitrogen dioxide (2-230 ppm in helium or air) with 
neat methyl ]inoleate and a solution of methyl 

C-CH 2 ~ HONO + NO 2 + 7 C :  r 

A 

A + NO2 IN204 f C= IC-CH-NO2 + ~ C =  C-CH-ONO 

B C 

I 
02 ~ ~ C =  C-CH- OO- 

D 

I 
D + ~C=C-CI4z 

I 
~ C = ? - C H -  OOH 

SCHEME 1 
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NO, f + j C =  C ~  
I I 

0 2 N - - C - -  C .  
I I 
E 

I I I I 
O2N-C-C-NO~, § O:,N-C--C-ONO 

I I I I 
F G 

H 
I I 

OzN--C-- C-NO 2 
I I 

I 
O2N-C=C- -  + HONO 

I 
H 

E + 0 2  
I I 

O~t N-  C-  C - O 0 .  
I I 

I 

I + / C = C . - C H  2 ~ O~,N-C--C-OOHI I + C'-- "C; 

A 

I 
A + 02 ~ C = C - C H - O 0 .  

7 = D 

SCHEME 2 

linoleate/methyl palmitate  (1:1 molar) layered over a 
sodium phosphate buffer. 

E X P E R I M E N T A L  P R O C E D U R E S  

Materials. Methyl linoleato [99% pure by gas chro- 
matography (GC) Sigma, St. Louis, MO] was purified 
from hydroperoxide contaminants  by passing the ester  
in oxygen-free hexane [high-performance liquid chro- 
matography (HPLC) grade, Mallinckrodt, St. Louis, 
MO] sequentially through four Pas teur  pipette columns 
containing 1.0 g of a lumina (neutral;  Aldrich, Milwau- 
kee, WI). The last  column contained 0.02 g of diethylene- 
t r iaminepentaacet ic  acid (DTPA) in the tip to remove 
any trace metals. The columns were rinsed with oxygen- 
free hexane before adding the unsa tu ra ted  fat ty  acid 
ester  solution. The ent ire  purification process was per- 
formed in a glove bag under  an atmosphere of nitrogen. 
The hexane was evaporated using a s t ream of nitrogen. 

Methyl palmitate,  methyl  elaidate, methyl  linolelai- 
date (trans-9, trans-12-octa-decadienoate; 99% by GC; 
Sigma) and d-carvone (96% pure; Aldrich) were used as 
internal  s tandards for GC and HPLC analysis. Dinitro- 
gen tetroxide (99.5% pure; Matheson, Secaucus, NJ) was 
added to a glass bulb containing phosphorus pentoxide 
(97% pure; Aldrich) and purged of oxygen with argon by 
freezing and thawing three times. Hexane, isopropanol 
(HPLC grade; Mallinckrodt), and helium (99.9999% 
chromatographic grade; Air Products,  Allentown, PA) 
were also used. A thymol t rap was made by dissolving 
0.4 g of thymol (Sigma) and 4 g of sodium hydroxide 
(97% pure; EM Science, Gibbstown, NJ) in 1 L of deion- 
ized water. 

Instrumentation. Ultraviolet  (UV) spectra were taken  
on a Hewlet t -Packard (Avondale, PA) 8451 A diode a r ray  
spectrophotometer;  infrared (IR) spectra were obtained 
on an IBM (Armonk, NY) IPd45 spectrometer. HPLC on 
a Varian (Palo Alto, CA) 5000 series ins t rument  with a 
UV detector set a t  a 215 nm wavelength with a 16 nm 
slit width was used to analyze the reaction mixtures. A 
25 x 0.46 cm silica column (Rainin, Woburn, MA) was 
used with hexane/isopropanol (99:1, vol/vol, oxygen free) 
as solvent system at  a flow rate  of 1 mL/min. Proton 
magnetic resonance [1H nuclear  magnetic resonance 
(NMR)] analyses were performed on a Bruker  (Billerica, 
MA) 200 MHz ins t rument  using deutera ted chloroform 
as solvent. A Hewlet t -Packard 5890 GC/mass spectrom- 
eter  equipped with a 100 m • 0.25 mm SP-2560 fused sil- 
ica col-ran was used to separate  the cis/trans isomers of 
methyl  linoleate. The column was maintained isother- 
mally at 230~ for 15 vain, and the mass range 10-500 
ainu was scanned. A gas chromatograph (Varian 3740 
series) equipped with a flame-ionization detector and a 
100 m x 0.25 mm SP-2560 fused silica column main- 
tained isothermally at  210 and 200~ was used to deter- 
mine the amoun t  of addi t ion/el iminat ion products  
formed in the reactions. The GC injection port  was 
main ta ined  at  250~ Negative chemical ionization 
(NCI) (0.5 Torr methane)  was performed on a Finnigan 
MAT (San Jose, CA) TSQ 4500 mass spectrometer  using 
a direct exposure probe ramped to 1 A at  a ra te  of 10 
mA/s and scanning a mass range of 44-800 amu. The 
source tempera ture  was 150~ and the manifold tem- 
pera ture  was 100~ 

The reaction of methyl linoleate with nitrogen dioxide 
in a carrier gas. The bubbler appara tus  shown in Figure 
1 was assembled in a glove bag under  an atmosphere of 
nitrogen. The ni trogen dioxide bulb was opened slightly 
and the nitrogen dioxide gas flow equilibrated for one 
hour. The concentration of nitrogen dioxide in a helium 

FIG. 1. T h e  a p p a r a t u s  u s e d  for  t h e  r e a c t i o n s .  A l o w  l e v e l  o f  
NO2/N204 is placed in the bulb to allow a l o w  r a t e  o f  deliv- 
ery o f  NO 2 to  t h e  s y s t e m .  T h e  NO 2 bulb i s  o p e n e d  s l i g h t l y  
a n d  e q u i l i b r a t e d  for  o n e  hour.  A o n e - h o u r  b l a n k  is  run to 
d e t e r m i n e  N O  2 c o n c e n t r a t i o n  in  t h e  c a r r i e r  gas .  T h e  
m e t h y l  l i n o l e a t e  i s  p l a c e d  o n  t h e  g l a s s  frit, and NO 2 in t h e  
carrier g a s  is  b u b b l e d  t h r o u g h  t h e  f a t t y  a c i d  e s t e r  for  o n e  
hour .  
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or air  carrier  gas at  flow rates of 60 and 30 mL/min were 
determined by bubbling the nitrogen dioxide into a 1 L 
or 100 mL thymol t rap for 1 h at  37~ In the anaerobic 
reactions, u l t rapure  helium was the carr ier  gas and in 
the aerobic reactions compressed air was used. The effi- 
ciency of the thymol t rap shown in Figure 1 was 70 _+ 4.0 
and 83 _+ 2.1% for the 100 mL and 1 L t rap  solutions, re- 
spectively. All runs  were one hour  long. 

The difference in the amount  of nitrogen dioxide in 
the thymol t rap solution used with the blank vs. tha t  
used with the reaction solution was taken as the amount  
of nitrogen dioxide incorporated into the unsa tu ra ted  
fat ty  acid esters. The amount  of nitrogen dioxide in the 
thymol traps was determined using the Sal tzman analy- 
sis (16). For some of the lower concentrations of nitrogen 
dioxide, the Sal tzman analysis was not sensitive enough 
to measure  the small amounts  of unreacted  ni trogen 
dioxide; for these runs, the total amount  of nitrogen 
dioxide delivered was used. 

For  studies using fat ty  acids layered over an aqueous 
layer, nitrogen dioxide in a carr ier  gas was bubbled 
through the buffer to determine the amount  of nitrogen 
dioxide/nitrogen tetroxide tha t  was consumed by a dis- 
muta t ion reaction to form ni t ra te  and nitr i te ions. 

The reaction of  nitrite~nitrate anions with methyl 
linoleate at 37 ~C in the absence of  oxygen. A solution tha t  
was 1.1 • 10 -3 M in both sodium nitr i te  and sodium ni- 
t ra te  in a sodium phosphate buffer (pH 7.4; 0.5 M) con- 
taining DTPA was prepared. This concentration of ni- 
t r i te  and ni t ra te  anions is equivalent to the concentra- 
tion of these ions tha t  would be formed from the 
disproportionation of 228 ppm of NO 2 in air  at  a flow 
rate  of 60 mL/min bubbling through 10 mL of buffer for 
one hour  (17). The ni t r i te /ni t ra te  solution was purged of 
oxygen and allowed to react  with methyl  linoleate for 
one hour. 

The study of  fatty acids over an aqueous layer. Nitro- 
gen dioxide introduced into the bottom of the appara tus  
was bubbled through a buffer (approximately 4 cm in 
height) consisting of 10 mL of 0.5 M sodium phosphate 
(pH 7.4) before coming in contact with a methyl  palmi- 
ta te /methyl  l inoleate (1:1 molar) solution (approxi- 
mately 0.4 cm in height) layered on the surface of the 
buffer. The organic layer  of the aqueous reaction mix- 
ture  was extracted with dichloromethane, dried with 
MgSO4, filtered and concentrated by blowing a s t ream of 
nitrogen over the solution. 

Identification of  products. A mixture  of methyl  cis- 
9,trans-12-octadecadienoate and methyl  trans-9,cis-12- 
octadecadienoate isomers (c,t-18:2) was analyzed by 
GC/MS (18). The isomers, which have identical electron 
ionization (EI) mass  spectra to those of methyl  linoleate 
and methyl  linolelaidate (18), were identified by their  
order of elution. The same elution order of the geometri- 
cal isomers of methyl  linoleate under  similar GC condi- 
tions was reported by Kobayashi (19). 

Methyl 9-nitro-9,12-octadecadienoate, and methyl  13- 
nitro-9,12-octadecadienoate (vinyl ni tro isomers) co- 
eluted in HPLC and GC analysis. The mixture  of iso- 
mers  was isolated by HPLC from a methyl  linoleate and 
nitrogen dioxide reaction mixture  and was identified by 

NMR, IR and NCI. Proton NMR showed signals at  5.4 
ppm (br, m, 3H vinyl), 3.66 ppm (s, 3H CH30) , 2.7 ppm 
(dd, 2H), and 2.3 ppm (t, 2H). The vinylic proton ab- 
sorption appearing at 5.4 ppm instead of about 7 ppm is 
caused by the substi tut ion of a nitro and an alkyl group 
on the same vinylic carbon. This type of upfield shift has 
previously been seen with other  electron-withdrawing 
functional groups, e.g., crotonic acid vs. methacrylic acid 
and 1-bromo-l-propene vs. 2-bromopropene (20). IR: 
nitro 1552 cm -1, 1362 cm -i,  cis double bond 723 cm -1, 
and a vinylic double bond 989 cm -1 (21). Methane NCI 
was used to determine the molecular weight m / z  339 
and to confirm the presence of a nitro functional group 
by the appearance of a m / z  46 ion (22). NCI [M-] = m / z  
339 (9%), [M - HI- = m / z  338 (30%), [CsH1302N]- = m / z  
155 (<1%), [C7H13]- = m / z  97 (<1%), NO 2- = m / z  46 
(100%). 

Methyl 9-nitrato-9,12-octadecadienoate, methyl  10-ni- 
trato-9,12-octadecadienoate, methyl  12-nitrato-9,12-oc- 
tadecadienoate,  methyl  13-nitrato-9,12-octadecadieno- 
ate (vinyl nitrate)  also coeluted in HPLC and GC. The 
mixture  of isomers was isolated by HPLC and identified 
by NMR, IR and NCI analysis. NMR: 5.40 ppm (br, m, 
3H vinyl), 3.66 ppm (s, 3H CH30) , 2.7 ppm (dd, 2H) and 
2.3 ppm (t, 2H). The IR spectrum of the mixture  of iso- 
mers has absorbances at 1634 cm -1 (NO 2 asymmetrical  
stretch), 1257 cm -1 (symmetrical  vibration), 856 cm -1 
(N-O stretch) and 682 cm -1 (NO 2 vibration); these ab- 
sorbances demonstra te  the presence of a n i t ra te  func- 
tional group (20). The NCI analysis was used to deter- 
mine the molecular weight and to confirm the presence 
of a n i t ra te  functional group by the appearance of an 
rn/z 62 ion (21). NCI: [M-] = m / z  355 (15%), [M - HI- = 
m / z  354 (9%), [M - O]- = m / z  339 (12%), [M - OH]- = 
m / z  338 (8%), [M - H20]-  = m / z  337 (28%), NO 3 = m / z  
62 (37%), and NO 2 = m / z  46 (100%). The hydroperoxide 
and allylic nitro (nitrite) isomers of methyl  linoleate 
were identified by NMR and NCI (12). 

Methyl 9-nitrato-trans- l O,trans-12-octadecadienoate, 
which elutes  a f te r  the  hydroperoxides  of methyl  
linoleate, was isolated and identified by NCI analysis. 
The position of the functional group was obtained from 
the detection of an m / z  151 ion in the NCI spectrum, 
which is indicat ive of the f r agmenta t ion  of the  
compound in the source to form 2,4-decadienal. NCI: 
[M-] = m / z  355 (17%), [M - NO2]- = m / z  309 (25%), 
[M -H2NO2]-  = m / z  307 (39%), [M - CH3NO3 ]-1 = m / z  
277 (52%), [ M -  C9HlsNO4 ]-t = m / z  151 (28%), NO31 = 
m / z  62 (100%), NO21 = m / z  46 (65%). 

RESULTS 

Reaction of nitrogen dioxide with methyl linoleate. We 
have measured the yields of products from the reaction 
of nitrogen dioxide with neat  methyl  linoleate as well as 
with an equimolar solution of methyl  palmitate/methyl  
linoleate layered over an aqueous buffer. The product  
compositions formed using ei ther  helium or air as the 
carr ier  gas are presented later  in Tables 1-4. The data  
shown are averages from five HPLC analyses and four 
GC analyses of the reaction mixture  using d-carvone 
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TABLE 1 

M o l e s  o f  P r o d u c t s  F o r m e d  f r o m  t h e  R e a c t i o n s  o f  N O  2 a n d  
M e t h y l  L i n o l e a t e  U n d e r  H e l i u m  at  37~ a 

ppm NO 2 

6,8 30 81 
% Conversion 18:2 5.1 7.4 10 
Addition products x 10 -7 moles 

c,t-18:2 1.4 • 0.1 2.4 • 0.2 5.0 • 0.5 
Vinyl nitro 0.0 0.0 36 • 0.9 

Total moles of addition 
products • 10 -7 1.4 _+ 0.1 2.4 _+ 0.2 41 _+ 1.0 

Allylic products x 10 -7 moles 
9c, llt-13AN 7.7 • 0.1 8.5 • 0.1 9.3 • 0.5 
9t, llt-13AN 8.8 • 0.5 11 • 1 11 • 0.3 
10t,12c-9AN 7.2 • 0 8.0 • 0.2 8.5 • 0.5 
10t,12t-9AN 8.8 • 0.5 10 • 0.5 11 • 0.5 

Total moles of 
H abstraction 
products x 10 -7 32 • 0.7 38 • 1.0 40 • 0.9 

Moles products 34 • 0.7 40 • 1.0 81 • 1.3 
x 10 -7 

Moles NO 2 reacted 9.6 • 0.5 42 • 2.4 110 • 6.3 
x 10 -7 

KCL b 3.5 • 0.2 0.95 • 0.06 0.74 • 0.04 

aFor clarity, standard errors (determined from at least five analy- 
ses) are shown only in this table; however, the data presented in all 
of the tables have similar errors (see Ref. 16). 

bKCL (kinetic chain length) is defined as the moles of products 
formed divided by the moles of nitrogen dioxide reacted, c,t, cis, 
trans; c,t-18:2, mixture of methyl cis-9, trans-12-octadecadienoate 
and methyl trans-9, cis-12-octadecadienoate; 9c, llt-13AN, mix- 
ture of methyl 13-nitrito-cis-9, trans-ll-octadecadienoate and 
methyl 13-nitro-cis-9, trans~ 9t, llt-13AN, 
mixture of methyl 13-nitrito-trans-9,trans-ll-octadecadienoate 
and methyl 13-nitro-trans-9,trans-ll-octadecadienoate; 10t,12c- 
9AN, mixture of methyl 9-nitrito-trans-lO,cis-12 octadecadienoate 
and methyl 9-nitro-trans-lO,cis-12-octadecadienoate; 10t,12t-9AN, 
mixture of methyl 9-nitrito-trans-lO,trans-12-octadecadienoate 
and methyl 9-nitro-trans- lO,trans- 12-octadecadienoate. 

a n d  m e t h y l  l ino le la ida te  as i n t e r n a l  s t a n d a r d s  (17). The 
response  factor for the  hydroperoxides  was  used  to 
q u a n t i f y  the  allylic n i t r i t e (n i t ro )  compounds  as the  ni-  
t r i te (n i t ro)  compounds  decompose w h e n  the  so lvent  is 
removed.  The  concen t r a t i on  of n i t r ogen  dioxide i n  the  
car r ie r  gas, the  i d e n t i t y  of the  ca r r i e r  gas (He or air)  a nd  
the  pe rcen t  convers ion  is g iven in  each table.  As before 
(10), we have  used  the  n a t u r e  of the  products ,  al lylic or 
nonal ly l ic ,  to assess  the  f rac t ion  of n i t r ogen  dioxide t h a t  
reac ted  by  a hyd rogen  a tom abs t r ac t i on  or add i t ion  
m e c h a n i s m .  Produc t s  t h a t  are  a s s igned  to ar i se  from a n  
add i t ion  m e c h a n i s m  (c,t-18:2, v iny l  n i t ro  a n d  v iny l  ni-  
t ra te )  a n d  a n  H a tom abs t r ac t i on  m e c h a n i s m  (9c , l l t -  
13AN, 9c , l l t -13HP,  9 t , l l t - 1 3 A N ,  9 t , l l t - 13HP,  10t,12c- 
9AN, 10t,12c-9HP, 10t,12t-9AN, a n d  10t ,12t-9HP) are  
t a b u l a t e d  sepa ra t e ly  in  each table.  The  tota l  moles of 
p roducts  detected a n d  n i t r o g e n  dioxide t h a t  reac ted  are  
l i s ted a t  the  bo t tom of the  tables .  The  va lues  for the  ki- 
ne t ic  c h a i n l e n g t h  (KCL), def ined as the  moles  of prod- 
uc ts  formed divided by  the  moles  of n i t r o g e n  dioxide re- 
acted, also are  given.  The  products  ident i f ied  account  for 
96 _+ 12 mole % of the  me thy l  l ino lea te  t h a t  was  con- 
s u m e d  in  the  react ions.  

Anaerobic reactions of  methyl  linoleate. Table  1 dis- 
p lays  the  i d e n t i t y  a n d  q u a n t i t y  of products  formed w h e n  

n e a t  m e t h y l  l ino lea te  is al lowed to reac t  wi th  va r ious  
concen t r a t ions  of n i t r o g e n  dioxide in  u l t r a p u r e  he l ium.  
I n  a g r e e m e n t  wi th  our  previous  r e su l t s  (10,11), these  
low concen t r a t ions  of n i t r ogen  dioxide reac t  predomi-  
n a n t l y  wi th  m e t h y l  l ino lea te  by  a n  H a tom abs t r ac t i on  
mechan i sm.  

Aqueous reactions of  methyl  linoleate. To de t e rmine  
whe the r  low concent ra t ions  of n i t rogen  dioxide can  pass  
th rough  a n  aqueous  e n v i r o n m e n t  a nd  abs t rac t  a hydro- 
gen a tom from methy l  l inoleate,  n i t rogen  dioxide was  
bubbled  th rough  a buffer wi th  a methy l  pa lmi ta t e /me thy l  
l inoleate  (1:1, molar)  solut ion layered  on top of the  sur- 
face. Table 2 displays the  moles of products  formed in  th is  
system. 

I n  th is  sys tem,  the  c,t-18:2 add i t i on / e l im ina t i on  prod- 
uct  is no t  de tec ted  a t  the  low concen t r a t ions  of n i t r o g e n  
dioxide used.  Allylic n i t r i t e  i somers  are  p r e s u m e d  to be 
formed b u t  to be hydrolyzed to allylic alcohols (23). 
Therefore,  the  H abs t r ac t i on  products  are  t a k e n  to be 
the  s u m  of the  allylic n i t ro  a nd  allylic alcohol isomers ,  
compounds  t h a t  co-elute u n d e r  our  HPLC condi t ions.  A n  
equ imo la r  m i x t u r e  of n i t r a t e  a nd  n i t r i t e  an ions  did no t  
reac t  wi th  m e t h y l  l ino lea te  u n d e r  our  e x p e r i m e n t a l  con- 
d i t ions  (17). 

TABLE 2 

M o l e s  o f  P r o d u c t s  F o r m e d  in  t h e  R e a c t i o n s  o f  N i t r o g e n  
D i o x i d e  w i t h  50:50 M i x t u r e s  o f  M e t h y l  p n l m i t a t e / M e t h y l  
L i n o l e a t e  in  t h e  A q u e o u s  S y s t e m  U n d e r  H e l i u m  at  37~ 

ppm NO 2 

4.3 19.7 140 215 

% Conversion 18:2 1.60 1.90 2.80 5.90 
Addition products 

x 10 -7 moles 
c,t-18:2 0.0 0.0 0.79 1.7 
Y"myl nitro 0.0 0.0 0.0 19 

Total moles of 
addition products 
x 10 -7 0.0 0.0 0.79 21 

Allylic t~roducts 
x 10-' moles 
9c, 11t- 13AN 1,3 1.8 1.7 2.9 
9t, 11t- 13AN 2.7 3.5 4.0 6.9 
10t,12c-9AN 1.1 1.6 1.6 2.6 
10t, 12t-9AN 2.7 3.7 4.3 6.9 

Total moles of 
H abstraction 
products x 10 -7 7.8 11 12 19 

Moles products x 10 -7 7.8 11 12 40 
Moles NO 2 reacted 

x 10 -7 6.0 14 16 46 
KCL a 1.3 0.79 0.75 0.87 
% NO 2 in buffer 0.0 16 41 56 

aKCL (kinetic chain length) is defined as the moles of products 
formed divided by the moles of nitrogen dioxide reacted, c,t, cis, 
trans; 9c, 1 lt- 13AN, mixture of methyl 13-nitrito-cis-9, trans- 11-oc- 
tadecadienoate and methyl 13-nitro-cis-9, trans-ll-octadeca- 
dienoate; 9t,llt-13AN, mixture of methyl 13-nitrito-trans-9,trans- 
ll-octadecadienoate and methyl 13-nitro-trans-9,trans-ll-octa- 
decadienoate; 9AN, mixture of methyl 9-nitrito-trans-lO,cis-12 
octadecadienoate and methyl 9-nitro-trans-lO,cis-12-octadeca- 
dienoate; 10t, 12t-9AN, mixture of methyl 9-nitrito-trans-lO,trans- 
12-octadecadienoate and methyl 9-nitro-trans-lO,trans-12-oc- 
tadecadienoate. 
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TABLE 3 

Moles o f  Products  Formed from the 
Methyl Linoleate Under  Air at 37"C 

React ions of  NO 2 and 

ppm NO 2 

2.4 15 30 179 

% Conversion 18:2 32 41 44 63 
H abstraction products x 10 -7 moles 

9c, l l t -  13HP 49 67 77 170 
9t, l l t -  13HP 62 85 98 210 
10t, 12c-9HP 47 65 74 170 
10t, 12t-9HP 62 85 98 200 
10t, 12t-9AN a 1.3 1.3 1.3 7.1 

Total moles of 
H abstraction products 
x 10 -7 220 300 350 760 

Total moles products 
x 10 -7 220 300 350 760 

Moles NO 2 reacted 
x 10 -7 3 18 15 170 

KCL b 73 17 23 4.5 

aAllylic nitrates of methyl linoleate. 
bKCL is defined as the moles of products formed divided by the 
moles of nitrogen dioxide reacted. Abbreviations as in Table 1; 
9c, llt-13HP, methyl 13-hydroperoxy-cis-9, trans-ll-octadeca- 
dienoate; 9t, 11t-13HP, methyl 13-hydroperoxy-trans-9, trans-ll-oc- 
tadecadienoate; 10t, 12c-9HP, methyl 9-hydroperoxy-trans-10,cis- 
12-octadecadienoate; lOt, 12t-9HP, methyl 9-hydroperoxy-trans- 
l O,trans- 12-octadecadienoate. 

Aerobic reactions of nitrogen dioxide with methyl linol- 
eate. Reac t ions  of  n i t r o g e n  d ioxide  w i t h  m e t h y l  l i no lea t e  
a lso  were  p e r f o r m e d  in  a i r  (Tables  3 a n d  4). W h e n  a i r  
was  u s e d  as  t h e  c a r r i e r  gas,  only  h y d r o g e n  a t o m  ab-  
s t r ac t i on  p roduc t s  were  de tec ted .  The  c,t-18:2 add i t i on /  
e l i m i n a t i o n  p roduc t  a n d  t h e  n i t r o - h y d r o p e r o x i d e  i some r s  
of  m e t h y l  l i no lea t e  we re  no t  de tec ted ;  t h e  only n i t r ogen -  

TABLE 4 

Moles of  Products  Formed from the React ions  of  NO 2 w i t h  
a 50:50 Mixture o f  Methyl  Po!mitate/Methyl  Linoleate in 
the Aqueous  System Under  Air at 37~ 

ppm NO 2 

4.3 29 43 228 
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FIG. 2. The kinet ic  chain  length  (KCL) (moles o f  prod- 
ucts/moles  of  NO 2 reacted) for the reactions o f  nitrogen 
dioxide  and methyl  l inoleate  in the absence  (closed sym- 
bols) and the presence  (open symbols)  of  oxygen.  Open cir- 
cle, neat  methy l  l inoleate  in air;, c losed circle, neat  methyl  
l inoleate  in the absence of  air;, open  triangle,  a 50:50 mix- 
ture o f  methyl  l inoleate  and methy l  palmitate  in air (Ref. 
16); c losed trJ~nEle, the  same mixture  in the absence of  air 
(Ref. 16); open  square, a 50:50 mixture  of  methy l  l inoleate  
and methy l  pAImitate in  the aqueous  system under  a ~ ,  
c losed square, the same mixture  in the aqueous  system 
wi thout  air. 

c o n t a i n i n g  c o m p o u n d  d e t e c t e d  w a s  t h e  a l ly l ic  i somer ,  
m e t h y l - 9 - n i t r a t o - t r a n s -  lO,trans- 12-oc tadecad ienoa te .  

KCL. K C L  va lues ,  c a l c u l a t e d  f rom the  mo les  of  p rod-  
uc t s  f o rmed  p e r  mole  of n i t r o g e n  d iox ide  r eac t ed ,  a r e  
s h o w n  in  F i g u r e  2 for  t h e  a n a e r o b i c  a n d  ae rob ic  reac-  
t ions  of  n i t r o g e n  d iox ide  w i th  m e t h y l  l ino lea te .  The  K C L  
is l a r g e r  in  t h e  ae rob ic  r e a c t i o n s  t h a n  in  t h e  a n a e r o b i c  
r eac t ions .  D i l u t i n g  m e t h y l  l i no l ea t e  w i t h  m e t h y l  p a l m i -  
t a t e  d e c r e a s e s  t h e  K C L  of  t h e  r e a c t i o n s  (Fig.  2). 

% Conversion 18:2 7.9 34 34 47 
H abstraction products 

• 10 -7 moles 
9c, l l t -  13HP 5.0 27 18 55 
9t, l l t -  13HP 11 57 39 110 
10t, 12c-9HP 4.7 25 17 52 
10t, 12t-9HP 12 57 39 110 
10t, 12t-9AN a 0.0 0.0 0.0 2.1 

Total moles of 
H abstraction 
products x 10 -7 33 166 113 329 

Total moles products 
x 10 -7 33 166 113 329 

Moles NO 2 reacted 
x 10 -7 2 21 18 78 

KCL b 17 7.9 6.3 4.2 
% NO 2 in buffer 0.0 26 9.5 67 

aAllylic nitrates of methyl linoleate. 
bKCL is defined as the moles of products formed divided by the moles 
of nitrogen dio~dde reacted. Abbreviations as in Tables 1 and 3. 

DISCUSSION 

Methyl linoleate H abstraction and addition products. 
O u r  s t ud i e s  d e m o n s t r a t e  t h a t  u n d e r  a n a e r o b i c  condi-  
t ions ,  low c o n c e n t r a t i o n s  of  n i t r o g e n  d iox ide  p redomi -  
n a n t l y  a b s t r a c t  a h y d r o g e n  a t o m  f rom m e t h y l  l i no l ea t e  
(Tables  1 a n d  2; S c h e m e  1). S m a l l  y i e lds  of  p r o d u c t s  
f o rmed  via t h e  a d d i t i o n  m e c h a n i s m  (Scheme  2), wh ich  
p r e d o m i n a t e s  a t  h i g h  c o n c e n t r a t i o n s  of  n i t r o g e n  dioxide ,  
were  d e t e c t e d  a t  low c o n c e n t r a t i o n s  of  n i t r o g e n  d iox ide  
u n d e r  a n a e r o b i c  cond i t ions  (Tables  1 a n d  2). I n  ag ree -  
m e n t  w i t h  ou r  e a r l i e r  r e s u l t s  (10,11), in  t h e  a b s e n c e  of  
oxygen  a n d  as  t h e  c o n c e n t r a t i o n  of  n i t r o g e n  d iox ide  de- 
c r ea sed ,  a n  i n c r e a s i n g  f rac t ion  of  t h e  r e a c t i o n  occu r red  
by  t h e  H a t o m  a b s t r a c t i o n  m e c h a n i s m .  

KCL. The K C L  is a p p r o x i m a t e l y  u n i t y  for m o s t  of  t h e  
r e a c t i o n s  r u n  in  t h e  a bse nc e  of  a i r  (Tables  1 a n d  2). 
However ,  for some  of  t h e  a n a e r o b i c  r eac t ions ,  t h e  c h a i n  
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length is somewhat  larger than  one (Tables 1 and 2). A 
KCL greater  than  one in anaerobic reactions can be ex- 
plained by the decomposition of the allylic nitrite com- 
pounds to an alkoxyl radical and nitric oxide (24). [Iso- 
lated allylic nitrite(nitro) isomers of the unsa tura ted  fat ty  
acid esters decompose when concentrated.] The alkoxyl 
radical formed in this decomposition could abst ract  a hy- 
drogen a tom from methyl  linoleate, giving a carbon-cen- 
tered radical. Reaction of the carbon-centered radical 
with nitric oxide will result  in the formation of a nitroso 
compound tha t  can rearrange to an  oxime (21); the pres- 
ence of an oxime was supported by the appearance of an 
IR absorption at  1587 cm -1 (25). This observation is in 
agreement  with our  earlier s tudy of the reaction of nitro- 
gen dioxide with cyclohexene in the absence of oxygen, in 
which the amount  of oxime formed increased as the con- 
centrat ion of nitrogen dioxide decreased (10). 

Aqueous reactions. Nitrogen dioxide was shown to be 
able to diffuse through an  aqueous envi ronment  and 
then  to react  with unsa tu ra t ed  fa t ty  acids. Bubbling ni- 
t rogen dioxide through a buffer solution over which a so- 
lution of methyl  pa lmi ta te /methyl  linoleate (1:1, molar)  
had been layered gave products t ha t  were pr imar i ly  al- 
lylic, indicating t ha t  methyl  l inoleate reacted pr imar i ly  
by a hydrogen a tom abstract ion mechan ism in this ex- 
per imenta l  design (Table 2). 

Explanation for addition products not being detected in 
aerobic reactions. Table 4 shows a s imilar  reaction sys- 
t em in which air  was  used as the carr ier  gas. Again al- 
lylic products were formed, but  in this case they were pri- 
mari ly  the allylic hydroperoxides, resul t ing from the 
chain autoxidation of methyl  linoleate. In the presence of 
oxygen, the carbon-centered radical formed by the addi- 
tion of nitrogen dioxide to the double bond of an unsatu-  
r a t e d  fa t ty  acid can be t rapped by oxygen (Scheme 2) 
(10,11). Accordingly, the addition/elimination product of 
methyl  linoleate (c,t-18:2) was not detected in the pres- 
ence of oxygen (Tables 3 and 4). The nitro-hydroperox- 
ides tha t  could be formed in addition reactions also were 
not detected, possibly because of the limit of detection of 
the HPLC UV detection method (Tables 3 and 4). The 
only nitrogen-containing products detected in aerobic re- 
actions a t  low concentrations of NO 2 were allylic ni- 
t rates;  these m a y  have  originated from the decomposi- 
tion of peroxyni t ra tes  (which may  have been formed from 
nitrogen dioxide react ing with peroxyl radicals) (26-28). 
Peroxyl radicals, of course, would resul t  from the autex- 
idation of methyl  linoleate, a chain reaction tha t  would 
resul t  in larger  yields ofperoxyl  radicals than  of individ- 
ual addition or H a tom abstract ion products. 

Rationale for the change in the mechanism from addi- 
tion to H atom abstraction. The H a tom abst rac t ion 
mechan i sm (Scheme 1) predominates  over the addition 
mechan i sm (Scheme 2) a t  low concentrat ions of ni trogen 
dioxide because the addition mechan i sm is reversible 
(10,11). Thus,  the irreversible H a tom abstract ion step 
predominates  a t  low NO 2 concentrations. 

In  conclusion, our resul ts  demons t ra te  t ha t  low con- 
centrat ions of ni t rogen dioxide in the absence of oxygen 
react  predominant ly  with methyl  linoleate by an H a tom 
abst rac t ion mechan ism in ei ther  the presence or the ab- 
sence of water. We propose tha t  the same mechan ism oc- 

curs in the presence of oxygen. These resul ts  corroborate 
the findings of Post le thwai t  and Bidani (13), as well as 
our earl ier  resul ts  (10,11) tha t  in vivo, envi ronmenta l  
concent ra t ions  of  n i t rogen dioxide will reac t  wi th  
polyunsa tura ted  fa t ty  acids in pu lmonary  lipids exclu- 
sively by an  H a tom abstract ion mechanism,  a process 
tha t  can init iate autoxidation. 
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Vitamin E i somers  are important  antioxidants,  but their  
variat ion is poorly  documented  in pseduocereal  grains 
such as amaranths.  Using normal-phase,  high-perfor- 
m a n c e  l iquid chromatography with  f luorescence  detec- 
tion, seeds  of  th irteen amaranth (Amaranthus cruentus 
L., A. hypochondriacus L.) access ions  were  surveyed for 
the compos i t ion  of  tocols .  The most  common tocols  
found were  a-tocopherol  (2.97 to 15.65 mg/kg seed) and 
~-tocotrienol (5.92 to 11.47 mg/kg seed) and T-tocotrienol 
(0.95 to 8.69 mg/kg seed),  whi le  some A. cruentus acces- 
s ions  contained 5-tocotrienol (0.01 to 0.42 mg/kg seed).  
This is  the first report  of  tocotr ienols  in amaranths.  
Amaranthus  cruentus grain-types of  Mesoamerican ori- 
gin had signif icantly (P _< 0.01) greater  levels  of four to- 
cols  than did A. cruentus African vegetable-types.  Un- 
l ike many  cereal  grains, amaranths  have  significant 
amounts  of  both ~- and T-tocotrienols; however,  ~-toco- 
pherol  was  not  detected  in any of  the amaranths.  Using 
mult iple  l inear regressions,  a-tocopherel  variat ion of  
both spec ies  and types  was  cons is tent ly  explained by 
variat ion in tocols  other than a-tocopherel .  On the 
whole,  fresh amaranth samples  of  both spec ies  tended 
to have  higher  levels  of  tocotr ienols  than samples  stored 
for two  years.  Storage effects on amaranth tocol  compo- 
s i t ion are suspected.  
Lipids  29, 177-181 (1994). 

Tocotrienols (T3) are unsa tu ra t ed  analogs of v i tamin  E, 
which have  been recently shown to regulate  cholesterol 
metabol i sm (1,2), to have  an t i tumor  activity (3) and to 
possess high in vitro antioxidative activity (4). Both to- 
copherols (T) and  T3 have  impor tan t  ant ioxidant  prop- 
ert ies and are widespread in cereals (5). However, lim- 
ited da ta  on tocol (T and T3) var ia t ion exist for grain  
germplasm,  for breeding mate r ia l s  and  for different va- 
rieties. 

Among the pseudocereals,  grain amaran ths ,  including 
Amaranthus caudatus L., A. cruentus L. (CRU) and A. 
hypochondriacus L. (HYP), have  gained a t tent ion due to 
the high quali ty protein content  of the seed (6). In  some 
par t s  of the world, such as Africa, gra in  a m a r a n t h s  like 
CRU are used predominant ly  as vegetables  r a the r  t han  
as grains  and are t e rmed  vegetable- type amaran ths .  
Similarly, grain- type a m a r a n t h s  are cult ivars with a 
high ha rves t  index (ratio of grain  to total  phytomass) .  

Gra in  a m a r a n t h  ge rmp la sm contains 5-9% lipids, 
wi th  most  lipids concentrated in the seed coat-germ 
fraction (7). Becker  (8) has  reviewed the nutr i t ional  im- 
plications of a m a r a n t h  seed oil. As far  as we are aware,  
published da ta  on a m a r a n t h  tocols include br ief  refer- 

*To whom correspondence should be addressed at Lehmann Crop 
Services, Rt. 1, Box 99, Rushmore, MN 56168. 
Abbreviations: CRU, Amaranthus cruentus L.; HPLC, high-perfor- 
mance liquid chromatography; HYP, A. hypochondriacus L.; LSD, 
least significant difference; T, tocopherol(s) (a-T, [~-T, T-T, 5-T); T3, 
tocotrienol(s) (a-T3, [~-T3, T-T3, 5-T3). 

ence to total  seed tecopherols for three  grain  Amaran- 
thus species (69.4 to 82.8 mg % g [sic] of total  T), includ- 
ing A. caudatus, CRU and A. mantegazzianus Passer ini  
(9), to CRU T (10), and  to l e a f T  inA. retroflexus L. (11). 
Therefore,  a more complete character izat ion of Amaran- 
thus tocols is needed. The objective of this s tudy was to 
evaluate  the tocol composition of a m a r a n t h  accessions, 
including domestic grain- type cult ivars and  ge rmp la sm 
represent ing  diverse origins and types, grown over sev- 
eral  environments .  

MATERIALS AND METHODS 

Seed origin and experimental design. Thir teen ama-  
r an th  accessions of HYP or CRU were surveyed using 
seed from three  field exper iments  (Table 1). Exper iment  
I included accessions 9-12 grown in three  replicate, ran-  
domized blocks a t  Rosemont  (MN) Exper iment  Station, 
Univers i ty  of Minnesota  in 1989. Exper iment  2 included 
HYP grain cultivars,  var. K343 and K432, grown in 
three  replicate,  randomized blocks at  Grand  Rapids, Al- 
ber t  Lea and Morris  (MN) in 1989. Exper iment  3 in- 
cluded accessions 1 through 8 grown in two replicate,  
randomized blocks a t  the Nor th  Centra l  Regional P lan t  
Introduct ion Stat ion (Ames, IA) in 1987. Exper iment  3 
seed was  stored for two years  a t  4~ and 40% relat ive 
humidity, while seed from Exper iments  1 and 2 was 
tes ted immedia te ly  af ter  the  growing season. 

TABLE 1 

Names, Species, Types and Origins 
for Amaranth Accessions 

Accession Species a Type b Origin 

1. Ames 1959 CRU African vegetable Ghana 
2. Ames 1968 CRU African vegetable Ghana 
3. Ames 1973 CRU African vegetable Nigeria 
4. Ames 2000 CRU African vegetable Benin 
5. Ames 2041 CRU Mexican grain Indonesia 
6. PI 433228 CRU Guatemalan grain Guatemala 
7. PI 451711 CRU Guatemalan grain Guatemala 
8. PI 477913 CRU Mexican grain Mexico 
9. A 200 D c CRU Mexican grain Illinois 

10. Mt-3 c CRU Mexican grain Montana 
11. PI 477914 CRU Mexican grain Mexico 
12. K343 c HYP Nepal grain Pennsylvania 
13. K432 ~ HYP Nepal grain Pennsylvania 

aCRU, Arnaranthus cruentus L.; HYP, A. hypochondriacus. 
bWypes follow Kauffman and Reider (28) except for their African 
grain-types, which are, in fact, vegetable landraces and have been 
renamed as African vegetable-types. 
CAccessions registered as cultivars or unregistered varieties in com- 
merce. Mt-3 is the parent material of the cultivar "AMONT" (29) 
and K343 is the cultivar, "Plainsman" (30). 
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Tocol analyses. Amaranth seeds were ground with a 
Cyclone Sample Mill (UDY Corporation, Fort Collins, 
CO) into a fine powder (1 g) and extracted with 7.0 mL 
methanol in a disposable screw-capped tube in a vari- 
able speed shaker for 20 min, and centrifuged at 2000 
rpm for 10 min. The supernatant was then transferred 
into a second disposable conical tube, and solvent was 
removed under vacuum at 40~ using an BI Vortex 
evaporator (Haake Buchler Instruments, Inc., Saddle 
Brook, NJ). Tocols (T and T3) were extracted with 
hexane (2 mL) by shaking on a horizontal shaker for 2 
min, and the liquid was transferred into a 0.3 mL injec- 
tion vial. The vial was capped and centrifuged in an Ep- 
pendorff 5413 centrifuge (WACO, Chicago, IL) for 4 min. 
The material was injected into the high-performance 
liquid chromatography (HPLC) unit for separation and 
quantitation of various tocols and standards according 
to the method of Hakkarainen et al. (12). 

The HPLC system that  was used consisted of a Model 
6000A HPLC pump (Waters, Milford, MA), a Model 
RF-535 fluorescence monitor (Schimadzu, Wood Dale, 
IL) set at an excitation wavelength of 295 nm and an 
emission wavelength of 330 nm, a Model 231/401 
auto-sampler injector (Gilson, Middleton, WI) equipped 
with a 20-microliter loop and a Waters 10-micrometer 
silica column, 30 cm • 4.0 mm i.d. Chromatograms were 
recorded and peak areas determined by using a 
Schimadzu Model C-R3A integrator. The mobile phase 
was 0.2% (vo]/vol) 2-isopropanol/hexane at a flow rate of 
1.0 mL/min. The injection volume was 30 microliters. All 
solvents used were chromatographic grade. Pure stan- 
dards of the eight common vitamers of E were extracted 
from palm or barley oil and were purified by silicic acid 
column chromatography (1,2). Peaks from amaranth 
samples were identified by comparing their scan spectra 
(Fig. 1) with spectra of pure standards. 

Statistical analyses. Data from all experiments were 
analyzed by one-way or two-way analysis of variance 
and by multiple linear regression (13). For Experiment 
2, a combined analysis of variance was performed on 
each tocol. Homogeneity of error variances was tested 
before combining sites (14). For Experiment 3, orthogo- 
nal contrasts were computed using four African veg- 
etable-types and four grain-types of Mesoamerican ori- 
gin. When the F test indicated a significant effect, the 
differences between the means were analyzed using a 
protected least significant difference (LSD) test. Pooled 
phenotypic correlations, similar to those used when 
evaluating indirect selection criteria in amaranth 
germplasm (15), were assessed within species and types. 

RESULTS AND DISCUSSION 

Evaluation of tocol composition. Seven of the eight re- 
ported tocols, excluding ~-T, were present in the ama- 
ranths surveyed (Tables 2-4). The T-T, a-T3 and 8-T3 
were sometimes absent from, or not detected in, the ac- 
cessions. For Experiment 1, HYP var. K343, contained 
significantly (P < 0.05) higher levels of both a-T and T-T3 
than did the three CRU grain-type accessions (Table 2). 
Using two commercial HYP cultivars in Experiment 2, 

data on tocol stability over environments was mostly in- 
conclusive due to heterogeneous error variances among 
sites (Table 3). The only significant (P < 0.05) difference 
between locations was that  of a-T at the Grand Rapids 
and Morris sites. In Experiment 3, orthogonal contrasts 
indicated that grain-types of Mesoamerican origin con- 
tained significantly (P < 0.01) greater concentrations of 
T-T, a-T3, T-T3 and 8-T3 in the seed than did African veg- 
etable-types (Table 4). Similar orthogonal contrasts of 
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FIG. 1. S e p a r a t i o n  o f  tocols  by  h i g h - p e r f o r m a n c e  l i q u i d  
c h r o m a t o g r a p h y  w i t h  f l u o r e s c e n c e  de tec t ion .  The  s c a n  
f rom the  a m a r a n t h  s a m p l e  (A) is  c o m p a r e d  w i t h  a n d  quan-  
t i ta ted  aga ins t  a s a m p l e  c o n t a i n i n g  p u r i f i e d  s tandards  o f  
the  four  tocophero l s  a n d  four  toco tr i eno l s  (B). The  ama-  
ranth  s a m p l e  (A) w a s  s c a n n e d  from 240 to 440 n m  for e a c h  
peak,  w i t h  the  ~ mRx-lmttm for e a c h  tocol  c o m p o n e n t  occur-  
r i n g  f rom 290 to 300 n m .  The  e l u t i n g  so lven t  w a s  0.5% iso- 
p r o p a n o l  in  h e x a n e  a n d  the  chart  s p e e d  w a s  2 m m / m i n .  T h e  
e igh t  p u r e  tocol  s t a n d a r d s  (B) w e r e  r u n  w i t h  0.2% iso- 
p r o p a n o l  in  h e x a n e  as so lven t  a n d  at a chart  s p e e d  of  5 
m m / m i n  (12). T3, tocotr ienol;  T, tocophero l .  
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TABLE 2 

Vitamin E Isomers Contained in Amaranth Seed Grown at Rosemont  (MN), 1989 (Experiment  1) 
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..... Tocopherols Tocotrienols Total 
Acession a ~ 7 5 a ~ T 5 tocols 

Tocotrienols 
as percent 

of total tocols 

(mg/kg seed) 

Mt-3 4.46 0 0.02 0 0.35 10.33 1.25 0.23 16.64 
A 200 D 3.94 0 0 0.01 0.07 8.97 1.28 0.08 14.35 
K343 8.91 0 0.05 0.01 0 9.57 8.69 0 27.23 
PI 477914 3.17 0 0 0 0.11 7.97 0.95 0.16 12.36 
LSD (0.05) ~ 2.08 NS ~ NS NS 0.23 NS 1.50 0.10 5.42 

73 
73 
67 
74 

aNS, not significant; LSD, least significant difference. 

TABLE 3 

Effect o f  Location on Vitamin E Isomers in  Amaranth Cultivars Grown in Minnesota During  1989 (Experiment  2) a 

Tocopherols Tocotrienols 
ab ~ T 5 a ~ ~ 5 

Location K343 K432 K343 K432 K343 K432 K343 K432 K343 K432 K343 K432 K343 K432 K343 K432 

(mg/kg seed) 
Grand 

Rapids 5.14 2.93 0 0 0 0 0 0 0 0.01 7.24 6.97 8.31 7.96 0 0 
Albert 

Lea 9.45 7.34 0 0 0.26 0.01 0.01 0.02 0.01 0 9.60 11 .44  7.10 6.06 0 0.03 
Morris 8.37 7.93 0 0 0.07 0.05 0 0.01 0 0 9.06 11 .47  8.22 7.58 0 0 

aExcept for a-tocopherol, all locations were not significantly different for tocols or the error variances at sites were found heterogeneous 
by Barlett's test; thus, it was inappropriate to combine some sites for analysis of variance. 

bHighly significant effects (P _< 0.01) between Morris and Grand Rapids were found. 

to ta l  tocols a n d  of T3 as a pe rcen t  of tocols were no t  sig- 
n i f ican t ,  whi le  the  l a t t e r  m e a s u r e  had  a P _< 0.07. 

The  d a t a  ob ta ined  r e p r e s e n t  the  f i rs t  repor t  of T3 in  
g r a i n  a m a r a n t h s ,  wi th  ~-T3 a n d  T-T3 be ing  mos t  preva-  
l en t  a n d  r a n g i n g  f rom 5.92 to 11.47 mg/kg  seed a n d  from 
0.95 to 8.69 mg/kg seed, respectively.  The  m a g n i t u d e  
a n d  r ange  of these  va lues  are  typical  of  cereal  g r a in s  
(16). The  5-T3 i somers  were  r a re ly  detected in  HYP 

gra ins ,  b u t  they  r a n g e d  from none  to 0.42 mg/kg seed in  
CRU gra ins .  Compara t ive ly ,  CRU has  5-T3 concen t ra -  
t ions  a k i n  to those in  rice (Oryza sativa L., 0.2 mg/kg 
seed), b u t  less t h a n  the  5-T3 levels  i n  two-row ba r l ey  
(Hordeurn distichon L., 0.6 mg/kg seed) a nd  b u l r u s h  mil-  
le t  (Pennisetum americanum L., K. Leeke, 2.0 mg/kg 
seed) (16). A m o n g  the  tocopherols,  a - T  was  mos t  abun -  
d a n t  i n  the  tes ted  a m a r a n t h s ,  r a n g i n g  from 2.97 to 

TABLE 4 

Vitamin E Isomer Content  of  Amaranth Germplasm Grown at Ames  (IA) in 1987 (Experiment  3) 

Tocopherols 
Acession a ~ 7 5 

Tocotrienols 
Tocotrienols Total as percent 

7 5 tocols of total tocols 

(mg/kg seed) 

African vegetable-types 
Ames 1959 12.44 0 0.01 0.02 0.01 8.05 
Ames 1968 11.49 0 0.02 0.01 0.01 7.52 
Ames 1973 11.54 0 0 0.02 0.01 8.16 
Ames 2000 10.77 0 0.01 0.02 0 5.92 

Mesoamerican grain-types 
Ames 2041 9.43 0 0.05 0 0.09 7.92 
PI 433228 12.13 0 0 0 0.01 7.16 
PI 451711 15.65 0 0.02 0.01 0.02 10.46 
PI 477913 5.66 0 0.35 0.01 0.08 7.65 
LSD (0.05) NS a NS 0.12 NS 0.06 NS 

1.64 0 22.17 44 
1.34 0.01 20.40 44 
1.52 0 21.25 45 
1.06 0 17.78 39 

2.25 0.19 19.93 52 
1.67 0.13 21.10 43 
2.34 0.02 28.52 46 
1.85 0.42 16.02 62 
0.75 0.24 NS 

aNS, not significant. 
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TABLE 5 

Selected Phenotypic  Correlations o f  Tocols from Amaranthus  spp. 
5[bsted in  Three Exper iments  a 

Phenotypic correlations 
Experiment 1 Experiment 2 Experiment 3 
A. cruentus A. hypochondriacus .4. cruentus 

Tocols b (grain-t$pe) (grain-type) Vegetable-tytm 
a-T, a-T3 0.57 -0.22 -0.43 
a-T, ~-T3 0.80 c -0.79 c 0.774 
a-T, T-T3 0.57 0.18 0.56 
a-T, 5-T3 0.724 NA e NA 

~-T3, a-T3 0.29 -0.39 -0.01 
~-T3, 7-T3 0.71 d 0.29 0.724 
~-T3, 5-T3 0.56 NA -0.62 
T-T3, 6-T3 0.15 NA -0.25 

Grain-type 
-0.44 
0.67 
0.31 

-0.93 c 
-0.14 
0.67 

-0.58 
-0.19 

aMeans from pooled grain- and vegetable-types were used (15). 
bT, tocopherol; T3, tocotrienol. 
eSignificance at P < 0.01. 
dsignificant at P < 0.05. 
eCorrelation unavailable due to lack of a tocol. 

15.65 mg/kg seed with the other tocopherols contribut- 
ing a maximum of 0.50 mg/kg seed to total tocopherols. 
Bertoni and Cattaneo (9) previously had found total T 
from 7.56 to 7.89 mg/kg seed in two CRU accessions. 
Most common cereal grains, except barley, contain sig- 
nificant quantities of either ~- or ?-tocotrienols (5); thus, 
excluding the lack of ~-T, amaranths more closely re- 
sembled tocols composition of barley than that  of wheat, 
oats or rye. The tocols levels determined here may have 
been influenced by storage. Storage effects on tocols are 
known from maize, where stored maize lost up to 10% of 
its tocols (17), and from barley, where stored barley ex- 
hibitod interconversion of tocols due to methylation and 
saturation (18-21). 

Because amaranths were variously utilized as grains, 
vegetables or forages during the last seven centuries, ar- 
tificial selection and storage may have influenced their 
tocol chemistry, too. For example, ~-T3, putative precur- 
sor of the other seven tocols (19-21), was found in most 
Mesoamerican CRU grain-types of Experiment 3, but 
was often absent in CRU African vegetable-types. Fur- 
ther research would be needed to determine whether dif- 
ferences in 5-T3 and other tocol levels were due to ge- 
netic drift, mutation, selection, storage or other phe- 
nomena. 

The pathways for biosynthesis of tocols are currently 
not well understood. In plants, synthesis of 5-tocotrienol 
as the initial precursor has been postulated in one 
biosynthetic pathway (19-22). This compound is synthe- 
sized in  vivo by the condensation of homogentisic acid 
and geranylgeranyl pyrophosphate (19). The T-, ~- and 
a-tocotrienols are formed from the 5 isomer by succes- 
sive methylation on the 5 and 7 positions of the chroman 
ring. Corresponding tocopherols are formed by the re- 
duction of double bonds in the phytyl tails (19-22). a-To- 
copherol is the end product of tocol biosynthesis. This 
pathway has been worked out in Hevea  bras i l inens i s  
(19,20). 

In order to bettor understand the relationships among 
the various tocol forms, we examined pooled phenotypic 
correlations between tocols in amaranth CRU vegetable- 
types and in grain-types of both species (Table 5). Curi- 
ously, HYP and CRU grain-types exhibited opposite 
signs in significant phenotypic correlations for a-T and 
~-T3. Using multiple linear regressions of proposed tocol 
precursors, variation in a-T was consistently explained 
by variation in tocols other than a-T (Lehmann, J., un- 
published data, 1992). In all three experiments, back- 
wards and stepwise regressions showed that  ~- and T-T3 
contributed to high coefficient of multiple determination 
values in equations predicting a-T variation. Statistical 
evaluations do not reveal intra-pathway substrates for 
transmethylation or hydrogenation; rather, the path- 
way(s) and their substrates might be elucidated by ra- 
dioisotope studies (23). 

Impl ica t ions .  Whereas nutritionally valuable protein 
complementation occurs between grains such as maize 
and amaranth (24), beneficial tocol complementation or 
supplementation may also happen. Notably, T-T3, a 
plentiful vitamin E analogue in the HYP grains tested 
and in some corn inbreds (17), has been shown to inhibit 
cholesterol synthesis in humans (25). Compared to re- 
ported values for other grains, amaranth has a rela- 
tively high ratio of T3 types to tocols (T plus T3). This 
ratio is a rough measure of a grain's cholesterol sup- 
pression when 3-hydroxy-3-methyl-glutaryl coenzyme A 
reductase (EC 1.1.1.34) is involved (1); here amaranths 
ranged from 39 to 74% T3 as a percentage of total tocols, 
and thus they resemble the more cholesterol-suppres- 
sive grains like barley (>70%) and oats (>80%) (1). The 
variation could be due to natural  variation in 
germplasm and to intorconversion of tocol isomers dur- 
ing storage. Amaranths of varied T3 compositions were 
recently tested in chickens, and these accessions low- 
ered low density lipoprotoin-cholesterol and regulated 
an hepatic enzyme (Qureshi, A.A., and Lehmann, J.W., 
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unpublished data, 1991). Similarly, Danz and Lupton 
(26) found tha t  CRU lowered serum cholesterol in rats  
when it was fed as a fiber supplement. 

Like oat flours with a high oil content for grains, 
flours milled from amaran th  seed or popped amaran th  
are often oxidatively unstable. The concentration of te- 
cols, part icularly the T3 isomers, was found to be higher 
in popped amaran th  than  in seed. This might  indicate 
tha t  tocols are most  probably protein bound or phospho- 
rylated on the phenolic group of the molecule (Qureshi, 
A.A., unpublished data, 1992). An amaran th  accession 
such as CRU van PI 477913, with its higher levels of T- 
and 5-tocols, could be used to stabilize amaran th  prod- 
ucts; however, the relative contr ibut ion of enzymic oxi- 
dation would need to be assessed. 

Taken together, the data  suggest tha t  the amaran ths  
tested contain genetic variability for some tocols (ex- 
cluding p-T) and that  certain accessions contain 7- and 
5-T3. Because relatively higher T3 levels were present 
in fresh vs. stored grains, storage effects on tocol compo- 
sition are suspected. High T3 levels in stored grains 
with high fat content are consistent with Green's hy- 
pothesis (27), wherein non-a-tocopherols act as more ef- 
fective "in vitro" antioxidants than  a-tocopherol and 
thus protect the stored fat. Amaran ths  with differing 
tocol levels merit  further  study for nutrit ional or medic- 
inal applications. 
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in Human Plasma 
M. Hossein Nouri-Sorkhabi a, David R. Sullivan b, David C. Roberts c and Philip W. Kuchel a,* 
aDepartment of Biochemistry, University of Sydney, Sydney, N.S.W. 2006, bDepartment of Clinical Biochemistry, Royal Prince Alfred Hospital, 
Sydney, N.S.W. 2050 and CDivision of Nutrition and Dietetics, Faculty of Health Sciences, University of Newcastle, Newcastle, N.S.W. 2308, 
Australia 

31p nuclear magnet ic  resonance  (NMR) spectroscopy 
was  used to measure  the rate of  acyl transfer from phos- 
phat idylchol ine  (lecithin, PC) in whole  plasma and in 
high densi ty  l ipoprotein (HDL). Spectral  deconvolut ion  
was  used to resolve  overlapping resonances  in the 31p 
NMR spectra of  the phospholipids.  Mean values  of  the  
acyl group transfer rates  from PC in plasma and HDL 
were  36 ~mol  L'lh "1 and 19 ~mol  L'lh "1, respectively.  The 
reciprocal  nature of  the decrease  in the spectral  peak 
intens i t ies  of  PC, compared to the increase  in the inten- 
s i t ies  of  the lysolec i thin  (lysoPC) peaks,  suggested a 
substrate/product  relat ionship cons is tent  with  the ac- 
t ion of  leci thin:cholesterol  acyltransferase (LCAT), the 
e n z y m e  responsible  for the esterif icat ion of  free choles- 
terol  in plasma. LCAT invo lvement  was  conf irmed by 
measur ing  the cholesterol  esteri f icat ion rate based on 
the 13C NMR spectra obtained on lipid extracts  from 
plasma that had been incubated at 37~ Within experi-  
mental  error, the rate of  lysoPC formation in plasma 
was  shown to be equal  to that of choles teryl  es ter  for- 
mation.  
Lipids 29, 183-188 (1994). 

The transfer of a fatty acid residue from the sn-2 posi- 
tion of phosphatidylcholine (lecithin, PC) onto carbon-3 
of cholesterol in human plasma is catalyzed by 
lecithin:cholesterol acyltransferase (LCAT; EC 2.3.1.43) 
(1-3). The reaction products are cholesteryl ester and 
lysophosphatidylcholine (lysolecithin, lysoPC). The reac- 
tion typically utilizes high density lipoprotein (HDL) 
(4,5), which contains apolipoprotein A-I, an activator of 
LCAT (6-8), although there is also evidence that  the en- 
zyme can act directly on low density lipoprotein (LDL) 
(9). The cholesteryl ester newly synthesized in HDL is 
then transferred to, and exchanged between, very low 
density lipoprotein and LDL, replacing triglyceride 
(9,10). This maintains a concentration gradient for the 
flux of additional unesterified cholesterol from cellular 
membranes and from other lipoproteins to HDL. The ex- 
change process is mediated by a glycoprotein,, namely 
cholesteryl ester transfer protein (CETP) (10-13). 

The most widely used clinical biochemical methods for 
measuring cholesterol esterification rates, or cholesteryl 
ester transfer activity, use radioactive tracers. In these 
assays, a radiolabelled cholesterol/albumin emulsion is 

*To whom correspondence should be addressed. 
Abbreviations: CETP, cholesteryl ester transfer protein; DTNB, 
5,5-dithiobis(-2-nitrobenzoic acid); GPC, glycerophosphorylcholine; 
HDL, high density lipoprotein; LCAT, lecithin:cholesterol acyl- 
transferase; LDL, low density lipoprotein; lysoPC, lysophos- 
phatidylcholine; PC, phosphatidylcholine; SPH, sphingomyelin. 

added to the plasma or lipoprotein fraction and is pre-in- 
cubated at 4~ to allow equilibration of the labelled cho- 
lesterol with endogenous free cholesterol (14) before in- 
cubation to achieve acyltransfer at 37~ After extrac- 
tion and separation of the cholesterol and the cho- 
lesteryl ester fractions, the radioactivity associated with 
cholesteryl esters is measured by liquid scintillation 
counting (14). 

We have developed a 31p nuclear magnetic resonance 
(NMR) method to measure the rate of conversion of PC 
to lysoPC in human plasma and HDL. The method obvi- 
ates the need to add exogenous substrates and to extract 
and separate the products. The reciprocal relationship 
we observed between the rate of decrease in PC and the 
rate of increase in lysoPC during plasma incubation sug- 
gested a substrate/product relationship consistent with 
the action of LCAT, the enzyme responsible for esterifi- 
cation of free cholesterol in plasma. The rate of lysoPC 
formation was also shown to be directly correlated with 
the formation of cholesteryl ester in plasma based on 
natural abundance 13C NMR analyses on plasma ex- 
tracts. The 31p NMR method provides a simple, one-step 
means to measure the rate of acyl group transfer from 
PC to cholesterol in plasma. The LCAT reaction rates we 
measured were very similar to those that  have been ob- 
tained by traditional methods. 

MATERIALS AND METHODS 

Materials. PC and lysoPC, both from egg yolk, as well as 
cholesterol, sphingomyelin, cholesteryl palmitate and 
dihydrocholesterol, were obtained from Sigma Chemical 
Co. (St. Louis, MO). D20 (99.75%) was from the Aus- 
tralian Institute of Nuclear Science and Engineering 
(Lucas Heights, NSW, Australia). CDC13 was from 
Merck, Sharpe & Dohme Isotopes (Montreal, Quebec, 
Canada). All other reagents were analytical grade. Tris- 
HC1 (0.1 M) containing 140 mM NaC1, pH 7.4, and 20% 
D20 (vol/vol) served as pH buffer. 

Plasma samples. Pooled plasma was obtained from 
outpatients at the Royal Prince Alfred Hospital (NSW, 
Australia), who were there for conditions other than car- 
diovascular disease. Subjects were excluded if they had 
suffered any acute illness during the previous 3 mon, or 
if they had any condition or treatment which was likely 
to affect lipid metabolism. Venisection was performed 
following a 12-h, overnight fast. Blood samples were 
anticoagulated with ethylenediaminetetraacetic acid 
(0.1% wt/vol final concentration), and plasma was sepa- 
rated immediately by centrifugation at 3000 x g for 10 
min at 4~ 
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Preparation ofHDL. HDL was isolated following pre- 
cipitation of lipoproteins containing apolipoprotein B ac- 
cording to the method of Warnick et al. (15). 

Sample preparation. Plasma and HDL were concen- 
trated over 3-9 h at 4~ by use of a Minicon concentra- 
tion (W.R. Grace, Danvers, MA). After concentration 
(about threefold), 2.5 mL of plasma or HDL was trans- 
ferred to a 10-mm NMR tube, and the volume was 
brought up to 3 mL with D20 Tris buffer, pH 7.4 (see 
Materials and Methods section). The samples were then 
ready for incubation and NMR measurements. Standard 
samples were prepared by adding a known concentra- 
tion of lysoPC in Tris buffer to plasma. 

Extraction of lipids. Total lipids of plasma (10 mL) 
were extracted according to the method of Bligh and 
Dyer (16), and dried under a stream of nitrogen. Dried 
lipids were then dissolved in 3 mL of CDC13 for NMR 
measurements. 

NMR spectroscopy. All 3Zp N-MR spectra were ac- 
quired under identical conditions on a Bruker AMX-400 
NMR spectrometer (Karlsruhe, Germany) operating at 
161.98 MHz in the Fourier transform mode; probe tem- 
perature was kept at 37 _+ I~ Broadband proton de- 
coupling was applied to eliminate ZH-31P peak multi- 
plicities. All measurements were done on 3-mL samples 
in 10-mm NMR tubes with D20 as internal field/fre- 
quency lock. Samples were spun at 12 Hz, and a 15 ps 
(90 ~ pulse, a 1 s pulse delay, a 0.67 s acquisition time, 
16k data points and 256 transients were used. Free in- 
duction decays (FID) were processed with 6 Hz line 
broadening to improve apparent signal-to-noise ratio. 
31p and 13C NMR measurements on plasma extracts 
were done on CDC13 solutions with CDC13 also serving 
as the internal field/frequency lock; the probe tempera- 
ture was 25 _+ I~ 13C NMR spectra were acquired at 
100.61 MHz, using the method by Homer and Roberts 
(17). Spectra were derived by Fourier transformation of 
2124 summed transients, and FID were processed with 
1 Hz line broadening. 

Quantification oflipids. Automatic Lorentzian decon- 
volution was used to resolve overlapping phosphorus 
resonances of PC and lysoPC. To measure reaction rates, 
areas of deconvoluted 31p NMR spectra that  were ob- 
tained on plasma extracts at different time points were 
quantified, and the areas were compared with those ob- 
tained for known concentration of authentic compounds. 
However, for measurements on plasma and HDL, peak 
heights rather  than peak areas were used, for quantifi- 
cation, because small changes in the widths of the phos- 
pholipid phosphorus resonances were observed in the 
course of the LCAT reaction and good results were ob- 
tained based on peak height measurements. 

Free cholesterol and cholesteryl esters were quanti- 
fied based on peak areas of the 13C NMR resonances for 
carbon-3 of these lipids relative to carbon-3 of dihydro- 
cholesterol used as the internal standard. The differ- 
ences between the peak areas of dihydrocholesterol used 
as internal standard and those of cholesterol and cho- 
lesteryl ester, due to different relaxation rates of the re- 
spective nuclei, were corrected by a coefficient that was 
determined by addition of known amounts of standard 

samples and by measuring the areas of the resulting 13C 
NMR signals. Peak areas were determined using auto- 
matic Lorentzian deconvolution rather than direct inte- 
gration, because small overlapping resonances were 
seen in the spectra. 

RESULTS 

31p NMR on plasma. A 31p NMR spectrum obtained on 
fresh human plasma is shown in Figure 1A. The reso- 
nances seen include those due to PC at -0.31 ppm, 
lysoPC at 0.15 ppm, and inorganic phosphate at 2.9 
ppm. These assignments were confirmed by adding 
authentic PC, as liposomes, as well as lysoPC to the 
plasma as internal standards. Chemical shift assign- 
ments are referenced relative to methylenediphos- 
phonic acid, kept in a coaxial capillary with a signal at 
16.89 ppm relative to 85% orthophosphoric acid at 0.000 
ppm (18). 

A 

~ MDP PI PC 

20 18 16 14 12 10 8 6 4 2 0 -2 -4 

Chemical Shift (5, ppm) 
PC 

I 
PC LysoPC 

" /t sF.  

l0 8 6 4 2 0 -2 -4 

Chemical Shift (8, ppm) 

FIG. 1. A, 31p nuclear magnetic  resonance (NMR) spectrum 
of human plasma (2 mL nonconcentrated plasma with I mL 
0.1 M Tris buffer, pH 7.4 at 25"C). Resonunce ass ignments  
were confirmed by adding leci thin [phosphatidylchol ine 
(PC)] Hposomes and lysoleci thin l lysophosphatidylchol ine 
(lysoPC)] to the plasma sample. The chemical  shifts were 
referenced relative to methylenediphosphonic  acid (MDP) 
at 16.89 ppm. Pi denotes inorganic phosphate.  B, 31p NMR 
spectrum of  threefold concentrated plasma and a total l ipid 
extract of plasma (plasma was incubated for 5 h prior to ex- 
traction) in CDC13 (A~ chemical  shift scale offset, =3 ppm). 
Resonance ass ignments  for the phospholipids in the plasma 
extract were confirmed by adding authentic  PC, lysoPC and 
sphingomyel in  (SPH) to the solution of  the plasma extract. 
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The phosphorus resonances obtained on plasma (e.g., 
Fig. 1A) can be of low intensity and can be difficult to 
fully resolve. This difficulty can be overcome by either 
using a greater number of transients at the expense of 
accumulation time, or by increasing the sample concen- 
tration. A 31p NMR spectrum of threefold concentrated 
plasma is shown in Figure lB. As can be seen, the am- 
plitudes of the signals obtained under otherwise identi- 
cal spectral conditions are significantly increased when 
compared with those obtained on native plasma. In Fig- 
ure 1B, the top insert shows a 31p NMR spectrum of a 
total lipid extract from plasma in CDC13 in which the 
sphingomyelin (SPH) resonance is distinguishable from 
the lysoPC peak, and the PC resonance is fully resolved. 

Plasma and HDL time course�9 Figure 2A shows the 
31p NMR signals obtained on 1.85-fold concentrated 
plasma samples over a time course of about 16 h. The in- 
cubation temperature was 370C, and the reaction was 
monitored by recording sequential spectra at the time 
points indicated. A plot of the amplitudes of the PC and 
lysoPC peaks obtained on the deconvoluted spectra, as 
shown in Figure 2A, vs. time, is given in Figure 2B. For 

A 

1 6 . 3 5  h 

4.91 h 

I t  h 

- i  ; i 
ppm 

B 1 6  

1 4  

~ 1 0  

6 

this and similar time courses, regression analyses indi- 
cated that  the slopes of the curves for PC decline and 
lysoPC increase indicated very similar reaction rates. 
Figure 3 shows a plot of lysoPC concentrations in 2.77- 
fold concentrated HDL, incubated at 37~ and of those 
in concentrated plasma. As can be seen, the increase of 
lysoPC concentration in plasma (37 _+ 3.8 pmol L-lh -1) 
was faster than that  in HDL (15 _+ 3.2 Bmol L-lh-1). 

Acyl transfer activity, which is reflected in the rate of 
lysoPC formation, was calculated from the initial slope 
of the lysoPC concentration increase in concentrated 
plasma and in HDL. In Table 1 the results of six sepa- 
rate experiments used for the determination of acyl 
transfer activity from PC in plasma are presented. Also, 
in three of these experiments, the acyl transfer rate in 
HDL isolated from the same plasma was measured. 

The effect of plasma concentration. To assess the effect 
of plasma concentration on the measured reaction rate, 
parallel time-course experiments were carried out with 
concentrated and native plasma samples. In order to 
improve the signal-to-noise ratio of the spectra, the 
number of transients was increased from the 256 used 
for concentrated plasma samples to 1280 (5-fold) for 
nonconcentrated plasma samples. The rates of acyl 
transfer measured were not significantly different after 
correcting (scaling) for the different concentrations used 
(Table 1). Thus, the use of concentrated plasma permits 
more precise estimates of reaction rates within a much 
shorter period of time. 

13C NMR study. Experiments were carried out to di- 
rectly compare the formation of lysoPC and of choles- 
teryl ester, i.e., acyl transfer due to LCAT activity. The 
plasma samples were incubated at 37~ extracted, and 

1.4' 
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~ 0.6' 
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o 
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FIG. 2. A, s e q u e n t i a l  31p ~ s p e c t r a  of  1.85-fold c onc e n-  
t r a t e d  p l a s m a  i n c u b a t e d  at  37*C for  t h e  t i m e s  i n d i c a t e d .  B,  
p lo t  o f  PC (open  c irc les )  a n d  ly soPC (c losed  c irc les)  p e a k  
a m p l i t u d e s  (arb i trary  uni t s )  d e r i v e d  from d e c o n v o l u t i o n s  
of  t h e  s p e c t r a  s h o w n  in  A. The  d e c l i n e  in  PC p e a k  in tens i -  
t i e s  mirrors  t h e  i n c r e a s e  in  ly soPC p e a k  i n t e n s i t i e s .  The  
c u r v e s  w e r e  d r a w n  u s i n g  a n  e m p i r i c a l  q u a d r a t i c  po lyno-  
m i a l  y ffi a + b t  § c t  2, w h e r e  t is  the  t i m e  a n d  t h e  f i t t ed  para-  
m e t e r s  for  ly soPC a n d  PC h a d  t h e  v a l u e s  a ffi 4.326, b = 0.497, 
c = -1 .282 x 10  -2,  a n d  a ffi 15.107, b ffi -0 .846,  c ffi 2.382 • 
10  -2 , respec t ive ly .  A b b r e v i a t i o n s  as  in  F i g u r e  1. 
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FIG. 3. C o m p a r i s o n  o f  l y s oP C  c o n c e n t r a t i o n s  d e r i v e d  from 
d e c o n v o l u t e d  31p  NMR s p e c t r a  o f  2.77-fold c o n c e n t r a t e d  
h i g h  d e n s i t y  l i p o p r o t e i n  (HDL) t h a t  w a s  i n c u b a t e d  at  37"C 
( tr iangles ) ,  a n d  o f  p l a s m a  as  d e r i v e d  from F i g u r e  2A 
(squares) .  The  c u r v e s  w e r e  d r a w n  u s i n g  a n  e m p i r i c a l  quad-  
rat ic  p o l y n o m i a l  y ffi a + bt  + ct  2. F i t t e d  p a r a m e t e r s  for  HDL 
a n d  p l a s m a  lysoPC c o n c e n t r a t i o n  i n c r e a s e  h a d  t h e  v a l u e s  
a ffi 0.450, b = 4.485 x 10 "2, C ffi -1.563 x 10 -3, a n d  a ffi 0.640, b = 
7.350 x 10 "2, c ffi -1.895 x 10 ~, respec t ive ly .  A b b r e v i a t i o n s  as  
in  F i g u r e  1. 
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TABLE 1 

R a t e s  o f  A c y l  T r a n s f e r  (pmol  L -1 h -1) f rom P h o s p h a t i d y l -  
c h o l i n e  i n  P l a s m a  a n d  H D L  a 

Concentrated Nonconcentrated 
Experiment plasma plasma HDLb 

1 39 -+ 4.2 37 _+ 7.4 
2 42 _+ 4.3 40 _+ 6.0 
3 36 -+ 7.7 
4 37 -+ 3.8 
5 48 -+ 19 
6 32 • 2.8 

Weighted means c 36 39 

15 _+ 3.2 
25 -+ 4.5 
20 -+ 1.8 

19 

aWhe rates of acyl transfer were calculated from the slopes of the 
plot of lysophosphatidylcholine (lysoPC) concentration vs. incuba- 
tion time in concentrated and nonconcentrated plasma, and in high 
density lipoprotein (HDL), in six separate experiments. LysoPC 
concentrations were derived from sequential 31p nuclear magnetic 
resonance spectra over time, as shown in Figures2A. The concen- 
tration of lysoPC in concentrated plasma and HDL was calculated 
as ~nol (L plasma) -1 of lysoPC in the initial sample (before con- 
centration). Values are means _+ SD. 
bHDL was isolated by precipitation of apo B-containing lipopro- 
teins, and was then concentrated (see Materials and Methods sec- 
tion). 
CWe used the "statistical weight," 1/variance. 

TABLE 2 

C h o l e s t e r o l  E s t e r i f i c a t i o n  R a t e  (pmol  L -1 h -1) in  H u m a n  
P l a s m a  

Experiment Cholesterol esterification rate a 

1 55_+9 
2 53_+4 
3 32 • 12 

Weighted mean b 51 

aWhe cholesterol esterification rate was calculated from the initial 
slope of the plot of cholesteryl ester concentration in plasma vs. in- 
cubation time. Cholesteryl ester concentration was derived from 
sequential taC nuclear magnetic resonance spectra of total lipid ex- 
tracts of plasma over time (see Materials and Methods section). 
Values of rate constants are means _+ SD and are expressed in pmol 
(L plasma) -1 h -1. 
bWe used the "statistical weight," 1/variance. 

the products measured by 31p and 13C NMR. The cho~ 
lesterol esterification rate was calculated from the ini- 
tial slope of either the cholesteryl ester concentration in- 
crease or the free cholesterol concentration decline. Sep- 
arate time courses were obtained by 31p and 13C NMR, 
and the rates of acyl t ransfer  from PC to yield lysoPC 
and cholesterol ester were measured. In a typical exam- 
ple, for plasma from a single donor, the rates based on 
lysoPC and cholesteryl ester formation were 41 _+ 9 pmol 
L-lh 4 and 32 _+ 12 pmol L ' lh  -1, respectively. The two 
rates were statistically not different. This was done 
when the weighted mean rates in plasma of lysoPC for- 
mation (Table 1, 39 ~mol L-lh 4) and of cholesteryl ester 
formation (Table 2; 51 pmol L-lh -1) were compared; the 
rates again were quite similar. As the samples were 

from different donors, some of the variance may actually 
be due to biological variations between the donors. Al- 
though the rate est imates have a relativel~ large 
s tandard deviation, the results obtained by 13C and 
31p NMR corroborate each other and are consistent with 
acyl transfer  from PC to free cholesterol catalyzed by 
LCAT. 

DISCUSSION 

Incubation of concentrated plasma at 37~ resulted in 
the simultaneous increase in lysoPC levels and the de- 
crease in PC levels with similar velocities (Fig. 2), which 
is consistent with lysoPC formation directly from PC in 
the course of cholesterol esterification (4) catalyzed by 
LCAT activity. The rates of acyl transfer  we observed in 
plasma in  vi tro (Table 1) were quite similar to those for 
cholesterol esterification by LCAT, that  had been re- 
ported by others  (19,20). LysoPC format ion from 
HDL-PC (Fig. 3) accounted for an increasingly smaller 
proportion relative to lysoPC formation in whole plasma 
as the incubation progressed. This decrease in HDL was 
most likely due to the depletion of substrate (PC) and 
the accumulat ion of reaction products tha t  inhibit  
LCAT. In whole plasma, additional substrates (PC and 
cholesterol) can be exchanged from other lipoproteins 
while the product, cholesteryl ester, is removed from 
HDL by CETP and possibly other carrier proteins. In 
addition, a smaller proportion of the increase in lysoPC 
concentration in plasma could be due to LCAT acting on 
LDL (9), which also may account, in part, for the higher 
apparent  LCAT activity in whole plasma seen later in 
the incubation when compared with HDL (Fig. 3). Fur- 
thermore, LDL-activated lysoPC acylation by LCAT has 
been reported to occur. This t ransfer  of an acyl group 
from PC in LDL to lysoPC (21,22) however, would not 
cause a net change in the total mass of PC or lysoPC and 
would therefore have no effect on the net  LCAT activity 
measured by the present method. In addition to this 
transesterification reaction, the acyl group of PC can be 
transferred to water, which amounts  to a phospholipase- 
like activity of LCAT (23,24). However, this reaction oc- 
curs only when cholesterol levels are very low, such as in 
cholesterol-deficient liposomes, and this activity is dis- 
tinct from that  of phospholipase A 2 (25). Brasure et al. 
(26) have previously used 31p NMR to monitor the hy- 
drolysis of phospholipids in human  HDL 3 upon addition 
of exogenous phospholipase A 2. They observed the 
changes in the spectra of HDL 3 produced by digestion 
with snake venom phospholipase A 2 (Crotalus  a d a m a n -  
teus) when incubated at 28~ and noted that  PC was 
completely converted to lysoPC in the course of the re- 
action. Although Brasure et al. used 31p NMR to moni- 
tor lipid-enzymatic changes by an approach similar to 
ours, these authors utilized an exogenous enzyme from 
a source other than human  plasma. LDL and apolipo- 
protein B, on the other hand, have been reported to ex- 
hibit phospholipase A2-type activity toward phospho- 
lipids containing an oxidized or a short fat ty acyl chain 
at position-2 (27,28). This phospholipase activity, how- 
ever, has been shown to produce only glycerophospho- 
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rylcholine (GPC) and not lysoPC, up to the complete hy- 
drolysis of the substrate  (28). In our studies, we were 
unable to detect any GPC resonance by 3~p NMR on 
plasma extracts,  even after  extended (several hours) in- 
cubation times; also GPC is usually not considered to be 
a major const i tuent  of human  plasma (29,30). This 
would not exclude, however, tha t  such activity by LDL 
may be exhibited toward an exogenous substrate  in an 
isolated or in an in vitro system. 

For quantification of lysoPC and PC in plasma by 31p 
NMR, peak amplitudes, r a the r  than  areas, were used 
because the apparent  peak widths of PC and lysoPC 
changed with plasma incubation time. NMR line width 
is known to be affected by a number  of parameters ,  in- 
cluding translat ional  and rotat ional  motions (T 2) of the 
nuclei involved and by inhomogeneities in the magnetic 
microenvironments  (31). For example, for phospholipid 
vesicles, changes in vesicle size directly affect rotat ional  
motions and line widths (32,33), and similar differences 
in 31p NMR linewidths have been reported for phospho- 
lipids in HDL and LDL (34). Phospholipids in plasma 
are continuously being exchanged between different 
lipoproteins of different size and lipid/protein composi- 
tions. On the other  hand, the chemical shift of each class 
of phospholipids depends upon the composition of the 
particles (34,35). Thus, small changes in chemical shifts 
of close 31p NMR resonances would also resul t  in a 
change in apparent  linewidths. If  subsequent  deconvo- 
lution involves fitting a line shape with less than  the full 
complement of peaks, then  the fit to the broadened lines 
will a t tempt  to accommodate this increase and lead to 
larger  "wings" on the fitted function, which would man- 
ifest i tself as an increase in the apparent  peak area. Any 
of these effects would make it difficult to obtain quanti- 
tat ive est imates  from peak areas. A practical solution 
was to use peak heights as measure  for the quantifica- 
tion of phospholipid concentrations in plasma. Using 
this approach, we demonstra ted in plasma tha t  the ve- 
locities of the increases in lysoPC levels and decreases in 
PC levels were the same within experimental  error. 

The phosphorus resonances in the 31p spectra of con- 
centrated plasma (Fig. 1B, lower) can be primarily at- 
t r ibuted to PC, lysoPC and SPH, of which the reso- 
nances of lysoPC and SPH are more difficult to resolve. 
Earl ier  31p NMR studies on phospholipids and esti- 
mates  of phospholipid concentrations in plasma have 
been published (29,30,36,37), al though our study is the 
first  whose aim was to develop, evaluate and apply an 
NMR-based LCAT assay. 

S tandard  procedures for measur ing the rate  of choles- 
terol esterification and t ransfer  from HDL typically in- 
volve radiolabell ing.  For  this  purpose,  p lasma or 
lipoprotein fractions are first preincubated with a ra- 
dioactive cholesterol/albumin mixture  to allow equili- 
brat ion between labelled exogenous cholesterol and en- 
dogenous native cholesterol. In most of these assays, 
LCAT is first inhibited with 5,5-dithiobis-2-nitrobenzoic 
acid (DTNB), and the inhibition is then  reversed by in- 
cubation with mercaptoethanol  (14). The cholesterol es- 
terification and t ransfer  rates  are then  est imated by 
measuring, after  chromatographic separation, the ra- 

dioactivity tha t  is associated with cholesteryl ester  in 
plasma or in the lipoprotein fraction. Although these 
assay methods are used extensively, they suffer from 
several disadvantages: (i) cholesterol esterification is 
not completely inhibited by DTNB during the preincu- 
bation period, and mercaptoethanol  may al ter  the ester- 
ification rate  (14); (ii) complete equilibration of radioac- 
tive cholesterol with endogenous cholesterol during 
preincubation is uncertain,  and it  is difficult to deter- 
mine whether  the labelled cholesterol has been distrib- 
u t ed  uniformly among the lipoproteins; and (iii) other 
assays of LCAT activity or cholesteryl ester  t ransfer  ac- 
tivity with artificial substrates,  such as PC/cholesterol 
liposomes, may  not necessarily be representat ive of the 
activities in vivo. 

In conclusion, the novel 31p NMR procedure we devel- 
oped for measur ing the rate  of acyl t ransfer  from PC to 
free cholesterol in plasma, or HDL, mediated by LCAT, 
has a number  of advantages for assaying LCAT activity. 
The introduction of NMR spectroscopy into clinical bio- 
chemistry should entail  the development of ancillary 
procedures to replace older methods, or the develop- 
ment  of new procedures for assaying enzyme activities 
and metabolites t ha t  have proven intractable by other  
means. 
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Prompted by the reported hypolipidemic activity of  gar- 
lic, the present study was undertaken to elucidate the 
mechanism(s) underlying the cholesterol-lowering ef- 
fects of  garlic. Rat hepatocytes  in primary culture were 
used to determine the short-term effects of  garlic prepa- 
rations on [1-14C]acetate and |2-3H]glycerol incorpora- 
tion into cholesterol, fatty acids and glycerol lipids. 
When compared with the control group, cells treated 
with a high concentration of  garlic extracts [i.e., petro- 
leum ether- (PEF), methanol-  (MEF) and water-ex- 
tractable (WEF) fractions from fresh garlic] showed de- 
creased rates of  [1-14C]acetate incorporation into cho- 
lesterol (by 37-4i4%) and into fatty acids (by 28-64%). 
Kyolic containing S-allyl cysteine and organosulfur 
compounds inhibited cholesterogenesis  in a concentra- 
tion dependent manner with a mn~dmum inhibition of  
87% at 0.4 raM. At this concentration, Kyolic decreased 
[1-14C]acetate incorporation into fatty acids by 67%. S- 
allyl cysteine at 2.0 and 4.0 mM inhibited cholesterogen- 
esis by 20-25%. PEF, MEF and WEF depressed the rates 
of  [2-3H]glyeerol incorporation into triacylglycerol, dia- 
cylglycerol and phospholipids in the presence of  ac- 
etate, but not in the presence of oleate. The results sug- 
gest that the hypocholesterolemic effect of  garlic stems, 
in part, from decreased hepat ic  cholesterogenesis ,  
whereas the triacylglycerol-lowering effect appears to 
be due to inhibition of  fatty acid synthesis. Primary 
hepatocyte cultures as used in the present study have 
been proven useful as tools for screening the anticho- 
lesterogenie properties of  garlic principles. 
Lipids 29, 189-193 (1994). 

Aside from its general use as a condiment, garlic (A1- 
lium sativum) is known for its pharmacological and nu- 
tritional properties (1). Among the potential therapeutic 
applications of garlic, its antilipidemic effects have been 
demonstrated in studies on humans (2-6), as well as on 
animals, including rats (7-13), rabbits (14,15), chicken 
(16-17) and swine (18). Garlic is known to contain a va- 
riety of sulfur compounds, in addition to amino acids, vi- 
tamins and minerals (19). Although some of these sulfur 
compounds, such as S-methylcysteine sulfoxide and S- 
allyl cysteine sulfoxide, are known to reduce cholesterol 
levels in the liver and plasma (10), the principle(s) fore- 
most responsible for the hypolipidemic action of garlic is 
presently not known. Likewise, the mechanism(s) un- 
derlying the hypocholesterolemic effects of garlic con- 
stituents(s) have not been fully elucidated (20). 

*To whom correspondence should be addressed at Nutrition De- 
partment, The Pennsylvania State University, S126 Henderson 
Building, University Park, PA 16802. 
Abbreviations: DME, Dulbecco's modified Eagle medium; HEPES, 
N-(2-hydroxyethyl)piperazine-hr-(2-ethanesulfonic acid); FBS, 
fetal bovine serum; MEF, methanol-extractable fraction of garlic; 
PEF, petroleum ether-extractable fraction of garlic; PL, phospho- 
lipid; TG, triacylglycerol; WEF, water-extractable fraction of garlic. 

The liver is a major site of cholesterol and lipoprotein 
synthesis and of cholesterol clearance via low density 
lipoprotein-receptor mediated processes (21,22). Previ- 
ous studies by other investigators have shown that gar- 
lic supplemented diets can depress the activities of var- 
ious lipogenic enzymes including glucose-6-phosphate 
dehydrogenase and malic enzyme (9,10,17), as well as of 
the cholesterogenic enzyme, 3-hydroxy-3-methyl-glu- 
taryl-CoA reductase (16-18). It therefore seems reason- 
able to postulate that  the hypolipidemic effect of garlic 
results from impaired lipogenesis and cholesterogenesis 
in the liver. 

The goal of the present study was to determine 
whether garlic suppresses cholesterol and glycerol lipid 
biosynthesis in hepatocytes in primary culture. The re- 
sults we obtained demonstrated that  extracts prepared 
from fresh and aged garlic exert a marked inhibition on 
cholesterol and fatty acid synthesis. 

MATERIALS AND METHODS 

Chemicals. Radioactive substrates were purchased from 
Amersham Corp. (Arlington Heights, IL). Collagenase D 
was obtained from Boehringer Mannheim Corp. (Indi- 
anapolis, IN). Culture media, fetal bovine serum (FBS) 
and antibiotics were the products of GIBCO (Gaithers- 
burg, MD). Aged garlic powder, Kyolic (liquid form of 
aged garlic), and S-allyl-cysteine were provided by 
Wakunaga of America Co., Ltd. (Mission Viejo, CA). 
Substrates and other chemicals were purchased from 
Sigma Chemical Co. (St. Louis, MO). Diet ingredients 
were supplied by ICN Biochemicals (Costa Mesa, CA). 

Animals and diets. Male Sprague-Dawley rats were 
obtained from Harlan Sprague-Dawley Co. (Indianapo- 
lis, IN) and fed a nonpurified diet (Purina Rat Chow; 
Ralston Purina, St. Louis, MO). The animals were 
housed individually in stainless steel cages at approxi- 
mately 24~ and 50% relative humidity on a 12-h 
light/dark cycle (0600-1800). In experiments on the ef- 
fects of garlic on plasma lipids, two groups of five ani- 
mals each (140-150 g body weight) were fed high-fat 
diets (20 g corn oil/100 g diet), and one group was fed the 
diet supplemented with 2% aged garlic powder. Thus, 
the compositions of the two diets were the same, except 
for the presence of garlic in the experimental group 
(Table 1). The diets were isocaloric and provided 98.3 
kJ/100 g diet. The diets were stored under nitrogen at 
-20~ and provided fresh to the animals daily. Uncon- 
sumed portions of the diets were discarded each day. 

Hepatocyte culture. Liver cells were isolated from 
rats (200-250 g body weight) according to the method 
of Berry and Friend (23), as modified by Seglen (24). 
Rats were anesthetized with nembutal (5 mg/100 g body 
weight), and the hepatic portal vein was cannulated 
for perfusion with buffer [NaC1, 142 mM; KC1, 6.7 mM; 
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TABLE 1 

C o m p o s i t i o n  o f  C o n t r o l  a n d  E x p e r i m e n t a l  D i e t s  a 

Control Experiment 
Ingredient (g/kg diet) (g/kg diet) 

Casein 172 172 
Sucrose 203 203 
Corn starch 295 295 
Corn oil 200 200 
AIN-76 mineral mix 35 35 
AIN-76A vitamin mix 10 10 
Fiber, cellulose 50 48 
Choline, dihydrogen citrate 2 2 
L-Methionine 3 3 
Agar 30 30 
Aged garlic powder b 0 2 
aAll diet ingredients were purchased from ICN Biochemicals 
(Costa Mesa, CA). Both diets contained the same energy density, 
i.e., 98.3 KJ/I00 g. 
bAged garlic powder was provided by Wakunaga of America Co., 
Ltd. (Mission Viejo, CA). 

N-(2-hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid) 
(HEPES),  10 mM; NaOH, 5.5 mM; pH 7.4] for 
15 min. Immediately after  perfusion in situ, the liver 
was carefully excised and perfusion with collagenase 
buffer (NaC1, 67 mM; KC1, 6.7 mM; HEPES,  100 mM; 
CaC12 �9 H20 , 5.4 mM; NaOH, 66 mM; pH 7.6; 50 mg col- 
lagenase D/100 mL) was continued for 15 min. The en- 
zyme-treated liver was then  subjected sequentially to 
mincing, incubation, fi l tration and centrifugation for 
cell isolation and purification. From each liver, 100-250 
• 106 cells were obtained with a viability of 95-98% as 
judged by t rypan blue exclusion. The cells were resus- 
pended in Dulbecco's modified Eagle medium (DME) 
supplemented with 5.6 mM glucose, 10% FBS and an- 
tibiotics (100 units  penicillin/mL, and 100 pg strepto- 
mycin/mL) to obtain 0.8-1.0 x 106 cells/mL of suspen- 
sion. Two-mL aliquots of the suspension were plated per 
well in a six-well culture plate (Becton Dickinson Lab- 
ware, Lincoln, NJ) and incubated at  37~ under  an at- 
mosphere of 95% air  and 5% CO 2. After 6 h of incuba- 
tion, nonadhering cells were removed and discarded. 
Hepatocytes tha t  adhered to the culture plate were refed 
with DME and incubated for24 h. 

Metabolic studies. At the end of the 24-h incubation, 
cells were washed three t imes with 2 mL of FBS-free 
DME, followed by incubation with 2 mL of the same 
medium containing [1-14C]acetate (specific activity, 37 
MBq/mmol) and 0.5 mM nonlabeled sodium acetate,  or 
[2-3H]glycerol (specific activity, 18.5 MBq/mmol) and 
0.1 mM nonlabeled glycerol in the presence or absence of 
the agents to be tested, i.e., garlic extracts,  Kyolic and 
S-allyl cysteine. After 4 h of incubation, the medium was 
collected and cells were harves ted  with 1.3 mL of ice- 
cold water  by scraping with a rubber  policeman. [1- 
14 3 C]Acetate and [2-H]glycerol  were used to est imate 
cholesterogenic and lipogenic ra tes  (25). 

Lipid analysis. The harvested cells were mixed with 
20 mL of chloroform/methanol (2:1, voVvol) to extract  
the lipids according to the method of Folch et al. (26). 

For measurement  of [1-14C]acetate incorporation into 
cholesterol and fat ty  acids, the lipid extract  was saponi- 
fled in 6 mL of 3.75% methanolic KOH at 90~ for 4 h 
(27). Nonsaponifiable lipids were extracted with petro- 
leum ether  (b.p. 35-60~ and cholesterol was precipi- 
ta ted with digitonin (27). After removal of the non- 
saponifiable fraction, the extracts were acidified with 
concentrated HC1, and the fat ty acids were extracted 
with petroleum ether. For quantification of [2-3H]glyc - 
erol incorporation into glycerol lipids, lipids were sepa- 
ra ted into triacylglycerols (TG), diacylglycerols and 
phospholipids (PL) by thin-layer  chromatography on Sil- 
ica Gel G coated plates using hexane/diethyl ether/acetic 
acid (80:20:1, by vol) as developing solvent (28). The ra- 
dioactives of 14C- and 3H-labeled products were mea- 
sured by liquid scintillation counting (Beckman Model 
LS 6800; Beckman Instruments ,  Houston, TX). 

Preparation of garlic extracts. Fresh garlic purchased 
from a local marke t  was used in the study. Husk-free 
garlic bulbs (100 g) were homogenized with petroleum 
ether  to obtain a petroleum ether-extractable fraction 
(PEF) according to the method of Qureshi et al. (17). 
Semiliquid residues tha t  remained af ter  petroleum 
ether  extraction were freeze-dried for 72 h and yielded 
36.6 g of dry powder. Two portions of 10 g each were 
used for preparat ion of methanol-  (MEF) and water-ex- 
tractable (WEF) fractions, as described elsewhere (17). 
The final preparat ions of PEF, MEF and WEF were re- 
suspended in ethanol, methanol  and water, respectively. 
All extracts were sterilized by microfiltration through 
0.22 pm cellulose acetate filters. The concentrations of 
PEF, MEF and WEF used for the metabolic studies were 
adjusted so tha t  1 • and 5 • extracts  were equivalent to 
0.25 mg and 1.25 mg of dried powder, respectively. Five 
microliters of the extract  were added to 2 mL of the in- 
cubation medium. 

Statistics. Data are presented as means  _ SE, and the 
difference in values between control and experimental  
groups in the in vivo study was analyzed by Student 's  t- 
test. The comparisons of the test  compounds in vitro 
were made by one-way analysis of variance. When sta- 
tistical significance was indicated by the analysis of 
variance, Duncan's Multiple Range test  was used to 
identify the significant difference between the groups at  
P < 0.05. 

RESULTS 

Prior to our in vitro studies, a feeding experiment  was 
carried out to confirm the hypolipidemic effects of garlic 
tha t  have been observed by other  investigators in differ- 
ent  animal species (7-18). One group of ra ts  was fed a 
high-fat diet containing 2% aged garlic powder, and the 
other  group received a similar diet without  garlic for 
four weeks. As shown in Table 2, at the conclusion of the 
feeding exper iment  there  was no difference in body 
weights between the two groups of ra ts  on the two diets. 
The fasting plasma TG and total cholesterol concentra- 
tions in the garlic group were lowered by 30 and 15%, re- 
spectively, relat ive to those in the group fed the garlic- 
free diet. High density lipoprotein cholesterol levels 
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TABLE 2 

Hypol ip idemic  Effects o f  Aged Garlic Powder  in Rats a 

Control diet 2% Garlic diet 

Body weight (g) 309 _+ 6 317 • 12 
Plasma (mmol/L) 

Triacylglycerol 0.90 • 0.07 0.63 • 0.02 b 
Cholesterol 2.38 • 0.10 2.02 • 0.03 b 
HDL c cholesterol 1.78 • 0.10 1.73 • 0.03 

aValues are means • SE for five animals. Animals were fasted for 
12 h before blood sampling. 

bIndicates a significant difference from the corresponding value of 
the control group at P < 0.05. 

tHigh density lipoprotein. 

were  t he  s a m e  in  the  two groups.  These  f ind ings  led  us  
to t he  s u b s e q u e n t  in vitro e x p e r i m e n t s  t h a t  were  a i m e d  
a t  i n v e s t i g a t i n g  the  mechan i sm(s )  t h a t  would  unde r l i e  
the  cho les te ro l - lower ing  effect  of  garl ic.  

The  r a t e s  of  hepa t i c  de novo f a t ty  acid and  choles te ro l  
syn thes i s  were  d e t e r m i n e d  u s ing  [1-14C]acetate as sub- 
s t ra fe .  The  r a t e  of  [1-14C]acetate i nco rpora t ion  in to  cho- 
l es te ro l  was  lowered  36% by P E F  and  44% by M E F  a t  
t he  5 x concen t r a t i on  (Table 3). No s ign i f i can t  i nh ib i t ion  
by t he se  ex t r ac t s  was  seen  a t  t he  1 x concen t ra t ion .  On  

the  o the r  hand ,  W E F  a t  1 x lowered  ace t a t e  incorpora-  
t ion by 52%, b u t  an  i nc r ea se  of  t he  concen t r a t i on  to 5 x 
did no t  f u r t h e r  r educe  the  r a t e  of  incorpora t ion .  W E F  
and  M E F  were  equa l ly  effect ive in i nh ib i t i ng  [14C]ac- 
e t a t e  i nco rpora t ion  into  fa t ty  acids. I nh ib i t i on  a t  1 • a n d  
5 x concen t r a t i ons  r a n g e d  f rom 59 to 64%. The  r a t e  of  
fa t ty  acid syn thes i s  was  i nh ib i t ed  by P E F  a t  5 x ,  bu t  no t  
a t  1 x concen t ra t ion .  

To f u r t h e r  cha r ac t e r i z e  t he  inh ib i to ry  effect  of  gar l ic  
cons t i t uen t s  on l ipid b iosyn thes i s ,  Kyolic and  S-a l ly l  
cys te ine  were  t e s t ed  for t h e i r  e f fec t iveness .  S-AUyl cys- 
t e ine  is a m a j o r  su l fu r - con ta in ing  a m i n o  acid d e r i v a t i v e  
in  garl ic.  Kyolic p r e p a r a t i o n  used  in  t he  s tudy  con ta ined  
700 m g  S-a l ly l  cys te ine /L  ( equ iva l en t  to 4.3 mM)  and  
other,  not  specified,  wa te r - so lub le  compounds .  The  r a t e  
of  [1-14C]acetate i nco rpora t ion  into  choles te ro l  was  no t  
in f luenced  by S-a l ly l  cys te ine  a t  concen t r a t i ons  below 
1.0 m M  (Table 4). At  h igh  concen t r a t i ons  (i.e., 2.0 and  
4.0 mM),  the  r a t e s  were  2 0 - 2 5 %  lower  t h a n  those  in t he  
controls .  F a t t y  acid syn thes i s  f rom [1-14C]acetate was  
no t  a l t e r ed  by S-a l ly l  cys te ine  a t  all  concen t r a t i ons  
tes ted .  Kyolic a t  a concen t r a t i on  e q u i v a l e n t  to 0.05 m M  
S-a l ly l  cys te ine  was  effect ive  in  r educ ing  the  r a t e  of  
[1-14C]acetate incorpora t ion  in to  choles terol ,  and  the  
i n h i b i t i o n  w a s  s h o w n  to be  c o n c e n t r a t i o n  d e p e n -  
den t  (Table 4). A t  a h i g h e r  concen t r a t i on  e q u i v a l e n t  to 

TABLE 3 

Inhibi t ion of  [l-]4C]Acetate Incorporation into Lipids  
o f  Hepatocytes  by Garlic Extracts a 

[1-14C]Acetate incorporation into 
Treatment b Cholesterol Fatty acid 

(pmol acetate incorporated/mg 
protein/4 h) 

Control 120 • 11 c 704 • 55 c 
PEF 

i x 108 -+ 11 ~ 642 • 23 c 
5 x 77 • 124 500 • 16 d 

MEF 
l x  102•  c 270•  e 
5 x 67 • 10 d 291 • 35 e 

WEF 
1 x 57 +- 8 d 253 • 25 e 
5 x 43 -+ 4 d 270 • 16 e 

aHepatocytes were incubated in 2 mL serum-free Dulbecco's modi- 
fied Eagle medium containing 0.5 mM [1-14C]acetate (specific ac- 
tivity, 1.0 mCi/mmol or 37 MBq/mmol). 

bpEF(petroleum ether), MEF(methanol) and WEF ,(water)-ex- 
tractable fractions of fresh garlic were resuspended in ethanol, 
methanol and water, respectively; 1 x extract was equivalent to 
0.25 mg and 5 • to 1.25 mg of dry garlic powder. Five gL of the ex- 
tracts was added to the incubation medium. 

C~Values are means _+ SE of three experiments. The average of 
three wells measured in each experiment was considered a data 
point. When compared with the control group, addition of 5 pL 

- 1 4  ethanol decreased the incorporation of [1- C]acetate into choles- 
terol by 26 pmol/mg protein/4 h and increased the incorporation 
into fatty acid by 162 pmol/mg protein/4 h. On the other hand, ad- 
dition of 5 gL methanol reduced the incorporation into cholesterol 
and fatty acid by 17 pmol and 63 pmol/mg proteirJ4 h, respectively. 
Accordingly, the values of PEF- and MEF-treated cells were cor- 
rected for these effects. Values in each column with a different su- 
perscript letter are significantly different at P < 0.05. 

TABLE 4 

Inhibi t ion of  [l-14C]Acetate Incorporation into Lipids  
o f  Hepatocytes  by S-AIIyl Cysteine and Kyolic a 

[1-14C]Acetate incorporation into 

Treatment Cholesterol Fatty acid 
(% of control) b 

S-Allyl Cysteine (mM) 
0.05 98.4 • 4.6 d 99.6 • 8.74 
0.1 91.7 _+ 9.1 d-f 96.8 • 6.1 d 
0.5 112.2 • 12.24 'e 95.4 • 11.1 d 
1.0 115.7 • 6.8 d 90.1 • 11.0 d 
2.0 79.3 _+ 2.7 eT 90.1 • 11.0 d 
4.0 73.4 • 4.6 f~ 83.6 • 8.7 d 

Kyolic (mM) c 
0.01 102.8 • 18.24 84.9 • 12.84 
0.05 77.5 • 9.7 d~ 128.4 • 20.8 d'e 
0.1 27.5 • 1.3 e~ 155.5 • 14.8 d~ 
0.2 24.2 • 3.6 e-g 122.1 • 11.7 d 
0.4 13.2 • 3.9 f~ 28.9 • 2.3 f~ 

aHepatocytes were incubated in serum-free Dulbecco's modified 
Eagle medium containing 0.5 mM [1-14C]acetate (specific activity, 
1.0 mCi/mmol or 37 MBq/mmol). 

bWhe mean specific activities of [1-14C]acetate incorporation into 
cholesterol and fatty acid ranged from 121-158 and 610-825 pmol 
acetate/mg protein/4 h, respectively. The values for treatment 
groups are expressed as % of the control based on the mean specific 
activity determined from each of four experiments. 

CKyolic concentrations are expressed as S-allyl cysteine equiva- 
lents contained in the liquid garlic extract. 

d-fValues are means • SE for three experiments. The average of 
three wells measured in each experiment was considered a data 
point. Values in each column with a different superscript letter are 
significantly different at P < 0.05. 
gIndicates a significant difference from the corresponding value of 
the control group. 
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TABLE 5 

Effects  o f  Garl ic  Extracts  on  the  Rate  o f  [2-3H]Glycerol Incorpora t ion  in to  GlyceroHpids  
o f  H e p a t o c y t e s  a 

Treatment b 
[2-3H]Glycerol + oleic acid 

Triacylglycerol Phospholipids 
[2-3H]Glycerol + acetic acid 

Triacylglycerol Diacylgtycerol Phospholipids 

(pmol glycerol incorporated/mg protein/4 h) 
Control 1076 _* 39 d 352 • 7 d 1035 • 27 c 86 _+ 1 c 482 • 9 ~ 
PEF 1157 -e 32c, d 349 -+ 8 d 895 • 12 d 68 _+ 1 e 357 • 6 d 
MEF 1235 • 26 c 383 • 8 c 945 • 32 d 78 -+ 1 d 379 • 13 d 

WEF 1174 • 44 r 452 • 26 c 906 • 32 d 69 -+ 2 e 382 • 10 d 

aHepatocytes were incubated in serum-free Dulbecco's modified Eagle medium containing 0.1 mM 
[2-3H]glycerol (specific activity, 0.5 mCi]mmol or 18.5 MBq/mmol) and either 0.5 mM oleic acid complexed 
with bovine serum albumin or 1.0 mM sodium acetate. Garlic extracts equivalent to 1.25 mg of dry garlic 
powder in 5 ~L was included in the incubation. When compared with the control group, addition of 5 ~L 
ethanol or methanol decreased slightly (<2%), but not significantly, the rates of [2-SH]glycerol incorporation 
into glycerolipids. 
bpEF (petroleum ether), MEF (methanol) and WEF (water)-extractable fractions of fresh garlic were resus- 
pended in ethanol, methanol and water, respectively. 
c-~v'alues are means _+ SE for three experiments. The average of three wells measured in each experiment 
was considered a data point. Values in each column with a different superscript letter are significantly dif- 
ferent at P < 0.05. 

0.4 mM S-allyl cysteine, Kyolic depressed the  ra te  of  
synthesis  by 87%. The ra te  of [1-14C]acetate incorpora- 
tion into fa t ty  acids was inhibi ted by Kyolic a t  the high 
concentrat ion (i.e., 0.4 mM equivalent),  but  was st imu- 
la ted a t  0.1 mM concentration. 

P l a sma  TG levels depend in pa r t  on TG synthesis  and  
secretion by the  liver. TG synthesis ,  on the other  hand,  
also competes with PL synthesis  for substra tes .  Unlike 
the effects of the garlic extracts  on cholesterol and fa t ty  
acid synthesis ,  none of the extracts  inhibited the  ra te  of 
[2-3H]glycerol incorporation into TG when oleic acid was 
present  in the culture med ium (Table 5). The ra te  of in- 
corporation into TG was increased 15% by MEF as com- 
pared  to controls. Similarly, the ra te  of [2-3H]glycerol in- 
corporation into PL was not affected by PEF  or MEF, but  
s t imula ted  by 28% in the presence of WEF. 

In  a subsequent  experiment ,  the ra te  of [2-3H]glycerol 
incorporat ion into lipids was measured  in the pres- 
ence of 1.0 mM sodium acetate.  As shown above, aceta te  
is readi ly  used by hepatocytes  for fa t ty  acid syn- 
thesis. Under  our exper imenta l  conditions, the ra tes  of 
[2-3H]glycerol incorporation into TG were decreased 
9-14% by PEF, MEF or WEF as compared to controls 
(Table 5). The ra te  of glycerol incorporation into diacyl- 
glycerol was lowered by all three  garlic extracts.  The 
garlic extracts  were also effective in reducing the ra te  of 
glycerol incorporation into PL by 21-26%. 

DISCUSSION 

Garlic powder (7,10,12), garlic extracts  (4,6,9,13,16-18), 
essent ial  oils of garlic (12-14) and purified sulfur  com- 
pounds from garlic (10,14) are known to reduce p lasma  
of total  cholesterol, low densi ty lipoprotein-cholesterol 
and TG levels in an imals  and in humans .  The present  
s tudy on ra t s  not  only confirms these  hypocholes- 
terolemic and hypotriglyceridemic effects, bu t  provides 
some addit ional  insights  into the  mechanism(s)  by 

which garlic lowers lipid levels in the circulation. Our  
da ta  strongly suggest  t ha t  the cholesterol-lowering ac- 
tion of garlic s tems in pa r t  from its inhibition of hepatic  
cholesterol synthesis ,  which is consistent  with conclu- 
sions drawn based on in vitro exper iments  with Hep G2 
cells, a h u m a n  hepa toma  cell line and cul tured ra t  he- 
patocytes (20). Maximal  inhibition of cholesterogenesis,  
however, appears  to require mult iple  components  of gar-  
lic, as became evident through the following observa- 
tions. First,  PEF, MEF and WEF were all effective in de- 
press ing cholesterol synthesis ,  indicating t ha t  the active 
components  of garlic are  hydrophobic, or hydrophilic, or 
both. The inhibition of cholesterol synthesis  coincided 
with  a ma rked  reduction in p lasma  total  cholesterol lev- 
els by organic solvent and water -ext rac table  garlic con- 
s t i tuents  fed to the an imals  (9,16-18). Second, the  ra te  
of [1-14C]acetate incorporation into cholesterol was  not 
a l tered by S-allyl cysteine a t  0.05-1.0 mM and was de- 
creased by only 20-30% in the presence of higher  con- 
centra t ions  (i.e., 2.0 and  4.0 raM). Third, Kyolic, a t  a 
concentrat ion equivalent  to 0.04 mM S-allyl cysteine, in- 
hibited hepatic  cholesterogenesis to the  same extent  as 
did 2.0-4.0 mM purified S-allyl cysteine. A maximal  in- 
hibitory effect (i.e., 87%) was  a t ta ined  by Kyolic a t  a con- 
centrat ion equivalent  to 0.4 raM S-allyl cysteine. A re- 
cent s tudy by Sendl et al. (29) had  shown tha t  choles- 
terol synthesis  in vitro could be marked ly  depressed by 
a var ie ty  of  sulfur  containing compounds from garlic 
(e.g., allicin, ajoene, diallyl disulfide) a t  0.5-1.0 mM con- 
centrations.  In  addition to S-allyl cysteine, Kyolic also 
contains other  organosulfur  compounds such as methy l  
sulfide, allyl disulfide and al lylmethyl  trisulfide (30). 
Thus,  the potent  inhibitory effects of Kyolic are likely to 
be due to the combined effects of these sulfur containing 
compounds. 

The depressed ra tes  of cholesterogenesis observed in 
the cul tured hepatocytes  m a y  be re la ted to the de- 
creased activities of 3-hydroxy-3-methyl-glutaryl-CoA 
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reductase  measured  in the liver of an imals  fed diets sup- 
p lemented  with different garlic prepara t ions  (16-18). 
This  notion is supported by the resul ts  of a recent  study, 
t ha t  showed tha t  water-soluble garlic extracts,  when  in- 
cubated with cul tured hepatocytes,  lowered the activity 
of the reductase  (20), the ra te- l imit ing enzyme ear ly  in 
cholesterol synthesis.  Fur thermore ,  when  purified dial- 
lyl disulfide was pre incubated with liver microsomes, 
the reductase was irreversibly inact ivated (31). How- 
ever, i t  should be pointed out t ha t  the garlic extracts  
could also inhibi t  s teps la ter  in the cholesterol metabolic 
pa thway  (20). For example,  garlic extracts  fed to chicken 
have  been shown to decrease hepatic  cholesterol 7a-hy- 
droxylase activity (16,17). Fur thermore ,  allicin has  been 
shown to inhibit  the activity of bovine acetyl CoA syn- 
the tase  (32). Acetyl-CoA synthetase ,  in turn,  was  shown 
to exist both in the cytoplasm and in the mitochondria  of 
r a t  l iver (33). As [1-14C]acetate was used as the sub- 
s t ra te  for cholesterol synthesis  in the present  study, it  
m a y  be speculated tha t  the  decreased ra te  of [1-14C]ac- 
e ta te  incorporat ion into cholesterol induced by garlic ex- 
t rac ts  and Kyolic could involve inhibition of acetyl-CoA 
synthetase.  

Likewise,  the  mechan i sm(s )  under ly ing  the  hy- 
potriglyceridemic effect of garlic is not completely un- 
dersteod. As hepatic  TG production is an impor tan t  
factor in the  regulat ion of p l a sma  levels, the use of 
[2-3H]glycerol for measur ing  the hepatic  capacity for TG 
synthesis  pe rmi t t ed  us  to ascer ta in  a causal  relation- 
ship be tween hepatic  TG production and TG appearance  
in the  circulation. The incorporation of [2-3H]glycerol 
into TG is dependent  upon the  format ion of sn-glycerol- 
3-phosphate  and its esterification with  fa t ty  acids. Thus,  
any  l imitat ion in the availabil i ty of the glycerol back- 
bone or of fa t ty  acid could lead to a reduction in TG syn- 
thesis. In  a series of experiments ,  we found tha t  the  ra te  
of [2-3H]glycerol incorporation into TG was  significantly 
inhibi ted by PEF, MEF and WEF under  conditions 
where  aceta te  was provided as fa t ty  acid precursor  to 
the hepatocytes  in the incubation medium.  Such an in- 
hibition was not observed when  a fa t ty  acid (i.e., oleic 
acid) was supplemented.  Clearly, the  TG-lowering effect 
of active garlic components  mus t  in pa r t  be a t t r ibuted  to 
a decreased ra te  of TG synthesis  in the liver, which, in 
turn ,  is the  resul t  of  depressed de novo fa t ty  acid syn- 
thesis. Various garlic extracts  fed to an imals  have  been 
shown to decrease the activities of NADPH producing 
enzymes and  of fa t ty  acid syn the tase  (9,10,16-18). 
Therefore,  it is likely tha t  the impa i rmen t  of fa t ty  acid 
synthesis  observed in the cultured cells s tems  par t ly  
from the inhibit ion of the lipogenic enzymes.  The inhibi- 
tion of TG production, however, does not seem to be due 
to competi t ion with  diacylglycerol or PL synthesis ,  
which were similarly inhibited by the garlic extracts.  

In  summary,  the cholesterol- and lipid-lowering ef- 
fects of long- term t r e a t m e n t  with garlic repor ted in var-  
ious h u m a n  intervent ion (2-6) and an imal  feeding stud- 
ies (7-18) were assessed and confirmed here  in short- 
t e rm  exper iments  using p r imary  hepatocyte  cultures.  
This cell cul ture  model should prove useful for fu r ther  

screening of var ious garlic principles for thei r  anticho- 
lesterogenic properties.  
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Effect of Fish Oil on Cancer Cachexia and Host Liver Metabolism 
in Rats with Prostate Tumors 
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The  ~im of  th is  s tudy  w a s  to inves t iga te  w h e t h e r  tumor- 
i n d u c e d  cachex ia  and  aberrat ions  in  hos t  l iver  m e t a b ~  
lism, induced by the MAT-LyLu variant  of the Dunning 
prostate  tumor, could be prevented by 0~ fatty acids f rom 
f i sh  oil.  On day 0, adul t  Copenhagen-F i sher  rats  fed nor- 
mal  chow ad  l ibi tum were inoculated with 106 MAT-LyLu 
cells (n = 14) or saline (n = 9). On day 7, when tumors were  
palpable, four tumor-bearing (TB) and four nontumor-  
h e a r i n g  (NTB) rats  were put  on isocaloric diets with 50% 
of total energy as fish oil. The introduct ion of f i sh  oil-en- 
r i ched  diets  caused  a reduc t i o n  in  e n e r g y  in take  to less  
t h a n  half  of the energy intake by animals fed normal 
diets during days 7-14 (difference by  dietary group: NTB, 
P < 0.001; TB, P < 0.001). During days 14-21, e n e r g y  intake 
in fish oil-fed animals re turned  to approximately 75% of 
energy intake by animals fed normal diets (difference by 
dietary group: NTB, P < 0.003; TB, P = 0.001). Carcass  
w e i g h t  of animals on day 21, w h e n  the  s tudy  wa s  termi- 
nated, was  significantly related to initial w e i g h t  (P = 0.05) 
and  m e a n  food intake during the  s tudy  (P = 0.01). When  
data  were adjusted for these variables using analysis of 
covariance, with NTB :animals on normal  diets being the  
re ference  group, significant loss of carcass  w e i g h t  was  
observed in TB animals on normal diets only (mean • 
SEM 58 • 10 g loss,  P < 0.001), but  not  in  TB a n i m a l s  on  
f i sh  oi l  d iets  (8 • 18 g loss,  P = 0.67). This  pos i t ive  effect  o f  
f i sh  oi l  d ie ts  o n  carcass  w e i g h t  in  TB a n i m a l s  was  statis- 
t i ca l ly  significant (50 • 19 g, P < 0.02), i mpl i c a t i ng  that  the  
fish oil enr iched diet inhibited tumor-induced w e i g h t  
loss  by  more  t h a n  85%. No effect  o f f i s h  oil diets on tumor  
growth was  detected.  In ail TB ~nlma[s, regardless of 
diet,  hepat i c  [Pi] / [adenosine tr iphosphate]  rat ios  mea- 
sured by 31p m a g n e t i c  r e s o na nce  spectroscopy (MRS) in 
vivo and in vitro were  e levated,  and  abso lute  concentra-  
t ions  of phosphocholine, glycerophosphoch~line,  glyc~ 
erophosphoethanolamine and glucose-6-phosphate as de- 
termined by 31p MRS in vitro were reduced.  Ultrastruc-  
tural  studies of l iver  t i s sue  revea led  increased  n u m b e r s  
o f  m i t o c h o n d r i a  a nd  i n c r e a s e d  a m o u n t s  o f  
endoplasmic r e t i c u l u m  in  the  hos t  l iver of  TB anim~|~, 
wi thout  di f f erence s  b e t w e e n  d ie tary  group. In con- 
c lus ion ,  f i sh  oi l  s u p p l e m e n t a t i o n  part ia l ly  i n h i b i t e d  
MAT-LyLu tumor~induced cachexia ,  but  d id  not  p r e v e n t  
the  majority of 31p MRS-detectable  a l terat ions  in  hos t  
l iver  metabol i sm.  
Lipids 29, 195-203 (1994). 
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Abbreviations: ADP, adenosine diphosphate; ATP, adenosine tri- 
phosphate; DHA, docosahexaenoic acid; EPA, eicosapentaenoic 
acid; F6P, fructose-6-phosphate; GPC, glycerophosphocholine; 
GPE, glycerophosphoethanolamine; G3P, glyceraldehyde-3-phos- 
phate; G6P, glucose-6-phosphate; MRS, magnetic resonance spec- 
troscopy; NTB, nontumor-bearing; sn-GP, sn-glycerol-3-phosphate; 
TB, tumor-bearing; TR, repetition time. 

There  is increasing evidence suggesting tha t  0)3 fat ty 
acids from fish oil, eicosapentaenoic acid (EPA) and do- 
cosahexaenoic acid (DHA), may  inhibit carcinogenesis 
and tumor  growth (1-8). In cultures of human  cancer 
cell lines, EPA, but  not DHA, was cytotoxic to tumor  
cells to a greater  extent  than  to nontumorigenic cells (3). 
In a number  of chemically-induced and t ransplanted  tu- 
mors, fish oil reduced tumor  incidence, delayed tumor  
appearance,  and decreased the growth rate  and size of 
tumors  (4--7). In a cachexia-inducing rodent  tumor, fish 
oil given after  tumors  were palpable, inhibited tumor  
growth and carcass weight loss in a dose-dependent 
fashion (8). Different possible mechanisms underlying 
these effects, such as modulation of oncogene expres- 
sion, cell-mediated immune response, prostaglandin 
synthesis and lipid metabolism, have been discussed 
(1-8). 

We have recently reported (9) tha t  the MAT-LyLu 
var iant  of the Dunning prostrate  tumor, when trans- 
planted into Copenhagen-Fisher  rats,  induces weight 
loss and marked  alterations in host liver metabolism de- 
spite lack of metastat ic  involvement in the liver, and 
without  a concomitant reduction in food intake. These 
alterations in the host liver included a rise in [Pi]/adeno- 
sine t r iphosphate (ATP)] ratios and a marked  reduction 
in glycerophosphocholine (GPC) and glycerophosphoeth- 
anolamine (GPE) concentrations (9). In contrast,  fish oil 
supplementat ion in heal thy animals significantly in- 
creased hepatic GPC levels (10). Based on these findings 
and previous reports  on anticachectic effects of fish oil 
(8), the present  study was aimed at  investigating the ef- 
fects of fish oil supplementat ion on weight loss and host 
liver metabolism in rats  bear ing MAT-LyLu tumor  allo- 
grat~s. 

MATERIALS AND METHODS 

A n i m a l s .  Four t een  12-week-old male Copenhagen-  
Fisher  F1 hybrid rats  (Harlan-Olac Ltd., Bicester, Ox- 
ford, United Kingdom) were used for this study. Mean (_+ 
SEM) weight of the animals was 321 +_ 2 g. All animals 
were t rea ted  identically throughout  the study, unless 
stated otherwise. 

Tumor inoculation. MAT-LyLu ra t  prostate carcinoma 
cells were obtained from Dr. J. Isaacs (Johns Hopkins 
Cancer Center, Baltimore, MD) and cultured as previ- 
ously described (11). At confluence, cells were harvested 
using 0.025% trypsin in 10 mM sodium phosphate buffer 
(pH 7.4) without Ca 2+ or Mg 2§ Animals were inoculated 
into subcutaneous tissues of the left flank with 1 • 106 
tumor  cells suspended in 500 ~tL of sterile saline. Nine 
animals were injected with saline as controls. 
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Diet and body weight, After tumor inoculation, ani- 
mals were maintained in adjacent individual cages with 
water and standard food available ad libitum. The stan- 
dard food was rat  and mouse breeding diet (Pilsbury's 
Ltd., Birmingham, United Kingdom), which contained 
50% carbohydrate, 20% protein, and 4.1% crude oil and 
supplied 11.5% of the energy as fat. Essential fatty acids 
comprised 1.45% of the diet (8). Seven days after tumor 
inoculation, when tumors were just palpable in all 
tumor-bearing (TB) animals, four TB and four nontu- 
mor-bearing (NTB) rats were changed onto a diet con- 
taining 50% of total energy as fish oil. The fish-oil en- 
riched diet was prepared as an isocaloric isonitrogenous 
diet by decreasing the carbohydrate content and supply- 
ing the remaining energy from MaxEPA fish oil (kindly 
supplied by Seven Seas Ltd., Hull, United Kingdom) (8). 
The peroxide value (12) of fish oil was 4.6 mg/kg, which 
is within the quality specification for vacuum deodorized 
fish oil from the National Oceanic and Atmospheric Ad- 
ministration of the United States (13). Food was pre- 
pared fresh daily throughout the study. Body weight, as 
well as food and water intake, was monitored daily. Car- 
cass weight was calculated by subtracting the weight of 
primary and metastatic tumors from total body weight. 

Anesthesia. At 21 d after tumor inoculation, animals 
were fasted overnight and anesthetized using 0.5 mL/kg 
Hypnorm R (Janssen Pharmaceutical Ltd., Grove, Ox- 
ford, United Kingdom), containing 0.315 mg fentanyl 
citrate and 10 mg fluanisone per mL, and 1 mg/kg Hyp- 
novel (midezolam; Roche Laboratories, Division of Hoff- 
mann-La Roche Inc., Nutley, NJ). A midline laparotomy 
was performed, and a two-turn, 14-mm diameter coil 
was placed immediately over the liver with an aseptic 
layer of film placed between the coil and the exposed tis- 
sue. Animals were maintained at 37*C throughout the 
experiment via a heated pad. 

Magnetic resonance spectroscopy (MRS) in vivo. MRS 
data were acquired in vivo using an SIS MR imaging 
spectrometer (Spectroscopy Imaging Systems Corpora- 
tion, Sunnyvale, CA) interfaced to an Oxford 4.7 Tesla, 
30-cm bore superconducting magnet (Oxford Instru- 
ments Ltd. Eynsham, Oxford, United Kingdom). In 
order to optimize magnetic field homogeneity in the re- 
gion of the coil, the coil was transmission line tuned to 
200.06 MHz for detection of 1H MRS signals. Typical 
linewidths of 50 Hz were observed for the water reso- 
nance. 31p MRS data were then acquired with the coil 
tuned to 80.98 MHz, using a pulse of approximately 45 ~ 
at the center of the coil, and a repetition time (TR) of 
8 s (collecting 64 signal averages). Spectral quantifica- 
tion was carried out identically for all 31p MRS data, in 
a blinded fashion. First, baseline correction was per- 
formed as follows: for each data set, Fourier transfor- 
mation was carried out twice, applying line broadening 
of 20 Hz and 500 Hz, respectively. The two resulting 
spectra were then subtracted to obtain a spectrum cor- 
rected for the broad phospholipid signal (14). Reso- 
nances of interest were identified by chemical shift and 
quantitated by manual integration. For peaks which 
were not completely resolved, (i.e. phosphomonoesters, 
Pi and phosphodiesters), peak areas were defined as pre- 

viously described (15). It was found empirically that  use 
of TR 8 s and a pulse angle of 45* allowed for adequate 
relaxation of all resonances of interest obtained on the 
liver, i.e., use of a longer TR did not make a significant 
difference to the relative ratios of the measured reso- 
nance intensities. Hence, no correction for saturation 
was necessary. 

MRS in vitro. On completion of MRS in vivo, part of 
the liver was freeze-clamped in situ at liquid nitrogen 
temperature (16). Tissue samples were extracted with 
perchloric acid (17), and adjusted to pH 7.5 using potas- 
sium hydroxide. The resulting supernatant  was 
lyophilized and redissolved in D20. After adding ethyl- 
enediaminetetraacetic acid to a final concentration of ca. 
100 raM, pH was readjusted to 7.5. High resolution 31p 
MRS spectra were acquired on a 8.4 Tesla Bruker sys- 
tem (Bruker Spectrospin Ltd., Coventry, United King- 
dom), using a 35 ~ excitation pulse with TR 10 s. Proton 
scalar coupling interactions were removed by using low 
power proton decoupling. Metabolites in vitro were iden- 
tified in a related study (17) by a combination of chemi- 
cal shift, pH titration and standard addition of known 
compounds. A peak was considered identified if all these 
criteria were fulfilled. Concentrations in vitro were cor- 
rected for saturation and nuclear Overhauser effects by 
obtaining spectra at long TR (20 s) and by limiting the 
use of low power proton decoupling to the period of spec- 
tral acquisition only. Absolute concentrations of metab- 
olites were obtained by calculating the peak area of 
each metabolite relative to the peak area of a standard 
metabolite of known chemical shift and concentration 
(phosphocreatine), which was added to the medium. 

Microscopy. For light microscopy, specimens were 
fixed in fresh, neutral-buffered formaldehyde (10% 
vol/vol). After routine embedding in paraffin wax, tissue 
sections were cut at 3 pM thickness with a microtome 
and stained with hematoxylin and eosin. For electron 
microscopy, l-ram cubes of tissue were fixed in 2% glu- 
taraldehyde buffered with 0.2 M sodium phosphate- 
buffer (pH 7.2). Tissue blocks were post fixed in 1% os- 
mium tetroxide in Millonig~s buffer (18) for 1 h at room 
temperature. Thereafter, following two washes for 30 
rain each in distilled water, blocks were dehydrated in 
graded alcohols followed by three changes of TAAB R 
resin (TAAB Laboratories, Aldermaston, United King- 
dom) for one hour each. Tissue blocks were embedded in 
polyethylene capsules (BEEM capsules; TAAB Labora- 
tories) in fresh identical resin. Polymerization was per- 
formed at 60~ overnight. Blocks were cut at I mm on a 
Reichert ultranicrotome using a glass knife. Serial ul- 
trathin sections were then cut at 80 nm thickness using 
a diamond knife. Sections were placed onto uncoated 
nickel grids and stained in saturated methanolic uranyl 
acetate for 3 min followed by Reynold's lead citrate (19) 
for 8 rain, both at room temperature. After drying, sec- 
tions were examined and photographed using a Philips 
CM10 electron microscope (Philips Export BV, Eind- 
hoven, The Netherlands) at 80 kV. 

Statistical analysis. Results as expressed as means _+ 
SEM in ~mol per g wet weight and analyzed for signifi- 
cance by Student's t-test for independent groups; for 
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concentrations on Pi and Pi/ATP ratios (which were not 
distributed normally), Wilcoxon's rank  sum test  was 
used. Multivariate models were fitted in order to inves- 
t igate whether  the effect of fish oil diets on body weight 
gain during days 7-14 and days 14-21 was different in 
NTB and TB animals, including as covariates dummy 
variables for: (i) TB state; (ii) dietary group; and (iii) in- 
teraction of TB state and diet. In order to determine the 
effect of TB state and diet on changes in carcass weight 
after adjustment  for food intake, analysis of covariance 
was used, including, as covariates: initial weight, mean 
daily food intake during the study, and dummy variables 
for: (i) TB state and (ii) interaction between TB state 
and diet. P values less than  0.05 were considered statis- 
tically significant. 

days 14-18, P < 0.002), reflecting the animals reaching 
adult  age (i.e., 14-15 wk of age). 

Food intake during the first week of the study, when 
normal diets were given to all animals, was not signifi- 
cantly different between any of the NTB and TB groups 
(P > 0.10). However, the introduction of fish oil-enriched 
diets in part  of NTB and TB animals on day 7 caused a 
reduction in food and energy intake to less than half  of 
the energy intake by animals on normal diets during the 
second week of the s tudy (difference by dietary group: 
NTB, P < 0.001; TB, P < 0.001). In the third week of the 
study, food intake in fish oil-fed animals re turned to lev- 
els of approximately 75% of those in animals on normal 

R E S U L T S  

Tumor weight. No effect of fish oil diets on pr imary or 
metastat ic  tumor weights was detected. Pr imary  tumor  ~ 350 
weight on day 21 after tumor  inoculation, when the _~ 

4) study was terminated, was 67 _+ 6 g (mean _+ SEM) in TB 
animals on normal  diets and 67 _+ 8 g in animals on fish ~, 
oil diets (P > 0.10). Metastatic tumor  weight on day 21 ~ 300 
was 9 _+ 2 g in TB animals on normal diets and 7 _+ 4 g 
in TB animals on fish oil diets (P > 0.10). 

Food intake, total body and carcass weight. Food in- t- 
take in NTB animals on normal diets (control group) 250 
was constant  during the first two weeks of the study, but  
decreased during the third week (Fig. 1; P < 0.002, as 
compared to week 2). This decrease in food consumption 
was paralleled by at tenuat ion of growth during the third 
week of the study (Fig. 2; days 18-21 as compared to 

100 
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FIG. 1. Food intake by healthy rats a n d  r a t s  w i t h  t u m o r s ,  o n  
d i f f e r e n t  d ie t s .  B o x e s  s h o w  m e a n s  a n d  b a r s  SEM; v a l u e s  
within o n e  period with the same l e t t e r  a r e  significantly dif- 
ferent ( S t u d e n t s '  t - test ,  P < 0.05). F r o m  d a y s  0 -7  ( w e e k  1), all 
animals received standard ra t  c h o w  ad libitum. From day 7 
onward (weeks 2 and 3), part of the Rnlmals were given a 
diet with 50% o f  e n e r g y  from fish oil. As s e e n  in  t h e  figure, 
t h e  i n t r o d u c t i o n  o f  fish oil diets induced a sharp t e m p o r a r y  
r e d u c t i o n  in  f o o d  intake in fish oil-fed animals during t h e  
s e c o n d  w e e k  o f  t h e  study. In the third week, food intake o f  
t h e s e  nniraa ls  r e t u r n e d  t o  l e v e l s  c l o s e  t o  t h o s e  in  ~lnimeds 
f ed  normal diets. 
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FIG. 2. Total body w e i g h t  o f  (a) n o n t u m o r - b e a r i n g  (NTB) 
r a t s  a n d  (b) tumm~bearing (TB) rats, o n  d i f f e r e n t  diets. 
Fish oil-enriched diets w e r e  g i v e n  from day 7 onward. Be-  
t w e e n - g r o u p  d i f f e r e n c e s  in  w e i g h t  gain: days 1-7, no signif- 
icant d i f f e r e n c e s ;  days 7-14, a r e l a t i v e  w e i g h t  r e d u c t i o n  is 
observed in NTB and TB animal8 o n  f i sh  o i l  d i e t s  w h e n  com-  
p a r e d  to NTB and TB ~lnlmais o n  n o r / h a l  diets, respectively 
(NTB, P ffi 0.03; TB, P < 0.005), with no significant i n t e r a c t i o n  
b e t w e e n  t h e  e f f e c t s  o f  d i e t  a n d  TB state (detected by multi- 
variate analysis as described in the Materials and Methods 
s e c t i o n ,  P > 0.10). From days 14-21, weight gain in NTB ani- 
mals f e d  f i sh  oil diets was still d e p r e s s e d  (P > 0.10 as com-  
p a r e d  to NTB animals on normal diets), whereas TB ani- 
mals fed fish oil diets showed a c c e l e r a t e d  w e i g h t  gain as 
c o m p a r e d  to TB Animals fed normal diets (P < 0.02). This 
positive effect offish oil d i e t s  o n  w e i g h t  gain in TB animals 
was significantly different from t h e  e f f e c t  o f  d i e t  o n  w e i g h t  
gain in NTB anlma]s (multivariate analysis, P = 0.03). 
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diets (Fig. 1), but  differences by dietary group were still 
statistically significant (NTB, P < 0.003; TB, P = 0.001). 

Changes in total body weight of animals during the 
s tudy are shown in Figure 2a (NTB animals) and Fig- 
ure 2b (TB animals). In the first week of the study, when 
all animals received normal diets, no significant differ- 
ences in body weight or in weight gain were observed 
between any of the NTB or TB groups. During the sec- 
ond week (days 7-14), TB animals on normal diets lost 
weight relative to NTB (control) animals on normal 
diets (Fig. 2; P < 0.001). Over the same period, NTB and 
TB animals on fish oil diets showed significant weight 
loss when compared with NTB and TB animals on nor- 
mal diets, respectively (Fig. 2, difference by dietary 
group: NTB, P = 0.03; TB, P < 0.005). This effect of di- 
e tary  group was not significantly different between NTB 
and TB animals (P > 0.10). During the third week of the 
s tudy (days 14--21), weight gain in NTB animals on fish 
oil diets remained depressive relative to NTB animals 
on normal  diets, even though the difference no longer 
reached statistical significance (Fig. 2a; P > 0.10). In 
contrast,  TB animals on fish oil diets showed a marked 
catch-up in body weight during the same period (Fig. 2b; 
P < 0.02, as compared to TB animals on normal diets). 
This positive effect of fish oil diets on body weight in TB 
animals was significantly different from tha t  in NTB an- 
imals (P = 0.03). Because, as already described, final 

tumor  weight was similar in TB animals irrespective of 
diet, the effect of fish oil diets on body weight of TB an- 
imals was a t t r ibuted to changes in carcass weight. 

Effect of food intake on carcass weight. The effect of 
fish oil enriched diets on final carcass weight on day 21, 
when the s tudy was terminated,  was fur ther  analyzed 
using analysis of covariance. In this model, initial 
weight and food intake over the three-week study period 
were included as covariates because they were signifi- 
cantly related with carcass weight on day 21 (for initial 
weight, P = 0.05; for food intake, P = 0.01). Taking NTB 
animals on normal diets as the reference group, signifi- 
cant loss of carcass weight was demonstra ted in TB an- 
imals on normal diets only (58 _+ 10 g loss, P < 0.001), 
but  not in TB animals on fish oil diets (8 _+ 18 g loss, P = 
0.67). This positive effect of fish oil diets on carcass 
weight in TB animals was statistically significant (50 _+ 
19 g, P < 0.02), implicating tha t  fish oil diets inhibited 
tumor-induced weight loss by more than  85%. 

Liver metabolism. We previously reported (9) a rise in 
[Pi]/[ATP] ratios in TB animals on normal diets when 
compared to NTB animals on normal diets. Similarly el- 
evated [Pi]/ATP] ratios were observed in TB animals on 
fish oil diets (Fig. 3 and Table 1). No significant differ- 
ences in [phosphomonoester]/[ATP] ratios were observed 
between any of the groups. [Phosphodiester]/[ATP] ra- 
tios were reduced in TB animals on fish oil diets when 
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FIG. 3. 31p magnet ic  resonance  spectroscopy spectra in v ivo  of  the l iver from healthy rats and rats with tumors, on dif- 
ferent diets: (a) Animals without  tumors and taking normal diets; (b) Animals without  tumors tAklng fish oH-enriched 
diets; (c) tumor-bearing animals  on normal diets; and (d) tumor-bearing Animals on fish oil-enriched diets. MRS spectra 
were obtained at 4.7 l~ s la  (45 ~ acquis i t ion pulse, repetit ion t ime 8 s) as described in the Materials and Methods section. 
Peak assignments: ~-ATP, [~-ATP, T-ATP: a-, [~. and T-phosphate groups of adenos ine  triphosphate.  PDE, phosphodiesters; 
PME, phosphomonoesters .  

LIPIDS, Vol. 29, no. 3 (1994) 



199 

FISH OIL AND CANCER CACHEXIA 

c o m p a r e d  w i t h  TB a n i m a l s  on n o r m a l  d ie t s  (P < 0.005), 
a n d  w i t h  N T B  a n i m a l s  on e i t h e r  d ie t  (P < 0.05). No sig- 
n i f i can t  d i f ference  in  i n t r a c e l l u l a r  pH  was  obse rved  be- 
t w e e n  any  of  t he  groups.  

31p M R S  of l i ve r  ex t r ac t s  (Fig. 4 and  Table  2) con- 
f i r m e d  the  e l e v a t e d  [Pi]/[ATP] ra t ios  obse rved  in vivo in  
TB a n i m a l s  of  e i t h e r  d i e t a r y  group.  F u r t h e r m o r e ,  ab- 
so lu te  adenos ine  m o n o p h o s p h a t e  concen t r a t i ons  in  t he  
l i ve r  of  TB a n i m a l s  on f ish oil d ie ts  were  more  t h a n  
twice  the  leve ls  in  t he  o the r  t h r e e  groups.  No  d i f fe rence  
in  adenos ine  d i p h o s p h a t e  concen t r a t i ons  was  obse rved  
b e t w e e n  any  of  the  groups .  G lucose -6 -phospha te  (G6P) 
concen t r a t i ons  w e r e  r educed  in all  TB a n i m a l s  r ega rd -  
less  o f  diet ,  e v e n  t h o u g h  the  di f ference f rom N T B  ani-  
m a l s  r e ached  s t a t i s t i ca l  s igni f icance  for TB a n i m a l s  on 
n o r m a l  d ie t s  only  (P < 0.04). In  con t ras t ,  f ructose-6-  
p h o s p h a t e  (F6P)  c o n c e n t r a t i o n s  w e r e  s i g n i f i c a n t l y  
h i g h e r  in  TB a n i m a l s  on f ish  oil d ie ts  (P = 0.001) t h a n  in  

TB a n i m a l s  on n o r m a l  diets ,  r e a c h i n g  v a l u e s  close to 
N T B  a n i m a l s  on n o r m a l  diets.  C o n c e n t r a t i o n s  of  sn- 
glycero l -3 -phospha te  (sn-GP) were  s ign i f i can t ly  h i g h e r  
in  TB a n i m a l s  on f ish oil d ie ts  w h e n  c o m p a r e d  w i t h  t he  
o t h e r  g roups  (P < 0.02, Table  2). Glycera ldehyde-3-phos-  
p h a t e  (G3P) leve ls  w e r e  also inc reased ,  b u t  t h i s  differ- 
ence  was  only s ign i f i can t  w h e n  c o m p a r e d  w i t h  N T B  an-  
ima l s  on f ish oil diets .  No d i f fe rences  in  3-phosphoglyc-  
e r a t e  concen t r a t i ons  were  observed.  Phosphochol ine ,  
GPC a n d  G P E  concen t r a t i ons  were  s ign i f i can t ly  de- 
c r eased  in  t he  l ive r  of  al l  TB a n i m a l s  r e g a r d l e s s  of  d ie t  
(Fig. 5). 

Histological and  u l t ras truc tural  s tudies  o f  liver tissue. 
Microscopic  e x a m i n a t i o n  r e v e a l e d  no reg ion  of  conges-  
t ion  of  i s c h e m i a  w i t h i n  t he  l iver  of  any  of  t he  an ima l s .  
H i s to log i ca l  e x a m i n a t i o n  c o n f i r m e d  t h e  absence  o f  
m e t a s t a t i c  t u m o r  cells  f rom the  hos t  l i ve r  of  al l  TB ani-  
mals .  Microscopic  a p p e a r a n c e  of  t he  l ive r  was  normal ,  

TABLE 1 

Metabolite Ratios in the Liver o f  Rats Without Tumors and Tumor-Bearing Rats Fed Normal  or Fish  Oil-Enriched Diets  
as De termined  by Magnetic Resonance  Spectroscopy in  v ivo  a'b 

Nontumor-bearing Tumor-bearing 
Normal diet Fish oil diet Normal diet Fish oil diet 

(n=5)  (n=4)  (n= 6) (n=4)  

[Pi]/[ATP] 0.78 • 0.10 c'd 0.83 • 0.11 e'f 2.04 • 0.37 c'e 1.64 -+ 0.29 d'f 
[PME]/[ATP] 1.91 _+ 0.31 1.78 • 0.23 1.55 • 0.17 2.23 • 0.39 
[PDE]/[ATP] 1.26 • 0.08 c 1.56 • 0.15 d 1.69 • 0.15 c 0.81 • 0.14 c'd 

aOn day 0, Copenhagen-Fisher rats were inoculated with MAT-LyLu tumor cells (tumor-bearing animals), or saline (nontumor-bearing 
controls). From day 7 onward, some of the nontumor-bearing and tumor-bearing animals were anesthetized, and 3~p MRS spectra were 
obtained at 4.7 Tesla (45 ~ excitation pulse, repetition time 8 s) as explained in the Materials and Methods section. 
bAbbreviations: PME, phosphomonoesters; PDE, phosphodiesters; MRS, magnetic resonance spectroscopy; ATP, adenosine triphosphate. 
~-fValues shown are means • SEM. Values in a row with the same superscript letter are significantly different (P < 0.05, using 
Student's t-test, except for [Pi]/[ATP], where Wilcoxon's rank sum test was used). 

TABLE 2 

Metabolite Concentrat ions in the Liver o f  Rats Without Tumors and Tumor-Bearing Rats Fed Normal  or Fish Oil-En- 
r iched Diets,  as Determined  by 31p Magnetic Resonance  Spectroscopy in  v i t ro  a'b 

Nontumor-bearing Tumor-bearing 

Normal diet Fish oil diet Normal diet Fish oil diet 
(n = 5) (n = 4) (n = 6) (n = 4) 

Absolute concentrations 
ATP 3.53 • 0.29 c'd 2.05 • 0.48 c 2.55 • 0.40 2.36 • 0.27 d 
ADP 1.54 • 0.28 1.12 • 0.24 1.37 • 0.24 1.71 • 0.05 
AMP 0.32 • 0.07 c 0.36 _ 0.05 d 0.47 • 0.12 ~ 1.00 _+ 0.12 ~-e 
Pi 8.43 • 1.90 c 3.88 • 0.58 c-e 11.13 • 2.40 d 10.83 • 1.12 e 
G6P 0.32 • 0.08 c 0.16 • 0.05 0.12 • 0.04 ~ 0.12 • 0.07 
F6P 0.64 • 0.22 c 0.27 • 0.08 0.17 • 0.04 c'd 0.43 • 0.02 d 
sn-GP 0.15 • 0.04 c 0.18 • 0.04 d 0.16 • 0.02 ~ 0.42 • 0.07 ~-e 
G3P 0.24 _+ 0.13 0.15 _+ 0.05 c 0.30 • 0.10 0.52 • 0.10 ~ 
3PGA 0.48 e 0.14 0.27 + 0.13 0.29 -- 0.06 0.34 • 0.05 

Relative concentration 
[Pi/ATP] 2.32 _+ 0.41 c'd 2.70 +_ 1.23 4.93 • 1.20 ~ 4.80 _+ 0.79 d 

aAnimal preparation as in Table 1. Liver was freeze-clamped in situ, and 31p MRS spectra of tissue extracts were acquired at 8.4 Tesla, 
as described in the Materials and Methods section. 
bAbbreviations: ADP, adenosine diphosphate; AMP, adenosine monophosphate; ATP, adenosine triphosphate; F6P, fructese-6-phosphate; 
G3P, glyceraldehyde-3-phosphate; G6P, glucose-6-phosphate; 3PGA, 3-phosphoglycerate; sn-GP, sn-glycerol-3-phosphate; MRS, magnetic 
resonance spectroscopy. 
c-~v'alues shown are means _+ SEM in pmol/g wet tissue. Values in a row with the same superscript letter are significantly different 
(P < 0.05, using Student's t-test, except for Pi and [Pi]/[ATP], where Wilcoxon's rank sum test was used). Control values from tumor-bear- 
ing and nontumor-bearing animals on normal diets were taken from Reference 9, with permission. 
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FIG. 4. 3Zp MRS spectra of  t issue extract in  in vitro from l iver of  heal thy rats and rats with tumors, on different diets: (a) 
animals  wi thout  tumors and tnkinE normal diets; (b) •nimals without  tumors t~qkin.g f ish oil-enriched diets; (c) tumor- 
bearing animals  on normal  diets; and (d) tumor-bearing animals  on fish o i l~nr iched  diets. MRS spectra were obtained at 
8.4 Tesla as described in the Materials and Methods section. The scale of the  four spectra shown has been standardized to 
equal peak heights  of  [~-ATP. Peak assignments: A, phosphomonoesters ,  inc luding adenosine  monophosphate,  sugar phos- 
phates  and phosphocholine;  ~-ATP, y-ATP: ~- and ~phosphate  groups of  adenos ine  triphosphate,  G6P, glueose-6-phosphate; 
GPC, glycerophosphocholine;  GPE, glycerophosphoethanolamine;  NTP/NDP, nucleot ide triphosphates and diphosphates; 
PC, phosphochol ine;  PCr, phosphoereat ine  (added as an internal  chemica l  shift  reference  and quant i ta t ive  
standard). 

without any inflammatory cell infiltration. Ultrastruc- 
tural studies of liver tissue revealed the presence of 
small amounts of retained intracytoplasmic lipid within 
the cytoplasm of hepatocytes from NTB animals fed fish 
oil diets (Fig. 6). In all other respects, no differences 
were observed in the ultrastructural appearances of the 
NTB groups. However, there were distinct differences 
between NTB and TB animals. In both TB groups, mito- 
chondria were increased in number. Typically, they were 

enlarged, swollen and irregular in appearance. In both 
groups of TB animals, the endoplasmic reticulum was 
increased in amount and in distribution throughout the 
hepatocyte cytoplasm. Individual cisternae of the rough 
endoplasmic reticulum were longer and more convoluted 
than those of the NTB groups. Generally, a much closer 
apposition of the cisternae to mitochondria was ob- 
served in hepatocytes from TB animals when compared 
to NTB animals. In contrast to the NTB animals fed on 
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FIG. 5. A b s o l u t e  c o n c e n t r a t i o n s  o f  i n t e r m e d i a t e s  o f  p h o s -  
p h o l i p i d  m e t a b o l i s m  i n  t h e  l i v e r  o f  h e a l t h y  r a t s  a n d  r a t s  
w i t h  t u m o r s ,  o n  n o r m a l  or  f i sh  o f f - e n r i c h e d  d ie t s .  C o n c e n -  
t r a t i o n s  w e r e  m e a s u r e d  u s i n g  31p MRS in  v i t ro .  A b b r e v i a -  
t i o n s  as  i n  F i g u r e  3, a n d  PE,  p h o s p h o e t h a n o l a m i n e .  B o x e s  
s h o w  m e a n s  a n d  b a r s  SEM in  p m o l / g  w e t  t i s sue .  V a l u e s  o f  
o n e  m e t a b o l i t e  w i t h  the  s a m e  l e t t e r  a r e  s i g n i f i c a n t l y  di f fer-  
e n t  ( S t u d e n t ' s  t - tes t ,  P <  0.05).  

fish oil diets, hepatocytes of TB rats on fish oil diets did 
not contain cytoplasmic lipid droplets. 

DISCUSSION 

The aim of this study was to determine whether a diet 
rich in (o3 fatty acids from fish oil could reverse tumor- 
induced cachexia and changes in hepatic metabolism re- 
ported previously (9) in the host liver of rats with ma- 
lignant prostate tumors. For this purpose, the MAT- 
LyLu variant of the Dunning prostate tumor was chosen 
as a cachexia model for two reasons. First, MAT-LyLu 
cells do not metastatize to the liver, as was confirmed by 
the absence of metastatic tumor cells at histological and 
electron microscopic examination of liver tissue. Second, 
as previously reported (9), loss of carcass weight in ani- 
mals with MAT-LyLu tumors fed normal diets occurs 
without a significant reduction in food intake, suggest- 
ing that  the cachexia induced by this tumor model is due 
to metabolic abnormalities in the host. 

The introduction of a diet containing 50% of energy 
as fish oil, seven days after tumor/saline inoculation, 
caused a marked temporary reduction in food intake 
during the second week of the study, regardless of 
whether or not rats had tumors. Although food intake 
recovered to almost normal levels in the third week of 
the study, the temporary reduction was unexpected in 
the view of earlier reports, where an identically pre- 
pared fish oil diet did not lead to any decrease in food in- 
take by NMRI mice with MAC16 colon carcinomas (8, 
20). The cause of this reduced food intake in our study 
remains uncertain. Peroxidation of fish oil diets is un- 
likely to have played a significant role, as the fish oil 
used contained low peroxide levels and diets were 
freshly prepared every day throughout the study. The 
observation that  in the third week of the study, food in- 
take in fish oil fed animals returned to a level close to 
that  in animals on normal diets (Fig. 1), would suggest 

that the animals initially did not find the fish oil diet 
palatable, and had to get used to this diet. 

Nevertheless, when data were adjusted for differences 
in food intake, a significant inhibition of tumor-induced 
loss of carcass weight by more than 85% over the three- 
week study period was demonstrated in TB animals on 
fish oil diets when compared with TB animals on normal 
diets. It is noteworthy that  TB animals fed fish oil diets 
showed a marked catch-up in body weight during the 
third week of the study (Fig. 2b), when their food intake 
was almost normal (i.e., at the same level as in TB ani- 
mals fed normal diets), whereas no positive effects of 
fish oil diets on body weight were detected during the 
second week of the study, when the animals' intake of 
fish oil diets was low. This observation further supports 
a specific inhibition of weight loss in TB animals by fish 
oil diets. Our findings confirm earlier reports by Tisdale 
and co-workers (8), who found that a diet containing 
50% of energy as fish oil, or the equivalent dose of pure 
EPA (21), completely prevented weight loss in mice with 
MAC16 tumors. 

In contrast with the observations in MAC16 TB mice 
(8), fish oil diets did not inhibit the growth of MAT-LyLu 
tumors in this study. The possibility that  this was due to 
the temporary reduction of food intake in animals on 
fish oil diets appears unlikely, as caloric restriction was 
previously reported to potentiate the inhibition of tumor 
growth by fish oil in experimental carcinomas (2). 
Therefore, the lack of inhibition of growth of the MAT- 
LyLu tumor is more likely to be related to kinetic prop- 
erties of this tumor when compared with the MAC16 
tumor. The latter is a slowly growing tumor producing 
cachexia at an early stage, when tumor mass is less 
than 1% of body weight (20,22), whereas the MAT-LyLu 
tumor is a rapidly growing tumor. This highly aggres- 
sive tumor may not allow for any inhibition of tumor 
growth by relatively mild therapeutic modalities, such 
as fish oil. 

Fish oil diets did not prevent the majority of tumor-in- 
duced alterations in host liver metabolism as measured 
by 31p MRS. A dramatic reduction in hepatic phospho- 
rylation status and in concentrations of phosphocholine, 
GPC, GPE and G6P was observed in all TB animals, re- 
gardless of diet. The reduction in GPC levels in TB ani- 
mals on fish oil diets was in marked contrast with the 
previously reported increase in GPC levels in NTB ani- 
mals on fish oil diets (10). Our data suggest that  a fish 
oil-enriched diet is not able to prevent these major 31p 
MRS-detectable disturbances in host liver metabolism 
of animals with MAT-LyLu tumors, even though the rise 
in F6P concentrations in fish oil-fed animals would be 
compatible with an effect of {o3 fatty acids on the gly- 
colytic/gluconeogenic pathway within the liver. 

Ultrastructural examination of hepatocytes from all 
four groups of animals within this study demonstrated 
the presence of free cytoplasmic lipid droplets in hepa- 
tocytes from NTB animals on fish oil diets only. Triacyl- 
glycerol accumulation in the liver was previously re- 
ported in healthy rats on diets containing 30% of energy 
as fish oil and attributed to inhibition of triacylglycerol 
secretion by fish oil (23). In contrast, we did not detect 
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FIG.  6. U l t r a s t r u c t u r a l  a p p e a r a n c e s  of  h e p a t o c y t e s  f r o m  h e a l t h y  r a t s  a n d  r a t s  w i t h  t u m o r s ,  o n  d i f f e r e n t  
d ie t s :  (a) a n i m a l s  w i t h o u t  t u m o r s  a n d  t a k i n g  n o r m a l  d ie t s ;  (b) a n i m a l s  w i t h o u t  t u m o r s  t a k i n g  f i sh  oi l -en-  
r i c h e d  d ie t s ;  (c) t u m o r - b e a r i n g  a n i m a l s  o n  n o r m a l  d ie t s ;  a n d  (d) t u m o r - b e a r i n g  a n i m a l s  o n  f i sh  oi l -en-  
r i c h e d  d ie t s .  L i v e r  t i s s u e  w a s  r e m o v e d  a t  21 d a f t e r  t u m o r  i n o c u l a t i o n  (con t ro l s :  s a l i n e  i n j e c t i o n )  a n d  f ixed  
as  d e s c r i b e d  i n  t h e  M a t e r i a l s  a n d  M e t h o d s  sec t ion .  I n  a l l  c o n t r o l  l ive rs ,  m i t o c h o n d r i a  a p p e a r e d  smal l ,  un i -  
f o r m  a n d  c o m p a c t .  T h e  e n d o p l a s m i c  r e t i c u l u m  w a s  c o n c e n t r a t e d  i n t o  we l l - l oca l i zed  r e g i o n s  a d j a c e n t  to  
t h e  nuc l e i .  H e p a t o c y t e s  f r o m  c o n t r o l  r a t s  f ed  h i g h - f a t  d i e t s  a p p e a r e d  s imi la r ,  b u t  a l so  c o n t a i n e d  l i p i d  
d r o p l e t s  ( a r row) .  H e p a t o c y t e s  f r o m  b o t h  g r o u p s  of  t u m o r - b e a r i n g  a n i m a l s  c o n t a i n e d  i n c r e a s e d  n u m b e r s  
of  "open , "  e n l a r g e d  a n d  i r r e g u l a r l y - s h a p e d  m i t o c h o n d r i a .  T h e  e n d o p l a s m i c  r e t i c u l u m  w a s  i n c r e a s e d  i n  
a m o u n t  a n d  i n  d i s t r i b u t i o n  t h r o u g h o u t  t h e  c y t o p l a s m .  C y t o p l a s m i c  l i p i d  d r o p l e t s  w e r e  n o t  a c h a r a c t e r i s -  
t i c  f e a t u r e  of  t u m o r - b e a r i n g  Bn ima l s  f ed  h i g h  fa t  d ie t s .  I n  e a c h  e l e c t r o n  m i c r o g r a p h ,  t h e  b a r  ind i -  
c a t e s  1 ~ a .  
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any formation of lipid droplets in hepatocytes in TB an- 
imals on fish oil diets. This could be due to either de- 
creased fatty acid precursor supply to the liver, to ki- 
netic alterations within the liver or to increased periph- 
eral utilization of triacylglycerols. The presence of a 
circulatory lipid mobilizing factor has been demon- 
strated in blood from mice with MAC16 tumors (21) and 
in cancer patients (22). EPA inhibited tumor-induced 
lipolysis from adipose tissue, leading to a reduction in 
plasma free fat ty acid levels (21) and, thus, to decreased 
fat ty acid supply to the liver. We recently reported (24) a 
rapid and marked reduction in free fat ty acid concentra- 
tions in the blood of heal thy humans  after fish oil sup- 
plementation, suggesting that  inhibition of lipolysis by 
fish oil may  be a general phenomenon tha t  is not specific 
to the TB state. Therefore, it is unlikely tha t  reduced 
lipolysis would be the sole explanation of the absence of 
lipid droplets from the liver of TB animals. An alterna- 
tive explanation is tha t  fish oil may  induce specific ki- 
netic alterations within the liver of TB animals. The ob- 
servation that,  only in TB animals, fish oil diets induced 
a rise in sn-GP levels (Table 2) draws attention to the 
possible inhibition of an early step in glycerolipid syn- 
thesis by r fatty acids (25). The simultaneous elevation 
of G3P (Table 2) would appear to exclude an alternative 
explanation for rising sn-GP, i.e., altered redox status of 
hepatocytes. 

Generally speaking, however, the major differences in 
ul t ras t ructure  of hepatocytes in this study were ob- 
served between animals in the TB vs. NTB state, irre- 
spective of diet. TB animals showed appearances similar 
to those previously reported (9), suggesting that  the 
main influence on morphology was not the effect of diet, 
but  of the tumors. 

In  conclusion, this study has shown tha t  a diet con- 
taining 50% of total energy as fish oil significantly in- 
hibited tumor-induced weight loss in rats  with MAT- 
LyLu tumors. However, the fish oil-enriched diet did not 
reverse the majority of 31p MRS-visible metabolic aber- 
rations or ul t ras t ructural  abnormalities in the host liver 
of these rats. Furthermore,  no effect of fish oil on the 
growth rate of MAT-LyLu tumors  was detected. 
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in Metabolically Hyperactive Fatty Rat Adipocytes 
Mich~le Guerre-Millo a,*, Phillipe Guesnet b, Colette Guichard a, Georges Durand b and Marcelle Lavau a 
alNSFRM U177, Institut biom6dical des Cordeliers, 75006 Paris and blNRA, Laboratoire de Nutrition et S~curit(~ Alimentaire, 
78350 Jouy en Josas, France 

We have previously shown that adipose cel ls  from young 
genetical ly  obese  Zueker rats are characterized by very  
high metabol ic  activity together wi th  an increase in a 
wide  range of  membrane-medlated functions. The aim of 
the present  study was  to e~Amine whether  the physical  
properties  of  the membranes  and the composi t ion  of  the 
membrane  l ipids were  altered in these  cells. Plasma 
membranes  and two intracellular membrane  fractions 
were  prepared by differential ultracentrifugation from 
inguinal adipose cells of 30-day-old obese  (fa/fa) and lean 
(FaJfa) l i t termates .  The l ipid order as measured  by 
steady-state f luorescence polarization of  diphenylhexa- 
tr iene used as probe was  markedly decreased in the 
plasma membranes  of  obese  rat adipose cells. Consistent 
wi th  this, the cholesterol-to-phospholipid ratio was  sig- 
nificantly decreased, and the degree  of  unsaturation of 
the phospholipid fatty acids was  significantly increased. 
In intracellular membranes ,  none of  these  parameters  
were  altered by the different genotype.  In fat cells  from 
obese  rats, both plasma and intracellular membranes  ex- 
hibited a 2-fold decrease  in the ratios of  n-6/n-3 fatty 
acids mainly  due to an enrichment  in docosahexaenoic  
acid (22:6n-3). The data show that the fatty genotype is a 
determinant  of  membrane  lipid order and composi t ion  in 
adipose cells. The alterations reported here for young 
obese  Zucker rat adipocytes might  be related to the 
metabol ic  hyperact ivi ty  of these  cells.  
Lipids 29, 205-209 (1994). 

The obesity of the (fa/fa) rat, first described by Zucker 
and Zucker (1), is due to a single recessive autosomal 
gene mutation, the nature of which remains unknown. 
This rat  develops a syndrome which shares many fea- 
tures with human obesity, which recently has been 
shown to also have a genetic etiology (2) and for which 
the Zucker rat  serves as an excellent model. The first 
phenotypic trait  that  develops in the mutant rat  is a hy- 
pertrophy of fat cells (3). In post-weaning 30-day-old 
rats, these cells reach a size four times that  in lean 
(Fa/fa) rats. Furthermore, the cells show a very high 
metabolic activity together with an increase in a wide 
range of membrane-mediated functions. Thus, obese rat  
fat cells show marked hyperresponsiveness to insulin in 
regard to the tyrosine kinase activity of the receptor (4), 
glucose transport (5,6) and glucose metabolism (7). In 
addition, these cells display a marked increase in the 
specific binding of several ligands, including growth hor- 
mone (8), a2 adrenoceptor agonists (9) and adenosine 
(10). These apparently unrelated abnormalities could be 

*To whom correspondence should be addressed at INSERM U 177, 
Institut biomedical des Cordeliers, 15 rue de rEcole de M~decine 
75006 Paris, France. 
Abbreviations: DBI, double bond index; DPH, 1,6-diphenyl-l,3,5- 
hexatriene; HDM, high density microsomes; LDM, low density mi- 
crosomes; PC, phosphatidylcholine; PE, phophatidylethanolamine; 
PI, phosphatidylinositol; PS, phosphatidylserine; SPH, sphin- 
gomyelin; Tris, tris(hydroxymethyl)aminoetbane. 

accounted for, at least in part, by a change in lipid order 
and/or composition of the plasma membranes as a com- 
mon determinant. Indeed, increasing evidence suggests 
that  membrane-mediated events, including transport 
functions, enzymes activities and ligand/receptor inter- 
actions, are influenced by the order and the composition 
of their lipid environment (11-13). The aim of the pres- 
ent study was to examine whether the physical proper- 
ties and the composition of plasma membrane lipids 
were altered in metabolically hyperactive fatty rat  
adipocytes. 

MATERIALS AND METHODS 

Animals. The Zucker rats used in this study were bred 
from pairs originally provided by the Harriet  B. Bird 
Laboratory (Stow, MA). Known lean heterozygous 
(Fa/fa) females and homozygous (fa/fa) males were 
mated. From this mating, 50% of the pups are expected 
to be obese (fa/fa) and 50% lean (Fa/fa). The rats were 
housed at 22-23~ and exposed to light from 7:00 a.m. 
to 7:00 p.m. The pups were studied at 30 d of age and 
were kept on the dam diet (AO4; Unitd d'Alimentation 
Rationnelle, Epinay/Orge, France) until two days before 
the experiments. The fatty acid composition of this diet 
has been reported previously (14). Rats were killed by 
decapitation, between 9:00 and 10:00 a.m. 

Subcellular fractionation of isolated adipocytes. Iso- 
lated adipocytes were prepared from the inguinal fat 
pads of approximately 35 lean and 35 obese rats by col- 
lagenase digestion. Cells were homogenized in a buffer 
containing 10 mM tris(hydroxymethyl)aminomethane 
(Tris), 1 mM ethylenediaminetetraacetic acid and 255 
mM sucrose, pH 7.4, at 4~ and the homogenates were 
centrifuged at 16,000 x g max for 15 min. Plasma mem- 
brane fractions were prepared from the 16,000 x g pellet 
by centrifugation on a PercolYsucrose gradient (15). 
High density microsomes (HDM) and low density micro- 
somes (LDM) were prepared by differential ultracen- 
trifugation of the 16,000 x g supernatant, as described 
previously (5). Proteins were determined using the Bio- 
Rad assay and bovine serum albumin as standard. Ap- 
proximately 4-fold greater amounts of protein were re- 
covered in membrane fractions from obese rat  
adipocytes as compared to those from lean littermates. 
Typically, the protein recovery was 1.3, 2.1 and 2.8 
mg/ten obese rats compared to 0.33, 0.46 and 0.73 
mg/ten lean rats for the plasma membrane, HDM and 
LDM, respectively. To assess the reproducibility of the 
cell fractionation procedure, marker enzyme activities, 
including 5'-nucleotidase and galactosyltransferase ac- 
tivities, were routinely measured, as previously de- 
scribed (5). 

Adipocyte membrane fluidity. Adipocyte membrane 
lipid order was monitored by steady-state fluorescence 
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polarization measurements  using the fluorescent probe 
1,6-diphenyl-l ,3,5-hexatriene (DPH) (16). Membranes  
were incubated for 45 min at 37~ in 1 mL of the ho- 
mogenization buffer, in the presence of DPH at  a final 
concentration of 10 .7 M. Membrane proteins were ad- 
justed to ensure a DPH/phospholipid molar ratio in the 
order of 1/200. Due to large variat ions in the phospho- 
lipid-to-protein ratios among the different membrane  
species (see Table 2), 20 to 100 ~tg of protein were used. 
The turbidi ty of the samples was always below 0.150 ab- 
sorbance units  at  360 nm (excitation wavelength of 
DPH). Steady-state fluorescence polarization measure-  
ments  were made at  37~ on a SLM 8000 spectrofluo- 
r imeter  (Urbana, IL). The excitation wavelength was 
360 nm, and a 418 nm cutoff filter (rejecting more than  
99.99% of the excitation light) was used for emission. 
Five measurements  were averaged for each sample. The 
background without the probe was measured under  
identical conditions. The fluorescence polarization value 
was calculated according to (I_o-I..)/(I.o + I ~), where In. 
and L .  are the fluorescence i~:en"sitie~s = emerging para~ ~- 
lel a ~ l  perpendicular  to those of the original light 
source. This pa ramete r  gives an est imate of the resis- 
tance of DPH to rotat ional  motion within the membrane  
lipid phase and is t aken  as a measure  of the average ori- 
entat ional  order of the lipid matr ix  (16-19). 

Lipid composition of  adipocyte membrane.  Total lipids 
were extracted according to Folch et al. (20), from indi- 
vidual or pooled membrane  preparat ions containing at 
least 1 mg of protein. Cholesterol was determined by the 
method of Liese et al. (21), and total phospholipid by the 
method of Bar t le t t  (22). The membrane  content in the 
five major  phospholipid classes was determined by two- 
dimensional  th in- layer  chromatography  followed by 
phosphorous assay of the fractions. The fat ty  acid com- 
posit ion of total  phospholipid was de te rmined  by 
gas-l iquid chromatography of the fat ty  acid methyl  es- 
ters  using a Carlo Erba (Milan, Italy) 4180 gas-l iquid 
chromatograph,  equipped with a flame-ionization detec- 
tor. Authentic fat ty acid methyl  esters were used to as- 
sign fractions based on thei r  retent ion t imes (14). 

Statist ical analysis. Results are expressed as mean  + 
s tandard  error  of the mean  (SEM); P values were ob- 
tained using the unpaired Student  t-test. 

RESULTS 

Fluorescence polarization of the DPH probe was deter- 
mined in the plasma membrane  and in two intracellular  
membrane  fractions (HDM and LDM) from lean and 
obese Zucker ra t  adipose cells (Table 1). This pa ramete r  
was markedly decreased in the plasma membranes  from 
obese as compared to lean ra t  fat  cells, indicating a 
lower lipid order. In contrast,  there  was no effect of 
genotype on DPH fluorescence polarization values in the 
intracel lular  membranes.  Independent  of the genotype, 
the intracellular  membranes  gave DPH fluorescence po- 
larization values tha t  were significantly lower than  
those for the plasma membranes.  

The phospholipid and cholesterol contents of the sub- 
cellular membrane  fractions from Zucker ra t  adipose 

TABLE 1 

Steady-State DPH Fluorescence  Polarizat ion in Three Sub- 
cel lular Membrane Fractions from 30-day-old 
Zucker Rat Adlpocytes  a 

Fluorescence polarization 
Lean (Fa/fa) Obese (fa/fa) 

Plasma membranes (11) 0.215 • 0.009 0.185 _+ 0.007 b 
HDM (12) 0.127 • 0.007 c 0.130 • 0.007 c 
LDM (12) 0.146 • 0.008 c 0.147 _* 0.008 c 

aValues are means • SEM for the number of separate membrane 
preparations shown in parentheses. Abbreviations: DPH, 1,6- 
diphenyll,3,5-hexatriene; HDM, high density microsomes; LDM, 
low density microsomes. 
bDiffers significantly (P < 0.05) from lean rat adipocyte plasma 
membranes. 
eDifiers significantly (P < 0.01) from the plasma membranes of the 
same cells. 

cells are shown in Table 2. The phospholipid-to-protein 
ratio was similar in the plasma membranes  from lean 
and obese ra t  adipocytes. By contrast,  the cholesterol 
concentration was two t imes lower in obese than in lean 
ra t  adipocyte plasma membrane,  result ing in a lower 
cholesterol/phospholipid ratio. In intracellular  mem- 
branes, the amounts  of lipid (phospholipid and choles- 
terol) per mg of membrane  protein were markedly lower 
than  in the plasma membranes  of the same cells, but  
similar between the two groups. 

The data  in Table 1 and Table 2 suggest tha t  a rela- 
tionship exists between the value of DPH fluorescence 
polarization and the cholesterol/phospholipid ratio. By 
plotting individual data, we found a positive correlation 
(r = 0.46, n = 22, P < 0.05) between the two parameters ,  
in agreement  with previous reports (23,24). 

The proportions of the five major phospholipid classes 
in adipocyte membrane  fractions are shown in Table 3. 
The phospholipid composition of plasma and intracellu- 
lar  membranes  was quite similar in the two groups, ex- 
cept for a s ignif icant  decrease  in the pool phos- 
phatidylserine (PS) + phosphatidylinositol (PI) in the 
plasma membranes  from obese ra t  adipocytes. 

The fat ty acid composition of plasma membrane  phos- 
pholipids is shown in Table 4. The relative amounts  of 
sa tura ted  and monounsa tura ted  fat ty  acids were not 
significantly al tered by the fat ty  genotype. By contrast,  
significant changes became apparent  between the two 
groups in the polyunsatura ted  fat ty  acid levels. In obese 
as compared to lean ra t  fat  cells, the  proportion of n-6 
fa t ty  acids tended to be lower, whereas the amounts  of 
n-3 fat ty  acids were significantly increased, with a par- 
t icularly high contribution from docosahexaenoic acid 
(22:6n-3). Thus, the ratio of n-6/n-3 fat ty  acids was 
markedly  decreased (2-fold) in the plasma membranes  
of obese ra t  adipocytes. This feature was also seen in the 
intracel lular  membranes,  where the ratios of n-6/n-3 
fat ty  acids were 4.5 and 5.0 in obese ra t  adipocyte com- 
pared to 10.8 and 8.2 in lean ra t  adipocyte HDM and 
LDM, respectively (means of two experiments).  In addi- 
tion, the degree of unsa tura t ion  of fa t ty  acids, as mea- 
sured by the double bond index (DBI), was significantly 
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TABLE 2 

Cholesterol and Phosphol ipid Contents of  Three  Subce l lu la r  Membrane Fractions from 30- 
day-old Zucker Rat Adipocytes a 
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Zucker rat  adipocytes 

Lean (mg/mg) Obese (mg/mg) 

PhospholipicYprotein 

Cholesterol/protein 

Cholesterol/phospholipid 

Plasma membranes 1.13 • 0.08 (4) 0.97 • 0.07 (6) 
HDM 0.55 • 0.05 (5) ~ 0.58 • 0.04 (7) c 
LDM 0.20 *- 0.03 (5) c'd 0.19 • 0.03 (7) c'd 
Plasma membranes 0.46 0.24 • 0.04 (4) 
HDM 0.13 0.11 • 0.02 (5) c 
LDM 0.05 0.04 • 0.01 (5) c'd 
Plasma membranes 0.38 (2) 0.25 _+ 0.01 (5) b 
HDM 0.24 (2) 0.18 _+ 0.03 (6) 
LDM 0.25 (2) 0.22 _+ 0.01 (6) 

aValues are means • SEM for the number of separate membrane preparations shown in parentheses. LDM, 
low density microsomes. In lean rat adipose cells, cholesterol was measured on a pooled sample from five 
separate membrane preparations. 
bDiffers significantly (P < 0.05) from lean rat adipocyte plasma membranes. 
eDifiers significantly (P < 0.05) from the plasma membranes of the same cells. 
dDiffers significantly (P < 0.05) from high density microsomes (HDM) of the same cells. 

TABLE 3 

Phosphol ipid Composit ion of  Three Subeel lular Membrane Fractions from 30-day-old Zucker 
Rat  Adipocytes a 

Plasma membranes HDM LDM 

Lean (3) Obese (6) Lean (2) Obese (6) Lean (2) Obese (6) 

Phospholipid (% of total in weight) 

PC 37.7 • 2.1 44.7 • 0.9 53.5 54.1 • 3.3 45.1 51.3 • 4.0 
PE 28.1 • 3.6 27.7 _+ 1.0 26.8 23.6 • 1.2 29.7 21.4 • 2.1 
PS + PI 21.7 • 0.3 14.1 • 1.5 b 13.8 14.2 • 1.7 17.3 16.1 • 1.6 
SPH 12.7 • 2.2 13.6 *_ 0.7 6.1 8.1 • 0.7 8.1 11.2 • 2.0 

aValues are means • SEM for the number of separate membrane preparations shown in parentheses. For 
abbreviations: See Table 2 and PC, phosphatidylcholine; PE, phosphatidylethanolamine; PS, phos- 
phatidylserine; PI, phosphatidylinositol; SPH, sphingomyelin. 
bDiffers significantly (P < 0.05) from lean rat adipocyte plasma membranes. 

h i g h e r  in  t h e  p l a s m a  m e m b r a n e s  f rom obese  as  com- 
p a r e d  to l e a n  r a t  ad ipocy tes ,  b u t  w a s  una f f ec t ed  by  t h e  
g e n o t y p e  in  i n t r a c e l l u l a r  m e m b r a n e s .  

DISCUSSION 

Thi s  s t u d y  shows,  for  t h e  f i r s t  t ime ,  t h e  effect of  t h e  
f a t t y  g e n o t y p e  on t h e  p h y s i c a l  p r o p e r t i e s  a n d  l i p id  com- 
pos i t i on  of  ad ipocy te  s u b c e l l u l a r  m e m b r a n e s .  The  d a t a  
i l l u s t r a t e  t h a t  t h e r e  is  a s u b s t a n t i a l  d e c r e a s e  in  t h e  
p l a s m a  m e m b r a n e  l ip id  o r d e r  in  obese  r a t s ,  t o g e t h e r  
w i t h  a d e c r e a s e  in  t h e  cho l e s t e ro l - t o -phospho l ip id  r a t i o  
a n d  a n  i n c r e a s e  in  f a t t y  acy l  u n s a t u r a t i o n .  I n  c o n t r a s t  to  
p l a s m a  m e m b r a n e s ,  no change  could  be  d e t e c t e d  in  in-  
t r a c e l l u l a r  m e m b r a n e s .  Th i s  s u g g e s t s  t h a t  t h e  r e g u l a -  
t ion  of  ad ipocy te  m e m b r a n e  l ip ids  by  t h e  f a t t y  g e n o t y p e  
affects  main ly ,  i f  no t  exclusively,  t h e  p l a s m a  m e m b r a n e .  

The  gene t i c  d e p e n d e n c e  of  ad ipocy t e  p l a s m a  m e m -  
b r a n e  l i p id  o r d e r  a n d / o r  l ip id  compos i t i on  h a s  b e e n  pre-  
v ious ly  shown  in  two s t r a i n s  of  obese  mice ,  ob/ob a n d  
db /db  (25-27) .  I n  ob/ob mice ,  p l a s m a  m e m b r a n e  l ip id  

o r d e r  w a s  a lso  found  to be  d e c r e a s e d  as  c o m p a r e d  to 
l e a n  mice.  However ,  in  t h e s e  mice  t h e r e  w a s  no change  
in  t he  phospho l ip id / cho le s t e ro l  r a t i o  or  f a t t y  acyl  u n s a t -  
u r a t i o n  (25,26).  I n  db /db  mice ,  t h e  f a t t y  ac ids  of  
ad ipocy te  p l a s m a  m e m b r a n e s  we re  s h o w n  to be  less  un-  
s a t u r a t e d  t h a n  in  l e a n  mice  (27). Thus ,  f rom the  s t u d i e s  
in  obese  mice  a n d  b a s e d  on ou r  p r e s e n t  d a t a ,  i t  is  c l ea r  
t h a t  t h e  l ip id  compos i t ion  of  t h e  ad ipocy te  p l a s m a  m e m -  
b r a n e  is r e g u l a t e d  in  a geno type-spec i f i c  m a n n e r .  

The  l a r g e  c h a n g e s  in  l ip id  o r d e r  a n d  compos i t ion  we 
found  in  t h e  p l a s m a  m e m b r a n e s  of  obese  r a t  ad ipocy te s  
could  be  i m p l i c a t e d  in  t he  a l t e r e d  m e m b r a n e - a s s o c i a t e d  
func t ions  d i s p l a y e d  by  t h e s e  m e t a b o l i c a l l y  h y p e r a c t i v e  
cel ls  (4-10) .  The  r e l a t i o n s h i p  b e t w e e n  l ip id  o r d e r  and /o r  
compos i t ion  a n d  func t iona l  p r o p e r t i e s  of  m e m b r a n e s  
h a s  b e e n  s u g g e s t e d  b y  s e v e r a l  models .  R e l e v a n t  obser -  
v a t i o n s  have  b e e n  m a d e  in  3T3-F442A ad ipocy te s  w h e r e  
a d e c r e a s e  in  p l a s m a  m e m b r a n e  l ip id  o r d e r  a n d  in  cho- 
l e s t e r o l / p h o s p h o l i p i d  r a t i o  a n d  a n  i n c r e a s e  in  phospho-  
l ip id  f a t t y  ac id  u n s a t u r a t i o n  w a s  o b s e r v e d  d u r i n g  adi -  
pose  conve r s ion  w h e n  cel ls  u n d e r g o  c h a n g e s  in  s eve ra l  
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TABLE 4 

Fatty Acid Composit ion of  Total Phosphol ipids  
of  Adipocyte Plasma Membranes from 30-day-old 
Zucker Rats a 

(% of total in weight) 

Fatty acid Lean Obese 

Saturated 
14:0 2.7 • 0.3 2.7 • 0.3 
16:0 22.7 _+ 3.7 26.0 _+ 1.5 
18:0 13.0 • 1.7 16.4 • 0.8 
Total 42.8 • 5.5 49.3 _+ 2.1 

Monounsaturated 
16:1n-7 2.3 • 0.5 3.1 • 0.3 
18:1n-9 17.8 • 0.3 14.6 • 0.7 
18:1n-7 2.3 • 0.1 1.9 • 0.1 
Total 24.7 • 0.8 21.4 • 1.2 

n-6 Polyunsaturated 
18:2n-6 14.7 • 1.4 11.5 • 0.8 
20:3n-6 0.7 _+ 0.2 0.8 • 0.2 
20:4n-6 11.5 • 3.4 9.7 • 0.9 
22:5n-6 1.2 • 0.4 1.1 • 0.4 
Total 29.0 • 4.5 24.0 • 1.7 

n-3 Polyunsaturated 
22:5n-3 0.7 • 0.1 0.7 • 0.1 
22:6n-3 1.9 • 0.3 3.8 • 0.3 b 
Total 3.5 • 0.5 5.3 • 0.4 b 

n-6 + n-3 32.4 • 5.0 29.3 • 1.9 
n-6/n-3 ratio 8.3 • 0.2 4.6 • 0.3 b 
DBI 1.0 _+ 0.02 1.4 *_ 0.06 b 

aValues are means • SEM for three and five separate membrane 
preparations in lean and obese rats, respectively. DBI, double bond 
index. 

bp < 0.05 vs. adipocyte plasma membranes from lean rat. 

i n t e g r a l  m e m b r a n e  func t i ons  (28). I n  r e c o n s t i t u t e d  
p l a s m a  m e m b r a n e  ves ic les ,  bo th  t h e  b i n d i n g  a n d  t h e  ki-  
n a s e  a c t i v i t y  of  t h e  i n s u l i n  r e c e p t o r  (29) a s  wel l  a s  t he  
g lucose  t r a n s p o r t  a c t i v i t y  have  b e e n  shown  to co r r e l a t e  
w i th  t he  deg ree  of  f a t t y  ac id  u n s a t u r a t i o n  o f  t he  sur -  
r o u n d i n g  p h o s p h o l i p i d s  (30). The  Z u c k e r  r a t  p rov ides  a 
phys io log ica l  m o d e l  s u p p o r t i n g  t h e  conc lus ion  f rom 
t h e s e  in vi tro s t u d i e s  t h a t  d e c r e a s e d  l ip id  o r d e r  or  in-  
c r e a s e d  f a t t y  ac id  u n s a t u r a t i o n  is a s s o c i a t e d  w i t h  in- 
c r e a s e d  m e m b r a n e  func t i ona l  act ivi ty.  One  could  specu-  
l a t e  t h a t  c h a n g e s  in  t h e  p h y s i o c h e m i c a l  p r o p e r t i e s  of  t h e  
fa t  cell  p l a s m a  m e m b r a n e  could  affect  vesic le  fus ion  a n d  
b u d d i n g  invo lved  in  exocytos is ,  endocy tos i s  a n d  recy-  
cl ing,  which ,  in  t u r n ,  affects  t h e  q u a n t i t y  a n d  e x p o s u r e  
of  r e c e p t o r s  a n d  t r a n s p o r t  p r o t e i n s  a t  t h e  cell  surface .  I t  
is  a l so  poss ib le  t h a t  t h e  i n c r e a s e  in  docosahexaeno ic  
acid,  t h a t  we found  in  obese  r a t  ad ipocy tes ,  p l a y s  a role  
in  t h e  m e t a b o l i c  h y p e r a c t i v i t y  of  t h e s e  cells.  I ndeed ,  in  
ongo ing  e x p e r i m e n t s  we  h a v e  o b s e r v e d  t h a t  d i e t a r y  f ish  
oil r ich  in  n-3 f a t t y  ac ids  i nduces  a m a r k e d  i n c r e a s e  in  
bo th  t h e  i n s u l i n  r e s p o n s i v e n e s s  a n d  t h e  l ip id  s t o r a g e  ca- 
p a c i t y  of  t h e  ad ipose  cel ls  w h e n  c o m p a r e d  to t h e  effect  of  
d i e t a r y  s a t u r a t e d  o r  n -6  f a t t y  a c i d  ( H a i n a u l t ,  I . ,  
G u i c h a r d ,  C., a n d  L a v a u ,  M., u n p u b l i s h e d  da ta ) .  

T h e  m e c h a n i s m  t h r o u g h  w h i c h  t h e  f a t t y  g e n o t y p e  in-  
f luences  t h e  f a t t y  acyl  compos i t i on  of  t h e  ad ipocy te  
p l a s m a  m e m b r a n e  is  f a r  f rom b e i n g  clear.  The  f a t t y  ac id  

compos i t ion  of  p h o s p h o l i p i d s  f rom v a r i o u s  t i s s u e s  in  
Z u c k e r  r a t s  h a s  b e e n  r e c e n t l y  r e p o r t e d  (14,31). A de- 
c r e a s e  in  t h e  r a t i o s  o fn -6 /n -3  f a t t y  ac ids  w a s  o b s e r v e d  in  
l i ve r  a n d  k i d n e y  b u t  a n  i n c r e a s e  was  o b s e r v e d  in  h e a r t ,  
a n d  no c h a n g e  was  seen  in  b r a i n  o r  r e t i na .  T a k e n  to- 
ge ther ,  t h e  d a t a  t h u s  p o i n t  t o w a r d  a t i s s u e  spec i f ic i ty  of  
t h e  f a t t y  g e n o t y p e  effect. 

I n  conclus ion,  ou r  w o r k  d e m o n s t r a t e s  t h a t  t h e  gene t i c  
b a c k g r o u n d  in f luences  t h e  l ip id  o r d e r  a n d  compos i t ion  
of  t h e  ad ipocy t e  p l a s m a  m e m b r a n e ,  t h e r e b y  h a v i n g  t h e  
p o t e n t i a l  to mod i fy  m e m b r a n e - m e d i a t e d  cont ro l  of  cel lu-  
l a r  act ivi ty .  The  a l t e r a t i o n s  r e v e a l e d  by  the  p r e s e n t  
s t u d y  in  a d ipoc y t e s  f rom y o u n g  obese  Z u c k e r  r a t s  could  
be  invo lved  in  t h e  me tabo l i c  h y p e r a c t i v i t y  of  t h e s e  cells.  
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The first synthes is  of s tereospeci f ic  3,4,5-trisubstituted 
T-butyrolactone phosphol ipids  has been  achieved  by a 
ten-stop sequence  start ing from N,N-dimethylacetamide  
(9). Alkylat ion of  9 wi th  1-bromohexane gave N,N-di- 
methy loc tanamide  (U),  which  was  subjected to aldol 
condensat ion  with  acrole in and afforded the erythro- 
N,N-dimethyl-3-hydroxy-2-hexyl-4-pentenamide (6) and 
its threo i somer  7, both of  which  were  subsequent ly  con- 
verted to the corresponding 3-oxy(hexanoyl)  es ters  15 
and 16. Stereospeci f ic  cyc l izat ion of d ias tereomeric  al. 
lyl ic  amides  (6,7,15 and 16) via iodolactonizat ion  gave 
3,4,5-trisubstitutod y-butyrolactones (19-25) in satisfac- 
tory y ie lds  (68-89%) and wi th  high s tereose lec t iv i ty  (at 
least  6:1), except  for the threo amide 16 (2:1). Convers ion 
of  the 6-iodo-group of the major iodolactones  23 and 24 
to the corresponding  6-hydroxy lactones  31 and 32 
through a wet  Pr~vost  react ion also resul ted in 4-hy- 
droxy lactones  30 and 33, and a mechan i sm for this  re- 
act ion is proposed.  Further  phosphorylat ion of  4- or 6- 
hydroxy lactones  30, 31 and 32 wi th  diphenyl  chioro- 
phosphate  gave  the corresponding diphenyl  phosphoric  
acid lactone esters  34, 35 and 36, whereas  33 underwent  
an e l iminat ion react ion under  formation of  a C(3)-C(4) 
double bond. Hydrogenolys is  of  the diphenyl  groups of 
e s ters  34, 35 and 36 over  Adams' catalyst  [platinum(IV) 
oxide] y ie lded the corresponding phosphoric  acid lac- 
tone  es ters  38, 39 and 40, which  were  finally treated 
wi th  chol ine  totraphenylborate  to afford the des ired 
lactone phosphol ipids  41, 42 and 43 in overal l  y ie lds  of 9, 
30 and 18%, respectively.  The structures  of  all new com- 
pounds were  unambiguous ly  ass igned by analysis  of  
the ir  1H and 13C one-dimensional  and two-dimens ional  
nuclear  magnet ic  resonance  (NMR) spectra obtained on 
a 300 MHz NMR spectrometer,  and the s tructures  were  
conf irmed by low or high resolut ion mass  spectrometry  
as wel l  as e lementa l  analysis .  The s tereo i someric  purity 
of  the final products  (98.2, 99.0 and 98.5% for 41, 42 and 
43, respect ively)  was  detormined by high-performance 
l iquid chromatography.  
Lipids 29, 211-224 (1994). 

The mechanism and the inhibition of phospholipase A 2 
(PLA 2) (EC 3.1.1.4) action are topics of much current bi- 
ological and medical interest. PLA 2 specifically cleaves 
the sn-2 acyl bond of phospholipids and produces 
equimolar amounts of lysophospholipid and free fatty 
acid (Scheme 1) (1--4). Thus, PLA 2 also plays an impor- 
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2705 Laurier Boulevard, Quebec City, Quebec G1V 4G2, Canada. 
Abbreviations: ADEPT, automatic distortionless enhancement by 
polarization transfer; DMAP, 4-dimethylaminopyridine; HETCOR, 
heteronuclear correlation; HPLC, high-performance liquid chro- 
matography; HRMS, high resolution mass spectrometry; IR, in- 
frared; J, coupling constant(s); LDA, lithium diisopropylamide; 
LRMS, low resolution mass spectrometry; NOESY, nuclear Over- 
hauser effect spectroscopy; PLA2, phospholipase A2; THF, tetrahy- 
drofuran; TLC, thin-layer chromatography. 
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SCHEME 1 

tant role in the release of arachidonic acid, the sole pre- 
cursor for the biosynthesis of eicosanoids, that include 
prostaglandins, leukotrienes and thromboxanes (5-7). 
Eicosanoids have been implicated in the pathophysiol- 
ogy of many diseases, and especially those involving in- 
flammation and allergy (6-8). Therefore, inhibition of 
PLA 2 is a logical approach to the treatment of these con- 
ditions. 

In the design and synthesis of potential PLA 2 in- 
hibitors, phospholipid analogues have attracted consid- 
erable attention. It is known that  for a compound to 
serve as a PLA 2 substrate, a fatty acid ester must be 
bonded vicinally to a phosphate ester (9). Noticeable 
progress has been made in the preparation of acyclic 
phospholipids as PLA 2 inhibitors by systematically mod- 
ifying the structure of phosphatidylcholine (9), using 
computer assisted molecular modeling (10-12) and total 
synthesis of various phospholipid analogues (13-20). 
However, few studies have been undertaken with specif- 
ically designed and conformationally restricted phos- 
pholipids. By this approach, one restricts the flexibility 
of a substrate phospholipid and permits PLA 2 to select 
the preferred orientation of the side chain(s), so that the 
orientation preferred by PLA 2 can be determined. 

One decade ago, Hancock et al. (21) pioneered the syn- 
thesis of cyclopentanoid analogues of phosphatidyl- 
choline and investigated the physical properties of these 
compounds. Following this work, Barlow et al. (22) pre- 
pared a short acyl-chain phosphatidylcholine analogue, 
the glycerol backbone of which was replaced by the all 
trans cyclopentane-l,2,3-triol; this compound was tested 
as a substrate for PLA 2 from Naja naja naja venom. 
Moreover, Magolda and Galbraith (23) reported a series 
of new l'-(3',5"-disubstituted)pyrrolidinyl-alkyl/arylcar- 
boxamide phospholipids (so called proximal isomer and 
distal isomer), which were tested as inhibitors of porcine 
pancreatic PLA 2. Campbell and co-workers (12), start- 
ing from 4-hydroxymethyl-7-butyrolactone, synthesized 
two conformationally restricted 3,4-disubstituted 7-bu- 
tyrolactone phospholipid analogues, namely the 3- 
arachidonyl substituted lactone, which exhibited an 
IC50 (inhibitory concentration to produce 50% inhibi- 
tion) value of 64 pM against PLA 2 in a cell-free prepa- 
ration and 44 p_M in a macrophage test, and the 3-bu- 
tanoyl substituted lactone that showed no inhibitory ac- 
tivity toward the enzyme. However, 3,4,5-trisubstituted 
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T-butyrolactone phospholipids, in which the glycerol 
backbone is part of the T-butyrolactone ring and which 
represent novel types of conformationally restricted sub- 
strate analogues, have not been studied so far. Cycliza- 
tion of C(1) or C(3) of the acyclic glycerophospholipid 1 
to the a-carbon of the C(2) acyl side chain, as indicated 
by arrows a and b (Scheme 2), allows for two regioiso- 
meric possibilities. Based on regioisomers 2 and 3, a se- 
ries of stereoisomers can be designed, and this new class 
of 3,4,5-trisubstituted T-butyrolactone phospholipids 
(41, 42 and 43) has been synthesized. The inhibitory ac- 
tivity of the compounds is presently under investigation, 
and the results will be published in a separate paper. In 
the present paper, we wish to report on the synthesis, 
the structural assignment, and on the stereochemistry 
of these novel stereospecific phospholipid analogues. 

RESULTS AND DISCUSSION 

Retrosynthesis. The preparation of the target phospho- 
lipid lactones 4 (R 1 = alkyl, R2/R 3 = ester/choline phos- 
phate or choline phosphate/ester, respectively) is based 
on the regioselective manipulation of dihydroxylactone 5 
(Scheme 3). Access to intermediate 5 is expected to arise 
via cyclization (such as iodolactonization) of erythro di- 
astereomer 6 or threo isomer 7 [X = N(CH3) 2 or OCH3; 
R 1 = alkyl]. The intermediates (6 and 7) could be derived 
from 8 via aldol condensation of the appropriate car- 
boxylate derivative with acrolein (24,25), a process that 
has been studied widely over the past two decades. 

Synthesis. In practice, the diastereomeric allylic 
amides 6 and 7 were prepared in four steps (67% overall 
yield), starting from N,N-dimethylacetamide (9). Thus 9 
was converted to its enolate with lithium diisopropy- 
lamide (LDA), which after treatment with 1-bromo- 
hexane afforded N,N-dimethyloctanamide (11). The eno- 
late of 11 was condensed with acrolein to form diastere- 
omers 6 and 7 (erythro/threo, 2:1) in 66% yield after 
chromatographic purification (24,26). 

There is some divergence in the literature with regard 
to the erythro and threo designation for vicinally asym- 
metric centers in acyclic molecules. In the present paper, 

0 0 0 

R3c~ OHl~:~ �9 X c ~  RI + ( 
R=O " ~ HO ; x 

4 $ 6,7 8 

SCHEME 3 

we use the convention of Heathcock et al. (24,25). When 
the backbone of an aldol is written in an extended 
(zigzag) fashion, and when the a-alkyl substituent and 
~-hydroxy substituent both extend toward the viewer or 
away from the viewer, this is the erythro diastereomer. 
When the a-alkyl group extends toward the viewer, but 
the ~-hydroxy group is directed away or vice versa, as il- 
lustrated in Scheme 4, this is the threo diastereomer. In 
order to make stereochemical assignments of the allylic 
hydroxy amides 6 and 7, the 1H nuclear magnetic reso- 
nance (NMR) spectra of two isomers were examined. 
The NMR coupling constant (J), JH2 H3 is smaller for 
isomer 6 (J = 4.2 Hz) than for isomer 7'(J = 7.5 Hz). This 
could be explained (Scheme 5) by postulating that iso- 
mer 7 has pseudo trans diaxial protons H-2 and H-3 on 
the hydrogen-bonded, six-membered ring in chair con- 
formation with the maximum number of substituents in 
equatorial positions (26). The Rf value in thin-layer 
chromatography (TLC) of isomer 6 (0.26) was higher 
than that  of isomer 7 (0.11; hexane/ethyl acetate, 3:1, 
vol/vol), suggesting that isomer 6 may be hydrogen 
bonded to a greater extent and may be less capable of in- 
teracting with the stationary phase than the more polar 
isomer 7 (27). This can be confirmed by evaluating the 
NMR coupling constants (26). Based on these considera- 
tions, the ~-hydroxy amide isomer 6 was assigned the 
erythro configuration, and 7 was determined to be the 
threo isomer. 

Esterification of the allylic hydroxy groups of 6 and 7 
by treatment with hexanoic anhydride and catalytic 4- 
dimethylaminopyridine (DMAP) at room temperature 
gave the corresponding 3-oxy(hexanoyl) esters 15 and 16 
in over 95% yield. In order to study the stereochemistry 
of 5-iodomethyl-y-butyrolactones in the next step, the 
synthesis ofamide derivatives 12, 13, 14, 17 and 18 was 
undertaken in a similar manner beginning with N,N-di- 
methylpropionamide 10 (Scheme 6). 

Stereospecific cyclization of diastereomers 6 and 7 to 
the 7-butyrolactones was accomplished through iodolac- 
tonization, which has been extensively utilized (28-30) 
for the efficient and highly stereocontrolled preparation 
of substituted 7-butyrolactones (31-36). For the trisub- 
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st i tuted lactones, the (z and ~ terminology of IUPAC was 
used to express the stereochemical relationship of the 
subst i tuents  on the lactone ring. Tamaru  et al. (29) re- 
ported tha t  in s t ructural ly simpler systems, a-alkyl-~- 
oxy-substi tuted pentenamides  cyclized with a high de- 
gree of stereocontrol and/or greater  yield when com- 
pared to the analogous carboxylates (30). As par t  of our 
efforts in this area, we investigated the iodolactoniza- 
tion of diastereomeric allylic 3-hydroxy amides 6, 7, 13, 

14 and their  hexanoyl esters 15, 16, 17 and 18. In order 
to more fully elucidate the stereostructure-act ivi ty rela- 
t ionship in this reaction, novel 3,4,5-trisubstituted T-bu- 
tyrolactones 19, 20, 21, 22, 23, 24, 25 and 26, 27, 28, 29, 
44, 45 were prepared by t r ea tmen t  of the respective 
amides with iodine in aqueous te t rahydrofuran  (THF) at  
ambient  temperature .  Theoretically, the generation of a 
new chiral center (such as at  C-5 in a 5-iodomethyl- T- 
butryolactone) could lead to two possible diastereomers.  
In practice, erythro 6 underwent  highly stereoselective 
cyclization, giving 19 and 20 as a 7:1 mixture  of C-5 
epimers (68% yield). By a similar process, iodolactones 
21/22 (6:1) were produced from the threo isomer 7 in 
74% yield. Iodolactonization of 15 and 16 was accom- 
plished under  the same conditions. Erythro isomer 15 
gave almost exclusively 23 [(3a,4[J,5~)/(3a,4~,5a), > 9 5 : 5 ]  

in 86% isolated yield. Threo compound 16 gave a mix- 
ture  [24/25, (3a,4a,5~)/(3a,4a,5a), 2:1] with low stereos- 
electivity but  very high yield (89%). Two other  pairs of 
diastereomers (13/14 and 17/18) were prepared follow- 
ing the method described for the synthesis of 6 and 7. By 
iodolactenization of amides 13, 14, 17 and 18, iodolac- 
tones 26, 27, 28 and 29 were obtained with high stere- 
oselectivity in good to excellent yields (70-98%). The re- 
sults of these iodolactenization experiments  are summa- 
rized in Table 1. 

TABLE 1 

I o d o l a c t o n i z a t i o n  a o f  E r y t ~ o  Allylic Amides 

Starting amide Iodolactones 
0 1 0 

R1 R 2 R ',,./e~ : ~ H  

RR3 ,e ~R4",/I ,," ~R4~bl I 
R'O A ] B  b Y i e l d  

6 19 (3a,4~,5~), RI+(C-2)5CH3 , 20 (3a,4~,5a), RI+(CH2)sCH3 , 
R2+H, R3=H, R4=OH R2=H, R3=H, R4=OH 

7 21 (3a,4a,5~), RI=(CH2)sCH3 , 22 (3a,4a,5a), RI=(CH2)5CH3 , 
R2=H, R3=OH, R4=H R2=H, R3=OH, R4=H 

13 26 (3a,4a,5a), RI=CH3, None isolated 
R2=(CH2)5CH3 , R3=H, R4=OH 

14 27 (3a,4a,5a), RI=CH3, 45 (3a,4a,5~), RI=CH3, 
R2=(CH2)5CH3 , R3=H, R4=OH R2=(CH2)5CH3 , R3=H, R4=OH 

15 23 (3a,4~,5~), RI=(CH2)sCH3 , None isolated 
R2=H, R3=H, R4=OCO(CH2)4CH3 

16 24 (3a,4a,5~), RI=(CH2)sCH3, 25 (3a,4a,5a), RI=(CH2)sCH3, 
R2--H, R3=OCO(CH2)4CH3 , R4=H, R2=H, Ra=OCO(CH2)4CH3, R4=H 

17 28 (3a,4~,5~), RI=(CH2)5CH3, None isolated 
R2=CH3, R3=H, R4=OCO(CH2)aCH3 

18 29 (3a,4a,5a), RI=CH3 , R2=(CH2)sCH3, 44 (3a,4a,5~), RI=CH3 , R2=(CH2)sCH3, 
Ra=H, R4=OCO(CH2)4CH3 Ra=H, R4=OCO(CH2)4CH3 

7:1 ii 68% 

6:1 ii 74% 

>95:5 ii 98% c 

10:1 i 95% 

>95:5 i,ii 86% 

2:1 i 89% 

>95:5 i 81% 

4:1 i 86% 

aIodolactonization condition: I2, (1.5 eq.), H20 (20.0 eq.), tetrahydrofuran, rt, 12-24 h. 
bAs determined by nuclear magnetic resonance (i) or isolated yield (ii). 
CCorrected for recovered olefin (44%) after 16 h. 
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FIG. 1. 13C Nuclear magnetic resonance spectra (75.47 MHz, chloroform-d for A, c h l o r o f o r m - d / m e t h a n o l - d  4 (3:1, vol/vol) for B of A iodolactone 23 
and B lactone phospholipid 42. 

In order to arr ive at  unambiguous s tructural  assign- 
ments  for all iodolactonization products, the spectral 
characteristics of each of the iodolactones were analyzed 
in detail. The characterizat ion of iodolactone 23, one of 
the key intermediates,  is chosen here  to i l lustrate this. 
Two intense absorptions were seen in the infrared (IR) 
spectra of 23 at 1785 and 1748 cm -1, suggesting the 
presences of carbonyls, of a sa tura ted  y-lactone and an 
aliphatic ester, respectively. The electron impact mass 
spectrum of 23 showed an [M § - 127] ion peak at  m/e 
297, which indicated a molecular weight of 424, cor- 
responding  to 23 losing iodide. McLaffer ty  re- 
a r rangements  of ei ther  the 4-oxy(hexanoyl) ester  or 
the 3-hexyl side chain resulted in the fragmentat ion 
ions at  m/e 241 [M § - I-C2H5CH=CH2] or m/e 213 
[M + - I-C4H9CH=CH2], respectively, while a-cleavage of 
the hexanoyl from the 4-oxygen gave rise to the frag- 
mentat ion ion peak m/e 198 [M § - I-C5HuCO§ The 13C 
NMR spectrum (Fig. 1A) of 23 shows the characterist ic 
signals of 3-hexyl-4-oxy(hexanoyl)-5-iodomethyl-7-buty- 
rolactone at  5 176.1 (C-2), 172.5 (C-1"), 79.5 (C-5), 74.2 
(C-4), 48.7 (C-3) and -2.6 (C-6), plus two terminal  
methyl  carbons (C-12 and C-6") at  5 13.8 and 14.0 ppm, 
respectively, and 9 methylene carbons in the region of 
22.2-34.0 ppm. The representat ive protonated carbons 
(C-5, C-4, C-3 and C-6) in the two-dimensional het- 
eronuclear correlation (HETCOR) spectrum (Fig. 2A) 
were correlated with the proton signals in the 1H NMR 

spectrum of 23 at  8 2.63, 3.32/3.38, 4.76 and 5.28 ppm 
for H-3, H-6A/H-6B, H-5 and H-4, respectively. Fur ther-  
more, the s t ructure  of 23 was in good agreement  with 
the  resul ts  of high-resolut ion mass spec t romet ry  
(HRMS). The structural  assignment of the other iodolac- 
tones was accomplished similarly. 

The stereochemistry of the iodolactones was deter- 
mined by 300-MHz nuclear Overhauser  effect spec- 
troscopy (NOESY) and based on vicinal coupling con- 
s tants  of the y-butyrolactone ring protons. It  was ob- 
served tha t  when both vicinal hydrogens were in e i ther  
a or ~ stereorelationship, the J value was at  least  3 Hz 
or larger. If  one of the adjacent protons was a and the 
other  was ~, or vice versa, the J value was smaller, rang- 
ing from ca. 1-2 Hz (28). Strong NOESY interactions 
were evident between hydrogen atoms tha t  were both in 
an a or ~ relationship, and in case of geminally substi- 
tuted lactones derived from 13, 14 and 18, where both 
~-H-4 and ~-H-5 clearly showed interaction with the 3~- 
methyl  group, as in iodolactones 26, 27, 29 (Fig. 3A) 
(28). However, when the 3-methyl group was subst i tuted 
in a phase while H-4 and H-5 were still in ~ phase, such 
as in the lactone 28, H-4 interacted with two protons 
(H-7A and H-7B) on the 7-methylene carbon (which was 
adjacent to C-3), whereas H-5 interacted with only one, 
as shown in Figure 3B. Fur thermore ,  the H-4 and H-5 
protons of iodolactone 23 showed the same interaction 
pa t te rn  (Fig. 3C) as observed for 28; thus, lactone 23 
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FIG. 2. Nuclear Overhauser effect spectr~ (300.13 MHz, chloroform-d) of the iodolactones A, 29, B, 28 and C, 23. 

was assigned to have the (3a,4~,5~)-trisubstituent stere- 
orelationship, which was consistent with the coupling 
constants JH.3 H_4(1.3 Hz) and JH 4H 5 (4.5 Hz) in the 1H 
NMR spectrum of 23. The stereoch~mical relationship of 
3,4,5-trisubstituents of other iodolactones was eluci- 
dated in a similar manner. As a further confirmation of 
the lactone stereochemistry, molecules having a free hy- 
droxy group were converted to their corresponding hexa- 
noyl esters (37) and compared to previously character- 
ized authentic samples prepared independently by 
iodolactonization. In general, the total yields of the 
iodolactonization products were good to excellent, and 
with only one exception (16) each isomer stereospecifi- 
cally cyclized to a preparatively useful extent (at least 
4:1). It is significant that, in most cases, both isomers of 

a given diastereomeric amide cyclized with a higher 
level of stereocontrol than had been observed in other 
studies with related compounds (29,30). The general 
tendency (29) for the newly created stereocenter at C-5 
to be cis to the oxygen substituent at C-4 was apparent 
in each instance except for 16, and the basis for this re- 
versal is unknown at the present time. The reason for 
the increased stereoselectivity observed during cycliza- 
tion of the threo derivatives of the hexanoylated amides 
is likewise obscure. It does not appear to be a function of 
either the amount of water present or of the solvent em- 
ployed. Analogous results were obtained when diethyl 
ether was replaced by THF, or when the amount of 
water in THF was increased to 40 equivalents or de- 
creased to 5 equivalents. It is possible that  there were 
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subtle changes induced by the lipophilic substituents in 
C(2) and/or C(3) positions of the allylic amide that suffi- 
ciently influenced the conformational bias (and hence 
lowered Eac t) in favor of one of the rotamers, leading to 
the observed results. 

The final step in the synthesis was the introduction of 
the choline phosphate side chain at the 4- or 6-hydroxy 
group of the lactones. Thus, the 6-iodo substituent of the 
major products 23 and 24 that were obtained by iodolac- 
tonization was converted to the corresponding 6-hy- 
droxy function via a wet Prdvost reaction (38,39) by stir- 
ring with silver(I)trifluoroacetate and water in ni- 
tromethane (33). Mixtures of two alcohol products 30/32 
and 31/33 were obtained, respectively. Mass spectral 
analysis suggested that the products were regioisomeric 
in both cases. IR, 1H NMR and 13C NMR spectra of com- 
pounds 30, 31, 32 and 33 indicated that  all four products 
contained both 4- and 6-oxygenated species. However, 
the 1H NMR spectra were of little assistance in the as- 
signment, because the key resonance signals were not 
resolved at 300 MHz in CDC13 solution. In order to shed 
more light on the reaction, the chromatographic behav- 
ior of the compounds on TLC was investigated further. 
When compounds 30, 31, 32 and 33 were run in the 
same solvent system (hexane/ethyl acetate, 3:1, vol/vol), 
compounds 30 (Rf = 0.30) and 33 (Rf = 0.32) showed 
higher Rf values than did their isomers 31 (Rf = 0.22) 
and 32 (Rf = 0.18). Due to differences in steric hin- 
drance, the Rf values of the 6-hydroxy lactones would be 
expected to be lower than those of the 4-hydroxy com- 
pounds, because the primary alcohols would interact 
more strongly with the adsorbent than a secondary al- 
cohol would. Thus, the less polar hydroxy lactones 30 
and 33 were assigned the 4-hydroxy-6-oxy(hexanoyl) 
ester lactone structure, while the more polar regioiso- 
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mers 31 and 32 were designated as 6-hydroxy-4- 
oxy(hexanoyl) derivatives. All products obtained in this 
reaction from 23 and 24 were useful intermediates for 
the conversion to the desired target lactone phospho- 
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lipids. The mechanism we propose for the wet Prdvost 
reaction is shown in Schemes 7 and 8. When the silver 
atom of silver trifluoroacetate approaches the 6-iodide, 
it polarizes the bond between C-6 and iodine, resulting 
in the formation of a silver iodine complex. The migra- 
tion of the electron pair at the 4-oxygen then initiates a 
nucleophilic attack, in which the carbonyl oxygen of 
both a- and ~-4-oxy(hexanoyl) attacks the polarized elec- 
tron-deficient carbon (C-6) from either the a phase (in 
the case of 24) or the ~ phase (in the case of 23) in the 
lactone planes, followed by a series of electron transfers 
that lead to the chair-like (24a and 24b) or boat-like 
(23a and 23b) six-membered ring (4,5) conjugated 7-bu- 
tyrolactone intermediates, together with other products, 
including insoluble silver iodide, which moves the reac- 
tion completely toward the product side. The hydroxy 
ion (HO-), which is generated nucleophilicly, attacks C-4 
from the ~ phase (in the case of 24b) or the a phase (in 
the case of 23b) of both the lactones and six-membered 
rings and then opens the chair-like or boat-like six- 
membered rings by an SN2 reaction mechanism leading 
to 4-hydroxy-6-oxy(hexanoyl) ester lactones 30 and 33 
with inversion (Walden inversion) of the configuration 
at C-4. On the other hand, 6-hydroxy-4-oxy(hexanoyl) 
ester lactones 31 and 32 (from the boat-like intermedi- 
ate 23a and the chair-like intermediate 24a, respec- 
tively) are produced when the hydroxy ion nucleophilicly 
attacks the C-6 positions, while in both cases the stere- 
ochemistry at C-4 remains the same as in the 5- 
iodomethyl-T-butyrolactones used as starting materials. 
The conversion was effected in high yields (98% from 23, 
and 86% from 24) but, not unexpectedly, each iodolac- 
tone gave two hydroxy lactone products, namely 31/33 
(7:3) and 32/30 (5:3) with the stereochemistry at C-4 ei- 
ther identical to that of the starting material (31 and 32) 
or with inverted configuration (30 and 33) (Scheme 9). 

In order to phosphorylate the 4- or 6-hydroxyl group 
of these lactones, the usefulness of the three-step 
method described by Magolda and Johnson (40) was in- 
vestigated. It involves the treatment of the hydroxy 
compound with phosphorus oxychloride in triethy- 
lamine and anhydrous diethyl ether at 0~ to give a 
dichlorophosphate ester followed by exposure of the 
dichlorophosphate to ethylene glycol in the presence of 
triethylamine to effect the conversion to the correspond- 
ing cyclic phosphate. Final heating in acetonitrile with 
trimethylamine in a sealed tube for 30 h at 75~ affords 
the phosphocholine. However, our starting lactones de- 
composed under these conditions. An alternate phos- 

O O 

H % O+ H"*" O R O l+~CO~,, n~O. c~~176 ~ .,,,,+H 

(~o~ R 3 c ~  OR 3 + OR ~ 
R H 

23,24 

30 R = C~H]~, 34 
R t = O H ,  R ~ =  H,  

R~ = COCsH n ,  33% 35 
31 R = CsH~s, 

R I = OCOCsHI~, 36 

RS=H, 

R a = H,  70% 
32 R = C+H~, R ~ = H, 

R z = OCOC~H]~, 

R + = H, s3% 
33 R = C+H~s, R ~ = H, 

R 2 = OH, 

R ~ = COCsHIt, 28% 

R = C6H~s, R ~ = OPO{OCsHs)z, 37 
R 2 = H,  R 3 = C O C s H l v  95% 

R = C6H~3, R 1 = OCOCsHI1 , 
R 2 = H,  R ~ = PO<OCsHs)++, 70% 

R = C~Hta, R '  = H,  
R s = O CO Cs H , t ,  

R 3 = PO(OC~H5)2, 82+/0 

R = CeHI3 , 
R I = COCsHIu 96% 

SCHEME 9 

phorylation approach that utilizes a two-step protocol, 
as outlined by Yuan et al. (18), proved more successful. 
The hydroxy lactones (30, 31 and 32) were treated with 
diphenyl chlorophosphate in anhydrous pyridine and af- 
forded the corresponding diphenyl phosphoric lactone 
esters in good to excellent yields (70, 82 and 95% for 
compounds 35, 36 and 34, respectively), whereas com- 
pound 33 gave exclusively a C(3)-C(4) elimination prod- 
uct (37, 96% yield) (Scheme 9). Several unsuccessful at- 
tempts were made to obtain the 4-oxy(phosphate) of 33, 
that involved the use of different solvents, such as an- 
hydrous N,N-dimethylformamide, methylene chloride 
and THF, as well as lower reaction temperatures and 
the use of different phosphorylating reagents. One pos- 
sible reason for this undesired reaction taking place may 
be the trans-relationship between the 3-proton and 4- 
hydroxy group, which may facilitate elimination of the 
sterically hindered oxygen substituent. 

Removal of the diphenyl moieties of diphenyl phos- 
phoric acid lactone esters was accomplished in high 
yield (>90%) by hydrogenation of 34, 35 and 36 in the 
presence of Adams' catalyst [platinum(IV)oxide, PtO 2] 
with methanol as solvent at room temperature for 12-36 
h (Scheme 10). The last step was the introduction of the 
choline side chain. Compounds 38, 39 and 40 were 
treated with choline tetraphenylborate and 2,4,6-triiso- 
propylbenzenesulfonyl chloride in anhydrous pyridine 
at 35~ for 4 h (18). This afforded the target 3,4,5-trisub- 
stituted lactone phospholipids 41, 42 and 43 in 36, 68 
and 43% yields, respectively, after chromatographic pu- 
rification (Scheme 10). 

The 13C NMR spectrum (Fig. 1B) of the lactone phos- 
pholipid 42 derived from iodolactone 23 showed signals 
at 5 176.6 (C-2), 172.9 (C-I'), 79.0 (C-5), 74.0 (C-4), 63.5 
(C-6), and at 46.8 (C-3), at 66.2, 59.3 and 54.3 for the 
phosphocholine group, and the two terminal methyl car- 
bons at 13.8 and 13.9 ppm along with 9 methylene car- 
bons in the region of 22.2-33.8 ppm. The two- and three- 
bond 31p-13C couplings and the 15N-13C one-bond cou- 
plings were consistent with the assignments. Similar 
heteronuclear coupling patterns were observed in the 
13C NMR spectra of two other lactone phospholipids 41 
and 43. The automatic distortionless enhancement by 
polarization transfer (ADEPT) spectrum of 42 (Fig. 4) 
was consistent with the presence of 3 methine, 12 meth- 
ylene and 5 methyl carbons. The carbonyl carbons were 
not seen in the ADEPT spectrum. The proton assign- 
ment of the 1H spectrum of 42 was confirmed by HET- 
COR (Fig. 2B). The lactone phospholipids 41 and 43 

I t  O 1{c,~kNs'(cH~p,"(c:.h.'./m 
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c1'bce R' ~ O R S  ~ 1 4#"~ ~ O R a  

R = m 
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FIG. 4. The automatic distortionless enhancement  by polarization transfer spectrum (75.47 MHz, chloroform-d) of the lac- 
tone phosphol ipid 42. 

were assigned in a similar fashion. The stereoisomeric 
purity of 41, 42 and 43 was determined to be 98.2, 99.0 
and 98.5% respectively, by high-performance liquid 
chromatography (HPLC). 

EXPERIMENTAL PROCEDURES 

General. Unless otherwise noted, materials obtained 
from commercial suppliers were used without further 
purification. Diethyl ether (Et20) and THF were dis- 
tilled from sodium/benzophenone immediately prior to 
use. Solvents for reactions, i.e., acetonitrile (CH3CN) , 
dichloromethane (CH2CI 2) and pyridine (CsHsN) were 
distilled from calcium hydride and stored over molecular 
sieves (4 -~) under nitrogen. All reactions except those 
involving water were carried out under a nitrogen at- 
mosphere. Melting points were measured on a Thomas 
Hoover (Buffalo, NY) capillary melting point apparatus 
and are uncorrected. IR spectra were determined with a 
Perkin-Elmer 281B infrared spectrometer (Norwalk, 
CT). ZH NMR spectra were measured at 300.13 MHz, 
while 13C NMR were measured at 75.47 MHz on a Var- 
ian VXR-300 spectrometer (Palo Alto, CA). Solvents 
used were CDC13 or CDC13/CD3OD (3:1, vol/vol). Chem- 
ical shifts are expressed in parts per million (ppm, 5) 
downfield from internal tetramethylsilane. Characteris- 
tic 1H NMR data are tabulated in the following format: 
multiplicity (s, singlet; d, doublet; t, triplet; q, quartet; 
m, multiplet; br, broad; exch, exchangeable), coupling 

constant(s) (J, in Hertz), number of protons. Low reso- 
lution mass spectra (LRMS) were obtained on a Finni- 
gan 320 gas chromatograph/mass spectrometer (Wins- 
ford, England). HRMS were measured at the Depart- 
ment of Chemistry, University of Kansas (Lawrence, 
KS). Elemental analyses were done by Scandinavian Mi- 
croanalytical Laboratory (Herlev, Denmark). Flash chro- 
matography was carried out as described (41) on Kiesel- 
gel 60 (0.04(}-0.063 mm) (E. Merck, Darmstadt, Ger- 
many). TLC was done using 0.25-~nm silica gel plates 
and Solvent A (hexane/ethyl acetate, 3:1, vol/vol) or Sol- 
vent B (methylene chloride/methanol/water, 10:10:1, by 
vol), or other solvent systems as specified. 

Fractions were visualized by dipping the plates in a 
solution of ammonium molybdate (IV)tetrahydrate/ 
water/concentrated sulfuric acid (1:9:1, wt/vo]/vol) fol- 
lowed by heating at 115~ for 10 min, or by exposure to 
iodine vapors. All organic extracts were dried over an- 
hydrous magnesium sulfate (MgSO 4) prior to concentra- 
tion. The purity of all final and new products was 
checked by HPLC on a Waters Model 600E (Millipore, 
Milford, MA) equipped with a Waters 600E System Con- 
troller, a Waters 991 Photodiode Array Detector, a Wa- 
ters automated Switching valve, a Computer NEC 
Power Mate SX/16 and a NEC Pinwriter P6200 (Tokyo, 
Japan), using a Cls-Nova-Pak 4.0 pm column (Waters) 
(Taunton, MA), or a Nova-Pak CN HP 4.0 ~m column 
with either acetonitrile/methanol (80:20, vol/vol or ace- 
tonitrite/water (50:50, vol/vol) as mobile phase. The flow 
rate was 1 mL/min. 
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Materials. N,N-Dimethylacetamide, 1-bromohexane, 
acrolein, lithium diisopropylamide mono-tetrahydrofu- 
ran (1.5 M solution in cyclohexane, LDA), iodine (resub- 
limed, 99.8%), triethylamine (Et3N) , DMAP, hexanoic 
anhydride, diphenyl chlorophosphate, platinum- 
(IV)oxide, 2,4,6-triisopylbenzenesulfonyl chloride, tetra- 
phenylboron sodium and choline chloride were pur- 
chased from Aldrich (Milwaukee, WI). Silver trifluoroac- 
etate was purchased from Spectrum Chemical MFG. 
Corp. (Gardena, CA). 

Purification of  acrolein. Acrolein was first distilled 
from calcium hydride into a flask that contained cate- 
chol (42) (1.0 g) in an ice bath. Anhydrous copper(II)sul- 
fate (1.0 g) was added to this solution, which was then 
stirred and redistilled into a flask containing molecular 
sieves (4 ]k) in an ice bath. Redistilled acrolein was 
stored in a freezer. 

Preparat ion of  choline tetraphenylborate. Sodium 
tetraphenylborate (6.85 g, 20.0 mmol) in water (30 mL) 
was added to choline chloride (4.20 g, 30.0 mmol) in the 
same volume of water (43). The gelatinous precipitate 
was filtered, washed with water (4 x 100 mL), pressed 
dry on the filter and then dried azeotropically with an- 
hydrous ethanol (EtOH) and benzene (C6H6). Recrystal- 
lization from CH3CN gave large hexagonal prisms (5.97 
g, 65% yield), m.p. 249-251 C. IR (KBr, cm -1) 3502 (sh), 
3022, 2980, 1590, 1470, 1420, 1265, 1076, 720. 1H NMR 
(pyridine-d 5) 5 2.99 (s, 9 H, 3 CH3), 3.37 (ddd, J = 2.0, 
4.1, 4.9 Hz, 2 H, CH2), 4.1 (br m, 2 H, CH2) , 5.1 (br s, 1 
H, OH), 7.12 (dd, J = 7.1, 7.1 Hz, 8 ArH), 7.27 (dd, J = 
7.4, 7.5 Hz, 12 ArH). 13C NMR (C5DsN) 5 165.9, 165.2, 
164.6, 163.9, 137.0 (8 C), 126.3, 126.2, 126.2, 126.2, 
122.4 (8 C), 68.8, 56.1, 54.0, 53.9, 53.9. 

Preparation of  N,N-dimethyloctanamide (11). To a so- 
lution of LDA (6.4 g, 59.8 mmol) in dry THF (50 mL) at 
-78~ was added dropwise over 3 min anhydrous N,N-di-  
methylacetamide (5.0 g, 57.4 mmol) in THF (5 mL), and 
the mixture was stirred at -78~ for 1 h. 1-Bromohexane 
(11.3 g, 68.4 mmol) in THF (5 mL) was added rapidly at 
-78~ and stirred for 15 min. The reaction mixture was 
warmed to room temperature and stirred for t h. The re- 
action was quenched with saturated aqueous NH4C1 so- 
lution (4 mL), diluted with H20 (50 mL), and extracted 
with Et20 (3 x 100 mL). The combined organic phases 
were washed with brine, dried and concentrated in 
vacuo. This gave a colorless oil (9.5 g, 97% yield) after 
chromatography (Solvent A). Distillation at 145~ 
mmHg afforded compound U (7.20 g, yield 74%); Rf = 
0.25 (Solvent A). IR (neat, cm -1) 2937, 1655, 1495, 1379. 
1H NMR (90 MHz) (CDC13) 5 0.92 (dd, J = 7.2, 7.2 Hz, 3 
H, CH3) , 1.2-1.8 (m, 10 H, 5 CH2) , 2.32 (dd, J = 4.6, 6.8 
Hz, 2 H), 2.94 (s, 3 H, NCH3) , 3.1 (s, 3 H, NCH3). 

N,N-Dimethyl-2-methyl-octanamide (12). This was 
prepared from N,N-dimethylpropionamide (10.4 g, 102.4 
mmol): Colorless oil (18.0 g, yield 95%), Rf = 0.31 (Sol- 
vent A). IR (neat, cm -1) 2940, 1660, 1485, 1380. 1H NMR 
(90 MHz) (CDC13) 5 0.84-0.94 (m, 3 H, CH3), 1.2-1.8 (m, 
10 H, 5CH2), 1.24 (d, J = 4.7 Hz, 3 H, CH3) , 2.46 (m, 1 
H), 2.97 (s, 3 H, NCH3), 3.0 (s, 3 H, NCH3). 

General procedure for the Aldol  condensation. The re- 
action was carried out as described by Heathcock et al. 

(25). To a solution of LDA (4.22 g, 39.40 mmol) in THF 
(52 mL) at -20~ (ice-salt bath), was added a solution of 
N,N-dimethyloctanamide (6.15 g, 36.0 mmol) in THF 
(3.0 mL). The reaction mixture was stirred at -20~ for 
1 h and then cooled to -78~ Acrolein (2.41 g, 43.0 
mmol) was added as rapidly as possible by means of a 
syringe, and the reaction mixture was stirred vigorously 
at -78~ for 1 h. The reaction was followed by TLC (Sol- 
vent A), which revealed two products with Rf values of 
0.26 and 0.11, respectively. The reaction was quenched 
with saturated aqueous NH4C1 solution (6 mL) and then 
warmed to room temperature. The mixture solution was 
diluted with water (20 mL) and extracted with Et20 (3 x 
50 mL). The combined ether extracts were washed with 
brine (40 mL) and dried (Na2SO4). Removal of the sol- 
vent in vacuo resulted in an oily crude residue that was 
purified by flash chromatography (Solvent A); it af- 
forded erythro-N,N-dimethyl-3-hydroxy-2-hexyl-4-pen- 
tenamide (6): Colorless oil, 3.38 g, 41% yield; IR (neat, 
cm "1) 3400 (br), 2920, 2850, 1640, 1620, 1490, 1395, 
1260. 1H NMR (CDC13) 5 0.82-0.90 (m, 3 H, CH3), 
1.17-1.27 (m, 8 H, 4 CH2), 1.57-1.71 (m, 2 H, CH2), 2.74 
(ddd, J = 4.2, 4.2, 9.6 Hz, 1 H, H-2), 2.95 (s, 3 H, NCH3), 
3.0 (s, 3 H, NCH3), 4.1 (br s, 1 H, OH), 4.2 (dd, J = 5.3, 
4.2 Hz, 1 H, H-3), 5.1 (ddd, J = 1.5, 1.7, 10.5 Hz, 1 H, 
H-5A), 5.3 (ddd, J = 1.8, 1.8, 17.2 Hz, 1 H, H-5B), 5.8 
(ddd, J = 5.2, 10.5, 17.3 Hz, 1 H, H-4). 13C NMR (CDC13) 
5 176.1, 138.3, 115.4, 72.9, 45.5, 37.8, 35.5, 31.7, 29.5, 
27.8, 26.8, 22.6, 13.9. LRMS m/e 170, 156, 143, 126, 100, 
87, 72, 57. HRMS calcd, for C13H2502N, 227.1884; found 
227.1872. 

T h r e o - N , N - D i m e t h y l - 3 - h y d r o x y - 2 - h e x y l - 4 - p e n t e -  
namide (7). Colorless oil (2.03 g, 25% yield). IR (neat, 
cm -1) 3630 (sh), 3390 (br), 2950, 2850, 1640, 1620, 1455, 
1390, 1260. 1H NMR (CDC13) 5 0.83-0.90 (m, 3 H, CH3), 
1.1-1.4 (m, 8 H, 4 CH2), 1.65-1.72 (m, 2 H, CH2), 2.9 (s, 
3 H, NCH3), 3.0 (s, 3 H, NCH3), 2.75 (ddd, J = 7.2, 4.3, 
7.3 Hz, 1 H, H-2), 4.16 (br d, J = 3.3 Hz, 1 H, OH), 4.38 
(br d, J = 7.5 Hz, 1 H, H-3), 5.08 (ddd, J = 1.3, 1.5, 10.4 
Hz, 1 H, H-5A), 5.25 (ddd, J = 1.5, 1.5, 17.1 Hz, 1 H 
H-5B), 5.80 (ddd, J = 5.7, 10.5, 17.1 Hz, 1 H, H-4). 13C 
NMR (CDC13) 5 175.8, 139.8, 115.2, 73.6, 45.4, 37.7, 
35.2, 31.6, 30.1, 29.4, 27.3, 22.5, 14.0. LRMS role 226 
(M § - 1), 184, 170, 157, 140, 114, 101, 72, 57. HRMS 
calcd, for C13H2502N, 227.1884; found 227.1879. 

Erythro-N,N-Dimethyl-3-hydroxy-2-methyl-2-hexyl-4- 
pentenamide  (13). Colorless oil (3.92 g, 36% yield). IR 
(neat, cm -1) 3405 (br), 2920, 2860, 1645, 1620, 1495, 
1395, 1260.1H NMR (CDCI 3) 5 0.83-0.89 (dd, J = 7.1,7.2 
Hz, 3 H, CH3), 1.20-1.36 (m, 9 H, 3 CH2, CH3), 1.52-1.80 
(m, 2 H, CH2), 2.22-2.40 (m, 4 H), 3.10 (s, 6 H, 2 NCH3), 
4.21 (br s, 1 H, OH), 5.10-5.30 (m, 2 H), 5.70-5.90 (m, 2 
H). 13C NMR (CDCI 3) ~ 176.7, 139.3, 116.5, 72.9, 49.5, 
37.8, 35.5, 31.7, 29.5, 27.8, 26.8, 22.6, 21.4, 13.9. LRMS 
m/e 241 (M+), 226. HRMS calcd, for C14H2702 N, 
241.1908; found 241.1912. 

Threo-N ,N-Dimet  h yl-3-h ydroxy-  2-met  h y l- 2-hexyl-4- 
pentenamide (14). Colorless oil (3.53 g, 33% yield). IR 
(neat, cm -1) 3610 (sh), 3390 (br), 2960, 2840, 1645, 1625, 
1455, 1396, 1270. 1H NMR (CDC13) 5 0.84-0.90 (m, 3 H, 
CH3), 1.21 (s, 3 H, CH3), 1.24--1.32 (m, 6 H, 3 CH2), 
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1.41-1.72 (m, 2 H, CH2), 2.37 (dd, J = 6.9, 7.1 Hz, 2 H), 
2.98 (s, 3 H, NCH3), 3.02 (s, 3 H, NCH3), 5.23 (dd, J = 
1.8, 7.6 Hz, 1 H), 5.37 (ddd, J = 1.7, 1.9, 10.3 Hz, 1 H), 
5.76-5.81 (m, 1 H), 5.84 (dd, J = 7.3, 10.4 Hz, 1 H). 13C 
NMR (CDC13) 5 176.8, 138.9, 115.0, 72.9, 48.4, 37.7, 
35.2, 31.6, 30.1, 29.4, 27.3, 22.5, 20.3, 14.0. LRMS m/e 
240 (M + - 1), 198, 180. HRMS calcd, for C14H2702N, 
241.1908; found 241.1903. 

General procedure for the hexanoylation o f  N,N-di- 
methyl-3-hydroxy-2-hexyl-4-pentenamide. To a solution 
of ery thro-N,N-dimethy l -3-hydroxy-2-hexy l -4-penten-  
amide (16) (2.96 g, 13.0 mmol) in anhydrous CH2C12 (60 
mL) and stirring at 0~ hexanoic anhydride (3.35 g, 
15.65 mmol), Et3N (1.58 g, 15.65 mmol) and DMAP (0.32 
g, 2.61 mmol) were added and the mixture was stirred at 
0~ for 40 min (37). The reaction was monitored by TLC 
(Solvent A). The reaction mixture was diluted with Et20 
(100 mL) and extracted with 1.0 M H3PO 4 (2 x 100 mL). 
The organic phase was washed with brine and dried 
over Na2SO 4. Removal of the solvent resulted in the 
crude product, which was purified by flash chromatog- 
raphy (hexane/ethyl acetate, 4:1, vol/vol). Erythro-N,N- 
dimethyl-2-hexyl-3-[oxy(hexanoyl)]-4-pentenamide (15) 
was obtained as colorless oil (4.25 g, 98% yield). Rf = 
0.46 (Solvent A). IR (neat, cm -1) 2960, 2848, 1730, 1640, 
1615, 1460, 1375, 1240. 1H NMR (CDC13) 5 0.81-0.94 
(m, 6 H, 2 CH3), 1.04-1.40 (m, 12 H, 6 CH2) , 1.50-1.70 
(m, 4 H, 2 CH2) , 2.22 (dd, J = 7.4, 7.5 Hz, 2 H, CH2), 
2.95-3.05 (m, 4 H, NCH 3 + CH), 3.11 (s, 3 H, NCH3), 
5.22-5.36 (m, 3 H), 5.75 (ddd, J = 7.0, 10.4, 17.4 Hz, 1 H, 
H-4). 13C NMR (CDC13) 5 172.9, 172.2, 134.1, 118.8, 76.1, 
45.2, 37.6, 35.8, 34.4, 31.6, 31.2, 29.1, 28.3, 27.2, 24.5, 
22.5, 22.2, 14.0, 13.8. LRMS m/s 325 (M§ 297, 181, 126, 
99, 87, 73, 57. HRMS calcd, for C19H3503N , 325.2615; 
found 325.2620. 

Threo-N,N-Dimethyl-2-hexyl-3-[oxy(hexanoyl)]-4-pen- 
tenamide (16). Colorless oil (4.60 g, 95% yield). Rf = 0.37 
(Solvent A). IR (neat, cm "1) 2920, 2840, 1735, 1640, 
1620, 1460, 1395, 1240. ]H NMR (CDC13) 5 0.81-0.89 
(m, 6 H, 2 CH3), 1.05-1.40 (m, 12 H, 6 CH2) , 1.50-1.65 
(m, 4 H, 2 CH2) , 2.30 (dd, J = 7.4, 7.5 Hz, 2 H, CH2), 
2.95-3.04 (m, 4 H, NCH 3 + CH), 3.11 (s, 3 H, NCH3), 
5.20-5.36 (m, 3 H), 5.76 (ddd, J = 7.0, 10.0, 17.1 Hz, 1 H, 
H-4). 13C NMR (CDC13) 6 172.8, 172.2, 134.1, 118.9, 76.1, 
45.1, 37.5, 35.8, 34.4, 27.2, 31.6, 31.1, 29.3, 28.3, 24.5, 
22.5, 22.2, 14.0, 13.8. LRMS m/s 325 (M§ 297, 181, 126, 
99, 87, 73, 57. HRMS calcd, for C19H3503N , 325.2165; 
found 325.2167. 

Erythro-N,N-Dimethyl-2-methyl-2-hexyl-3-[oxy(hexa- 
noyl)]-4-pentenamide (17). Colorless oil (0.56 g, 92% 
yield). Rf = 0.46 (Solvent A). IR (neat, cm "1) 2945, 2835, 
1730, 1645, 1615, 1475, 1370, 1230. 1H NMR (CDC13) 
0.84-0.96 (m, 6 H, 2 CH3), 1.24 (s, 3 H, CHa) , 1.26-1.42 
(m, 8 H, 4 CH2) , 1.56-1.70 (m, 4 H, 2 CH2) , 2.34 (dd, J = 
7.4, 7.5 Hz, 2 H, CH2) , 3.06 (br s, 6 H, 2 NCH3), 
5.10-5.18 (m, 1 H), 5.18 (d, J = 1.2 Hz, 1 H), 5.71-5.81 
(m, 1 H), 5.85 (dd, J = 4.9, 5.2 Hz, 1 H). 13C NMR 
(CDC13) 8 180.1, 173.3, 133.7, 117.2, 75.8, 50.9, 38.2, 
36.2, 34.4, 34.0, 31.6, 31.2, 29.8, 24.7, 24.3, 22.6, 22.3, 
19.3, 13.9, 13.8. LRMS m / s  339 (M§ 311, 181, 126, 99. 
HRMS calcd, for C2oH3703N , 339.2771; found 339.2779. 

Threo-N,N-Dimethy l -2-methy l -2-hexy l -3-[oxy(hexa-  
noyl)]-4-pentenamide (18). Colorless oil (0.54 g, 90% 
yield). Rf = 0.37 (Solvent A). IR (neat, cm -1) 2930, 2845, 
1740, 1635, 1610, 1475, 1395, 1230. 1H NMR (CDC13) 
0.83-0.91 (m, 6 H, 2 CH3), 1.20-1.40 (m, 13 H, 5 CH 2 + 
CH3) , 1.52-1.74 (m, 4 H, 2 CH2), 2.26 (dd, J = 7.2, 7.4 
Hz, 2 H, CH2), 2.32 (dd, J = 7.3, 7.5 Hz, 2 H, CH2), 3.02 
(br s, 6 H, 2 NCH3), 5.22 (dd, J = 1.5, 6.6 Hz, 1 H), 5.27 
(ddd, J = 1.7, 1.9, 9.7 Hz, 1 H), 5.72-5.78 (m, 1 H), 5.81 
(dd, J = 6.4, 10.2 Hz, 1 H). 13C NMR (CDC13) ~ 180.1, 
173.3, 133.7, 117.2, 75.8, 50.9, 38.2, 36.2, 34.4, 34.0, 
31.6, 31.2, 29.8, 24.7, 24.3, 22.6, 22.3, 19.3, 13.9, 13.8. 
LRMS m/e 339 (M+). HRMS calcd, for C2oH3703N, 
339.2771; found 339.2764. 

General procedure for iodolactonization. To a solution 
of erythro-N,N-dimethyl-2-hexyl-3-[oxy(hexanoyl)]-4-  
pentenamide (15) (4.37 g, 12.40 mmol) in THF (100 mL), 
iodine (4.72 g, 18.60 mmol) and water (4.84 mL, 268.67 
mmol) were added. The flask was wrapped with alu- 
minum foil and stirred at room temperature (30). The 
reaction was followed by TLC (hexane/ethyl acetate, 3:2, 
vol/vol). After the starting material had disappeared 
(12-24 h), the reaction mixture was diluted with Et20 
(200 mL), washed with 5% sodium sulfite solution (3 • 
150 mL) until the ether layer was colorless. Then the 
ether layer was washed with brine, dried over Na2SO4, 
filtered and concentrated in vacuo. The crude product 
was purified by flash chromatography (hexane/ethyl ac- 
etate, 3:2, vol/vol) which afforded (3a, 4~, 5[3)dihydro-4- 
[oxy(hexanoyl)]-5-(iodomethyl)-3-hexyl-2(3H)-furanone 
(23) as pale oil (4.90 g, 86% yield). Rf = 0.75 
(hexane/ethyl acetate, 3:2, vol/vol). IR (neat, cm q) 2960, 
2860, 1785, 1740, 1460, 1240. 1H NMR (CDC13) 6 
0.86-0.92 (m, 6 H, 2 CH3), 1.21-1.34 (m, 10 H, 5 CH2), 
1.46-1.55 (m, 2 H CH2), 1.58-1.80 (m, 4 H, 2 CH2), 2.36 
(ddd, J = 1.5, 7.2, 7.3 Hz, 2 H, CH2), 2.63 (ddd, J = 1.3, 
7.5, 7.5 Hz, 1 H, H-3), 3.32 (ABq, J = 8.6, 9.8 Hz, i H, 
H-6A), 3.38 (ABq, J = 5.6, 9.4 Hz, 1 H, H-6B), 4.76 (ddd, 
J = 5.9, 4.5, 8.8 Hz, 1 H, H-5), 5.28 (dd, J = 1.5, 4.5 Hz, 
1 H, H-4). 13C NMR (CDC13) 5 176.1, 172.5, 79.5, 74.2, 
48.7, 34.4, 26.9, 31.4, 31.2, 28.8, 28.5, 24.4, 22.5, 22.3, 
14.0, 13.8, -2.6. LRMS m/e 297 (M § - I), 241, 213, 198, 
100, 84, 71, 57. HRMS calcd, for C17H2904 (M §  I), 
297.2065; found 297.2059. 

(3 a, 4 [J,5 fl)Dih ydro-4-h ydroxy-5-( iodometh yl)-3-hexyl- 
2(3H)-furanone (19). Pale oil (0.07 g, 60% yield). Rf = 
0.62 (Solvent A). IR (neat, cm -1) 3520-3220 (br), 2920, 
2860, 1730, 1455, 1230. 1H NMR (CDC13) 5 0.85-0.91 
(m, 3 H, CH3), 1.25-1.38 (m, 1 H, CH2), 1.42-1.53 (m, 2 
H, CH2), 1.55-1.62 (m, 1 H), 1.65-1.74 (m, 1 H), 2.14 (s, 
3 H, CH3), 2.21 (d, J = 5.0 Hz, 1 H, OH), 2.65 (ddd, J = 
1.5, 7.4, 7.5 Hz, 1 H, H-3), 3.39-3.44 (m, 2 H, H-6), 4.40 
(dd, J = 1.5, 4.5 Hz, 1 H, H-4), 4.76 (ddd, J = 6.0, 4.5, 8.7 
Hz, 1 H, H-5). 13C NMR (CDC13) 5 176.0, 79.4, 74.4, 48.6, 
31.4, 28.8, 26.9, 22.5, 20.7, 14.0, -2.6. 

(3or 4fl ,5a)Dihydro-4-hydroxy-5-(iodomethyl)-3-hexyl- 
2(3H)-furanone (20). 0.01 g, 8% yield, m.p. 82-84~ Rf = 
0.68 (Solvent A). IR (neat, cm "1) 3520 (sh), 3420 (br), 
2950, 2850, 1730, 1455, 1215. 1H NMR (CDC13) 5 
0.85--0.92 (m, 3 H, CH3), 1.20-1.50 (m, 8 H, 4 CH2), 
1.52-1.74 (m, 1 H), 1.74-1.85 (m, 1 H), 1.96 (br s, 1 H, 
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OH), 2.60 (ddd, J = 4.8, 4.8, 9.9 Hz, 1 H, H-3), 3.30-3.50 
(m, 2 H, H-6), 4.50 (ddd, J = 3.0, 5.7, 9.7 Hz, 1 H, H-5), 
4.63 (br d, J = 3.3 Hz, 1 H, H-4). 13C NMR (CDC13) 5 176.8, 
81.1, 69.7, 47.2, 31.5, 29.6, 27.5, 23.3, 22.6, 14.0, 1.0. 

(3a,4a,5fl)Dihydro-4-hydroxy-5-(iodomethyl)-3-hexyl- 
2(3H)-furanone (21). Pale oil (0.10 g, 63% yield). Rf = 
0.67 (Solvent A). IR (neat, cm "1) 3540 (sh), 2940, 2850, 
1760, 1440, 1220. tH NMR (CDC13) 5 0.82-0.92 (m, 3 H, 
CH3) , 1.12-1.56 (m, 8 H, 4 CH2), 1.58-1.74 (m, 1 H), 
1.79-1.90 (m, 1 H), 1.98 (d, J = 4.8 Hz, 1 H, OH), 2.60 
(ddd, J = 8.4, 5.2, 5.2 Hz, 1 H, H-3), 3.36-3.47 (m, 2H, 
H-6), 4.49 (ddd, J = 3.2, 6.1, 9.1 Hz, 1 H, H-5), 4.63 (ddd, 
J = 3.6, 5.2, 5.2 Hz, 1 H, H-4). 13C NMR (CDC13) 6 178.6, 
83.2, 74.2, 49.4, 34.5, 32.1, 26.8, 25.6, 23.5, 17.1, -1.2. 

(3 a,4 a,5a)Dihydro-4-hydroxy-5-(iodomethyl)-3-hexyl- 
2(3H)-furanone (22). 0.03 g, 11% yield, m.p. 66-68~ Rf 
= 0.58 (Solvent A). IR (neat, cm -1) 3520 (sh), 2910, 2850, 
1760, 1440, 1220, 1170.1H NMR (CDC13) 5 0.82-0.93 (m, 
3 H, CH3) , 1.20-1.54 (m, 8 H, 4 CH2) , 1.60-1.85 (m, 2 H, 
CH2), 2.16-2.35 (br s, 1 H, OH), 2.62-2.71 (m, 1 H, H-3), 
3.17 (ABq, J = 8.5, 10.7 Hz, 1 H, H-6A), 3.36 (ABq, J = 
4.8, 11.0 Hz, 1 H, H-6B), 4.4{ ~.52 (m, 2 H). 13C NMR 
(CDC13) 5 176.7, 84.6, 72.3, 44.1, 31.5, 29.6, 27.6, 23.6, 
22.5, 14.0, 2.1. 

(3 a, 4 o~ 5 fl) Dih ydro-4-[oxy(hexanoyl) ]-5-(iodometh yl)-3- 
hexyl-2(3H)-furanone (24). 2.79 g, 59% yield, Rf = 0.66 
(Solvent A), m.p. 60-62~ IR (KBr, cm 4) 2960, 2860, 
1785, 1740, 1465, 1240. 1H NMR (CDC13) 5 0.86-0.92 
(m, 6 H, 2 CH3), 1.20-1.44 (m, 12 H, 6 CH2), 1.46-1.70 
(m, 3 H, CH2), 1.71-1.90 (m, 1 H), 2.31-2.57 (m, 2 H, 
CH2), 2.91 (ddd, J = 5.3, 7.0, 9.2 Hz, 1 H, H-3), 3.23-3.36 
(m, 2 H, H-6), 4.40 (ddd, J = 1.2, 5.8, 5.9 Hz, 1 H, H-5), 
5.31 (dd, J = 1.2, 6.9 Hz, 1 H, H-4). 13C NMR (CDC13) 5 
176.0, 172.8, 82.3, 73.6, 43.5, 33.9, 31.2, 31.8, 29.7, 27.4, 
24.5, 24.4, 23.4, 22.2, 14.1, 13.9, -2.2. LRMS m/e 424 
(M r, weak), 368, 325, 296 (M r - H-I), 225, 181, 99, 71, 
55. HRMS calcd, for C17H290 4 (M + - I) ,  297.2065; found 
297.2077. 

(3 a,4 a,5a)Dihydro-4-[oxy(hexanoyl)]-5- (iodomethyl)- 
3-hexyl-2(3H)-furanone (25). 1.42 g, 30% yield, Rf = 0.65 
(Solvent A), m.p. 60-62~ IR (KBr, cm 4) 2960, 2860, 
1785, 1740, 1465, 1240. 1H NMR (CDC13) 5 0.80-0.98 
(m, 6 H, 2 CH3), 1.18-1.44 (m, 12 H, 6 CH2), 1.45-1.71 
(m, 3 H), 1.72-1.89 (m, 1 H), 2.37 (dd, J = 8.2, 6.9 Hz, 2 
H, CH2), 2.75 (ddd, J = 3.6, 4.4, 8.1 Hz, 1 H, H-3), 
3.21-3.34 (m, 2 H, H-6), 4.63 (ddd, J = 3.4, 6,6, 9.0 Hz, 
1 H, H-5), 5.84 (dd, J = 3.3, 5.1 Hz, 1 H, H-4). 13C NMR 
(CDC13) 5 175.6, 172.2, 80.2, 70.7, 46.4, 33.3, 31.4, 31.2, 
29.0, 27.2, 24.4, 24.1, 23.7, 22.2, 13.9, 13.8, -3.0. LRMS 
role 424 (Mr), 368, 325, 296 (M r - H - I), 225, 181, 99, 
71, 55, HRMS calcd, for C17H2904 (M + - I), 297.2065; 
found 297.2059. 

(3 a, 4 a,5 a) Dih ydro-4-h ydroxy-5-(iodometh yl)-3-meth yl- 
3-hexyl-2(3H)-furanone (26). 0.14 g, 98% yield, m.p. 
72-74~ Rf = 0.51 (Solvent A). IR (neat, cm -1) 3600, 3420, 
2920, 2845, 1770, 1490, 1270. 1H NMR (CDC13) 5 0.88 (dd, 
J = 6.5, 6.7 Hz, 3 H, CH3), 1.23 (s, 3 H, CH3), 1.24-1.70 (m, 
6 H, 3 CH2), 1.71-1.92 (m, 4 H, 2 CI-I2), 2.18-2.32 (br d, J 
= 2.6 Hz, 1 H, OH), 3.34-3.44 (m, 2 H, H-6), 4.21 (br d, J = 
3.3 Hz, 1 H, H-4), 4.66 (ddd, J = 3.2, 6.1, 9.3 Hz, 1 H, H-5). 
13C NMR (CDC13) 5 180.2, 79.9, 75.1, 48.8, 31.6, 30.6, 29.7, 

23.6, 22.6, 19.6, 13.9, 0.88. HRMS calcd, for C12H2103 
(M r - I), 213.2961; found 213.2954. 

(3 a, 4 a,5 a) Dih  ydro-4-h  ydroxy -5 - ( iodome th  yl)-3- 
methyl-3-hexyl-2(3H)-furanone (27). 0.13 g, 86% yield, 
m.p. 71-73~ Rf= 0.51 (Solvent A). IR (neat, cm -1) 3600, 
3420, 2920, 2845, 1770, 1490, 1270. 1H NMR (CDC13) 
0.88 (dd, J = 6.5, 6.7 Hz, 3 H, CH3), 1.23 (s, 3 H, CH3), 
1.24-1.70 (m, 6 H, 3 CH2), 1.71-1.92 (m, 4 H, 2 CH2), 
2.18-2.32 (br d, J = 2.6 Hz, 1 H, OH), 3.34-3.44 (m, 2 H, 
H-6), 4.21 (br d, J = 3.3 Hz, 1 H, H-4), 4.66 (ddd, J = 3.2, 
6.1, 9.3 Hz, 1 H, H-5). 13C NMR (CDC13) 5 180.6, 79.7, 
75.4, 48.9, 31.6, 30.6, 29.7, 23.6, 22.6, 19.2, 14.0, 0.88. 
HRMS calcd, for C12H210 3 (M + - I),  213.2961; found 
212.2967. 

(3 a, 4 fl,5 fl) Dih ydro-4-[oxy(hexanoyl) ]-5-(iodometh yl )-3- 
methyl-3-hexyl-2(3H)-furanone (28). Pale oil (2.19 g, 81% 
yield). Rf = 0.68 (Solvent A). IR (neat, cm -1) 2920, 2845, 
1780, 1740, 1460, 1180.1H NMR (CDC13) 5 0.84-0.92 (m, 
6 H, 2 CH3), 1.10 (s, 3 H, CH3) , 1.20-1.45 (m, 13 H, CH2), 
1.55-1.70 (m, 5 H, CH2), 2.37 (ddd, J = 2.8, 7.6, 7.6 Hz, 
2 H, CH2), 3.18 (ABq, J = 6.4, 10.2 Hz, 1 H, H-6A), 3.27 
(ABq, J = 8.4, 10.4 Hz, 1 H, H-6B), 4.78 (ddd, J = 3.72, 
6.4, 8.5 Hz, 1 H, H-5), 5.47 (d, J = 3.7 Hz, 1 H, H-4). 13C 
NMR (CDC13) 5 178.6, 172.1, 79.0, 75.5, 48.3, 33.9, 31.5, 
31.3, 30.9, 29.8, 24.4, 23.3, 22.5, 22.2, 19.4, 14.0, 13.8, 
-0.88. LRMS m/e 311 (M r - I), 239, 195, 169, 129, 99, 71, 
57. Anal. calcd, for CtsH3104I: C, 49.32; H, 7.13; I, 28.9. 
Found: C, 49.36, H, 7.19, I, 28.97. HRMS calcd, for 
C18H3104 (M + - I), 311.2222; found 311.2166. 

(3a,4a,5a)Dihydro-4-[oxy(hexanoyl)]-5-(iodomethyl)- 
3-methyl-3-hexyl-2(3H)-furanone (29). Pale oil (0.73 g, 
70% yield), Rf = 0.57 (Solvent A). IR (neat, cm -1) 2960, 
2840, 1770, 1740, 1460, 1200. 1H NMR (CDC13) 5 
0.83-0.92 (m, 6 H, 2 CH3), 1.22-1.35 (m, 17 H, 7 CH 2 + 
CH3) , 1.46-1.50 (m, 1 H), 1.60-1.70 (m, 3 H), 2.35 (ddd, 
J = 1.7, 7.5, 7.5 Hz, 2 H, I'-CH2), 3.27 (ddd, J = 5.7, 9.6, 
9.7 Hz, 2 H, H-6), 4.77 (ddd, J = 4.1, 5.6, 9.7 Hz, 1 H, H- 
5), 5.46 (d, J = 4.1 Hz, 1 H, H-4). 13C NMR (CDC13) 5 
178.6, 172.4, 78.4, 75.2, 49.0, 35.6, 33.8, 31.4, 31.2, 29.4, 
24.4, 23.9, 22.5, 22.2, 15.5, 14.0, 13.8, -2.6. HRMS calcd. 
for C18H3104 (M r - I), 311.2222; found 311.2216. 

(3 a, 4 v~ 5 fl) Dih ydro-4-[oxy(hexa noyl ) ]-5-(iodometh yl)-3- 
methyl-3-hexyl-2(3H)-furanone (44). Pale oil (0.18 g, 16% 
yield). Rf = 0.50 (Solvent A). IR (neat, cm -1) 2920, 2850, 
1780, 1740, 1460, 1350, 1180. 1H NMR (CDC13) 5 
0.83-0.94 (m, 6 H, 2 CH3), 1.14-1.38 (m, 15 H, 6 CH 2 + 
CH3) , 1.41-1.52 (m, 2 H, CH2), 1.55-1.72 (m, 4 H, 2 
CH2), 2.35 (ddd, J = 2.8, 7.6, 7.5 Hz, 2 H, CH2), 3.24 
(ddd, J = 6.4, 8.4, 10.2 Hz, 2 H, H-6), 4.77 (ddd, J = 3.7, 
6.4, 8.5 Hz, 1 H, H-5), 5.45 (d, J = 3.7 Hz, 1 H, H-4). 13C 
NMR (CDC13) 5 178.6, 172.1, 79.0, 75.5, 48.3, 33.9, 31.5, 
31.3, 30.9, 29.8, 24.4, 23.3, 22.5, 22.2, 19.5, 14.0, 13.8, 
-2.8. HRMS calcd, for C18H3104 (M + - I), 311.2222; 
found 311.2229. 

(3a,4 a,5 fl) Dih  ydro-4-h  ydroxy -5 - ( i odome th  yl)-3" 
methyl-3-hexyl-2(3H)-furanone (45). Pale oil (0.02 g, 9% 
yield), Rf = 0.46 (Solvent A). IR (neat, cm "1) 3610, 3412, 
2940, 2845, 1780, 1490, 1210. 1H NMR (CDCI 3) 5 
0.86-0.96 (m, 3 H, CH3), 1.24-1.50 (s, 11 H, 4 CH 2 + 
CH3) , 1.51-1.70 (m, 2 H, CH2), 2.07 (br d, J = 4.3 Hz, 
1 H, OH), 3.41-3.49 (m, 2 H, H-6), 4.29 (dd, J = 3.2, 3.5 
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Hz, 1 H, H-4), 4.76 (ddd, J = 3.6, 4.2, 6.1 Hz, 1 H, H-5). 
13C NMR (CDC13) ~ 179.6, 78.7, 74.8, 49.6, 35.6, 31.5, 
29.5, 24.0, 22.5, 15.2, 14.0, -0.77. HRMS calcd, for 
C12H2103 (M + - I), 213.2961; found 213.2955. 

General procedure for the conversion of iodolactones to 
hydroxy lactones. Preparation of (3~, 4)6, 5fl)dihydro-4- 
[oxy(hexanoyl)]-5-(hydroxyrnethyl)-3-hexyl-2(3H)-fura- 
none (31). Silver trifluoroacetate (3.26 g, 14.75 mmol) 
was added in one portion to a stirred solution of iodolac- 
tone 23 (4.17 g, 9.84 mmol) and 1 equivalent of water 
(0.18 g) in nitromethane (100 mL) at 60~ During 1-3 
h, the formation of insoluble silver iodide was observed 
(33). After all the starting material had disappeared 
(20 h), as judged by TLC (Solvent A), the reaction mix- 
ture was filtered through Celite and concentrated. Flash 
chromatography on silica gel (Solvent A) afforded com- 
pounds 31 (2.17 g, 70% yield) and 33 (0.93 g, 28% yield). 
Compound 31: white waxy solid, Rf = 0.22 (Solvent A), 
m.p. 42-430C. IR (KBr, cm -1) 3620-3300 (br), 2960, 
2840, 1760, 1740, 1445, 1250, 1170. 1H NMR (CDC13) 5 
0.84-0.91 (m, 6 H, 2 CH3), 1.20-1.32 (m, 10 H, 5 CH2), 
1.40-1.78 (m, 6 H, 3 CH2), 2.34 (dd, J = 7.4, 7.4 Hz, 2 H, 
CH2), 2.60 (ddd, J = 3.6, 7.6, 8.0 Hz, 1 H, H-3), 4.28--4.34 
(m, 1 H, H-4), 4.44 (ddd, J = 12.4, 9.9, 5.2 Hz, 2 H, H-6), 
4.51-4.60 (m, 1 H, H-5). 13C NMR (CDC13) ~ 177.3, 174.2, 
79.0, 72.7, 61.6, 48.9, 34.0, 31.5, 31.2, 28.9, 28.6, 26.9, 
24.4, 22.5, 22.2, 13.9, 13.8. LRMS m/e 314 (M§ 
271, 230, 185, 155, 142, 127, 98, 57. Anal. calcd, for 
C17H3005: C, 64.94; H, 9.62. Found: C, 65.08; H, 9.77. 

(3 a, 4 a,5 fl) Dih ydro-4-h ydroxy-5-[met h yleneoxy(hexa- 
noyl)]-3-hexyl-2(3H)-furanone (30). White solid (0.82 g, 
33% yield). Rf = 0.30 (Solvent A), m.p. 62-64~ IR (KBr, 
cm -1) 3580-3100 (br), 2950, 2860, 1765, 1735, 1460, 
1375, 1250, 1160. 1H NMR (CDC1 a) 6 0.85-0.91 (m, 6 H, 
2 CH3) , 1.20--1.48 (m, 12 H, 6 CH2) , 1.58-1.87 (m, 4 H, 2 
CH2), 2.33 (ddd, J = 7.4, 7.2, 7.1 Hz, 2H, CH2), 2.73 
(ddd, J = 4.8, 4.8, 9.8 Hz, 1 H, H-3), 3.9 (br s, 1 H, OH), 
4.60 (dd, J = 5.8, 11.9 Hz, 1 H, H-4), 4.36-4.43 (m, 2 H, 
H-6), 4.27 (ddd, J =  1.1, 5.8, 11.8 Hz, 1 H, H-5). 13C NMR 
(CDC13) 5 176.9, 174.6, 79.6, 69.2, 61.2, 46.6, 34.0, 31.5, 
31.2, 29.1, 27.4, 24.5, 23.1, 22.5, 22.2, 14.0, 13.8. Anal. 
calcd, for C17H3oO5: C, 64.94; H, 9.62. Found: C, 64.81; 
H, 9.53. 

(3a,4a,5f l )Dihydro-4-[oxy(hexanoyl)]-5.(hydroxy-  
methyl)-3-hexyl=2(3H)-furanone (32). Pale oil (1.29 ~, 
53% yield). Rf = 0.18 (Solvent A). IR (neat, cm -1) 
3640-3200 (br), 2960, 2860, 1780, 1735, 1460, 1240, 
1160. 1H NMR (CDC13) 5 0.82-0.91 (m, 6 H, 2 CH3), 
1.20-1.40 (m, 12 H, 6 CH2), 1.55-1.67 (m, 3 H), 
1.70-1.82 (m, 1 H), 2.33 (ddd, J = 2.6, 7.5, 7.5 Hz, 2 H, 
CH2), 2.95 (ddd, J = 6.8, 5.2, 9.7 Hz, 1 H, H-3), 3.91 (dd, 
J = 3.0, 3.0 Hz, 2 H, H-6), 4.34 (dd, J = 3.0, 3.2 Hz, 1 H, 
H-5), 5.42 (d, J = 6.8 Hz, 1 H, H-4). 13C NMR (CDC13) 6 
177.9, 173.3, 84.6, 72.6, 62.0, 43.2, 34.1, 31.5, 31.2, 29.1, 
27.5, 24.5, 24.1, 22.5, 22.2, 14.0, 13.8. LRMS m/e 314 
(M§ 283, 217, 199, 187, 99, 79, 57. Anal. calcd, for 
C17H3005: C, 64.94; H, 9.62. Found: C, 64.87; H, 9.47. 

(3 o~ 4 [J,5 fl) Dih ydro-4-h ydroxy-5-[rneth yleneoxy(hexa- 
noyl)]-3-hexyl-2(3H)-furanone (33). Pale oil, Rf = 0.32 
(Solvent A). IR (neat, cm -1) 3640-3200 (br), 2960, 2680, 
1775, 1740, 1450, 1250, 1160. 1H NMR (CDC13) 6 

0.80-0.95 (m, 6 H, 2 CH3), 1.20-1.38 (m, 10 H, 5 CH2), 
1.40-1.50 (m, 2 H, CH2), 1.56-1.76 (m, 3 H), 1.71-1.83 
(m, 1 H), 2.10-2.30 (br s, 1 H, OH), 2.35 (dd, J = 7.4, 7.6 
Hz, 2 H, CH2), 2.74 (ddd, J = 4.4, 6.1, 8.3 Hz, 1 H, H-3), 
3.75-3.83 (m, 2 H, H-6), 4.68 (ddd, J = 5.1, 5.2, 5.2 Hz, 

4 13 1 H, H-5), 5.27 (dd, J = 5.6, 4.4 Hz, 1 H, H- ). C NMR 
(CDC13) 6 176.2, 173.3, 79.6, 74.3, 60.3, 46.4, 33.9, 31.4, 
31.2, 28.9, 28.7, 26.7, 24.4, 22.5, 22.2, 14.0, 13.8. LRMS 
role 314 (M+), 283, 217, 199, 187, 168, 131, 115, 99, 85, 
57. Anal. calcd, for C17H3oO5: C, 64.94; H, 9.62. Found: 
C, 64.67; H, 9.84. 

General procedure for the preparation of diphenyl 
phosphoric acid esters of hydroxy lactones. Phosphoric 
acid, (3o~ 4o~5fl)dihydro-4-[oxy(hexanoyl)]-3-hexyl-2(3H)- 
furanone-5-[methyleneoxy-(diphenyl)] ester (36). The hy- 
droxy lactone 32 (1.0 g, 3.19 mmol) was dissolved in dry 
pyridine (20 mL) in a 100-mL, tightly stoppered flask 
with a stir bar. Diphenyl chlorophosphate (2.44 g, 9.08 
mmol) in CsH5N (6 mL) was added, and the mixture was 
stirred at room temperature for 3 h (18). The reaction 
was followed by TLC (Solvent A). Water (4 mL) was 
added, and then the mixture was concentrated to a 
small volume in vacuo. The residue was added to a mix- 
ture of water and Et20. The organic phase was sepa- 
rated, and the aqueous phase was extracted with Et20 
(2 x 40 mL). The ether extracts were combined, and con- 
centrated in vacuo, and the residue was purified on sil- 
ica gel (Solvent A) to yield 36 (1.42 g, 82% yield): Pale 
yellowish oil, Rf = 0.51 (Solvent A). IR (neat, cm -1) 2960, 
2860, 1780, 1736, 1588, 1482, 1350, 1288, 1180. 1H NMR 
(CDC13) 5 0.81-0.90 (m, 6 H, 2 CH 3) 1.18-1.38 (m, 13 H, 
CH2), 1.70-1.88 (m, 3 H, CH2), 2.33 (ddd, J = 3.5, 7.4, 
7.5 Hz, 2 H, CH2), 2.57 (ddd, J = 6.9, 5.2, 9.7 Hz, 1 H, H- 
3), 5.30 (d, J = 6.9 Hz, 1 H, H-4), 4.49-4.53 (ddd, J = 2.6, 
2.8, 5.5 Hz, 2 H, H-6), 4.43-4.46 (m, 1 H, H-5), 7.30-7.40 
(m, 4 ArH), 7.16-7.24 (m, 6 ArH). 13C NMR (CDC13) 
176.1, 173.1, 150.2, 150.1, 129.9 (4 C), 124.9 (2 C), 119.9 
(2 C), 119.8 (2 C), 81.4, 71.7, 67.4, 42.6, 33.9, 31.5, 31.1, 
29.1, 27.5, 24.4, 24.1, 22.5, 22.2, 13.9, 13.8. HRMS calcd. 
for C29H3908P, 546.5931; found 546.5928. Anal. calcd. 
for C29H39OsP: C, 63.73; H, 7.19; P, 5.67. Found: C, 
63.62; H, 7.31; P, 5.77. 

Phosphoric acid, (3~, 4 fl,5 fl)dihydro-5-[methyleneoxy- 
(hexanoyl)]-3-hexyl-2(3H)-furanone-4-[oxy(diphenyl)] 
ester (34). Colorless oil (1.56 g, 95% yield). Rf = 0.63 
(Solvent A). IR (neat, cm 1) 2960, 2860, 1780, 1725, 
1590, 1480, 1350, 1280, 1185, 1110. 1H NMR (CDC13) 

0.82-0.90 (m, 6 H, 2 CH3), 1.17-1.44 (m, 12 H, 6 CH2) , 
1.44-1.78 (m, 4 H, 2 CH2), 2.27 (dd, J = 7.0, 7.4 Hz, 2 H, 
CH2), 2.76 (m, 1 H, H-3), 4.73 (ddd, J = 1.7, 4.6, 10.2 Hz, 
1 H, H-4), 4.25-4.36 (m, 2 H, H-6), 5.13 (ddd, J = 3.1, 
5.6, 6.9 Hz, 1 H, H-5), 7.14-7.22 (m, 4 ArH), 7.33-7.38 
(m, 6 ArH). 13C NMR (CDC13) 6 175.0, 173.0, 149.9, 
(2 C), 129.9 (4 C), 125.8, 125.9, 120.0, 119.9, 119.87, 
119.81, 79.0, 76.6, 61.2, 47.7, 33.9, 31.3, 31.1, 28.7, 28.1, 
26.6, 24.4, 22.4, 22.2, 14.0, 13.8. HRMS calcd, for 
C29H3908P , 546.5931; found 546.5924. Anal. calcd, for 
C29H39OsP: C, 63.73; H, 7.19; P, 5.67. Found: C, 63.84; 
H, 7.36; P, 5.81. 

Phosphoric acid, (3 a, 4 fl,5 fl)dih ydro-4-[oxy(hexanoyl)]- 
3-hexyl-2(3H)-furanone-5-[methyleneoxy(diphenyl)] ester 
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(35). Colorless oil (0.73 g, 70% yield). Rf = 0.52 (Solvent 
A). IR (neat, cm "1) 2960, 2855, 1774, 1735, 1588, 1460, 
1350, 1290, 1085. 1H NMR (CDC13) 5 0.82-0.92 (m, 6 H, 
2 CH3), 1.20-1.44 (m, 12 H, 6 CH2), 1.50-1.72 (m, 3 H), 
1.78-1.80 (m, 1 H), 2.29 (dd, J = 7.3, 7.6 Hz, 2 H, CH2), 
2.60 (ddd, J = 6.0, 4.7, 8.7 Hz, 1 H, H-3), 5.22 (dd, J = 
4.6, 5.9 Hz, 1 H, H-4), 4.36-4.49 (m, 2 H, H-6), 4.76 
(dddd, J = 1.3, 5.2, 5.1, 5.1 Hz, 1 H, H-5), 7.30-7.44 (m, 
4 ArH), 7.18-7.20 (m, 6 ArH). 13C NMR (CDC13) 5 175.2, 
172.9, 150.2 (2 C), 129.9 (4 C), 125.6 (2 C), 119.9 (4 C), 
79.4, 73.7, 65.7, 46.0, 33.4, 31.34, 31.1, 28.8, 28.6, 26.6, 
24.3, 22.5, 22.2, 13.9, 13.8. HRMS calcd, for C29H3908P, 
546.5931; found 546.5929. Anal. calcd, for C29H39OsP: 
C, 63.73; H, 7.19; P, 5.67. Found: C, 63.85; H, 7.28; P, 
5.81. 

3-Hexyl-5-[methyleneoxy(hexanoyl)]-2(5H)-furanone 
(37). Colorless oil (0.33 g, 96% yield, Rf = 0.61 (Solvent 
A). IR (neat, cm -1) 2960, 2850, 1760, 1740, 1650, 1455, 
1250, 1160, 1050. 1H NMR (CDC13) 5 0.84-0.90 (m, 6 H, 
2 CH3) , 1.20-1.38 (m, 10 H, 5 CH2), 1.47-1.62 (m, 4 H, 2 
CH2) , 2.20-2.32 (m, 4 H, 2 CH2) , 2.27 (m, 4 H, 2 CH2), 
4.23 (ABq, J = 3.8, 12.0 Hz, 1 H, H-6A), 4.31 (ABq, J = 
5.2, 12.0 Hz, 1 H, H-6B), 5.07 (ddd, J = 1.7, 3.1, 7.5 Hz, 
1 H, H-5), 6.93 (d, J = 1.7 Hz, 1 H, H-4). 13C NMR 
(CDC13) 5 173.3, 173.0, 143.5, 136.6, 78.7, 62.8, 33.9, 
31.4, 31.2, 28.9, 28.1, 27.3, 24.5, 22.4, 22.2, 13.9, 13.8. 
HRMS calcd, for C17H2sO4, 296.4058; found 296.4041. 
Anal. calcd, for C17H2804:C , 68.89; H, 9.52. Found: C, 
68.76; H, 9.43. 

General procedure for the hydrogenolysis of diphenyl 
phosphoric acid esters. Phosphoric acid, (3o~ 4or 
dro-4-[oxy(hexanoyt)]-3-hexyl-2(3H)-furanone-5-(meth yl- 
eneoxy) ester (40). The phosphoric acid diphenyl ester 
(36) (1.37 g, 2.51 mmol) in CH3OH (50 mL) was mixed 
with PtO 2 (0.29 g, 1.25 mmol) in an 100-mL flask at- 
tached to a balloon filled with hydrogen (18). The reac- 
tion was stirred at room temperature, and the reaction 
progress was monitored by TLC (hexane/ethyl acetate, 
1:1, vol/vol) to detect the loss of the starting material 
and, with methanol as solvent, to detect the much 
slower loss of the monophenyl ester. The reaction time 
varied, but averaged about 12-24 h. The reaction mix- 
ture was filtered through a pad of Celite, and the filtrate 
was concentrated in vacuo. The product 40 (1.03 g, 99% 
yield) was directly used without further purification: 
Colorless oil, Rf = 0.70 (Solvent B). IR (neat, cm -1) 
3640-3000 (br), 2962, 2860, 1780, 1720, 1460, 1355, 
1150, 980. IH NMR (CDC13) 5 0.84-0.93 (m, 6 H, 2 CH3), 
1.20-1.76 (m, 16 H, 8 CH2), 2.32 (dd, J = 7.5, 7.6 Hz, 2 
H, CH2), 2.90-3.0 (m, 1 H, H-3), 4.20-4.38 (m, 2 H, H-6), 
4.49 (br s, 1 H, H-5), 5.43 (d, J = 6.8 Hz, 1 H, H-4), 7.3- 
7.8 (br s, 2 H, OH). 13C NMR (CDC13) 5 177.9, 173.3, 
82.5, 72.2, 65.7, 42.9, 34.1, 31.4, 31.2, 29.2, 27.3, 24.6, 
24.3, 22.5, 22.2, 13.9, 13.7. HRMS calcd, for C17H31OsP , 
394.3979; found 394.3970. Anal. calcd, for C17HaIOsP: 
C, 51.77; H, 7.92; P, 7.85. Found: C, 51.91; H, 7.99; P, 
7.97. 

Phosphoric acid, (3 a, 4 fl,5 [J)dih ydro-5-[meth yle neoxy- 
(hexanoyl)]-3-hexyl-2(3H)-furanone-4-(oxy) ester (38). 
Colorless oil (0.95 g, 90% yield). Rf = 0.76 (Solvent B). IR 
(neat, cm "1) 3640-3000 (br), 2930, 2860, 1775, 1736, 

1445, 1350, 1280, 1185, 1155, 990. 1H NMR (CDC13) 5 
0.80-0.95 (m, 6 H, 2 CH3), 1.20-1.90 (m, 16 H, 8 CH2), 
2.37-2.37 (m, 2 H, CH2), 2.75-2.90 (m, 1 H, H-3), 
3.84-4.10 (m, 1 H, H-4), 4.30-4.46 (m, 2 H, H-6), 
4.62-4.92 (m, 1 H, H-5), 7.2-7.8 (br s, 2 H, OH). 13C 
NMR (CDC13) 5 176.4, 174.4, 79.6, 76.2, 62.6, 47.8, 34.1, 
31.4, 31.2, 28.9, 28.3, 26.6, 24.4, 22.5, 22.2, 14.0, 13.8. 
HRMS calcd, for C17HslOsP, 394.3979; found 394.3968. 
Anal. calcd, for C17H31OsP: C, 51.77; H, 7.92; P, 7.85. 
Found: C, 51.88; H, 7.74; P, 7.81. 

Phosphoric acid, (3 a, 4 fl,5 fl)dih ydro-4-[oxy(hexanoyl)]- 
3-hexyl-2(3H)-furanone-5-(methyleneoxy) ester (39). Col- 
orless oil (0.44 g, 99% yield). Rf = 0.69 (Solvent B). IR 
(neat, cm -1) 3620-3000 (br), 2920, 2845, 1772, 1725, 
1460, 1355, 1160, 1030, 970. 1H NMR (CDCI 3) 5 
0.84-0.98 (m, 6 H, 2 CH3). 1.20-1.52 (m, 12 H, 6 CH2), 
1.56-1.83 (m, 4 H, 2 CH2), 2.37 (dd, J = 7.0, 7.4 Hz, 2 H, 
CH2) , 2.68-2.76 (m, 1 H, H-3), 4.18-4.30 (m, 2 H, H-6), 
4.84-4.91 (m, 1 H, H-5), 5.30 (dd, J = 5.2, 4.9 Hz, 1 H, 
H-4), 7.90-8.40 (br s, 2 H, OH). 13C NMR (CDC13) 5 
178.5, 174.8, 89.3, 75.1, 65.7, 47.9, 35.1, 32.8, 32.5, 30.3, 
29.9, 27.9, 25.7, 23.8, 23.7, 15.3, 15.1. HRMS calcd, for 
C17H31OsP , 394.3979; found 394.3993. Anal. calcd, for 
C17H31OsP: C, 51.77; H, 7.92; P, 7.85. Found: C, 51.84; 
H, 7.81; P, 7.93. 

General procedure for the preparation of lactone phos- 
pholipids. Phosphoric acid, (3a,4a,5fl)dihydro-4-oxy- 
hexanoyl-3-hexyl-2(3H)-furanon-5-[methyleneoxy-2"- 
(trimethylamino)ethyl] ester (43). To a solution of the 
phosphoric acid lactone ester 40 (0.72 g, 1.83 mmol) in 
dry pyridine (32 mL), 2,4,6-triisopropylbenzenesulfonyl 
chloride (1.66 g, 5.48 mmol, freshly recrystallized from 
pentane containing 1% thionyl chloride) was added 
which was followed by choline tetraphenylborate (1.67 g, 
3.66 mmol). The mixture was stirred at 35~ for 4 h with 
the flask tightly stoppered. Water (1 mL) was added, 
and the solution was concentrated in vacuo (18). The 
residue was purified twice on silica gel (Solvent B), the 
product containing fractions were concentrated, and the 
residue was lyophilized from C6H 6 to give 43 (0.34 g, 
43% yield) as a pale yellowish solid in the purity of 
98.5% as judged by HPLC: Rf = 0.36 (Solvent B), m.p. 
160-162~ IR (KBr, cm -1) 3640-3100 (br), 2980, 2845, 
1772, 1725, 1460, 1355, 1240, 1165, 1050. 1H NMR 
(CDCI3/CD3OD, 3:1, vol/vol) 5 0.81-0.88 (m, 6 H, 2 CH3), 
1.18-1.88 (m, 16 H, 8 CH2), 2.29 (dd, J = 7.5, 7.6 Hz, 
2 H, CH2), 2.90-3.0 (m, 1 H, H-3), 3.35 [s, 9 H, 
2"-N(CHa)3] , 3.78-3.86 (m, 2 H, I"-CH2), 4.23-4.30 (m, 
2 H, 6-CH2), 4.0-4.23 (m, 2 H, 2"-CH2), 4.62-4.85 (m, 
1 H, H-5), 5.37 (d, J = 6.9 Hz, 1 H, H-4). 13C NMR 
(CDC1JCD3OD, 3:1, vol/vol) 5 177.7, 172.9, 83.3, 72.3, 
66.9, 64.7, 59.3, 54.3 (3 C), 43.0, 34.2, 31.5, 31.2, 29.4, 
27.5, 24.5, 24.3, 22.5, 22.2, 14.0, 13.7. HRMS calcd, for 
C22H42OsNP, 479.2612; found 479.2638. Anal. calcd, for 
C22H4208NP: C, 55.14; H, 8.83; N, 2.92; P, 6.46. Found: 
C, 55.26; H, 8.91; N, 2.81; P, 6.55. 

Phosphoric acid, (3o~ 4fl,5[3)dihydro-5-[methyleneoxy- 
(hexanoyl)]-3-hexyl-2(3H)-furanone-4-[oxy-2"-(trimethyl- 
amino)ethyl] ester (41). Light yellowish semi-solid (0.35 
g, 36% yield) 98.2% pure by HPLC. Rf = 0.45 (Solvent B). 
IR (KBr, cm -1) 3600-3200 (br), 2940, 2260, 1770, 1730, 
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1470, 1370, 1240, 1170, 1085. 1H NMR (CDC13/CD3OD , 
3:1, vol/vol) 5 0.84-0.95 (m, 6 H, 2 CH3) , 1.16-1.38 (m, 
13 H, CH2), 1.40-1.72 (m, 3 H, CH2), 2.30 (dd, J = 7.5, 
7.6 Hz, 2 H, CH2) , 2.76 (ddd, J = 2.1, 7.1, 7.2 Hz, 1 H, 
H3), 3.38 [s, 9 H, 2"-N(CH3)3] , 3.76-4.20 (m, 2 H, I '-CH2), 
4.21-4.48 (m, 2 H, 6-CH2) , 4.32-4.40 (m, 2 H, 2'-CH2), 
4.68-4.80 (m, 2 H). 13C NMR (CDC13/CD3OD , 3:1, 
vol/vol) 5 177.2, 173.7, 79.3, 76.2, 66.2, 63.2, 59.4, 54.3 (3 
C), 48.7, 34.1, 31.4, 31.2, 29.1, 28.4, 26.9, 24.5, 22.5, 
22.2, 14.0, 13.8. HRMS calcd, for C22H4208NP , 479.2612; 
found 479.2627. Anal .  calcd, for C22H4208NP: C, 55.14; 
H, 8.83; N, 2.92; P, 6.46. Found: C, 55.21; H, 8.93; N, 
2.86; P, 6.50. 

Phosphor ic  acid. (3 a, 4 fl,5 fl)dih ydro-4-[oxy(hexa noyl)]- 
3 -hexy  l- 2 (3 H) - fu  ra no ne-5-[met  h y le neoxy-  2 "- ( t r imet  h y l- 
amino)e thy l ]  ester  (42). Light  yellowish semi-solid (0.33 
g, 68% yield) 99.0% pure  by HPLC. Rf = 0.26 (Solvent B), 
m.p. 144-146~ IR (KBr, cm -1) 3660-3100 (br), 2960, 
2860, 1775, 1730, 1480, 1380, 1250, 1170, 1090. 1H NMR 
(CDC13/CD3OD, 3:1, vol/vol) 5 0.80-0.93 (m, 6 H, 2 CH3), 
1.18-1.35 (m, 10 H, 5 CH2) , 1.37-1.44 (m, 2 H, CH2), 
1.50-1.88 (m, 4 H, 2 CH2), 2.30 (ddd, J = 1.7, 6.9, 7.6 Hz, 
2 H, CH2), 2.62 (ddd, J = 4.0, 6.1, 8.2 Hz, 1 H, H-3), 3.32 
[s, 9 H, 2"-N(CH3)3] , 3.72-4.10 (m, 2 H, I"-CH2) , 
4.20-4.30 (m, 2 H, 6-CH2) , 4.10 (m, 2 H, 2"-CH2), 
4.83-4.89 (m, 1 H, H-5), 5.22 (dd, J = 4.0, 5.3 Hz, 1 H, 
H-4). 13C N-MR (CDC13/CD3OD , 3:1, vol/vol) 5 176.6, 
172.9, 79.0, 74.0, 66.2, 63.5, 59.3, 54.3 (3 C), 46.8, 33.8, 
31.4, 31.1, 28.9, 28.4, 26.7, 24.3, 22.5, 22.2, 13.9, 13.8. 
HRMS calcd, for C22H42OsNP , 479.2612; found 
479.2636. Anal .  calcd, for C22H42OsNP: C, 55.14; H, 
8.83; N, 2.92; P, 6.46. Found: C, 55.28; H, 8.89; N, 2.98; 
P, 6.59. 
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Effect of Nonionic Detergents on Lipoxygenase Catalysis 
Maria J. Schilstra, Gerrit A. Veldink* and Johannes  F.G. Vl iegenthart  
Bijvoet Center for Biomolecular Research, Department of Bio-Organic Chemistry, Utrecht University, The Netherlands 

In many  studies  on Hpoxygenase catalysis ,  nonionic  de- 
tergents  are used to obtain an optical ly  trRnRparent so- 
lut ion of  the fatty acid suhstrate.  In order to resolve  
some  controvers ies  that ex is t  wi th  regard to the i n t e ~  
pretat ion of  k inet ic  data obtained wi th  solut ions  con- 
taining nonionic  detergents ,  a sys temat ic  invest igat ion 
was  undertaken into the effects of  Lubrol, Tween-20 and 
Triton X-100 (0-0.8 g/L) on the k inet ics  of  l inoleate  
(2.5-110 ~_M) dioxygenat ion,  cata lyzed by Hpoxygenase-1 
or l ipoxygenase-2 from soybean,  at pH 9 or 10, at 25~ 
Under most  condit ions,  it  was  found that the detergents  
s lowed down the reaction.  However,  at high l inoleate  
concentrat ions ,  where  substrate inhibit ion of  Hpoxyge- 
nase  is  s ignif icant,  smal l  amounts  of  detergent  in- 
creased the d ioxygenat ion rate. In a quantitat ive analy- 
s is  of the results ,  a k inet ic  model  in which  the incorpo- 
ration of  l inoleate  in the detergent  mice l les  is  fo~  
mulated  as a s imple  revers ible  equil ibrium, and in 
which  both l ipoxygenase-1 and -2 interact  wi th  free 
l inoleate,  but  not  wi th  l inoleate  incorporated in the mi- 
cel les,  appeared to be sufficient to predict  exper imenta l  
results  over  a wide  range of  exper imenta l  condit ions.  
According to this  model ,  the  changes  in the dioxygena- 
t ion k inet ics  caused by the presence  of  nonionic  deter- 
gents  are s imilar  (but not  equal) to those  caused by com- 
pet i t ive  inhibitors.  The conclus ions  that monomeric ,  
nonmice l lar  Hnoleate is  the  preferred substrate for 
l ipoxygenase  and that the observed inhibit ion and stim- 
ulat ion are so le ly  due to changes  in the ef fect ive  
l inoleate  concentrat ion strongly corroborate  the earl ier  
observat ions  by Galpin and Allen [Biochim. Biophys. 
Acta 488 (1977), 392-401]. 
Lipids 29, 225-231 (1994). 

Lipoxygenases (EC 1.13.11.12) catalyze the dioxygena- 
tion of polyunsaturated fatty acids that contain one or 
more (1Z,4Z)-pentadiene systems. The reaction products 
are hydroperoxides with a conjugated (E,Z)-diene moi- 
ety (for reviews see Refs. 1-3). Soybean lipoxygenase-1, 
the most thoroughly characterized of all plant lipoxyge- 
nases, shows optimum activity at pH 9-11. At these pH 
values, the critical micelle concentration (CMC) of 
linoleic acid is high (50 plVl at pH 9, 200 p]V[ at pH 10; 
Ref. 4). However, many other lipoxygenases have a pH 
optimum around 7. At pH 7, the CMC of linoleic acid is 
much lower (<20 pM, Ref. 4), and the solutions are often 

*To whom correspondence should be addressed at the Bijvoet Cen- 
ter for Biomolecular Research, Department of Bio-Organic Chem- 
istry, Utrecht University, P.O. Box 80.075, NL-3508 TP Utrecht, 
The Netherlands. 
Abbreviations: CMC, critical micelle concentration; CMCd, concen- 
tration of nonmicellar detergent; HPOD, hydroperoxyoctadeca- 
dienoic acid; SDS, sodium dodecylsulfate. 

turbid. In studies on lipoxygenases at neutral pH, non- 
ionic detergents, such as Tween-20 or Triton X-100 
(source information in Experimental Procedures sec- 
tion), are frequently added to the reaction mixture to ob- 
tain an optically transparent solution. 

Detergents are known to affect the dioxygenation 
rate. Many investigators have observed inhibition 
and/or stimulation of the dioxygenation reaction by sur- 
factants (e.g., Refs. 5-8), but controversy exists about 
the interpretation of the data. In two recent studies on 
the effect of surfactants on the lipoxygenase reaction 
(7,8), the observed inhibition and activation were attrib- 
uted to direct interactions between the detergents and 
lipoxygenase. In their analysis of the data, the authors 
did not take into account the fact that linoleate is itself 
an amphiphile and can, therefore, interact with the de- 
tergent micelles. On the other hand, in 1977 Galpin and 
Allen (9) published a study on the influence of micelle 
formation on lipoxygenase kinetics in which they used 
n-alcohols and n-carboxylic acids to modify the CMC of 
linoleate. Their results provided convincing evidence 
that lipoxygenase interacts mainly with monomeric 
linoleate, and that  virtually all of the inhibition or acti- 
vation effects of the alcohols and carboxylic acids could 
be attributed to changes in the concentration of nonmi- 
cellar linoleate. Furthermore, in a recent analysis of 
lipoxygenase catalysis in reversed micelles, Perez-Gi- 
labert et al. (10) found that their data were best pre- 
dicted by a model in which linoleate dissolved in the 
water phase was the sole substrate for lipoxygenase-1, 
and interactions between lipoxygenase and interfacial 
linoleate were neglected. 

In order to resolve the controversies concerning the 
interpretation of dioxygenation data collected in the 
presence of a detergent, we have studied the dioxygena- 
tion kinetics over a wide range of linoleic acid and de- 
tergent concentrations. In most experiments we have 
used the nonionic detergent Lubrol (source information 
in Experimental Procedures section), which does not ab- 
sorb at the wavelength used to monitor the dioxygena- 
tion (243 nm), but we have also studied the effect of two 
other commonly used detergents, Tween-20 and Triton 
X-100. Furthermore, we recorded the pH profile for 
lipoxygenase-1 activity in buffers containing detergent 
and compared it with the profile obtained in the absence 
of detergent. 

We present a quantitative analysis of the data ob- 
tained at pH 9 and 10. Because the Michaelis-Menten 
formulation, which is often used to describe dioxygena- 
tion data, is only valid under certain conditions (Ii), we 
have analyzed the data in terms of the more comprehen- 
sive two-step model for lipoxygenase catalysis (11-13). 
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EXPERIMENTAL PROCEDURES 

Materials. Lipoxygenase-1 was prepared from soybeans 
(White Hilum; Central Soya, Utrecht, The Netherlands) 
as described previously (Ref. 11 and references therein). 
The preparation had a specific activity of 200 ~mol - 
rain -1. mg -1 at pH 9, and of 40 ~mol �9 min -1 �9 mg "1 at pH 
7 (measured at 100 mM linoleate). It showed one major 
band after  sodium dodecylsulfate (SDS) gel elec- 
trophoresis upon Coomassie Brilliant Blue staining. 
Lipoxygenase-1 was stored in 0.1 M sodium acetate, pH 
5.5, containing 134 g/L ammonium sulfate. Partially 
purified lipoxygenase-2 was obtained in the second ion 
exchange chromatographic step (DEAE-Sepharose; 
Pharmacia, Uppsala, Sweden) in the same purification 
procedure. Lipoxygenase-2 activity was found in a 
small peak preceding the lipoxygenase-1 peak. The pro- 
tein in the lipoxygenase-2 peak was precipitated with 
320 g/L ammonium sulfate, then resuspended in 0.1 M 
sodium, acetate pH 5.5, and used without further puri- 
fication. The specific activity of the lipoxygenase-2 
preparation was 1 mmol �9 rain -1 �9 mg -1 at pH 6 (mea- 
sured at the linoleic acid concentration at which the 
rate is maximal, 25 mM, see Fig. 3a later in article) and 
was 0.3 mmol �9 min -1 �9 mg -1 at pH 9. 

Linoleic acid [(9Z,12Z)-octadecadienoic acid] was ob- 
tained from Janssen Chimica (Beerse, Belgium) and was 
stored under argon as a 300 mM solution in methanol 
p.a. (Merck, Darmstadt, Germany) at 4~ Lubrol (un- 
specified polyoxyethyleneglycols from fatty alcohols) 
was purchased from ICN (Cleveland, Ohio), Tween-20 
from Fluka (Buchs, Switzerland), and Triton X-100 from 
Serva (Heidelberg, Germany). 

Kinetic measurements. A Hi-Tech (Salisbury, United 
Kingdom) SF-51 stopped-flow spectrophotemeter was 
used for the kinetic experiments. The formation of hy- 
droperoxylinoleate (HPOD) was followed by recording 
the absorbance at 243 nm (UG-5 filter, 45% transmis- 
sion at 243 nm) in a 10-mm light-path observation 
chamber. The molar absorbance for HPOD at 243 nm 
was 17.8 • 103 M -1 �9 cm -1. The absorbances at 243 nm 
of I g/L Tween-20 and 1 g/L Triton X-100 were 0.15 and 
0.48 cm -1, respectively. Measurements were performed 
at 25~ in 0.09 M Na-borate (pH 7.9-10.7) or 0.09 M 
sodium phosphate (pH 6.7-9.0) buffers. A small amount 
of methanol from the linoleic acid stock solution was 
carried through into the final reaction mixture (maxi- 
mally 0.03% vol/vol). As methanol is known to have a 
slight effect on the kinetics of the lipoxygenase reaction 
(11), the methanol concentration was kept constant 
(0.03% vol/vol) in all reaction mixtures by adding an ap- 
propriate amount of extra methanol. The reactions 
were initiated by mixing lipoxygenase (in syringe 1) 
with linoleate and detergent (in syringe 2). The final 
lipoxygenase concentration was 50 nM, unless other- 
wise indicated. 

Interpretation of the data. An analytical steady-state 
rate equation for lipoxygenase catalyzed oxygenation of 
linoleate was derived in previous studies (11,13). The 
steady-state rate, r, at given linoleate (S) and HPOD (P) 
concentrations is given by: 

V~[S] 
r = .[1] 

{Ks* (I + [P]/Kp*) + IS]} + a .  {Kp(1 + [SILK s) + [PI}. [S]~P] 

In this expression, Vma ~ is the maximum rate,/~,/~p, K s 
and Kp are the dissociation constants of the iron(HI)- 
lipexygenase- (K*) and iron(II)-lipoxygenase (K) -S and 
-P complexes. The parameter a is a constant, provided 
[02 ] does not change by more than 20%. 

All observed curves showed an initial increase in rate 
(the induction period), followed by a short period of max- 
imum rate, rma x (note that  rma x is not equal to Vmax). Nu- 
merical simulations of the lipexygenase reaction indi- 
cate that the steady-state approximation may be applied 
in analyzing rma x as a function of [linoleate] and [HPOD] 
(13). The observed values of rma x (indicated as r in the 
rest of the text) were fitted to the steady-state rate equa- 
tion using a nonlinear least-squares program (Leven- 
berg-Marquardt algorithm, Ref. 14) for evaluating func- 
tions of multiple independent variables. The values for 
[S] and [P] used in the fitting procedure were estimated 
from the absorbance at 243 nm at the start of the maxi- 
mum rate period. Since the concentration of 02 in water, 
at 25~ under air, is 240 ~M, and r is measured at 
3 ~Vl < [P] < 5 ~M, [02] varies less than 5% in the ex- 
periments, and therefore the value of a is constant 
within the experimental error. 

RESULTS 

Effect of  Lubrol on the dioxygenation rate at alkaline pH. 
The dioxygenation of 2.5-110 ~M linoleate, catalyzed by 
50 nM soybean lipoxygenase-1 at pH 10, was recorded in 
the absence of detergent. After completion of the reac- 
tion, all linoleate (within the experimental error of 5%) 
appeared to be converted into HPOD. The steady-state 
rates are shown in Figure la. The values of Vma x and 
KS* were estimated from a nonlinear least-squares fit of 
these data to Equation 1 (Experimental Procedures sec- 
tion). Because the other parameters are highly corre- 
lated under the conditions of the experiments ([02] = 
240 ~aM and [HPOD] < 5 ~M), they were entered as con- 
stunts:/~p = 25 ~ I  (11,13), Kp = 15 plVI (15), K s = 20 pM 
and a = 0.01 (11,13). The best fit values for Vma x and/C* s 
were 15.0 _+ 0.2 ~M/s and 20 _+ 1 ~VI, respectively (Chi 
square = 1.5). 

In Figure lb we illustrate the effect of increasing con- 
centrations of Lubrol (0.025-0.8 g/L) on the steady-state 
rate (r) at four different linoleate concentrations (9, 30, 
55 and 110 ~M). At all linoleate concentrations, the pres- 
ence of detergent decreases the dioxygenation rate. 
However, all of the linoleate is eventually converted into 
HPOD. The effect of Lubrol at a concentration of 1.7 nM 
lipexygenase is the same as the effect at 50 nM. The rma x 
values measured at 50 nM lipoxygenase were 30 times 
larger than the values measured at 1.7 nM lipoxygenase 
at all Lubrol concentrations. 

The data presented in Figure 1 are not compatible with 
two simple inhibition modes in which the detergent acts 
directly on the enzyme (uncompetitive and simple non- 
competitive inhibition). Competitive inhibition or a more 
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FIG.  1. E f f e c t  o f  L u b r o l  o n  t h e  d i o x y g e n a t i o n  o f  linoleate 
c a t a l y z e d  b y  50  n M  H p o x y g e n a s e - 1 .  R e a c t i o n s  w e r e  c a r r i e d  
o u t  i n  0.1 M s o d i u m  b o r a t e  a t  p H  10. a: S t e a d y - s t a t e  r a t e s  i n  
t h e  a b s e n c e  o f  L u b r o l  a t  v a r y i n g  l i n o l e a t e  e o n e e n t r a t i o n s ;  
c i r c l e s ,  o b s e r v e d  rates ;  s o l i d  l i n e s  s h o w  r a t e s  c a l c u l a t e d  
w i t h  Vma x = 15 gM]S, ~ s = 20,1~p = 25, K s ffi 20, Kp ffi 15 p_M a n d  
a = 0.01. b: S t e a d y - s t a t e  r a t e s  m e a s u r e d  a t  d i f f e r e n t  L u b r o l  
c o n c e n t r a t i o n s ,  s t a r t i n g  w i t h  9 ( d i a m o n d s ) ,  50  (c irc les ) ,  55 
( s q u a r e s )  a n d  110 ( t r i a n g l e s )  gM l i n o l e a t e .  S o l i d  l ines :  r a t e s  
c a l c u l a t e d  w i t h  t h e  p a r a m e t e r s  m e n t i o n e d  u n d e r  (a)  a n d  
K o = 32 gM, f = 770 pmol /g  a n d  CMC d ffi 0. CMCd, c o n c e n t r a -  
t i o n  o f  n o n m i e e l l a r  d e t e r g e n t .  

that the concentration of nonmicellar detergent (CMC d) is 
constant at all linoleate concentrations. If 1 g of detergent 
can adsorb f pmoles of fatty acid, then Bo, the total con- 
centration of "binding sites, ~ is equal to f .  (D - CMCd) , 
where D is the concentration of detergent in g]L. At a total 
fatty acid concentration A o taM, the concentration of free 
fatty acid [A] is given by: 

[A] = {[(KD + Bo-Ao)2 + 4 . KD .Ao]Y2-(KD + Bo-Ao)}/2 [2] 

In the nonlinear least-squares fit of the data with this 
model, the concentrations of free linoleate and HPOD 
([S] and [P]) for use in Equation i were calculated from 
Equation 2 by substituting the appropriate total concen- 
trations S o and Po for A 0. All data presented in Figure 1 
were evaluated simultaneously (see Experimental Pro- 
cedures section). The accuracy of the data does not allow 
separate estimations of K D for Lubrol-linoleate and Lu- 
brol-HPOD, because under the conditions of the mea- 
surements (3 < [HPOD] 5 pM), the rate is mainly deter- 
mined by the concentration of linoleate. The best fit val- 
ues are: Vma x = 15.0 • 0.2 p.M/s,/~S = 20 • 1 pM, f = 
770 • 80 pmoles/g and K D = 32 • 5 p_M (Chi square = 2, 
but see below). The concentration of noninteracting de- 
tergent (CMC d) must be very small, and cannot be de- 
termined accurately from these data. Its upper limit is 
estimated to be 10 mg/L. The experimental data satisfy 
the simple model very well. This can be seen in Fig- 
ure lb, in which the calculated data have also been in- 
dicated. 

The values of K D and f appeared to be correlated-- 
other values of f and K D also fit the data well, as long as 
f / K  D is approximately 25 L/g and K D > 15 ~M. There- 
fore, the absolute values of K D and f (and their errors) 
have little physical significance. The correlation indi- 
cates that  the total number of binding sites B 0 is much 
larger than the number of occupied sites, [AD], even at 
the highest concentration of linoleate used in these ex- 
periments. When B o - [AD] = Bo, the expression for the 
concentration of free linoleate becomes: 

[A] = .4o/(1 + (D - CMCd) - f/K D) [3] 

complicated mode of enzyme inactivation is not excluded 
by the data. However, the presence of detergent would 
also slow down the reaction if miceUe-bound linoleate 
were a poor substrate for lipoxygenase. Such a model 
would be in good agreement with the results of Galpin and 
Allen (9) and those of Perez-Gilabert et al. (10). In order to 
investigate this possibility, we used a kinetic model with 
the following features: (i) The fatty acid molecules interact 
with "fatty acid binding sites" on the detergent micelles in 
a simple reversible equilibrium, described by the dissocia- 
tion constant KD, (ii) only micelles can bind the fatty acid 
molecules, monomeric detergent molecules have no effect; 
(iii) the micelle-bound form of the fatty acid cannot inter- 
act with the enzyme; (iv) reactions between the fatty acid 
molecules and the detergent micelles are much faster 
than the enzyme-catalyzed reaction, and are not, there- 
fore, rate limiting. For the sake of simplicity, we assume 

When Equation 3 was used instead of Equation 2 for the 
calculation of free linoleate, the fit of the data was 
equally good (Chi square = 2). The best fit value f o r f / K  D 
was 21 +_ 5 L/g. 

When the rate is measured as a function of the 
linoleate concentration and the concentration of deter- 
gent is constant, the observed rates coincide with the 
predicted values within the experimental error. How- 
ever, at low substrate concentrations (<15 pM), the ob- 
served rates are systematically somewhat lower, and at 
high substrate concentrations (50-100 taM), the values 
are slightly higher than the predicted rates (not shown). 
This effect may be due to exclusion phenomena such as 
those described, for example, by McGhee and Von Hip- 
pel (16). Binding of one molecule of linoleate to a deter- 
gent micelle presumably excludes binding of other 
linoleate molecules to potential "binding sites" in its 
vicinity. In that  case, f / K  D is a function of the linoleate 
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FIG. 2. C o m p a r i s o n  o f  t h e  e f f e c t s  o f  L u b r o l  (c irc les ) ,  T w e e n -  
20  ( s q u a r e s )  a n d  Tr i ton  X-100 ( t r i a n g l e s )  o n  the  s t e a d y - s t a t e  
o x y g e n a t i o n  ra te s .  R e a c t i o n s  w e r e  p e r f o r m e d  w i t h  50  n M  
i i p o x y g e n a s e - 1  a n d  30 p~M l i n o l e a t e  i n  0.1 M s o d i u m  borate ,  
p H  10. S o l i d  l i n e s  s h o w  r a t e s  c a l c u l a t e d  w i t h  p a r a m e t e r s  
o b t a i n e d  firom b e s t  f i t s  o f  d a t a  o b t a i n e d  a t  10, 30, 50  a n d  100 
p~l  l ino l ea te : /TK o ffi 24 L/g, CMC d -- 0 ( for  L u b r o l  data ) ; /qK D 
ffi 10 L/g, CMC d ffi 0.031 g/L ( for  T w e e n - 2 0  da ta )  a n d  t7K o ffi 30 
L/g a n d  CMC d ffi 0.091 gfL ( for  Tr i ton  X-100 data) .  Al l  o t h e r  
p a r a m e t e r s  a n d  a b b r e v i a t i o n  a r e  as  i n  F i g u r e  1. 

concentration rather than a constant, and the estimated 
value fo~ f / K  D is merely an average. 

Effect of  other nonionic detergents. Because Triton 
X-100 and Tween-20 are also commonly used to solubi- 
lize linoleic acid, we investigated whether the model de- 
scribed for the action of Lubrol holds for these com- 
pounds. We measured the dioxygenation rates at 10, 30, 
50 and 100 pM linoleate, in the presence of 0-0.8 g/L de- 
tergent. In Figure 2 the effects of increasing concentra- 
tions of Tween-20 or Triton X-100 are compared with the 
results obtained for Lubrol (see Fig. lb, linoleate con- 
centration, 30 pM). Addition of less than approximately 
0.05 g/L Tween-20 or 0.1 g/L Triton X-100 has little ef- 
fect (all linoleate concentrations), but higher concentra- 
tions of either detergent cause the dioxygenation rate to 
decrease. After completion of the reactions, all of the 
linoleate (within the experimental error of approxi- 
mately 5%) had again been converted into HPOD. The 
data for Tween-20 and for Triton X-100 (all linoleate 
concentrations) were successfully fitted to Equations 1 
and 2. The best fit values for K D and f were correlated, 
and the use of Equation 3 instead of Equation 2 gave 
equally good results. The best fit values of f / K  D are 
10 L/g for the Tween-20 data, and 30 L/g for the Triton 
X-100 data. The best fit values for CMC d were 0.031 • 
0.008 and 0.091 • 0.003 g/L, respectively. These values 
are lower than the CMCs that have been reported for 
these detergents in pure form (0.06 g/L for Tween-20 
and 0.19 g/L for Triton X-100, Refs. 17 and 18). However, 
the concentration of monomeric detergent in equilib- 
rium with mixed micelles is always lower than the CMC 
of the pure detergent (19). Furthermore, we used com- 
mercial detergent preparations, whose CMCs may have 
been smaller than the published values, owing to inho- 
mogeneity or impurities. 

Effect of  Lubrol on the lipoxygenase-2 reaction. If  the 
inhibition of the dioxygenation reaction by Lubrol is 
solely due to adsorption of the fatty acid substrate, then 
the effect of Lubrol on the reaction catalyzed by other 
lipoxygenases must be predictable from the data ob- 
tained with lipoxygenase-1. Therefore, we investigated 
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FIG. 3. E f f e c t  o f  L u b r o l  o n  t h e  d i o x y g e n a t i o n  o f  l i n o l e a t e ,  
catalyzed by lipoxygenase-2. Data obtained with a p a r t i a l l y  
purified enzyme preparation in 0.1 M sodium b o r a t e  a t  pH 
9. a: R a t e s  i n  t h e  a b s e n c e  o f  L u b r o l  at  v a r y i n g  l i n o l e a t e  con-  
c e n t r a t i o n s ,  b: R a t e s  measured in t h e  p r e s e n c e  o f  varying 
L u b r o l  c o n c e n t r a t i o n s ,  s t a r t i n g  w i t h  30  ( c i r c l e s ) ,  55  
( s q u a r e s )  a n d  110 ( tr iRngles)  ~M l inoleate0  c: C o m p a r i s o n  o f  
c o n c e n t r a t i o n s  o f  f ree  ( n o n m i c e l l a r )  l i n o l e a t e ,  e s t i m a t e d  
from the data obtained with Hpoxygenase-2 with calculated 
v a l u e s .  Solid lines: calculated concentrations (K o ffi 32 p2d 
a n d  f = 770 pmol/g). Other symbols: c o n c e n t r a t i o n  o f  free 
l i n o l e a t e  e s t i m a t e d  b y  c o m p a r i n g  t h e  r a t e s  f~om b, t h o s e  
obtained in t h e  a b s e n c e  o f  L u b r o l  (a). Total linoleate con-  
c e n t r a t i o n s :  30  (c irc les ) ,  55 ( s q u a r e s )  a n d  110 ( t r i a n g l e s )  p_M. 
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the effect of Lubrol on the reaction catalyzed by lipoxy- 
genase-2 from soybean. 

Lipoxygenase-1 and -2 have different substrate speci- 
ficities (20) and form different products (21). In the 
lipoxygenase-2 reaction, 10-35% of all linoleate is con- 
verted into compounds other than HPOD (see Ref. 22), 
as judged by the increase of absorbance at 285 nm dur- 
ing the  reaction (in the lipoxygenase-1 reaction, over 
95% of the linoleate is converted into HPOD). The 
steady-state kinetics are also different. A plot of the 
steady-state dioxygenation rate for lipoxygenase-2 as a 
function oflinoleate concentration, obtained at pH 9 and 
at a protein concentration of 0.25 ~g/mL, is shOwn in 
Figure 3a. The curve shows a marked decrease in rate at 
linoleate concentrations greater than 25 pM. A similar 
decrease in rate appears in the lipoxygenase-1 reaction, 
but only at linoleate concentrations above 100 ~M (not 
shown). The rate decrease is due to substrate inhibition 
(11). This effect is much more pronounced for lipoxyge- 
nase-2 reaction than for lipoxygenase-1. 

Addition of Lubrol to the lipoxygenase-2 reaction mix- 
ture merely slows down the reaction when the linoleate 
concentration is 30 ~M (Fig. 3b). However, at a linoleate 
concentration of 55 pM, a slight stimulation of the reac- 
tion is observed at Lubrol concentrations up to 0.05 g/L. 
Concentrations greater than 0.1 g/L are again in- 
hibitory. A much larger stimulation is observed in the 
reaction with 110 ILM linoleate. At a Lubrol concentra- 
tion of 0.2 g/L, the rate is twice as high as in the absence 
of detergent. At higher Lubrol concentrations, the reac- 
tion proceeds more slowly than at 0.2 g/L Lubrol. In 
spite of the apparently different effects of Lubrol on 
lipoxygenase-1 and -2, the results can still be explained 
with the same model. The micelles adsorb a certain frac- 
tion of the linoleate, which cannot then be bound by 
lipoxygenase. When the total linoleate concentration is 
smaller than 25 ~M, addition of Lubrol only results in a 
reduced reaction rate. At higher linoleate concentra- 
tions, substrate inhibition of lipoxygenase-2 is substan- 
tial. Decreasing the concentration of free linoleate will 
result in a decreased substrate inhibition and, thus, in a 
rate increase. Addition of more detergent eventually re- 
sults in a rate decrease, because the concentration of 
free linoleate drops below 25 ~M. 

Because of the lack of sufficient a priori knowledge of 
the values of/~p, Ks, Kp and a for the lipoxygenase-2 re- 
action, it is not possible to perform a quantitative analy- 
sis similar to the one applied to the lipoxygenase-1 data. 
Assuming that  the model for the action of detergents is 
correct, it is possible to estimate the concentrations of 
free linoleate simply by comparing the rates observed in 
the presence of Lubrol with the values obtained in the 
absence of detergent (Fig. 3a). The dioxygenation rate in 
the absence of detergent at 35-60 ltM linoleate is ap- 
proximately constant (0.35 _+ 0.2 l~Vl/s). Therefore, the 
estimate of the concentration of free linoleate corre- 
sponding to a rate of 0.35 _+ 0.2 ~M/s is rather inaccurate 
(48 _+ 13 ~M). The error on the other estimates is smaller 
(approximately 5 ~tM for estimates smaller than 25 ~M, 
10 ~tM for estimates above 70 pM). In Figure 3c we com- 
pare these estimates with values calculated from Equa- 
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FIG. 4. Effect of  pH. a: Steady-state d ioxygenat ion rates in 
the absence or presence of  0.2 g/L Lubrol. The concentra- 
t ion of  l ipoxygenase-1 was  50 nM, the total l inoleate con- 
centration was  10 ~ L  Open symbols,  no Lubrol; c losed sym. 
bols, 0.2 g/L Lubrol; circles, 0.1 M Na-phosphate buffers; 
squares,  0.1 M Na-borate buffers,  b: Ratio r(L)/r(0) of  rates 
in buffers wi th  [r(L)] and wi thout  lr(0)] 0.2 g/L Lubrol. 

tion 2, with K D = 32 ~M and f = 770 ~mol/g, the para- 
meter values calculated for the lipoxygenase-1 reaction. 
The concentrations of free linoleate estimated from the 
dioxygenation rates agree very well with the ones calcu- 
lated with Equation 2. This indicates that the fraction of 
linoleate incorporated in micelles is independent of the 
type of lipoxygenase used in the assay. 

The effect ofpH. The effect of detergent on the pH pro- 
files of lipoxygenase-1 is shown in Figure 4. The profile 
was obtained at 10 ~M linoleic acid. We used this low- 
linoleate concentration to minimize effects due to sub- 
strate inhibition or aggregation. The plots show a steep 
increase in rate between pH 7 and 9. The rates mea- 
sured in the presence of Lubrol are significantly lower 
(Fig. 4a). If the composition of the detergent-fatty acid 
micelles were independent of pH, the concentration of 
free fatty acid would be the same at each pH. In that 
case, the ratio of the rates in buffers with or without Lu- 
brol would be constant. However, this ratio varies quite 
strongly (Fig. 4b). At pH <7.5, dioxygenation in the ab- 
sence of Lubrol is approximately 20 times faster than in 
the presence of Lubrol. At pH >9, the rate in the absence 
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of Lubrol is only 4 to 5 times higher. This means that  the 
concentration of free lipid substrate is significantly 
smaller at pH <7.5 than at pH >9. 

It has been proposed (6) that  the activity of soybean 
lipoxygenase-1 depends on the charge of the fatty acid 
substrate. Lipoxygenase-1 reacts best with charged sub- 
strates (such as the linoleate anion), but seems to have 
a much lower affinity for uncharged compounds (such as 
unionized linoleic acid). The apparent p K  a value for 
linoleic acid is 7.9 (6). The pH profile of lipoxygenase-1 
obtained in the absence of detergent is consistent with 
this. One would also expect that  the amount of linoleic 
acid incorporated in the mixed micelles would decrease 
upon increasing the pH, owing to the repulsive interac- 
tions between the negatively charged head groups. The 
curve of the ratios (Fig. 4b) has the same sigmoidal 
shape as the activity profile (Fig. 4a), because the pres- 
ence of detergent merely exaggerates the effect of pH on 
the lipoxygenase-1 activity. However, the presence of 
Lubrol can cause a shift in the pH optimum of lipoxyge- 
nases that  have highest affinity for less polar substrates 
(unpublished observations). The results presented here 
do not exclude the possibility that Lubrol has some pH- 
dependent effect on lipoxygenase itself, nor that  the p K  a 

of linoleic acid is affected by the presence of Lubrol. 
Nonetheless, the experiments indicate that pH profiles 
obtained in buffers containing detergent are different 
from those obtained in buffers without detergent. 

DISCUSSION 

The results presented above strongly favor a model in 
which lipoxygenase has a substantially higher affinity 
for monomeric substrate than for fatty acid incorporated 
in micelles. A quantitative model, in which the deter- 
gent simply decreases the effective substrate concentra- 
tion, accurately predicts the results for more than one 
type of lipoxygenase, without requiring any further as- 
sumptions. It is not possible to reconcile the present re- 
sults with an equally simple model in which a detergent 
acts directly on the enzyme. Such a model would require 
many assumptions, for which no experimental evidence 
exists, to explain the observed inhibition and stimula- 
tion. 

The influence of micelle formation on lipoxygenase ki- 
netics was studied by Galpin and Allen (9). Our findings 
confirm their conclusion that  the effects of amphiphiles 
on the dioxygenation reaction could be ascribed to 
physicochemical interaction of these compounds with 
the substrate rather than to a direct interaction with the 
enzyme itself. 

In many studies on lipoxygenase, a nonionic detergent 
is routinely added to solubilize the substrate. If quanti- 
tative conclusions are to be drawn from the experi- 
ments, it is essential to characterize the system in de- 
tail. When such a characterization is omitted, it is quite 
possible that  phenomena caused by changes in the ef- 
fective substrate concentration are incorrectly attrib- 
uted to direct interactions between the enzyme and the 
detergent. For instance, the rate increase that is ob- 

served a i~ r  addition of small amounts of detergent at 
high fatty acid concentrations (see Fig. 3) is easily mis- 
taken for direct stimulation of the lipoxygenase activity 
(cf. Ref. 8). Furthermore, changes in K m and Vma x may 
be erroneously interpreted as indicative for competitive 
inhibition, for the following reason: The steady-state 
rate equation (Equation 1) for lipoxygenase-1 catalysis 
simplifies to the Michaelis-Menten equation for 
linoleate concentrations below 75 plVl and HPOD con- 
ce~trations from 3 to 5 pM, because the second term in 
the denominator and the value of [P]//~p are both small 
(11). Substitution of the substrate concentration in the 
Michaelis-Menten equation with the expression for [A] 
from Equation 3 yields an equation that  is identical to 
the expression for the rate in the presence of a competi- 
tive inhibitor. Therefore, the model predicts that, under 
certain conditions, the presence of detergents causes 
changes in K m and Vma x that  are very similar to those 
caused by competitive inhibitors. As the Michaelis- 
Menten equation is only an approximation, straight 
lines generated in a Lineweaver-Burk plot will intersect 
slightly off the ordinate (which is generally interpreted 
as "mixed inhibition"; cf. Ref. 8). However, the results 
obtained with lipoxygenase-2 exclude competitive inhi- 
bition. A competitive inhibitor would enhance the effect 
of product and substrate inhibition, and merely decrease 
the dioxygenation rate. 

In the interpretation of results of experiments in 
which detergents are used, it should also be taken into 
account that: (i) pH profiles obtained in buffers contain- 
ing detergent are different from those obtained in 
buffers without detergent; (ii) lipoxygenase inhibitors 
and activators may associate with micelles and there- 
fore seem to be less effective than in the absence of de- 
tergent; and (iii) it is possible that the addition of nega- 
tively charged amphiphiles to the nonionic deter- 
gent/linoleate solution will limit the amount of fatty acid 
that  can be incorporated into the micelles, and thus 
stimulate the reaction (23). Positively charged am- 
phiphiles may have the opposite effect (8). 

It has been reported that  some mammalian lipoxyge- 
nases are able to oxygenate biological membranes with- 
out prior action of a phospholipase (24). From the pres- 
ent study, it seems highly likely that  lipoxygenase-1 and 
-2 from soybean interact preferentially with free 
linoleate, and not with linoleate included in a matrix of 
(nonionic) amphiphiles. Therefore, investigations are 
underway into the ability of plant lipoxygenases to oxy- 
genate artificial and biological lipid bilayers. 
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This study was  a imed at determining the effect of  fish oil 
supplementat ion on copper-catalyzed oxidation of  low 
density  Hpoproteins (LDL) from nine hypertriglyceri-  
demic  human subjects. A rapid headspace gas chromate-  
graphic method was  used to measure  the volatile oxida- 
t ion products from LDL. Propanal and he~nnAI were  the 
major volati le products  formed in the oxidation of  n-3 
and n-6 polynnRaturated fatty acids (PUFA), respectively.  
Fish oil  supplementat ion resulted in a significant in. 
crease in propanal formntion from 3.7 to 13.4 lxlnol/ml. 
LDL (P < 0.01); it also resulted in small decreases  in pen- 
tanal formation from 14.7 to 11.4 nmol/mL LDL and in 
he~Rnal formation from 138 to 108 nmol/mL LDL (P < 
0.05). The changes in peroxidation products  paralleled 
the changes in LDL composit ion,  which  showed a signif- 
icant increase in n-3 PUFA from 3,2 to 14.6% (P < 0.01) and 
a decrease  in n-6 PUFA from 43.7 to 35.0% (P < 0.05). 
Propanal formation was  highly and significantly corre- 
lated with  n-3 PUFA content  (r = 0.950, P < 0.001). Since 
total volati les remained unchanged, this indicated that 
the two groups of LDL samples  did not  differ in overall  
oxidative susceptibility. Although fish oil intake did not  
alter the oxidative susceptibi l i ty of LDL, the chemical ly  
modified LDL particles generated a distinct pattern of 
volati le oxidation products that reflected changes in 
their  fatty acid composit ion.  
Lipids 29, 233-236 (1994). 

Modification of low density lipoproteins (LDL) by oxida- 
tion of their  polyunsaturated lipid components has been 
implicated in the etiology of atherosclerosis (1-3). Oxida- 
tion proceeds by interaction of polyunsaturated fatty acids 
(PUFA) with active oxygen species or with lipid oxidation 
products. Moreover, there are indications that  lipid oxida- 
tion promotes premature coronary atherosclerosis since 
susceptibility to LDL oxidation has been associated with 
the severity of coronary hear t  disease (4). Protection 
against oxidation can come from antioxidants, antioxidant 
enzymes and cofactors (5). The use of antioxidants to in- 
hibit LDL oxidation has been reviewed extensively (2,6). 
Under in vivo conditions, there exists a competition be- 
tween oxidative and protective processes tha t  depend on 
PUFA composition and on antioxidant levels. 

Oxidation of human LDL leads to the formation of var- 
ious aldehydes and to fluorescent apoprotein B (apo B) (7). 
This fluorescence is assumed to come from the Schiff 
bases formed by reaction of aldehydes with the lysine 
residues of apo B. Several studies have demonstrated tha t  

*To whom correspondence should be addressed at Department of 
Food Science and Technology, F.S.T. Building, University of Cali- 
fornia, Davis, CA 95616. 
Abbreviations: Apo B, apoprotein B; GC, gas chromatography; 
LDL, low density lipoproteins; PUFA, polyunsaturated fatty acids; 
TBA, thiobarbituric acid; TBARS, thiobarbituric acid reactive sub- 
stances; UV, ultraviolet. 

the fatty acid composition of LDL is influenced by diets 
rich in oleic acid (8-10) and by supplementation with fish 
oil n-3 PUFA (11-13). Oleate-rich LDL particles from diets 
rich in oleic acid were reported to be highly resistant to ox- 
idation based on formation of thiobarbituric acid-reactive 
substances (TBARS) (8-10) and conjugated dienes. The 
oleate-rich LDL particles were also resistant to oxidaton 
induced by endothelial cells (8,9). Oxidation of LDL from 
smokers fed fish oil resulted in significantly higher 
TBARS than from nonsmokers fed fish oil (11). In another 
study (12), the susceptibility to Cu2+-catalyzed peroxida- 
tion as measured by TBARS was similar in LDL from sub- 
jects on fish oil or on corn oil diets. 

Although the validity of TBARS as an index of lipid per- 
oxidation in biological samples has been a mat ter  of con- 
siderable debate (14), the TBARS assay has been used 
most commonly to measure the degree of oxidation and 
the susceptibility to oxidation of LDL. However, the lack 
of specifity of the thiobarbituric acid (TBA) test  makes re- 
sults difficult to interpret  (5,15). 

We previously described a rapid method using head- 
space gas chromatography (GC) for the determination of 
hexanal, an important  decomposition product in n-6 
PUFA peroxidation. We used this method to examine rat  
liver samples (16), human red blood cell membranes (17) 
and human LDL (18). In this latter study, LDL from ton 
individuals showed a wide variation in susceptibility to 
oxidation, and hexanal values correlated significantly 
with total PUFA, 18:2 and n-6 PUFA contents of LDL, but  
poorly with 20:4 and vitamin E levels (18). Thus, we con- 
cluded that  dietary PUFA is an important  factor in deter- 
mining the oxidative susceptibility of human LDL. How- 
ever, vitamin E is not the sole determinant  of oxidative 
susceptibility, and other endogenous antioxidants or in- 
hibitors may contribute to the resistance of LDL to oxida- 
tion (18). Consistent with this we have shown, for exam- 
ple, tha t  phenolic compounds in red wine contribute an- 
tioxidant activity and inhibit in vitro oxidation of human 
LDL (19). 

V@th the new methodology on hand, we can now ad- 
dress the question whether LDL composition does affect 
the oxidative stability of lipoprotein particles. The present 
paper reports the application of headspace GC in a nutri- 
tional study to test the effect of fish oil supplementation 
on the susceptibility of LDL fractions to oxidation. Ap- 
pearance of specific volatile peroxidation products was 
found to be correlated with the fatty acid profile but  not 
with the tocopherol content of LDL. 

MATERIALS AND METHODS 

Blood was obtained from hypertriglyceridemic subjects 
who were enrolled in a 12-week, double blind, randomized 
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clinical trial (University of California at Davis Human 
Subjects Committee No. 92-086). Blood samples were 
taken during a period after the subjects had consumed 5.1 
g of fish oil each day for 6 wk (supplemented). Unsupple- 
mented samples were taken when fish oil was absent from 
the diet. The fish oil supplement contained 58.9% PUFA, 
including 8.6% n-6 PUFA and 44.3% n-3 PUFA (compris- 
ing 28.2% 20:5n-3 and 11.6% 22:6n-3), and 25 IU vitsmin 
E. Plasma was separated from blood, and LDL fractions 
were prepared by density ultracentrifugation as described 
previously (18). 

Prior to oxidation, LDL was exhaustively dialyzed with 
deoxygenated phosphate-buffered (10 raM, pH 7.4) saline 
(100 mM) for 24 h. The final concentration of each LDL 
sample was diluted with phosphate-buffered saline (10 
mM) to the same protein concentration (1 mg/mL LDL). 
The freshly prepared LDL fractions from the unsupple- 
mented and fish oil-supplemented periods were compared 
by the headspace GC method (18) to determine the 
volatile products formed by oxidation in the presence of 
copper. Samples of LDL in phosphate-buffered saline in 
the presence of 80 ~M CuSO 4 were sealed in headspace 
bottles and incubated in a water bath shaker at 37~ 
After incubation, the headspace bottles were pressurized 
with helium as carrier gas for 30 s, and an aliquot of the 
gas phase was injected into the gas chromatograph. 

The fatty acid composition of LDL fractions was deter- 
mined as described previously (18); vitamin E contents 
were measured by high-performance liquid chromatogra- 
phy (20). The least significant difference between mean 
values was determined by analysis of variance (21) of du- 
plicate analyses. 

RESULTS 

To investigate the effect of LDL composition on the oxida- 
tive susceptibility of lipoprotein particles, a method is re- 
quired that can discriminate between the various peroxi- 
dation products derived from different lipid components. 
The headspace GC technique was used to measure the 
volatile peroxidation products formed from n-6 PUFA and 
n-3 PUFA upon copper-catalyzed oxidation of human 
LDL. The products of n-6 PUFA have been shown to in- 
clude pentane, pentanal and hexanal. The main product of 
n-3 PUFA oxidation is propanal (22). To compare the sus- 
ceptibility to oxidation of human LDL samples, total 
volatiles were also determined by summation of the peak 
areas of all the volatiles detected. 

A representative gas chromatographic analysis of the 
products of copper-oxidized LDL from a human subject on 
a fish oil-supplemented diet shows that the peak due to 
propanal increased dramatically (Fig. lb) when compared 
to the LDL sample from the same subject on the unsup- 
plemented diet (Fig. la). In both the supplemented and 
unsupplemented LDL samples, hexanal was the main 
volatile. This result is consistent with the fatty acid analy- 
ses showing an abundance of n-6 PUFA in the LDL sam- 
ples (Table 1). Similarly, in the oxidized LDL from the sub- 
jects consuming the unsupplemented diet, the peAlr due 
to pentane and pentanal were both larger than the peak 
due to propanal. Since pentane and pentanal reflect the 

{1) 

0 
O. 
cO 

rr" 

> 

a 

L 

L 

b 

m 

\ 

1 I I ,  I I 

0 2 4 6  0 2 4 6  
Time (minutes) 

FIG. 1. Headspace gas chromtogram* of  human low den- 
sity l ipoprotein after incubat ion for 2 h at 37~ in the pres- 
ence  of  80 p_M CuSO4; a, un*upplemented  subject; 
b, f ish oil  supplemented subject. 

oxidation of n-6 PUFA while propanal reflects n-3 PUFA 
oxidation, headspace GC allowed us to determine the ori- 
gin of various volatile products of lipid oxidation. 

Figure 2 shows time plots of prepanal and hexanal for- 
mation obtained from six samples of LDL oxidized with 
copper. Afar  2 and 4 h of oxidation at 37~ propanal for- 
mation was more pronounced in LDL from subjects that 
had consumed a fish oil-supplemented diet than those 
that had consumed the uusupplemented diet (Fig. 2a), On 
the other hand, hexanal formation did not vary as much 
as propanal formation but after 2 and 4 h of oxidation i t  
tended to be higher in the LDL samples from unsupple- 
mented diets than in the LDL samples from fish oil-sup- 
plemented diets (Fig. 2b). The most consistent differences 
between the two types of LDL samples were observed 
a i~r  2 h of oxidation. 

Variation in oxidative susceptibility and the nature of 
the volatile peroxidation products were studied in nine 
LDL samples from subjects that had consumed an unsup- 
plemented diet, and in nine samples from subjects that 
had consumed a fish oil-supplemented diet. The head- 
space GC analyses of the volatile products formed were 
compared with the fatty acid composition and the vitamin 
E contents of the lipid extracts (Table 1). A significant, 
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TABLE 1 

Effect of  Fish Oil Supplementat ion on LDL Oxidation 

Unsupplemented Supplemented 
Analyses (n = 9) (n = 9) P < 

Volatiles 
(nmol/mL LDL) ~ 

Pentane 9.6 • 4.2 7.5 • 2.1 N.S. 
Propanal 3.7 _+ 1.1 13.4 • 3.7 0.01 
Pentanal 14.7 _+ 6.8 11.4 • 2.7 0.05 
Hexanal 138 • 41 108 • 22 0.05 
Total  b 189 • 51 189 _+ 41 N.S. 

Fatty acids (%) 
n-6 PUFA 43.7 _+ 3.2 35.0 • 3.5 0.05 
n-3 PUFA 3.2 _+ 0.6 14.6 _+ 2.3 0.01 
Total PUFA 46.8 • 3.1 49.6 • 2.9 N.S. 

Tocopherol 
(nmol/mL LDL) 14.0 • 5 18.0 • 7 N.S. 

aContained I m g  low density lipoprotein (LDL) proteLrdmL; deter- 
mined aiter 2 h oxidation (see Figs. 1 and 2). N.S., not significant; 
PUFA, polyunsaturated fatty acids. 
bExpressed as hexanal. 

3.6-fold higher propanal  production was observed in the 
LDL fractions from subjects a i ~ r  consumption of the fish 
oil supplement  than  from subjects on the unsupplemented 
diets (P < 0.01). This increase in propanal  production co- 
incided with a statistically significant 4.6-fold increase in 
n-3 PUFA content of LDL (P < 0.01). Small  but  signifi- 
cantly higher pentanal  and hexanal  levels (P < 0.05) were 
also observed in the oxidized LDL from the unsupple- 
mented than  the supplemented periods, consistent with 
the significantly higher content of n-6 PUFA in the LDL 
from subjects without fish oil supplementation. No signif- 
icant changes were observed in pentane formation or total 
PUFA or tocopherol content between LDL samples from 
subjects on supplemented and unsupplemented diets. 

The total volatiles were not different between the two 
groups of LDL samples. Thus,  based on total volatiles gen- 
erated, fish oil supplementat ion had no effect on the ox- 
idative susceptibility of LDL from nine subjects with hy- 
pertriglyceridemia. Yet fish oil supplementat ion had a 
dramat ic  effect on the types of volatile oxidation products 
formed from LDL. 

The correlation between propanal  and n-3 PUFA was 
significant (r = 0.950, P < 0.001) (Fig. 3). Propanal  values 
of  nine oxidized LDL samples from subjects on unsupple- 
mented diets varied only from 2.3 to 4.6%, while those 
from subjects on fish oil-supplemented diets varied from 
11 to 17%. These large differences between LDL from sub- 
jects on unsupplemented diets and LDL from subjects on 
fish oil-supplemented diets are consistent with the signif- 
icant increase in n-3 PUFA content of LDL (Table 1). 

In  the present  study, fish oil supplementat ion produced 
marked  changes in the profiles of volatile peroxidation 
products  of LDL from hypert r iglycer idemic subjects. 
These changes in the distribution of oxidation products 
paralleled the altered fat ty  acid composition of LDL lipids. 
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F IG .  2. Kinet ics  of  volat i le  format ion  in  six samples of 
h u m a n  low density l ipoprote in  (LDL)  oxidized in  the pres- 
ence of  80 p_M CuSO4; a, propanal; b, he•Rnal. Lines with 
closed symbols represent individual  subjects consuming 
fish oil  supplements ,  and l ines  with open symbols represent 
individual  subjects on unsupplemented diets. 
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FIG. 3. Correlation of propanal vs. n-3 polyunsaturated 
fatty acids (PUFA) (r = 0.950, P < 0.001). LDL, low density  
lipoproteins. 

Thus, significant increases in propanal  formation were ob- 
served during oxidation with copper in LDL from subjects 
supplemented with fish oil (Table 1). This increase in 
propanal  can be directly at tr ibuted to increases in n-3 
PUFA in the LDL lipids. 
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In spite of the marked  changes in the types of aldehydes 
formed in the peroxidation of different LDL samples, no 
changes were observed in the formation of total volatiles. 
Therefore, there was no apparent  difference in the overall 
oxidative susceptibility of LDL between subjects consum- 
ing fish oil and those on the unsupplemented diets. This 
result  is consistent with the similar total PUFA levels ob- 
served in the two groups of LDL samples. 

The headspace GC procedure used in the present  work 
can be compared to the ultraviolet (UV) conjugated diene 
method tha t  is used to measure  the lag phase to assess the 
oxidative susceptibility of LDL and the effects of dietary 
antioxidants (3). In contrast  to the UV method, the head- 
space GC procedure is based on the amounts  of volatile ox- 
idation products formed a t ~ r  the lag phase (Fig. 2), when 
the antioxidants are usually depleted. Thus, the head- 
space GC method may  be expected to provide data tha t  
are more closely related to the variat ion in fat ty acid com- 
position of LDL than  to the antioxidant protection. 

Although the effect of n-3 PUFA from fish oils in reduc- 
ing the p lasma triglyceride level is well established 
(23-25), only a few reports have appeared on their  effects 
on the oxidative susceptibility of h u m a n  LDL. One s tudy 
reported that  LDL from human  subjects consuming fish 
oil and corn oil showed similar susceptibility to copper-cat- 
alyzed oxidation based on lipid peroxide determinations 
(12). However, other studies reported significant increases 
in the formation of TBARS resulting from fish oil diets 
(11,13). Because TBARS are formed by oxidative degrada- 
tion of PUFA containing more than  two double bonds (26), 
the oxidation of any  lipids containing n-3 PUFA would be 
expected to produce high levels of TBARS. Therefore, 
TBARS cannot be used as the sole de terminant  of oxida- 
tive susceptibility to compare the effects of dietary n-6 vs. 
n-3 PUFA on LDL oxidation. For the same reason the TBA 
assay cannot be used to est imate the oxidation of dietary 
oleic acid in LDL oxidation (8-10). 

At the level of fish oil supplementat ion used in the 
prsent  study, al though n-3 PUFA from fish oils were in- 
corporated into the LDL, no significant changes were ob- 
served in either LDL total PUFA or overall oxidative sus- 
ceptibility based on total volatile production as deter- 
mined by headspace GC. Thus, with adequate antioxidant 
protection, replacement  of significant quantit ies of n-6 
with n-3 PUFA may  not represent  a dramatic  enhance- 
ment  in oxidative susceptibility. However, whether  or not 
the n-3 unsa tura ted  aldehydes expected from oxidation of 
n-3 PUFA may  be more reactive with proteins such as apo 
B than  those produced from n-6 PUFA is not known. 
Trea tment  of fresh LDL with 2,4-heptadienal, a product of 
18:3n-3 PUFA oxidation (22), led to a fluorogenic apo B, 
while hexanal  did not (7). 

The use of headspace GC permits  the identification of 
some of the unique volatile aldehydes produced from n-6 
and from n-3 PUFA, and allows a more complete compar- 
ison of the oxidizability of LDL particles of varying fat ty 
acid composition. This approach thus affords the discrim- 
inatory methodology necessary to investigate the effect of 
LDL composition on the oxidation of lipopretein particles. 

An important  area  tha t  requires further  investigation is to 
determine how the individual aldehydes produced by oxi- 
dation of different dietary PUFA react with apo B and how 
this relates to the atherogenic effects of oxidized LDL par- 
ticles. 
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The anticancer activity of  synthetic ether lipids may de- 
pend in part upon their ability to activate cells of the 
monocyte/macrophage lineage. In the present study, we 
have sought to determine whether 1-O-octadecyl-2-O- 
methyl-rew-glycero-3.phosphocholine (ET-18-OMe) and 
related ether lipids enhance superoxide production by 
mouse peritoneal macrophages.  Ether lipids were ad- 
ministered intraperitoneally to C57BL/6 mice 4 d after 
injection with thioglycollate broth. EHcited peritoneal 
macrophages were harvested and purified one day later, 
and superoxide production was detected by measuring 
the superoxide dismutase inhibitable reduction of  cy- 
tochrome c. Low levels of  superoxide were secreted by 
macrophages in the absence of  phorbol 12-myristate 13- 
acetate (PMA). When PMA was added in vitro to 
macrophages from ET-18-OMe-treated mice, these cells 
secreted 194.2 nmol superoxide/mg protein in compari- 
son to 53.5 nmol superoxide/mg protein for PMA-treated 
control cells. The in vitro treatment of  the macrophages 
with ET-18-OMe was not  effective in stimulating super- 
oxide secretion. Macrophages harvested from mice 
treated with a series of ether Hpids (with and without 
phosphorus) were examined, and superoxide secretion 
was found to vary with structure. AM-18-OEt and CP-7 
were the most effective compounds,  secreting 8.6 and 
11.9 times more superoxide, respectively, than PMA- 
stimulated control cells. Moreover, direct cytotoxicity of  
the compounds for HL60 human promyelocytic leu- 
kemic cells did not necessarily correlate with the ability 
of  each drug to increase macrophage superoxide pro- 
duction. 
Lipids 29, 237-242 (1994). 

Membrane-targeted synthetic ether phospholipids, 
alkyllysophospholipids (ALP), have been shown to exert 
antitumor properties by direct cytotoxicity and cytosta- 
sis (1-4), by induction of differentiation of malignant 
cells to the normal phenotype (5,6), and by activation of 

*To whom correspondence should be addressed at Department of 
Biochemistry, Boston University School of Medicine, 80 E. Concord 
St., Boston, MA 02118. 
Abbreviations: ALP, alkyllysophospholipids; AM-18-OEt, 1-N-hep- 
tadecylamido-2-O-ethyl-rac-glycero-3-phosphocholine; ET-16S- 
OEt, 1-S-hexadecyl-2-O-ethyl-rac-glycero-3-phosphocholine; ET- 
18-OMe, 1-O-octadecyl-2-O-methyl-rac-glycero-3-phosphocholine; 
CP-7, rac-l-S-hexadecyl-2-O-methylthiopropyl-3-N,N-dimethyl-~- 
hydroxyethyl ammonium bromide; CP-14, rac-l-O-hexadecyl-2- 
methylglycerol; CP-37, rac-l-O-~-aaphthyl-2-O-methylpropyl-3- 
N,N-dimethyl-~-hydroxyethyl ammonium bromide; HBSS, Hank's 
balanced salt solution; IDso, the amount of compound required to 
reduce [3H]thymidine incorporation into DNA to 50% of the control 
value; LPC, lysophosphatidylcholine; MEM, Eagle's minimal es- 
sential medium; 02, superoxide; PBS, phosphate buffered saline; 
PC, phosphatidylcholine; PMA, phorbol 12-myristate 13-acetate; 
SOD, superoxide dismutase. 

macrophages to the tumoricidal state (2,7-9). These 
compounds are currently showing promise as a new 
class of clinical cancer chemotherapeutic drugs (10-12) 
and are also in clinical trial as bone marrow purging 
agents (13). 

It has been shown that lysophosphatidylcholine (LPC) 
accumulates in response to a variety of biological re- 
sponse modifiers and that membrane phospholipids can 
act as immunomodulators (14,15). Immunomodulation 
of macrophages may involve activation of phospholipase 
A2, resulting in degradation of the membrane phospho- 
lipid phosphatidylcholine (PC) to the lyso derivative 
LPC (2,14). Accordingly, synthetic glycero-3-phospho- 
choline analogs of LPC were originally designed as sta- 
ble immunomodulators with longer half-lives than LPC 
(1,2). These compounds are structural but not functional 
analogs of LPC and platelet-activating factor, with long- 
chain ether linkages at position 1 and short-chain ether 
groups at position 2 of the glycerol backbone. 

These agents have been shown to enhance macro- 
phage cytotoxicity (7,16,17) and to activate macrophages 
(9,18-20). The naturally occurring ether phospholipid, 
platelet-activating factor, has been shown to stimulate 
the oxidative burst of guinea pig peritoneal macro- 
phages (21) and to increase glucose consumption in 
these cells (19). One hallmark of an activated tumorici- 
dal macrophage is the increased production of reactive 
oxygen metabolites, such as H202 and superoxide. In 
this study, the ability of synthetic long-lived ether lipids 
to stimulate the production of superoxide by mouse peri- 
toneal macrophages was explored as a means of further 
defining the potential mechanism of anticancer action of 
this novel class of cancer chemotherapeutic agents. 

MATERIALS AND METHODS 

Chemicals. The ether lipid ET-18-OMe was kindly pro- 
vided by Dr. R. NordstrSm, Medmark Pharma GmbH 
(Munich, Germany). All other ether lipids were synthe- 
sized by Dr. Claude Piantadosi and colleagues, School of 
Pharmacy, University of North Carolina (Chapel Hill, 
NC). The structures of the compounds studied are given 
in Scheme 1. Ether lipid stock solutions were made in 
ethanol and stored at -20~ or in phosphate buffered 
saline (PBS) and sterile filtered immediately prior to 
use. All other chemicals were from Sigma Chemical Co. 
(St. Louis, MO) unless otherwise indicated. Stock solu- 
tions included cytochrome c (horse heart type III) dis- 
solved in Hank's balanced salt solution (HBSS) without 
phenol red to 1.2 mM, phorbol 12-myristate 13-acetate 
(PMA) solubilized in DMSO to 1 mg/mL and superoxide 
dismutase (SOD) from bovine erythrocytes dissolved in 
water at 5 mg/mL. 

Animals. Male C57BL/6 mice 4-5 weeks of age were 
obtained from Jackson Laboratories (Bar Harbor, ME). 
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For in vivo activation experiments, mice were injected 
intraperitoneally with 2 mL of thioglycollate broth. Four 
days later, intraperitoneal injections (1 mL) of either 
PBS (control mice) or ether lipid (see Scheme 1) were ad- 
ministered. Twenty-four hours later mice were killed 
and peritoneal macrophages harvested as described 
below. For in vitro activation experiments, mice were in- 
jected intraperitoneally with 2 mL of thioglycollate 
broth. Four days later mice were killed and peritoneal 
macrophages harvested as described below. 

Macrophage isolation and culture. Peritoneal macro- 
phages were harvested and plated essentially as de- 
scribed by Schreiber et al. (22). Mice were killed by cer- 
vical dislocation, and macrophages were harvested by 
peritoneal lavage with 4-5 mL of cold Eagle's minimal 
essential medium (MEM) supplemented with 2.2 g/L 
sodium bicarbonate, 1.5• MEM vitamins, 2 mM L-glut- 
amine, 1% nonessential amino acids, 1 mM sodium 
pyruvate, 100 U/mL penicillin, 100 ~tg/mL streptomycin 
(all purchased from Gibco, Grand Island, NY) and 
2 U/mL heparin (Elkins-Sinn Inc., Cherry Hill, NJ). Ex- 
udates were pooled for each treatment group (3-5 mice). 
Cells were centrifuged at 400 • g for 10 min, resus- 
pended in MEM, counted and assessed for viability 
(which was always >95% by trypan blue dye exclusion), 
and then plated in 24-well tissue culture plates (Coming 
Glass Works, Coming, NY). Cells were purified by al- 
lowing them to adhere to the plastic surface. They were 
incubated for 2 h at 37~ in an atmosphere of 5% CO 2 in 
air and then washed three times with HBSS to remove 
nonadherent cells. By modified Wright's staining (Sigma 
Diagnostics, St. Louis, MO; according to manufacturer's 
instructions) and "nonspecific esterase" staining (23), it 
was determined that  the adherent cells consisted pri- 
marily of monocytic cells (99%). Cells were incubated in 

MEM at 37~ in a humidified atmosphere containing 
5% CO 2. For in vivo activation experiments, superoxide 
production was then measured; for in vitro activation 
experiments, the cells were then treated with ET-I8- 
OMe prior to determining superoxide production. 

Superoxide assay. Superoxide production by purified 
macrophages was detected by the SOD inhibitable re- 
duction of cytochrome c (24). Cytochrome c stock solu- 
tions were diluted in HBSS to 3.5 x 10 -4 M and added di- 
rectly to washed cultures (0.75 mL/weU) in the presence 
or absence of PMA (0.5 ~g/mL). Additional cultures also 
received SOD (40 ~tg/mL). Cells were incubated for 60 
rain at 37~ in a humidified atmosphere containing 5% 
CO 2 and then placed on ice. The reaction mixtures were 
transferred to microcentrifuge tubes and were cen- 
trifuged at 10,000 x g for 5 rain at 4~ to remove any cell 
debris. Spectrophotometric analysis was performed at 
550 nm with a Perkin-Elmer spectrophotometer (Palo 
Alto, CA). Superoxide production was calculated using 
the extinction coefficient of E55 o 21.0 • 103 M -1 cm -1 (25) 
and expressed as a function of total cellular protein, 
which was determined as described below. 

Protein determinations. After the removal of incuba- 
tion mixtures from the macrophage cultures, the cells 
were washed twice with 1.0 mL HBSS, and digested in 
0.2 N NaOH overnight at 4~ Total cellular protein was 
determined according to Lowry et al. (26) with bovine 
serum albumin as a standard. 

Cytotoxicity assay. HL60 human promyelocytic 
leukemic cells (ATCC, Bethesda, MD) were routinely 
maintained as suspension cultures in RPMI 1640 
medium (Gibco Laboratories) supplemented with 2 mM 
L-glutamine, 100 U/mL penicillin, 100 ~ / m L  strepto- 
mycin and 10% heat-inactivated fetal bovine serum 
(Sigma). Cells were subcultured at 2-3-day intervals 
and incubated at 37~ in a humidified 5% CO 2 atmos- 
phere. Cells in log phase growth were dispensed into 96- 
well tissue culture plates (Falcon; Becton Dickinson & 
Co., Lincoln Park, NJ) at 5 x 104 cells/well, and ether 
lipids were added. Twenty-four hours later, 1.0 ~Ci/well 
of [methyl-3H]thymidine (6.7 Ci/mmol; Dupont NEN Re- 
search Products, Boston, MA) was added, and cells were 
incubated for an additional 24 h. Cells were harvested 
directly onto glass fiber filters using a MASH II har- 
vester (MA Bioproducts, Walkersville, MD) and counted 
by liquid scintillation spectroscopy. The ID50, i.e. the 
amount of compound required to reduce [3H]thymidine 
incorporation into DNA to 50% of the control value, was 
determined for each analog tested. 

RESULTS AND DISCUSSION 

In order to determine the effect of ET-18-OMe on super- 
oxide production by peritoneal macrophages, the SOD 
inhibitable reduction of cytochrome c was compared in 
thioglycollate broth elicited cells harvested from control 
and ET-18-OMe treated mice. Figure 1 shows that  
macrophages from control animals secreted some super- 
oxide (expressed as a function of cell protein), and the 
addition of PMA to the cultured cells increased this ac- 
tivity. When macrophages from mice treated intraperi- 
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FIG. 1. Superox ide  produc t ion  by  PMA-st imulated  
macrophages  from ET-18-OMe-treated mice .  Four days  
after inject ion of  thioglycol late  broth, mice  were  treated 
w i t h  various doses  o f  ET-18-OMe. One day later, peritoneal  
m a c r o p h a g e s  w e r e  harvested ,  p la ted  at a dens i ty  o f  
5 • 105/well and puri f ied  as described in  the Materials and 
Methods section. Superoxide product ion was  determined  
in  the absence  (b lackened bars) or presence  o f  PMA 
(hatched bars) as described in  Materials and Methods. The 
values  determined  from mul t ip le  exper iments  were  aver- 
aged and the data are expressed as m e a n  • SEM (n ffi 7, 3, 5 
and 4 for 0, 200, 500 and 1000 pg, respectively) .  

toneally with various doses of ET-18-OMe were as- 
sessed, there  were small increases in activity in com- 
parison to control cells. However, when PMA was added 
in vitro to the macrophages from mice t rea ted  with 500 
or 1000 pg ET-18-OMe, there  was a substantial  increase 
in superoxide. The PMA-induced increase was apparent  
a t  the t ime the cells were isolated from the animal  as 
shown, as well as 2 h later, al though the stimulation de- 
creased by 24 h la ter  (data not shown). For all subse- 
quent  studies, the dose of 500 ~g was used. 

I t  has previously been shown (27) tha t  the amount  of 
superoxide produced per cell decreases as cell numbers  
increase. Therefore, the effect of plating density on su- 
peroxide production by macrophages from ET-18-OMe 
t rea ted  mice was examined. Figure 2A shows tha t  as the 
number  of cells plated from control mice increased, su- 
peroxide production on a per mg protein basis de- 
creased; however, PMA stimulation was apparent  a t  all 
cell concentrations. Likewise, Figure 2B shows tha t  a t  
the highest  plating density of cells from ET-18-OMe 
t rea ted  mice, the levels of superoxide were lowest, but  
once again the PMA-induced increase was apparent .  

In order to determine whether  ET-18-OMe can in- 
crease superoxide production by macrophages t rea ted  
with the drug in vitro, cells were harvested 4 d al~er in- 
jection with thioglycollate broth. The cells were purified 
as for the previous experiments  and then  t rea ted  with 
ET-18-OMe for various periods of time. In this manner,  
the cell population tha t  was t rea ted  in vitro with the 
drug was similar to tha t  t rea ted  in vivo, i.e., the cells 
elicited 4 d a l ~ r  t r ea tmen t  of the mice with thioglycol- 

o 
0.. 

o 
"-8 

140 

120 '1 

100' 

80" 

6O 

40 

2O 

0 
1.25 2.5 5 lO 

Cell Number (• 10 -5) 

FIG. 2. Superoxide  product ion as a funct ion  o f  macrophage  
plat ing density.  Four days after injection o f  thioglycol late  
broth, mice  were  treated wi th  e i ther 0 (control; panel  a) or 
500 pg of  ET.18-OMe (panel b). One day later, peritoneal  
macrophages  were  harvested,  plated at various densi t ies  as 
s h o w n  on the  X nxi~, and puri f ied  as descr ibed in  Materials 
and Method~ Superoxide product ion was  determined in  
the absence  (blackened bars) or presence  o f  PMA (hatched 
bars) as descr ibed in Materials and Methods. The data from 
a representat ive  exper iment  are expressed as m e a n  o f  
dupl icate  determinat ions .  

late broth. Figures 3A and 3B show the effect of treat-  
ment  with ET-18-OMe for 2 h and 24 h, respectively, on 
superoxide production. As shown before, the PMA-in- 
duced increase was apparent;  however, no significant 
differences were noted between control un t rea ted  cells 
and drug t rea ted  cells. Higher  concentrations of ET-18- 
OMe (10 ~M) were toxic to the cell cultures; in compari- 
son to control cultures, levels of cell protein were 70 and 
30% in the presence of the drug after  2 and 24 h, re- 
spectively. I t  therefore appears  tha t  at  least under  the 
conditions tested, in vitro st imulation to the activated 
state  was not possible and tha t  activation required ad- 
ditional stimuli encountered in vivo such as soluble 
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FIG. 4. S u p e r o x i d e  product ion  by  PMA-st imulated  macro- 
phages  from mice  t rea ted  w i t h  var ious  e t h e r  Hpids. Four  
days  af ter  in jec t ion  o f  th iog lyco l la te  broth,  mice  were  ei- 
ther  sham-treated  (control)  or t reated  w i th  500 I~g o f  CP-14, 
ET-18-OMe, ET.16S-OEt, AM-18-OEt or CP-7. One day  later, 
per i tonea l  m a c r o p h a g e s  w e r e  harves ted ,  p la ted  at a dens i ty  
o f  2.5 • 105/well and pur i f ied  as  descr ibed  in Mater ia ls  and 
Methods.  S u p e r o x i d e  product ion  was  de termined  in the  ab- 
s ence  (b lackened  bars)  or  p r e s e n c e  of  PMA (hatched  bars)  
as  descr ibed  in Mater ia ls  and Methods .  The va lues  deter-  
m i n e d  from mul t ip le  e x p e r i m e n t s  w e r e  averaged,  and the  
data  are e x p r e s s e d  as  mean  • SEM (n ffi 3 for CP-14, 
ET-16S-OEt, AM-18-OEt and CP-7; n = 4 for contro l  and ET- 
18-OMe). 

o 
o o.I l 

ET-18-OMe (~M) 

FIG. 3. S u p e r o x i d e  product ion  by macrophages  treated 
in vitro with ET-18-OMe. Four days after inject ion  o f  thio- 
glycollate broth, peritoneal m a c r o p h a g e s  were  harvested, 
and purified as described in Materials and Methods. After 
2 h (panel  a) or 24 h (panel  b) t rea tments  in v i t ro  w i t h  
ET.18-OMe at  the  ind ica ted  concentrat ion ,  Superoxide  pro- 
duc t ion  was  determined in the  abs ence  (b lackened  bars)  or 
presence  o f  PMA (hatched bars) as described in Materials 
and Methods .  The  data from a representative experiment 
are  e x p r e s s e d  as  mean  o f  dupl i ca te  de terminat ions .  

mediators  or lymphocytes.  Similarly, Talmadge et al. (9) 
found tha t  macrophage-media ted  cytotoxicity for mouse 
me lanoma  B16-BL6ta rge t  cells was  appa ren t  only when 
the e ther  lipid was adminis tered  in vivo. 

The studies on ET-18-OMe were extended to examine 
the effect of a var ie ty  of synthetic  e ther  lipids (struc- 
tures  given in Scheme 1) on superoxide production. In 
this series of experiments ,  mice t ha t  had received thio- 
glycollate broth 4 d earl ier  were t rea ted  with 500 ~g of 
the appropr ia te  compound. Twenty-four hours  la ter  
mice were killed, peri toneal  macrophages  harves ted  and 
superoxide production evaluated in the presence and ab- 
sence of PMA. The da ta  in Figure 4 show tha t  some of 
the compounds s t imulated superoxide production, which 

was further  enhanced by PMA treatment.  Macrophages 
displayed a wide range of activity depending upon the ini- 
tial drug treatment.  Superoxide production by cells from 
mice t rea ted  with CP-37 (data  not shown) and 
CP-14 was approximately equivalent to controls, in that  
there was no stimulation. ET-18-OMe and ET-16S-OEt dis- 
played a "mid" range of activity and yet others, AM-18-OEt 
and CP-7, were 8.6 and 11.9 times, respectively, more ac- 
tive than the PMA-stimulated control cells. 

Table 1 shows the direct cytotoxicity to HL60 tumor  
cells of the drugs tested above. In an assay in which 
HL60 cells were exposed to the drugs for 48 h, the dose 
a t  which [3H]thymidine incorporation into DNA was 
50% of the control value was determined.  The da ta  show 
tha t  the compounds tha t  were most  highly cytotoxic to 
tumor  cells were not necessari ly the most  potent  macro- 
phage activators.  

Undoubtedly, regulat ion of the generat ion of reactive 
oxygen metabol i tes  is critical to main ta in ing  the balance 
between the positive role these products play in ant imi-  
crobial and an t i tumor  activities and the potential  nega- 
tive effects they may  have in promoting t issue damage.  
I t  has  been shown tha t  a n u m b e r  of agents  including 
LPS (28) and cytokines such as interferon-7 (29-33) can 
"prime ~ macrophages  for an enhanced respi ra tory  burst.  
We refer  to the effect noted here  as "priming," which im- 
plies persis tence of the cells' response to the initial 
agent  (ET-18-OMe) even a i ~ r  its removal;  however, we 
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TABLE 1 

The Direct Cytotoxicity of  Synthet ic  Ether Lipids 
to HL60 Cells a 

Compound IDso (~V[) 

ET-16S-OEt 2.19 • 0.44 (3) b 
ET-18-OMe 2.38 _+ 0.40 (21) b 
AM-18-OEt 3.30 • 0.37 (5) b 
CP-7 4.34 • 0.55 (5) b 
CP-14 19.06 • 1.82 (6) 
CP-37 >100 

aHL60 cells were exposed to the compounds for 48 h (the last 24 h 
of which was in the presence of [3H]thymidine). ID50 represents the 
dose (~M) at which [3H]thymidine incorporation into DNA was 
50% of the control value. Each experiment was performed in quad- 
ruplicate. The average for each experiment (number of experi- 
ments listed in parentheses) was used to determine mean • SD. 
bThese values were previously reported by Morris-Natschke 
et al. (36). 

cannot rule out a synergistic effect mediated by a poten- 
tial interaction of PMA with residual ET-18-OMe. If  this 
were the case, however, in  vi tro t r ea tment  of the 
macrophages with the ether  lipid would be expected to 
have resulted in st imulation of superoxide production. 
Although there was no statistically significant differ- 
ence between cell yields from sham-treated vs. drug- 
t reated mice (data not shown), the possibility tha t  drug 
t rea tment  has selected for a population of cells in  vivo 
tha t  is more responsive to a PMA-induced respiratory 
burst  still exists. 

Although it is generally accepted tha t  PMA action in- 
volves activation of protein kinase C activity, ET-18- 
OMe inhibits the activity of this enzyme (6,34). Others 
have suggested tha t  ether lipids exert a biphasic effect 
on protein kinase C, st imulating the enzyme at  low con- 
centrations and causing inhibition at higher concentra- 
tions (2,35). Clearly, more work is needed to determine 
the mechanism(s)  by which e ther  lipid "primed" 
macrophages respond to PMA with an enhanced respi- 
ra tory burst,  or how "primed" macrophages may  be cy- 
totexic  to tumor  cells in  vivo. 

Our studies demonstrate  tha t  various synthetic ether 
lipids have the potential to stimulate macrophage su- 
peroxide secretion. Both phosphorus and nonphospho- 
rus  containing compounds show macrophage activating 
properties. The tumoricidal activity of any of these ether 
lipids may  result  from a combination of its direct cyto- 
toxicity and its tumoricidal macrophage activating po- 
tential. Although the direct cytotoxicity by these com- 
pounds is undoubtedly the major contribution to their 
tumoricidal capacity, these studies reinforce tha t  they 
can potentially activate tumoricidal macrophages as 
well. Since the ability of a part icular analog to activate 
tumorigenic macrophages does not necessarily correlate 
with direct tumor  cytotoxicity, designs for effective ther- 
apeutic modalities may necessitate inclusion of a combi- 
nation of ether  lipids. 
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The react ion be tween  4,5(E)-epoxy-2(E)-heptenal (EH) 
and L-lysine was  studied to character ize  some  of  the 
compounds  that may be  produced when  proteins  react  
wi th  perex id iz ing  lipids. A mixture  of  EH and lys ine  was  
incubated overnight  at room temperature  and then  
fract ionated by high-performance l iquid chromatogra- 
phy (HPLC). Fractions were  freeze-dried and character- 
i zed  by 1H and 13C nuclear  magnet ic  resonance  (NMR) 
and mass  spectrometry.  Four major pyrrole derivat ives  
were  obtained,  namely  1-(5'-amino-l'-carbexypentyl)-  
pyrrole  (3), 1-(5'-amino-r-carboxypentyl)-2-(r'-hydroxy- 
propyl)pyrrole  (diastereomers  5 and 8), 1-(5'-amlno-5'- 
carboxypentyl )pyrrole  (7), and 1-(5'-amino-5'-carboxyo 
pentyl ) -2- (r ' -hydroxypropyl )pyrrole  (9). In addit ion,  
several  lys ine  complexes  were  detected.  A po lymer  ( lb)  
that was  responsible  for the color  and the f luorescence  
produced in the react ion was  isolated by gel f i l tration 
chromatography from a fraction obtained by HPLC. 
Formation of  pairs of  analogs (5 and 3, 9 and 7) wi th  and 
wi thout  a subst i tuent  in posi t ion 2 of  the pyrrole  ring 
suggested  that the compounds  were  produced by the 
same mechanism,  wi th  the formation of  the 2-unsubsti- 
tuted pyrroles  corresponding to the loss  of  the 2-sub- 
s t i tuent  as propanal; propanal was  detected  by head- 
space capil lary gas chromatography.  A react ion mecha- 
u i sm is proposed based on the NMR data obtained when  
the react ion was  moni tored  in real t ime  in an NMR tube. 
The resul ts  suggest  that pyrrol ic  amino acids 7 and 9 
may be present  in proteins  that have  been  damaged by 
peroxid iz ing  lipids. 
Lipids 29, 243-249 (1994). 

The reactions of free radicals, such as peroxyl and hy- 
droxyl radicals, with biomolecules are important in 
physiology and pathology (1). Lipid peroxidation is the 
result of free radical mediated reactions that  occur 
in vivo in aerobic organisms (2) and is known to be 
accompanied by the formation of a complex mixture 
of products, including aldehydes (3). Among these al- 
dehydes, the formation of 4,5-epoxy-2-alkenals, mainly 
4,5(E)-epoxy-2(E)-heptenal (EH) and 4,5(E)-epoxy-2(E)- 
decenal, has been reported (4,5). The products are as- 
sumed to be formed by cleavage of the carbon chain of 
intermediary epoxyhydroperoxy fatty acids (6). Thus, for 
example, 12,13(E)-epoxy-9-hydroperoxy- 10(E)-ectadece- 
noic acid, which was identified in the reaction of 13-hy- 
droperoxylinoleic acid with either soybean extracts or 

*To whom correspondence should be addressed at Instituto de la 
Grasa y sus Derivados, Avenida Padre Garcia Tejero, 4, 41012 
Sevilla, Spain. 
Abbreviations: EH, 4,5(E)-epoxy-2(E)-heptenal; GC/MS, gas chro- 
matography/mass spectrometry; GFC, gel filtration chromatogra- 
phy; HPLC, high-performance liquid chromatography; MS, mass 
spectrometry; MW, molecular weight; NMR, nuclear magnetic res- 
onance. 

ferric chloride/cysteine solution (7), produced the Ct0 
epoxyaldehyde 4,5(E)-epexy-2(E)-decenal. 

EH is a product of the oxidation of o)3 pentaenoic fatty 
acids (8). EH has also been detected in homogenates 
from fish (Zamora and Hidalgo, unpublished results) 
that  have a high content of o}3 eicosapentaenoic acid. 
The reaction of EH with Amines and amino acids very 
rapidly develops color and fluorescence similar to that  
of lipofuscin-like fluorescent substances (9). The mech- 
anism of color and fluorescence formation has been 
investigated for the reaction of EH with butylamine 
and glycine methyl ester which produced 1-alkyl-2- 
(l'-hydroxyalkyl)pyrroles. The color and fluorescence 
produced in this polymerization reaction was character- 
ized (10). 

The objective of the present study was to identify and 
characterize the reaction products formed from EH and 
lysine to extend the results obtained with simple Amines 
to lysine, the ~mino acid that is usually lost in the 
course of protein deterioration caused by peroxidizing 
lipids (11). The complete characterization of these prod- 
ucts should provide the basis for the development of an 
analytical method that can measure the formation of 
these products in damaged proteins. 

MATERIALS AND METHODS 

EH was prepared from 2(E)-4(E)-heptadienal as de- 
scribed by Swoboda and Peers (4). 2(E)-4(E)-heptadi- 
enal, L-lysine monohydrochloride and 3-chloroperoxy- 
benzoic acid were purchased from Aldrich Chemical Co. 
(Milwaukee, WI). All other chemicals used were analyt- 
ical grade and were purchased from reliable commercial 
sources, tH and 13C nuclear magnetic resonance (NMR) 
spectra at 300 and 75.4 MHz, respectively, were deter- 
mined on a Bruker AC-300P instrument (Karlsruhe, 
Germany) using sodium-3-(trimethylsilyl)-l-propane- 
sulfonate as internal standard. Two-dimensional NMR 
was used to assign 13C NMR spectra. Mass spectra were 
obtained on an AEI-MS-30SB-VG mass spectrometer 
(VG Analytical, Manchester, United Kingdom). Gel fil- 
tration chromatography (GFC) was performed on a 
Sephadex G-25 (Pharmacia LKB, Uppsala, Sweden) col- 
umn (55 • 1 cm) equilibrated with 50 mM sodium phos- 
phate, pH 7. Fractions (900 pL) were collected at a flow 
rate of 9 mL/h, and tested for absorption at 430 nm, and 
for fluorescence with excitation at 390 um and emission 
at 450 urn. The column was calibrated with dextran sul- 
fate [molecular weight (MW) 5000], bacitracin (MW 
1423) and glucotropaeoline potassium salt (MW 447.5). 
Assays were also done on a Biogel P-2 (Bio-Rad Labora- 
tories, Hercules, CA) column of similar dimensions. 

Reaction of EH with lysine. An emulsion of EH (0.5 
mmol) in 4 mL of 0.3 M sodium borate, pH 9.0, was 
treated with lysine (1 retool) and stirred overnight at 
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room temperature. The reaction mixture was fraction- 
ated by semipreparative high-performance liquid chro- 
matography (HPLC) on a C18 column (25 x 1 cm) using 
5% acetonitrile in deionized water as eluent at 40~ The 
flow rate was 5 mL/min with detection of absorbance at 
250 nm. Products were collected from successive injec- 
tions, and combined. Solutions were dried in a stream of 
nitrogen to remove acetonitrile, and were freeze-dried. 
The compounds isolated were characterized by 1H and 
13C NMR and by mass spectrometry (MS). 

Headspace capillary gas chromatography (GC) detec- 
tion of propanal. Propanal was detected by GC/MS. 
Samples of EH (8 mg, 64 ~mol) and lysine monohy- 
drochloride (23.8 rag, 130 ~tmol) in 0.3 M sodium borate 
buffer pH 9.0 (500 ~L) were introduced into special 10- 
mL headspace bottles, which were sealed with silicone 
rubber and Teflon caps and incubated overnight at room 
temperature. Thereafter, samples were pressurized for 
30 s before injection. GC/MS analyses were done on a 
Hewlett-Packard (Palo Alto, CA) 5890 Series II gas chro- 
mategraph interfaced, v/a an open coupling system, to 
an AEI-MS-30SB-VG mass spectrometer. A DB-5 
bonded-phase fused-silica capillary column (JW Scien- 
tific, Folsom, CA) kept at  30~ was used, and helium 
served as carrier gas. Standard propanal (Aldrich) was 
used for identification purposes. 

NMR study of the EH / lysine reaction. EH (0.16 mmol) 
was suspended in 1 mL of deuterated water and soni- 
cated with a Braun Labsonic U sonicater (B. Braun 
Diessel Biotech GmbH, Melsungen, Germany) until 
completely emulsified. Lysine (0.32 mmol) was then 
added, and the resulting solution was introduced into a 
5-ram NMR tube. The pH of the solution was taken to 
slightly basic by adding a few drops of deuterated 
sodium hydroxide, and 1H and 13C NMR spectra were 
taken at different time points. Zero time was considered 
the time before adding alkali. 

RESULTS 

Reaction of EH with lysine. The reaction between EH 
and lysine rapidly produced color and fluorescence (9). A 
characteristic chromategram of the reaction mixture 
after overnight incubation is shown in Figure 1. Four- 
teen fractions were isolated, and the structures of the 
components were determined by 1H and 13C NMR, and 
by MS. When a fraction consisted of only one compound, 
the fraction number was also used as compound num- 
ber. When the fraction consisted of two compounds, each 
compound was identified by the number of the fraction, 
followed by a letter. Figure 2 shows the structures of the 
compounds identified in this study. 

Fraction 1 (474.3 mg, 87.4%) was composed of a mix- 
ture that  was subsequently fractionated by GFC. It con- 
sisted of unreacted lysine (compound la ,  more than 95% 
of the fraction) and a polymer ( lb)  that was responsible 
for the color and fluorescence produced in the reaction. 
Figure 3 shows the fluorescence spectra of the reaction 
mixture and of fraction 1 and of the polymer l b  isolated 
by GFC. The spectra did not change in the course of the 
purification. The spectra also were similar to those pro- 
duced by the lipofuscin-like fluorescent substances that 
we described earlier (10). Polymer l b  eluted in the void 
volume of the Biogel P-2 column, which has a fractiona- 
tion range of MW 100-1800. The chromatographic elu- 
tion pat tern of polymer l b  from Sephadex 
G-25 is shown in Figure 4. The polymer showed an ap- 
parent MW of 1900 daltons. 

Fraction 2 (1.6 mg, 0.3%) was unstable, but could be 
characterized by 1H NMR. Its spectrum showed signals 
at 8 8.25 d (J = 17 Hz) and 8.17 d (J = 12 Hz) and was 
tentatively identified as an olefin derived from EH and 
lysine. The spectral integrals suggested an EH/lysine 
adduct ratio of 1:1. Additional studies will be necessary 
for the complete characterization of fraction 2. 

e~ 

1 2 3 4 5  
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0 b 1'0 3'0 6'0 9'0 120 
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FIG. 1. High-performance l iquid ehromatogram of  the (E)-4,5-epoxy-(E)-2-hep- 
tenal/ lysine react ion after st irring overnight  at room temperature.  
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PYRROLE FORMATION FROM EPOXYHEPTENAL 

Clt~-CH~-CH-CH-CH=CH-CHO + HzN-R, - -~  R 

I 
R j 

Compound R' R z 

la (CHz)cCH(NHz)COOH 

3 CH(COOH)-(CHz)~Hz H 

5 CH(COOH)-(CHz)~IHz CH(OH)CH2CH~ 

7 (CH~)4-CH(NH2)COOH H 

8 CH(COOH)-(CHz)~IH z CH(OH)CH~CH~ 

9 (CH~)cCH(NH~)COOH CH(OH)CH2CH ~ 

15 CH 3 CH(OH)CH~ 

FIG. 2. Structures of  the  compounds  isolated from the 
4,5(E)-epoxy-2(E)-heptenal/lysine reaction by high-perfor- 
mancq l iquid chromatography and characterized by 1H 
and 13 C nuclear magnetic  resonance and mass spectrom- 
etry. 

Fraction 3 (7.1 mg, 1.3%) was identified as 1-(5'- 
amino- l ' -carboxypenty l )pyrro le  (3). 1H NMR (D20) 
showed the pyrrole signals listed in Table 1. Other  sig- 
nals appeared at  5 1.30 m (2H, H-3'), 1.67 m (2H, H-4'), 

v 

o c- 
03 
o 
CO 
v 
o 
LL 

290 330  370  410  450  490  530 

Wavelength (nm) 
FIG. 3. Fluorescence spectra of  the 4,5(E)-epoxy-2(E)-hepte- 
nal/ lysine reaction mixture (A), fraction 1 (B) and polymer 
l b  (C). 

2 .06  m (2H, H-2'), 2.94 t (2H, Js'  4' = 7.6 Hz, H-5'), and 
4.52 dd  (1H, J = 5.8 Hz and J = ~}.8 Hz, H-I'). 13C NMR 
(D20) showed the pyrrole signals listed in Table 1. Other  
signals appeared at  5 25.4 t (C-3'), 29.0 t (C-4'), 34.6 t (C- 
2'), 42.0 t (C-5'), 67.1 d (C-1'), and 181.7 s (COOH). The 
mass spectrum (70 eV) m/e  (%, ion structure)  was as fol- 
lows: 196 (2, M+), 178 (83, M +- H20), 152 (48, M + - CO2), 
135 (37, 152 - NH3), 120 (59), 106 (42), 94 (71, ethylpyr- 
role - H), 80 (76, methylpyrrole  - H), 67 (100, pyrrole). 
MS (70 eV) of the methyl  es ter  obtained by reaction of 3 
with diazomethane,  m/e  (%, ion structure): 210 (59, M+), 
193 (16, M + - NH3), 178 (11, M § - CH3OH), 151 (68, 
M + - CO2CH3), 134 (100, 151 - NH3). 

Fraction 4 (3.8 mg, 0.7%) was unstable and its struc- 
ture  could not be determined. The 1H spectrum showed 
signals at  5 7.41 t (1H, J = 7.8 Hz), 7.52 dq (1H, J = 7.8 
Hz, J =  1.1Hz,  J =  1.1Hz,  J =  1.1 Hz), 7 .54d t  (1H, J =  
7.8 Hz, J =  1.1 Hz, J =  1.1 Hz) and 7.82 t (1H, J =  1.1Hz); 
the 13C NMR spectrum showed signals at  d 129.0, 130.6, 
132.9 and at 131.7 ppm, suggesting a heterocyclic struc- 
ture,  most probably due to a pyridinium salt. Proton and 
carbon signals corresponding to lysine were also present. 
Additional studies are necessary for the complete char- 
acterization of a fraction 4. 

Fract ion 5 (2.3 rag, 0.4%) was identified as 1-(5'- 
amino-  l ' - ca rboxypen ty l ) -2 - ( l " -hydroxypropy l )pyr ro le  
(5). 1H NMR (D20) showed the pyrrole signals listed in 
Table 1. Other  signals appeared at  5 0.91 t (3H, J2" 3" = 
7.4 Hz, H-3"), 1.36 m (2H, H-3'), 1.69 m (2H, H-4'), ~.86 
m (2H, H-2"), 2.13 m (2H, H-2'), 2.94 t (2H, J4' 5' = 7.3 Hz, 
H-5 ), 4.56 t (1H, Jl"  2" = 7.0 Hz, H-l")  and 4.'72 dd (1H, 
J = 5.7 Hz, J = 9.6 Hz, H-I'). 13C NMR (D20) showed the 
pyrrole signals listed in Table 1. Other  signals appeared 
at  5 12.7 q (C-3"), 25.6 t (C-3'), 29.1 t (C-4'), 31.5 t (C-2"), 
34.2 t (C-2'), 42.0 t (C-5'), 63.5 d (C-1'), 69.4 d (C-1") 
and 181.8 s (COOH). MS (70 eV) m / e  (%, ion structure): 
236 (7, M + - H20), 192 (7, M § - H20 - CO2), 134 (38, 
192 - C3H6NH2 ), 84 (100, te t rahydropyr idine  + H+). 
MS (70 eV) of the methyl  ester  obtained by reaction 
with diazomethane,  m / e  (%, ion structure): 236 (7, M § - 
MeOH), 218 (21, M § - H20 - MeOH), 179 [27, 1- 
methoxycarbonylmethyl-2-(1-propenyl)pyrrole],  134 [42, 
1-ethenyl-2-(1-propenyl)pyrrole + H+], 108 [34, 2-(1- 
propenyl)pyrrole + H§ 84 (100, te t rahydropyridine  
+ H*). 

Fraction 6 (1.5 mg, 0.3%) was a minor compound and 
only could be studied by IH NMR. The spectrum showed 
heterocyclic proton signals at  5 6.17, 6.79 and 6.82 ppm, 
suggesting the presence of a 1,2-disubstituted pyrrole 
ring. The spectrum also showed the signals correspond- 
ing to the lysine protons, and the signal corresponding 
to proton H-I" (the alcohol produced upon epoxide ring 
opening) appeared at  5 4.55 t (1H, J = 6.8 Hz). Addi- 
tional analyses will be needed for the complete charac- 
ter izat ion of 6. 

Fraction 7 (8.0 mg,  1.5%) was identified as 1-(5'- 
amino-5 ' -carboxypentyl)pyrrole  (7). 1H NMR (D20) 
showed the pyrrole signals listed in Table 1. Other  sig- 
nals appeared at  8 1.34 qu (2H, J = 6.8 Hz, H-3'), 1.83 m 
(4H, H-2' and H-4'), 3.68 t (1H, J~'5' = 6.1 Hz, H-5'), and 
3.97 t (2H, Jr,2' = 6.9 Hz, H-I'). 13~ NMR (D20) showed 

LIPIDS, Vol. 29, no. 4 (1994) 



246 

R. ZAMORA AND F.J. HID~ 

0.4 �84 

0 .3  

v 

o ~ 0.2- 

0.1 

0 

120 

0 1'0 50 

9O 

-6o 

== 
o 

3 0  

Fract ion number  
60  

FIG. 4. Gel filtration eh romtography  of fraction I on a Seplmdex G-25 co}nmn- 
A b s o r b a n c e  at  430 n m  (ll) a n d  f l u o r e s c e n c e  at  390/450 n m  ( b )  w e r e  measured 
for  e a c h  f r a c t i o ~  Void a n d  to ta l  v o l u m e s  c o r r e s p o n d e d  to f rac t ions  20 a n d  48, 
respectively. 

the pyrrole signals listed in Table 1. Other  signals ap- 
peared at 5 24.4 t (C-3'), 33.0 t and 33.2 t (C-2' and C-4'), 
51.4 t (C-I'), 57.6 d (C-5') and 181.4 s (COOH). MS (70 
eV) role (%, ion structure): 196 (61, M+), 178 (20, M + - 
H20), 152 (16, M r - CO2), 134 (58, 152 - NH4) , 122 (47, 
M r - C2H4NO2), 109 (27, propylpyrrole), 94 (37, ethyl- 
pyrro|e - H), 81 (100, methylpyrrole). MS (70 eV) of the 
methyl  ester obtained by reaction with diazomethane, 
role (%, ion structure): 210 (45, Mr), 178 (22, M r - 
CH3OH), 134 (100, M r - CO2CH 3 - NH3) , 122 (26, 
butylpyrrole - H), 108 (15, propylpyrrole - H), 80 (68, 
me thy lpy r ro l e -  H). 

Fraction 8 (4.9 mg, 0.9%), in analogy to fraction 5, was 
found to be 1-(5'-amino-l'-carboxypentyl)-2-(l"-hydrox- 
ypropyl)pyrrole (8). IH NMR (D20) showed the pyrrole 
signals listed in Table 1. Other  signals appeared at 5 
0.91 t (3H, '/2" 3" = 7.4 Hz, H-3"), 1.38 m (2H, H-3'), 1.67 
m ( 2 H ,  H-4'), ~.86 m (2H, H-2"), 2.13 m (2H, H-2'), 2.92 
t ( 2 H ,  J4' 5' = 7.5 Hz, H-5'), 4.62 t (1H, J r '  2" = 7.1 Hz, 
H-I"), an~ 4.71 dd  (1H, J = 5.6 Hz and J = w Hz, H-r) .  
13C NMR (D20) showed the pyrrole signals listed in 
Table 1. Other  signals appeared at  5 12.8 q (C-3"), 25.6 t 
(C-3'), 29.2 t (C-4'), 31.4 t (C-2"), 34.6 t (C-2'), 42.0 
t (C-5'), 63.8 d (C-1'), 70.0 d (C-1") and 181.5 s (COOH). 

TABLE 1 

IH NMR C h e m i c a l  Sh i f t s  a n d  C o u p l i n g  C o n s t a n t s  ( in  Hz) a n d  lsC NMR C h e m i c a l  Sh i f t s  o f  t h e  Pyr r o l e  
Moie t i e s  o f  t h e  C o m p o u n d s  P r o d u c e d  in  t h e  EH/Lys ine  R e a c t i o n  

Compound H-2 H-3 H-4 H-5 C-2 C-3 C-4 C-5 

3 6.84t 6.18t 6.18t &84t 123.5d 110.3d 110.3d 123.5d 
J=2.1  J=2.1  J=2.1  J=2.1  

5 - -  6.17m 6.17m 6.90t 137.9s 108.0dY 109.4~ 122.3d 
J=2.2  

7 6.85t 6.18t 6.18t 6.85t 124.3d 110.2d 110.2d 124.3d 
J =  1.9 J =  1.9 J =  1.9 J =  1.9 

8 - -  6.16m 6.16m 6.87t 137.9s 108.4d a 109.6a ~ 123.0d 
J=2.3  

9 - -  6.18dd b 6.13t 6.81t 137.3s 108.0d 109.2d 125.0d 
J=3.1  J=2.1  

15 e - -  6.02dd d 5.92dd d 6.55dd d 136.5s 106.4d 107.0d 123.6d 
aAssignments may be interchanged, bJ 3 s = 1.8 Hz, J3 4 = 3.4 Hz. ~Synthesis of compound 15 was described previously (10). 
Spectra were taken in  (CD3)2CO , a n d  l~e4Si was u ~  as internal standard, dJ3, 5 = 1.5 I-Iz, J3,4 = 3.5 Hz,  J4,5 -~ 2.9 Hz. 
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MS (70 eV) m/e  (%, ion structure): 236 (6, M + - H20), 
192 (15, M + - H20 - C O 2 )  , 134 (40, 192-C3H6NH2), 84 
(100, tetrahydropyridine + H+). MS (70 eV) of the methyl 
ester obtained by reaction with diazomethane, m/e  (%, 
ion structure): 268 (3, M+), 236 (11, M + - MeOH), 218 (8, 
M + - H20 - MeOH), 179 [30, 1-methoxycarbonylmethyl- 
2-(1-propenyl)pyrrole], 134 [38, 1-ethenyl-2-(1-pro- 
penyl)pyrrole + H+], 108 [18, 2-(1-propenyl)pyrrole + 
H+], 84 (100, tetrahydropyridine + H+). Compounds 5 
and 8 had analogous 1H and Z3C NMR spectra, as well 
as mass spectra. The only significant difference ob- 
served between the spectra was the proton H-I" chemi- 
cal shift that  was characteristic for each compound. 
Compounds 5 and 8 are considered to be the diastere- 
omers [I'(S),I"(R) and r(s),r '(s)].  Compound 9 (see next 
paragraph) should be a similar mixture of diastere- 
omers; however, these isomers could not be separated 
under our conditions. 

Fraction 9 (7.5 mg, 1.4%) was identified as 1-{5'- 
amino-5'-carboxypentyl)-2-(l"-hydroxypropyl)pyrrole 
(9). 1H NMR (D20) showed the pyrrole signals listed in 
Table 1. Other signals appeared at 8 0.93 t (3H, J2" 3" = 
6.7 Hz, H-3"), 1.36 m (2H, H-3'), 1.79 m (4H, H-2' '~Lnd 
H-4'), 1.88 m (2H, H-2"), 3.62 t (1H, J4' 5' = 6.0 Hz, H-5'), 
3.97 rn (2H, H-1 ), and 4.65 t (1H, Jz" 2" = 6.9 Hz, H-r'). 
13C NMR (D20) showed the pyrrol~ signals listed in 
Table 1. Other signals appeared at 5 12.8 q (C-3"), 24.5 t 
(C-3'), 31.7 t (C-2"), 33.4 t (C-2' or C-4'), 33.4 t (C-4' or 
C-2'), 48.6 t (C-1'), 57.5 d (C-5'), 69.3 d (C-1"), and 181.1 
s (COOH). MS (70 eV) m/e (%, ion structure): 236 (9, 
M + - H20), 218 (13, 236 - H20) , 192 (11, M + - H20 - 
CO2) , 134 (40, 192 - C3HeNI'I2), 84 (100, tetrahydropyri- 
dine + H+). MS (70 eV) of the methyl ester obtained by 
reaction with diazomethane, m/e (%, ion structure): 268 
(8, M+), 250 (43, M + - H20) , 191 (22, M + - H20 - 
CO2CH3), 174 (53, 191 - NH3) , 162 (47, 250 - 
CH(NH2)CO2CI-[3), 134 [100, 1-ethenyl-2-(1-pro-penyl)- 
pyrrole + H+), 120 [45, 1-methyl-2-(1-propenyl)pyrrole - 
H), 84 (53, tetrahydropyridine + H+). 

Fractions 10 (4.9 rag, 0.9%), 11 (6.5 mg, 1.2%), 12 (7.7 
mg, 1.4%), and 13 (7.1 rag, 1.3%) gave 1H and mC NMR 
spectra very similar to those of lysine, and are therefore 
undefined complexes between lysine molecules and 
some lipid ligands. Fraction 14 (5.4 mg, 1.0%) was un- 
stable and decomposed after concentration. No spectral 
data could be obtained on this fraction. 

Detection ofpropanal. The formation of pairs of anal- 
ogous compounds (5 and 3, 9 and 7) with and without a 
substituent in position 2 of the pyrrole ring suggested 
that  the compounds were produced by the same mecha- 
nism. According to the mechanism proposed for this re- 
action (see below), loss of the substituent at position 2 
would imply the formation of propanal. Indeed, 
propanal was detected by GC/MS aRer incubation of the 
reaction mixture in a special headspace bottle. Identifi- 
cation of the aldehyde was confirmed by comparison 
with standard propanal. 

NMR study of the EH/lysine reaction. An initial 1H 
NMR spectrum (Fig. 5A) was acquired before the reac- 
tion mixture was treated with deuterated sodium hy- 
droxide, and it showed the additive spectra of E[-[ and ly- 
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D E H [J M 

I 
I 
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C 

P Q 

I I I I i - - - 1 -  
10  8 6 4 2 0 
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FIG. 5. Changes  produeed in  the IH nuclear magnet ic  reso- 
nance  spectrum o f  the 4,w re- 
action wi th  incubat ion  time: A, init ial  spectrum o f  the mix- 
ture wi thout  NaOD; B+ spectrum taken at 2-4 mira after 
adding  a few drops of  NaOD; C, spectrum taken after 2 h. 

sine. Signals were assigned as follows. Signals for EH: 
A (H-l), B (H-3), C (H-2), F (H-4), G (H-5), K (H-6) and 
M (H-7). Signals for lysine: E (H-2), H (H-6), I (H-3), 
J (H-5) and L (H-4). Signal D was due to water. Addition 
of a few drops of NaOD to the mixture initiated the re- 
action causing rapid spectral changes (Fig. 5B). The 
aldehyde (A) and epoxy (F and G) proton signals rapidly 
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disappeared, the olefinic proton signals were trans- 
formed (B and C), and new signals appeared. Some of the 
signals corresponded to intermediates (see, for example, 
signals N and O), which again disappeared later. The 
final spectrum (Fig. 5C), which remained unchanged 
after 2 h into the reaction, showed at least four new sig- 
nals (P, Q, R and S) that were not present in the original 
spectrum, and suggested that the epoxy and olefin pro- 
tons were altered. The number of scans for consecutive 
spectra was increased with incubation time to maintain 
similar signal-to-noise ratios. Formation of polymers was 
consistent with observed signal loss and was also sug- 
gested by the increase in brown color with incubation 
time. Similar results were also obtained by 13C NMR 
(spectra not shown), with the final spectrum showing the 
appearance of carbon signals at 5 105-130 ppm, consis- 
tent with the presence of heterocyclic carbons. 

DkqCUSS~N 

The reaction of EH with lysine is very rapid, produces a 
brown color, as well as fluorescence within a short pe- 
riod of time. When the reaction was followed by NMR in 
a sample tube, EH aldehydic, olefinic and epoxy protons 
disappeared after a few minutes (Fig. 5). The final spec- 
trum (Fig. 5C) was quite simple and suggested the pres- 
ence of only a few products. However, when the mixture 
was fractionated by HPLC; 14 fractions were isolated to 
be further studied by NMR and MS. Five of these frac- 
tions (fractions 3, 5, 7, 8 and 9) corresponded to pyrrole 
monomers that were produced from one molecule of EH 
linked to one amino group of lysine. These five fractions 
were the major products, with the exception of fraction 
l ,  that  included excess lysine remaining in the reaction. 
The sum of the spectra of these fractions was very simi- 
lar to final spectrum of the reaction (Fig. 5C). A possible 
mechanism for the pyrrole formation is suggested in 
Figure 6. It implies the formation of an imine at a first 
stage that  would produce the pyrrole ring by intramole- 
cular attack Of the nitrogen at one of the epoxy carbons. 
The departure of a proton, which may be accompanied 
by formation of propanal, would produce the pyrroles 
isolated. This mechanism is also in agreement with the 
detection of propanal by headspace GC, and with the re- 
sults obtained when EH/lysine reaction was monitored 
by ]H and 13C N'MR. Thus, signals N and O in Figure 5B 
may be assigned to the imine proton of the first inter- 
mediate, and the final spectrum (Fig. 5C) showed the 
presence of the pyrrolic monomers corresponding to sig- 
nals P, Q, R and S. 

Other fractions (fractions 2, 4 and 6) from the EH/ly- 
sine reaction mixture also corresponded to single struc- 
ture with olefinic bonds (compound 2) or heterocyclic 
rings (compounds 4 and 6). The olefinic and heterocyclic 
proton signals of compounds 2 and 4 (5 = 8.2 and = 7.5 
ppm, respectively) were not detected in the reaction 
spectrum (Fig. 5C), suggesting t h a t t h e y  were minor 
compounds in the reaction. 

That polymerization occurred in this reaction was 
consistent with the 1H and 13C NMR spectra taken on 
the reaction mixture where the number of scans had to 

CH~CHz-~H 

O--H 
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FIG. 6. Proposed mechaniAm of pyrrole formation in the re. 
action of 4,5(E).epoxy-2(E)-heptenal with lysine. 

be increased with incubation time to obtain analogous 
signal-to-noise ratios. The polymer appeared in fraction 
1 together with the unreacted lysine. The polymer was 
responsible for the color and the fluorescence produced 
in the reaction and had an apparent MW of 1900 dal- 
tons. This result is very similar to that expected for a 
polypyrrolic structure, as described previously (10), and 
is consistent with a structure of this type for polymer 
lb.  The results obtained in this study confirm that 
the reaction between EH and lysine at pH 9.0, or under 
physiological conditions (12), follows an analogous mech- 
anism and consequently produces compounds analogous 
to those formed in previously described model reactions 
between EH and butylamine or glycine methyl ester (10). 
The pyrrole monomers 3, 5, 7, 8 and 9, may therefore be 
produced in vivo, and additional studies are needed to 
confirm their formation. Pyrrole monomers 7 and 9 are 
the only ones of the pyrroles described that can be formed 
with the e-amino group of lysine and, accordingly, may be 
present in protein hydrolysates. However, t h e  other 
pyrroles might also be produced by reaction with the ex- 
isting pool of free amino acids. Further studies of the for- 
mation of pyrrole amino acids with proteins should reveal 
the role of epoxyaldehydes in the overall modification of 
proteins by lipid peroxidation products. 
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Incorporation of trans Long-Chain n-3 Polyunsaturated Fatty Acids in 
Rat Brain Structures and Retina 1 
A. Grandgirard a,*, J.M. Bourre b F. JuUiard a, R Homayoun b, O. Dumont b, M. RciotIJ b and J.L. Sebedio a 
alNRA, Station de Recherches sur la Qualit~ des Aliments de rHomme, Unit(~ de Nutrition Lipidique, Dijon 21034 and blNSERM U 26, 
Hopital E Widal, 75475 Pads 10, France 

Dur ing  h e a t  t rea tment ,  p o l y u n s a t u r a t e d  fat ty  ac ids  and 
spec i f i ca l ly  18~n-3  can  undergo  g e o m e t r i c a l  i somer iza-  
t ion.  In  rat  t i s sues ,  18".3 Agc,12c,15t, one  o f  the  trans  iso- 
m e r s  o f  l ino len ic  acid,  can  be  desa tura ted  and e l o n g a t e d  
to  g ive  trans  i s o m e r s  o f  e i c o s a p e n t a e n o i c  and  docosa-  
h e x a e n o i c  acids.  The  presen t  s tudy  w a s  u n d e r t a k e n  to 
d e t e r m i n e  w h e t h e r  such  c o m p o u n d s  are  incorpora ted  
in to  brain s t ruc tures  that  are  r ich  in n-3 l o n g ~ h a i n  
p o l y u n s a t u r a t e d  fatty  acids.  Two fract ions  e n r i c h e d  in 
trans  i s o m e r s  o f  a- l inolenie  ac id  w e r e  p r e p a r e d  and fed 
to  f emale  adult  rats  dur ing  ges ta t ion  and  lactat ion.  The  
pups  w e r e  k i l l ed  at wean ing ,  S y n a p t o s o m e s ,  bra in  mi- 
c r o v e s s e l s  and ret in~ w e r e  s h o w n  to  conta in  the  h ighes t  
l eve l s  (about  0.5% of  tota l  fatty  acids)  o f  the  trans  i s o m e r  
o f  d o c o s a h e x a e n o i c  ac id  (22.~ A4c, 7c, 10c, 13c, 16c, 190.  This  
c o m p o u n d  w a s  a lso  o b s e r v e d  in m y e l i n  and sc iat ic  nerve ,  
but  to  a l e s ser  ex ten t  (0.1% of  total  fatty  acids) .  However ,  
the  rat ios  o f  22.~ trans  to 22.~ c /s  w e r e  s imi lar  in all  the  
t i s sues  s tudied.  When the  d ie t  w a s  de f i c i ent  in a- l ino lenic  
acid,  the  incorporat ion  o f  trans  i s o m e r s  w a s  apparent ly  
doubled .  However ,  c o m p a r i s o n  o f  the  rat ios  o f  t rans  
18"~n-3 to c /s  18"~n-3 in  the  d ie t  r e v e a l e d  that  the  c /s  n-3 
fatty  ac ids  w e r e  m o r e  eas i ly  desa tura ted  and e l o n g a t e d  
to  22.~n-3 than  the  c o r r e s p o n d i n g  trans  n-3 fatty  acids.  
An increase  in 22~n-6  w a s  thus  observed ,  as hRA previ-  
ous ly  b e e n  descr ibed  in  n-3 fatty ac id  def ic iency.  T h e s e  
resu l t s  e n c o u r a g e  further  s tud ies  to  d e t e r m i n e  w h e t h e r  
or  no t  incorporat ions  o f  such  trans  i s o m e r s  into  t i s sues  
m a y  have  phys io log ica l  i m p l i c a t i o n ~  
Lipids 29, 251-258 (1994). 

During heat  t rea tment  of oils and fats, geometrical iso- 
merization of linolenic (1,2) and linoleic (3) acids occurs. 
Three major isomers of linolenic acid (18:3 A9c,12c,15t; 
18:3 A9t, 12c, 15c and 18:3 A9t, 12c, 15t) are formed, as well 
as some minor isomers. The trans compounds were iden- 
tiffed as well in commercial frying oils (4), in deodorized 
oils (1) and in low-calorie spreads (5). Little is known 
about the metabolism and physiological effects of these 

1presented in part at the 32nd International Conference on the 
Biochemistry of Lipids, 1991, Granada, Spain. 
*To whom correspondence should be addressed at INRA, Station de 
Recherches sur la Qualit~ des Aliments de l'Homme, 17 rue de 
Sully, BV 1540, 21034 Dijon Cedex, France. 
Abbreviations: DHA, docosahexaenoic acid; EPA, eicosapentaenoic 
acid; FAME, fatty acid methyl ester; GLC, gas-liquid chromatog- 
raphy; HPLC, high-performance liquid chromatography; PUFA, 
polyunsaturated fatty acids; TLC, thin-layer chromatography. 

Delta nomenclature (A) is used for trans polyunsaturated fatty 
acids to specify the position and geometry of ethylenic bends. 
Polyunsaturated fatty acids containing trans double bonds are 
abbreviated giving the locations of the trans double bends only; 
e.g., 20:5 A17t, 20:5 A5c,8c, llc,14c,17t; 22:5 A19t, 22:5 
A7c,10c,13c,16c,19t; 22:6 A19t, 22:6 A4c,7c,10c,13c,16c,19t. 

trans isomers of linolenic acid (6,7). However, a recent 
study (8) has indicated that  the intestinal absorption of 
these compounds is similar to tha t  of linolenic acid. 

Furthermore,  18:3 A9c,12c,15t, an isomer of linolenic 
acid, could undergo further  desaturation and elongation to 
yield trans isomers of eicosapentaenoic (EPA) and docosa- 
hexaenoic (DHA) acids, i.e., 20:5 A5c,8c, llc,14c,17t (20:5 
A17t) and 22:6 A4c,7c,10c,13c,16c,19t (22:6 A19t). These 
isomers were identified in the liver of rats fed heated lin- 
seed oils (9) and were found to be incorporated into almost 
all lipid classes, including phospholipids (10). 

It  is possible tha t  these compounds can also be incorpo- 
rated into tissues rich in n-3 polyunsaturated fatty acids 
(PUFA), such as retina or certain brain structures (synap- 
tosomes, capillaries and microvessels). The nervous sys- 
tem is, indeed, rich in structural lipids, and the essential 
character of the n-3 fatty acids for the development and 
function of the brain and ret ina is now well-documented 
(11). Moreover, some other nervous structures, such as 
myelin and sciatic nerve, are known to have an apparently 
lower turnover of their  fat ty acids (12) and seem bet ter  
protected than  other organs against n-3 deficiency (13). It  
was the purpose of the present work to determine whether  
trans PUFA would be incorporated into brain structures 
using diets adequate or deficient in a-linolenic acid. 

MAllERIALS AND METHODS 

Preparation of concentrates of t rans fatty acids. The  geo- 
metrical isomers of a-linolenic acid were prepared by two 
methods that  were previously described (14). In the first 
method, a purified fraction (99%) of methyl a-linolenate 
was obtained from linseed oil a i ~ r  urea inclusion and 
preparat ive high-performance liquid chromatography 
(HPLC). This fraction was then isomerized with nitrous 
acid, and the 18:3 isomers were purified by column chro- 
matography. The second method uses linseed oil tha t  was 
heated for 12 h at 275~ under  nitrogen. The fatty acid 
methyl esters (FAME) obtained from the heated oil were 
then purified by column chromatography. The cyclic 
monomers were removed by urea inclusion, and the geo- 
metrical isomers of a-linolenic acid were concentrated by 
preparative HPLC. The composition of the two fractions is 
detailed in Table 1. The two fractious, which were the 
methyl esters, were then transformed into ethyl esters by 
saponification (batch of 300 g) and subsequent esterifica- 
tion with ethanol by refluxing in the presence of 0.5% sul- 
furic acid for 5 h under  nitrogen. 

Anima l s  and  diets. All  studies were done within the 
guidelines set for the care and use of laboratory animals, 
in agreement with official French regulations (authoriza- 
tions 3273 and A 21100). Wistar rats from Iffa-Credo 
(L'Arbresle, France) were fed for two generations with a 
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TABLE 1 

Fatty Acid Composi t ion of  the Two Fractions Contaln!n E 
/Tans Isomers o f  Linolenic  Acid a 

Fractions b 
Fatty acid A B 

16:0 -- 10.0 
18:0 - -  7.4 
18:1 A9t 0.1 0.9 
18:1 Agc 0.3 27.3 
18:2 A9t, 12t 0.1 0.4 
18:2 A9c, 12t 0.5 4.9 
18:2 Agt, 12c 0.6 4.9 
18:2 A9c, 12c 1.7 12.6 
Conjugated 18:2 c,t c 0.1 0.2 
Conjugated 18:2 t,t d 0.1 0.7 
18:3 A9t, 12t, 15t 1.2 0.3 
18:3 Agt, 12c, 15t 2.9 10.9 
18:3 A9c,12t,15t 4.1 1.5 
18:3 Agt, 12t, 15c 3.0 1.8 
18:3 Agc, 12c, 15t 12.4 5.8 
18:3 A9c, 12t, 15c 12.5 3.5 
18:3 A9t, 12c, 15c 9.6 4.3 
18:3 Agc, 12c, 15c 50.3 1.3 
Unknowns 0.3 1.2 

aValues are means of at least three determinations. Each fatty acid 
is expressed as percent of the total fraction. 

bThe purified fractions containing the trans isomers of linolenic 
acid were prepared as follows: Fraction A was obtained by isomer- 
ization of pure methyl a-linolenate, using nitrous acid and the 18:3 
isomers were then purified by column chromatography. For frac- 
tion B, fatty acid methyl esters obtained from a heated linseed oil 
(275~ 12 h, under nitrogen) were purified by column chromatog- 
raphy, urea inclusion and preparative high-performance liquid 
chromatography. 

Ccis, trans and trans, cis conjugated linoleic acid. 

dtrans, trans conjugated linoleic acid. 

TABLE 2 

Composi t ion of  the Diets  o f  the Female  Rats 
During  Mating, Gestation and Lactation 

Groups 

A B,C,D 

g/kg diet g/kg diet 

Casein 205 205 
DL-Methionine 5 5 
Starch 427 425 
Saccharose 277 276 
Lipids a 16 19 
Agar-agar 20 20 
Mineral mixture b 50 50 
Vitamin mixture c + + 

aGroup A received 5 g/kg diet of fraction A obtained by chemical 
isomerization of a-linolenate and 11 g/kg diet of sunflower oil ethyl 
esters. Group B received 10 g/kg diet of fraction B extracted from 
heated linseed oil and 9 g/kg diet of sunflower oil ethyl esters. 
Groups C and D received 19 g/kg diet of the same blend of soyboan, 
peanut and linseed oils (35:44:21), but group C received it as ethyl 
esters and group D as triglycerides. 
bCompesition of the mineral mixture (g/kg of diet): CaHPO4, 10; 
CaCO3, 10; KH2PO4, 12.5; NaC1, 5; MgSO 4 �9 7H20, 5; 4 MgCO3/Mg 
(OH) 2 - 5 H20, 2; oligoelements (mg/kg of diet): FeSO 4 - 7 H20 , 500; 
MnSO 4 . H20 , 250; ZnSO 4 - 7H20, 300; CuSO 4 - 5 H20 , 60; 
KAl(S04) 2 - 12 H20, 10; NaF, 5; NiSO 4 �9 7 H20, 5; CoSO 4 - 7 H20, 
5; K2CrO4, 5; KIO 3, 2; (NH4)eMo7024 �9 4 H20, 1; NH4VO3, 0.5; 
Na2SeO3, 0.3. 
cVitamin mixture was prepared in water-soluble form (except for 
inositel and para-aminobenzoic acid) and was added each day to 
water, lipids and dry diet to provide the semi-liquid diet. The com- 
position was as follows (per kg dry diet): VL-a-tocopheryl acetate, 
100 mg; choline chloride, 1 g; biotin, 0.2 rag; folic acid, 2 rag; thi- 
amin- HC1, 10 rag; riboflavin, 10 mg; pyridoxine - HCI, 10 mg; pan- 
tethenic acid, 30 mg; niacin, 60 rag; vitamin B12, 0.05 mg; ergocal- 
ciferol (in alcohol), 1000 IU; trans retinol palmitate (water dis- 
persable), 6000 IU; phytomenadione, 1 mg; inositol, 200 mg; 
para-aminobenzoic acid, 100 rag. 

pellet diet (T87) containing only 320 mg n-3 fatty acids per 
k/g of diet (15). This diet, which contained (in g/100 g) 
wheat 22, casein 17.5, methionine 0.5, skim milk powder 
10, brewer's yeast 5, corn starch 27, cellulose 4, sunflower 
oil 10, and mineral and vitamin blend 4, was pelleted by 
Fabrique de Mdlanges Exp~rimentaux (Inra, La Minibre, 
France). 

Ninety-six female adult rats of the pellet-fed animals 
were mated and fed the experimental diets (Table 2) dur- 
ing mating, gestation and lactation. The purified semi- 
liquid diet was prepared fresh daily by blending dry diet, 
water, vitamin solution and experimental lipids. The ani- 
mals were fed ad  l ibi tum. Four groups of 24 rats each (A, 
B, C and D) were used. The groups differed only by the 
type of lipids in their diet. Groups A and B were the ex- 
perimental groups and received the two fractions contain- 
ing linolenic acid t rans  isomers. Group A received 5 g/kg 
diet of the first fraction obtained by chemical isomeriza- 
tion of a-linolenlc acid (Table 1, A) and group B 10 g/kg 
diet of the second fraction extracted from heated linseed 
oil (Table 1, B). Sunflower oil ethyl esters were added to 
these two diets to provide a sufficient quantity of linoleic 
acid (11 and 9 g/kg diet, respectively). Groups C and D 
were the control groups. They were fed the same diet con- 
taining 19 g/kg of a blend of soybean, peanut and linseed 

oils (35:44:21, by wt) as lipids. However, group D received 
this blend as triglycerides, while group C received it as 
ethyl esters. The esters were obtained from the blend by 
saponification and subsequent esterification, as previ- 
ously described. These two control groups were necessary 
because the isomer fractions were obtained as fatty acids. 
Dietary lipids are usually present mostly as triglycerides, 
and some studies suggest that  the intestinal absorption 
and metabolism of PUFA are not necessarily the same for 
the triglycerides, ethyl esters and fatty acids (16). 

The quantitites of the different sources of lipids were 
chosen to arrive at  (i) equivalent quantities oflinoleic acid 
in the four groups, (ii) equivalent levels of all c/s a- 
linolenic acid in groups A, C and D, and (iii) comparable 
levels of the desaturable t rans  isomer of a-linolenic acid 
(18:3 A9c,12c,15t) in groups A and B (Table 3). The quan- 
tities of total n-3 fatty acids (cis + trans)  were similar in 
groups B, C and D, and the total 18:3 t rans  isomers in 
groups A and B differed only by about 20%. However, it 
was not possible to have the same level of total lipids in 
group A compared to the other groups (16 vs. 19 g/kg); 
compensation was achieved by adding 1 g/kg of saccharose 
and 2 g/kg of starch (Table 2). 

Large litters of animals were reduced to eight pups at 
birth. The survival of pups, the food intake of dams, and 
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TABLE 3 

Trans  F a t t y  A c i d s  a n d  E s s e n t i a l  F a t t y  A c i d s  i n  t h e  D i e t s  a 

Groups 
Fatty acid A B C and D 

mg/kg diet 
18:2 Agc, 12c 7961 7704 7452 
18:3 A9c, 12c, 15c 2526 139 2705 
18:3 A9c, 12c, 15t 620 580 - -  
Total 18:3 trans isomers 2285 2810 - -  
Total n-3 fatty acids 4811 2949  2705 

18:2 A9c,12c/18:3 A9c,12c,15c ratio 3.15 55.42 2.75 
18:3 Agc,12c,15t/total n-3 ratio 0.129 0.197 - -  
18:3 A9c,12c,15t/(18:3 A9c,12c,15t + 

18:3 n-3) ratio 0.197 0.807 - -  
Total trans 18:3/total n-3 fatty acids ratio 0.475 0.953 - -  
aValues are means of at least three determinations. 

the weight of the litters and of the dams were recorded. 
The pups were killed at  weaning by decapitation. After 
exsanguination, the brain, sciatic nerve, ret ina and liver 
were dissected and removed. Myelin and nerve endings 
(synaptosomes) were obtained, and their  puri ty  was 
checked as described previously (17). 

Brain capillaries were separated according to Goldstein 
(18), and their  puri ty was checked as described previously 
(19). All fractions were lyophilized. After dissection, the 
livers of the weanling ra ts  were immediately placed in a 
mixture of chloroform/methanol (2:1, vol/vol). 

Fatty acid analyses. The  liver lipids were extracted ac- 
cording to Folch et al. (20), and the lipids of the lyophilized 
preparat ions were obtained using the method of Pollet 
et al. (21). The lipids were  t r ansme thy l a t ed  with 
BF3/methanol according to Metcalfe and Schmitz (22). 
The FAME were freed from dimethylacetals by thin-layer 
chromatography (TLC) on silica plates (ref. 5720; Merck, 
Darmstadt ,  Germany)  using toluene as solvent, as de- 
scribed by Morrison and Smith (23). The structures of the 
dimethylacetals were verified by gas-l iquid chromatogra- 
phy (GLC) coupled with mass  spectrometry. 

The FAME were analyzed by GLC. GLC analyses were 
carried out on a Becker-Packard 417 or 420 (Middleburg, 
The Netherlands), fitted with a solid injector, or on a Carlo 
Erba  Mega 5300 (Milano, Italy), equipped with an on-col- 
u m n  injector. All chromatographs utilized flame-ioniza- 
tion detection. Fused silica capillary columns were used, 
principally a CP Sil 88 column (Chrompack, Middleburg, 
The Netherlands) 50 m long, internal d iameter  0.32 mm,  
film thickness 0.25 pm. Other  columns used were a DB 23 
and a DB Wax (J&W Scientific, Rancho Cordo, CA), 30 m 
long, internal d iameter  0.25 mm,  film thickness 0.25 ~m. 
The analyses were done isothermally a t  175 or 185~ or 
programmed from 50 to 200~ at  15~ The tempera-  
ture of both the injector and detector was 240~ Helium 
was the carrier  gas. Quanti tat ive data  were obtained 
using Vista CDS 401 (Varian, Les Ulis, France) or Chrom- 
jet  (Spectraphysics, Les Ulis, France) integrators. 

Fa t ty  acids were identified by comparison with com- 
mercial s tandards  (Nu-Chek-Prep, Elysian, MN) when- 

ever possible. In addition, 20:5 A5c,8c, llc, 14c, 17t and 22:6 
A4c,7c, 10c, 13c, 16c, 19t, which we previously prepared and 
identified (9), were used as GLC standards.  FAME of iden- 
tical preparat ions were also pooled and then separated by 
AgNO3-TLC for fur ther  identification. Silica gel plates 
(Merck; 0.25 m m  layers, 20 cm • 20 cm) were impregnated 
by immersing them for 30 min into a solution ofAgNO 3 in 
acetonitrile (0.59 mol/L). The developing solvent was 
toluene/diethyl e ther  (90:10, vol/vol). The bands were vi- 
sualized aider spraying with a 0.2% solution of 2'7'-dichlo- 
rofluorescein in ethanol under  ultraviolet light a t  54 nm 
and then were scraped into glass centrifuge tubes. Release 
of the unsa tura ted  fat ty acids from the AgNO 3 adsorbent 
was facilitated by washing with NaC1 in methanol/water  
following a modification (2) of the method of Hill et al. (24). 
FAME were also analyzed by GLC on different columns. 
Finally, some structures (saturated, mono- and di-ethyl- 
enic FAME, dimethylacetals) were also checked by GLC 
coupled with mass  spectrometry. A Hewlet t -Packard 5970 
Mass Selective Detector (Palo Alto, CA) coupled to a 
Hewlet t -Packard 5890 gas chromatograph was used. A 
DB Wax fused silica column (30 m long, internal  diameter  
0.25 mm, film thickness 0.5 ~m; J&W Scientific) was em- 
ployed in the splitless injection mode. The tempera ture  
was programmed from 50 to 200~ at 20~ held at  
200~ for 45 min, then programmed from 200 to 220~ at  
20~ and finally held at  220~ until completion of 
the analysis. Helium was the carrier gas. 

Statistical anallysis. Food intake of the dams during 
pregnancy, the number  of live pups by litter and the 
weight of the pups at  day 19 were analyzed by analysis of 
variance. The differences in weight of live pups a t  birth 
were calculated using the analysis of covariance, the co- 
variable being the total number  of pups bern (alive and 
stillborn). Fetuses born dead and postnatal  mortal i ty were 
compared using analysis of variance on angular  trans- 
forms of proportions, according to Gabriel (25). In  all 
cases, the effect of trans isomers (A,B vs. C,D), linolenic 
acid deficiency (B vs. A,C,D) and ethyl esters (D vs. A,B,C) 
were calculated. 

Concerning the fat ty  acid composition of brain struc- 
tures,  only three pools were available in each group (but 
only one pool for retina), and it was not possible to effi- 
ciently calculate the significance of differences for these 
conditions. 

RESULTS AND DISCUSSION 

The reproduction characteristics of the different groups 
were quite similar (Table 4), and no effects of the trans 
fat ty  acids or of the form of administrat ion (triglyceride vs. 
fat ty  acid ethyl esters) were detected under  our experi- 
mental  conditions. The dietary deficiency in c/s a-linolenic 
acid was also not sufficient to induce an increase in peri- 
natal  mortality, as already observed (26). The apparent  
higher level of postnatal  mortal i ty in group C was pro- 
duced principally in one litter, and the effect was not sig- 
nificant. Only one significant effect could be seen in the 
growth of the young, namely tha t  the weights of the 
ra ts  fed the diet containing triglycerides as lipid source 
(group D) was significantly higher than  those of the ra ts  
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TABLE 4 

Reproduct ion Characterist ics  and Growth of  Rats Fed trans Isomers o f  Linolenie  Acid 

Groups 
A B C D 

Effect of analysis of variance a 

Trans isomers 18:3n-3 deficiency Ethyl esters 

Number of experimental 
female rats 24 24 24 24 

Number of litters bern 12 16 17 16 

Food intake of dams durin6 
pregnancy (g dry matter) ~ 578.4 __. 31.8 553.5 _ 41.0 565.8 • 41.7 578 • 35.3 NS 

Live pups/litter 9.92 11.75 10.94 9.94 NS 

Weight of live pups at birth 
(g)C 5.92 5.67 5.49 5.65 NS 

Fetuses bern dead (as % 
of total pups born) d 1.65 2.08 3.12 1.24 NS 

Postnatal mortality 
(from birth to day 3) d 4.76 3.23 9.3 3.33 NS 

Number of litters weaned 12 16 16 15 - -  

Weight of young of the litter 
of eight pups at day 19 
(g)b 43.17 • 1.88 42.08 • 3.86 41.94 • 5.51 46.95 • 2.53 NS 

NS NS 
NS NS 

NS NS 

NS NS 

NS NS 

NS ** 
aAnalyses of variance and covariance were done as described in the Materials and Methods section. The following factors were tested: 
trans isomers = (A,B vs. C,D); linolenic acid deficiency = (B vs. A,C,D); ethyl ester = (D vs. A,B,C). NS, not significant (P > 0.05); **sig- 
nificant for P < 0.001. 
bValues are means _+ SE. 
cSignificance of differences calculated using covariance with number per litter. 
dSignificance of differences calculated using analysis of variance on angular transformations. 

receiving the ethyl esters. However, this effect did not im- 
pair the comparison of the composition of lipid fatty acids 
between groups. 

The fatty acid composition of brain structures was de- 
termined by at least three chromatographic analyses on 
CP Sil 88 phase and ascertained by GIX~ on two other 
phases, as well as by isolating samples by AgNO3-TLC. 
These analyses made it possible to detect differences in 
the retention times of trans long-chain fatty acids com- 
pared to normal c/s fatty acids on the three GLC phases 
(Fig. 1). The equivalent chain lengths of some of the im- 
portant PUFA on carbowax 20 M column had been previ- 
ously measured (9). The CP Sil 88 column, which affords 
the same type of separation as the carbowax 20 M column, 
was more efficient. The separation of the same compounds 
on the DB 23 phase is different as the two t rans  isomers 
of 22:5n-3 and 22:6n-3 have a shorter retention volume 
than their all  cis homologs. These particularities proved 
very useful for the identification of these compounds in 
the various lipid fractions. With the very small quantities 
available it was not possible to check for the presence of 
the t rans  ethylenic bond by GLC coupled with Fourier 
transform infrared spectroscopy. 

The fatty acid composition of the nerve endings (synap- 
tosomes) is presented in Table 5. The control groups C and 
D had fatty acid compositions similar to those described 
previously (17). The synaptosomes from group A con- 
tained a lower level of 22:5 A7c, 10c, 13c, 16c, 19t, the t rans  
isomer of 22:5n-3, and a higher  level of 22:6 

A4c,7c,10c,13c,16c,19t, the trans isomer of 22:6n-3. It  is 
important to note that  the incorporation of such trans 
compounds apparently did not affect the levels of the c/s 
n-3 or n-6 long-chain PUFA, which were similar to those 
of the control groups. If  we compare the level of 18:3 
A9c, 12c, 15t in the diet (19.7% of the desaturable 18:3; see 
Table 3) with the level of t rans  22:6 in synaptesomes 
[0.49/(15.65 + 0.49) = 3% of total 22:6], it is obvious that  
there is less deposition of t rans  22:6 than of c/s DHA in 
synaptosomes. Trans isomers of a-linolenic or EPA were 
also not detected. This observation confirms some prelim- 
inary earlier results (10) and suggests that  these t rans  
PUFA are present in the lipid classes or tissues in which 
their corresponding c/s analogs are usually found. 

It  could be hypothesized that  the incorporation of t rans  
PUFA would be higher in lipids of animals of group B that  
were slightly deficient in a-linolenic acid, and this was, in 
effect, the case. The level of 22:6 A4c,7c, 10c, 13c, 16c, 19t in 
group B was more than twice that  in group A. However, 
this increase was not sufficient to compensate for the de- 
crease in 22:6n-3. As has been observed in other cases of 
linolenic acid deficiency (17,27,28), the level of 22:5n-6 
was higher than that  in group A and in the controls. Not 
even traces of 22:5 A7c, 10c, 13c, 16c, 19t were detectable in 
group B. Moreover, the level of 22:5n-3 decreased. It seems 
that  all the n-3 fatty acids available were further elon- 
gated toward the final compounds of the series. 

In brain capillaries and microvessels (Table 6) and in 
retina (Table 7), the results were similar, except that  no 
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DB23 
225n~ 

22:6 &19t 

22:6n-3 
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22:5n-3 

22:5n-6 

22:6n-3 

22:6n.3 
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22:5~ 
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FIG. 1. Gas-l iquid chromatograms of  some cis  a n d  t r a n s  do-  
cosapentaeno ic  and docosahexaeno ic  ac ids  (standards 
were prepared and characterized by Grandgirard e t  a l . ,  
Ref. 9). The three GLC phases  used were DB23 (J&W Scien- 
tific, Rancho Cordo, CA), Carbowax 20M (J&W, Palo Alto, 
CA) and CP Sil 88 (Chrompack, Middleburg, The Nether- 
lands). The chromatographic condit ions  used are described 
in Materials and Methods section. 

22:5 A7c,10c,13c,16c,19t was  de tec ted  in  b r a i n  microves-  
sels  of  g roup  A a n d  t h a t  a sma l l  q u a n t i t y  of  t h i s  compound  
was  found in t he  r e t i n a  of  g roup  B. Moreover,  in  r e t i n a  of  
g roup  B no t  only  22:5n-6 b u t  a lso  22:4n-6 a n d  20:4n-6 in-  
creased.  However ,  due  to t he  ve ry  low we igh t  of  r e t ina ,  
only  one pool was  ava i l ab le  in  each  group.  

Mye l in  a n d  scia t ic  ne rve  have  f a t t y  ac id  composi t ions  
d i f fe ren t  f rom those  of  synap tosomes ,  b r a i n  microcapi l la r -  
ies  a n d  re t ina .  Mye l in  and  sciat ic  nerve  a r e  r ich in  sa tu-  
r a t e d  a n d  monoenic  f a t ty  ac ids  a n d  re l a t ive ly  low in P U F A  
(12,17,29). I t  is  gene ra l ly  t h o u g h t  t h a t  t he  f a t t y  acids  of  
mye l in  a n d  sciat ic  nerve  have  r e l a t ive ly  long t u r n o v e r  
t imes .  However ,  u n d e r  ou r  e x p e r i m e n t a l  condi t ions ,  
smal l ,  b u t  r e levan t ,  quan t i t i e s  o f t rans  n-3 P U F A  were  in- 
co rpora ted  into t he  t i s sues  of  g roup  A (Tables  8 a n d  9). 
The  level  of  22:6 A4c,7c, 10c, 13c, 16c, 19t was  approx i -  
m a t e l y  doub led  in  mye l in  and  t r i p l ed  in  scia t ic  ne rve  o f  
g roup  B c o m p a r e d  to g roup  A~ As h a s  a l r e a d y  been  re- 
po r t ed  for o the r  t i s sues ,  th i s  inc rease  was  no t  suff icient  to 
c ompe nsa t e  for t he  l a rge  decrease  in  22:6n-3. The  levels  of  
22:5n-6 were  i nc r ea sed  as  in  o the r  b r a i n  s t ruc tu re s  and  in  
re t ina .  However ,  in  sciat ic  nerve ,  also some o the r  changes  
in  f a t t y  ac id  composi t ion  were  obse rved  in  g roup  B. The  
22:4n-6 a n d  20:4n-6 levels  a p p a r e n t l y  increased ,  whi le  
l inoleic ac id  levels  decreased .  I n  th i s  case,  i t  is poss ib le  
t h a t  t he  fo rma t ion  of  long-chain  n-6 P U F A  was  dep res sed  
by  the  n-3 fa t ty  ac ids  in  group A a n d  t h a t  t he  s igni f icant  
dec rease  in  n-3 levels  in  g roup  B a l lowed l inoleic acid  to be 
d e s a t u r a t e d  a n d  e longa ted  to  a much  g r e a t e r  extent .  

Al l  b r a i n  t i s sues  s tud ied  conta ined  the  trans 22:6n-3 
i somer  when  t r ans  i somers  of  l inolenic acid h a d  been  p a r t  
of  t he  diet.  W h e n  a / l  c/s d i e t a ry  a- l inolenic  acid was  sufll- 
c ient  (group A), t he  levels of th i s  t r ans  22:6n-3 i somer  
r a n g e d  from 0.08 to 0.64% of  to ta l  FAME. However,  i f  the  
incorpora t ion  of  trans long-chain  P U F A  is cakxf la ted as  the  
pe rcen tage  of  D H A  t h a t  was  of  trans geometry,  i t  becomes 
ev iden t  t h a t  t he  incorpora t ion  of  trans D H A  is s imi la r  
(from 2.6 to 3.7%) in  al l  the  b r a i n  s t ruc tu res  (Table 10). 

TABLE 5 

Fatty Acid Composit ion of  Synaptosomes" 

Groups 

Fatty acids A B C D 

Saturated 41.26 • 0.85 43.10 • 0.28 41.26 • 0.54 41.40 _+ 0.14 
Monoenoic 15.03 • 1.44 15.88 • 0.13 16.46 • 0.22 16.35 • 0.13 
n-6 PUFA 

18:2 1.01 • 0.03 1.01 • 0.02 1.17 • 0.09 1.13 • 0.04 
20:3 0.53 • 0.06 0.36 • 0.04 0.50 • 0.07 0.44 • 0.02 
20:4 16.23 • 0.36 17.33 • 0.15 17.22 • 0.54 16.69 • 0.23 
22:4 3.45 • 0.09 3.75 • 0.19 3.28 • 0.11 3.48 • 0.33 
22:5 1.92 • 0.10 10.89 • 0.35 2.27 • 0.27 1.89 • 0.18 

n-3 PUFA 
22:5 A19t 0.I0 • 0.01 - -  - -  - -  

22:5 0.30 • 0.04 0.18 • 0.05 0.30 • 0.06 0.27 • 0.03 
22:6 A19t 0.49 • 0.05 1.13 • 0.12 - -  - -  

22:6 15.65 • 0.48 4.20 • 0.31 15.32 _+ 0.11 16.62 • 0.40 
Others 3.05 • 0.51 2.17 • 0.22 2.22 • 0.20 1.72 • 0.19 

aValues are % of total fatty acids and are means • SE of three pools. Synaptosomes were obtained from pups at weaning and were 
lyophilized. After extraction of the lipids and methylation, fatty acid methyl esters were analyzed by gas-liquid chromatography on three 
columns: CP Sil 88, DB 23 and DB Wax. The chromatographic conditions and the procedures for peak identification are given in the Ma- 
terials and Methods section. PUFA, polyunsaturated fatty acid. 
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TABLE 6 

Fatty Acid Composit ion of  Brain Capillaries and Microvessels a 

Groups 

Fatty acids A B C D 

Saturated 42.54 • 0.26 44.22 • 0.12 43.72 _+ 0.17 43.55 • 0.44 
Monoenoic 18.29 • 0.21 18.35 • 0.10 19.25 • 0.13 18.74 • 0.34 
n-6 PUFA 

18:2 0.49 • 0.01 0.44 -+ 0.02 0.47 • 0.01 0.51 • 0.01 
20:3 0.39 • 0.05 0.28 • 0.03 0.37 +_ 0.01 0.40 _+ 0.05 
20:4 14.99 • 0.26 14.84 • 0.29 15.07 • 0.18 14.67 • 0.24 
22:4 3.23 • 0.83 3.90 • 0.03 2.90 _+ 0.08 3.27 • 0.11 
22:5 2.01 _+ 0.09 10.19 • 0.11 1.53 • 0.07 1.54 • 0.08 

n-3 PUFA 
22:5 A19t . . . .  

22:5 0.52 • 0.20 0.15 • 0.05 0.30 • 0.07 0.41 • 0.02 
22:6 A19t 0.51 • 0.08 0.95 • 0.11 - -  - -  

22:6 14.18 • 0.17 4.26 • 0.16 13.73 _+ 0.08 14.24 • 0.33 
Others 3.02 • 0.69 2.41 • 0.60 2.66 • 0.24 2.68 • 0.12 

aValues are % of total fatty acids and are means • SE of three pools. Brain capillaries and microvessels were obtained from pups at wean- 
ing and were lyophilized. After extraction of the lipids and methylation, fatty acid methyl esters were analyzed by gas-liquid chro- 
matography on three columns: CP Sil 88, DB 23 and DB Wax. The chromatographic conditions and the procedures for peak identifica- 
tion are given in the Materials and Methods section. See Table 5 for abbreviation. 

TABLE 7 

Fatty Acid Composit ion of  Ret ina  a 

Groups 

Fatty acids A B C D 

Saturated 43.09 42.62 42.86 42.66 
Monoenoic 13.62 12.19 12.20 12.10 
n-6 PUFA 

18:2 0.98 0.78 0.78 0.94 
20:3 0.29 0.25 0.22 0.23 
20:4 11.94 13.07 11.89 11.92 
22:4 2.02 3.30 1.94 2.22 
22:5 1.53 14.23 1.27 1.40 

n-3 PUFA 
22:5 A19t 0.13 0.05 - -  - -  
22:5 0.75 0.30 0.80 0.79 
22:6 A19t 0.64 1.64 - -  - -  

22:6 23.62 9.58 26.82 25.51 
Others 1.39 1.99 1.22 2.23 

aValues are % of total fatty acids and were determined using one pool. Retina was obtained from pups at weaning and lyophilized. After 
extraction of the lipids and methylation, fatty acid methyl esters were analyzed by gas-liquid chromatography on three columns: CP Sil 
88, DB 23 and DB Wax. The chromatographic conditions and the procedures for peak identification are given in the Materials and Meth- 
ods section. See Table 5 for abbreviation. 

Our  objective was  fu r the rmore  to compare  the  incorpo- 
ra t ion  of  the  trans D H A  into b ra in  and into o ther  t issues.  
The  trans i somers  of  22:6n-3, 22:5n-3 and  20:5n-3 had  been  
detected in var ious  t issues,  such as liver, kidney, hear t ,  
adrena ls  and tes tes  (9,10,30), and the  l iver  was  chosen for 
the  comparison wi th  b ra in  s t ruc tures  in th is  exper iment .  
Fo r  t he  l ive r  of  t h e  s a m e  w e a n l i n g  an ima l s ,  22:6 
A4c,7c, 10c, 13c, 16c, 19t (Table 10) represen ted  only 4.5% of 
total  22:6n-3, which  is s imi lar  to t he  resul t s  obta ined for 
the  b r a in  s t ructures .  In  the  a- l inolenic acid-deficient  
group, the  percentage  of trans 22:6 ranged  f rom 14.6 to 

24.6% in the  b ra in  s t ructures .  These  va lues  are  in the  
same range  as those for the  l iver  (25%). I t  appears  t h a t  the  
b ra in  s t ruc tures  are  only sl ightly more  protected t h a n  
o ther  t issues  aga ins t  the  incorporat ion of  trans isomers.  I t  
would be in te res t ing  to de te rmine  w h e t h e r  this  is val id  
only dur ing  bra in  deve lopment  or also l a te r  in  life such as 
dur ing  growth  and in matur i ty .  

In  this,  as  well  as in previous s tudies  (10,30), the  trans 
n-3 P U F A  were  p resen t  only in t i ssues  or lipid classes in  
which  the i r  corresponding c/s compounds were  found. For  
example,  in our  exper iment ,  no 20:5 A5c,8c, 11c, 14c, 17t was  
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TABLE 8 

Fatty Acid Composi t ion  of  Myelin a 
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Groups 

Fa t ty  acids A B C D 

Sa tura ted  40.56 • 0.59 41.34 • 0.15 41.07 • 0.85 39.69 • 0.16 
Monoenoic 36.69 • 0.32 36.20 • 0.61 36.24 • 0.55 35.78 • 0.07 
n-6 PUFA 

18:2 0.85 • 0.03 0.75 • 0.01 0.78 • 0.05 0.76 • 0.02 
20:3 1.35 • 0.17 1.09 • 0.07 1.26 • 0.06 1.29 _+ 0.06 
20:4 8.64 • 0.43 8.21 • 0.17 8.81 • 0.24 9.06 +_ 0.21 
22:4 3.49 • 0.18 4.06 • 0.26 3.78 • 0.26 4.44 • 0.31 
22:5 0.61 • 0.14 2.95 • 0.07 0.81 • 0.04 0.83 • 0.06 

n-3 PUFA 

22:5 A19t 0.05 • 0,01 trace b - -  - -  

22:5 0.19 • 0,04 0.07 • 0,03 0.27 • 0.05 0.33 +- 0.13 

22:6 A19t 0.12 • 0.02 0.22 • 0.03 - -  - -  

22:6 3.44 • 0.34 1.00 • 0.25 4.07 • 0.22 4.92 • 0.48 

Others  4.04 • 0.76 4.10 • 0.26 2.90 • 0.30 2.90 • 0.21 

aValues are % of total fat ty acids and  are means  • SE of three pools. Myelin was obtained from pups  a t  weaning and  was lyophilized. 
After extraction of the  lipids and  methylat ion,  fat ty acid methyl  es ters  were analyzed by gas- l iquid  chromatography on three columns: 
CP Sil 88, DB 23 and  DB Wax. The chromatographic conditions and the  procedures for peak identification are given in the  Materials  and  
Methods section. See Table 5 for abbreviation. 

bTrace = <0.01. 

TABLE 9 

Fatty Acid Composi t ion of  Sciatic  Nerve a 

Groups 

Fa t ty  acids A B C D 

Sa tura ted  46.62 _+ 1.43 47.08 • 0.65 46.44 • 2.06 46.47 • 0.62 
Monoenoic 37.17 • 0.43 35.13 • 0.68 37.52 • 1.39 37.50 • 0.35 
n-6 PUFA 

18:2 3.67 • 1.46 2.27 • 0.29 3.82 • 0.57 3.73 • 0.46 
18:3 0.06 • 0.01 0.09 • 0.05 0.05 • 0.01 0.05 • 0.01 
20:3 0.72 • 0.18 0.89 • 0.07 0,75 • 0.09 0.76 • 0.13 
20:4 4.66 • 0.73 6.38 • 0.36 4.73 • 0.47 4.82 • 0.37 
22:4 1.01 • 0.20 2.17 • 0.28 0.98 • 0.03 0.96 • 0.06 
22:5 0.31 • 0.06 1.71 • 0.21 0.36 • 0.05 0.34 • 0.05 

n-3 PUFA 

18:3 0.32 • 0.05 0.07 • 0.01 0.49 • 0.10 0.48 • 0.07 

20:5 A17t 0.06 • 0.01 0.06 • 0.01 - -  - -  

20:5 0.16 • 0.03 - -  0.15 • 0.02 0.15 • 0.02 

22:5 A19t 0.08 _+ 0.24 0.04 • 0.01 - -  - -  

22:5 0.59 • 0.14 0.29 • 0.07 0.51 • 0.03 0.54 -+ 0.05 

22:6 A19t 0.08 • 0.04 0.28 • 0.08 - -  - -  

22:6 2.07 • 0.27 0.86 • 0.06 2.17 • 0.32 2.14 • 0.16 

Others  2.41 • 0.39 2.68 • 0.32 2.04 _+ 0.22 2.04 • 0.19 

aValues are % of total fat ty acids and  are m e a n s  • SE of three  pools. Sciatic nerve was obtained from pups a t  weaning and was lyophilized. 
After extraction of the  lipids and  methylat ion,  fat ty acid methyl  esters  were analyzed by gas- l iquid  chromatography on three columns: 
CP Si188, DB 23 and DB Wax. The chromatographic  conditions and the  procedures for peak identification are given in the  Materials  and 
Methods section. See Table 5 for abbreviation. 

o b s e r v e d  i n  s y n a p t o s o m e s ,  b r a i n  m i c r o v e s s e l s ,  r e t i n a  a n d  

m y e l i n ;  i n  t h e s e  c a s e s  a l so  n o  all cis E P A  w a s  o b s e r v e d .  

Sc i a t i c  n e r v e  c o n t a i n s  o n l y  s o m e  trans E P A  a n d  o n l y  s m a l l  

q u a n t i t i e s  o f  EPA,  T h e  m e t a b o l i s m  oftrans n -3  P U F A  t h u s  

a p p e a r s  to  p a r a l l e l  t h e  m e t a b o l i s m  o f  all cis n -3  P U F A .  

W h e n  all cis a - l i n o l e n i c  ac id  i s  de f i c i en t ,  t r a n s  P U F A  a r e  

i n c o r p o r a t e d  to  a g r e a t e r  e x t e n t  i n t o  t h e  b r a i n  s t r u c t u r e s .  

H o w e v e r ,  t h e i r  l e v e l s  n e v e r  r e a c h  t h e  l e v e l s  o f  t h e  co r r e -  

s p o n d i n g  c/s  c o m p o u n d s  i n  r a t s  t h a t  a r e  n o t  d e f i c i e n t  i n  a -  

l i n o l e n i c  ac id .  I t  i s  p o s s i b l e  t h a t  t h e  l e v e l  o f  18:3  
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TABLE 10 

C o n t e n t  o f  t r a n s  22:6n-3 in  Var ious  T i s s u e s  a 

Groups 
A B 

Synaptesomes 3.0 21.2 
Brain microvessels 3.5 18.2 
Retina 2.6 14.6 
Myelin 3.4 18.0 
Sciatic nerve 3.7 24.6 

Liver 4.5 25.0 
aValues are % of total 22:6. 

A9c,12c, 15t (about 600 mg/kg diet) was not sufficient com- 
pared to the initial level oflinolenic acid (about 2500 mg]kg 
diet). However, as in previous experiments, it appears that  
the c/s n-3 PUFA were probably more easily desaturated 
and elongated than the corresponding trans compounds. 
This is consistent with the levels of trans long-chain n-3 
PUFA incorporated into these tissues compared with the 
percentage of their precursor in the diet (Table 3). 

We know that  geometrical isomers of a-linolenic acid can 
be present in the human diet. The low-calorie spreads mar- 
keted in France can contain up to 28% of their 18:3 as trans 
compounds (5). Moreover, in some frying oils about 40% of 
linolenic acid was of trans configuration (4). It  can there- 
fore be argued that  the ratios of trans isomers of a-linolenic 
acid used in the present experiments (47.5 of total 18:3 in 
group A) were quite realistic. The compounds can be de- 
saturated and elongated in vivo and thus provide trans iso- 
mers of EPA or DHA, even in brain structures. Although 
our studies were done in rats, evidence for the occurrence 
of isomers of EPA and DHA in human tissues was brought 
forward recently by Chardigny et al. ( 31) who identified the 
trans isomer of EPA in most of the fourteen samples of 
human platelets studied. The trans isomer of DHA was 
also detected but to a lesser extent and only in four sam- 
ples. It  will be necessary to determine whether or not these 
amounts could have physiological implications. In another 
study done on human platelets (32), 20:5 A5c,8c, llc, 14c, 17t 
was shown to be a less powerful antiaggregant than EPA, 
and 22:6 A4c,7c, 10c, 13c, 16c, 19t was shown to be more effi- 
cient than DHA in inhibiting aggregation induced by 
arachidonic acid. 
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Incorporat ion of  polyunsaturated fatty acids (PUFA), 
particularly 22.~n-3, into fetal brain at specif ic  gesta- 
t ional  ages  is crit ical  for deve lopment  of  normal  brain 
function. We have  studied adaptations to maternal  l iver  
phosphol ipid molecular  spec ies  compos i t ions  that may 
be related to the supply of  PUFA to fetal brain. The in- 
crement  of  22.~n-3 in brain phosphat idyle thanolamlne  
(PE) was  maximal  at day 25 to day 35 of  gestation,  con- 
s i s tent  wi th  early prenatal  deve lopment  of  guinea pig 
brain. At the same gestat ional  ages, there was  a tran- 
s i ent  increase  in materna l  l iver  con cen tra t ion  of  
16:0/22.~ phosphat idylchol ine  (PC), which  preceded the 
progress ive  increase  in total  PC concentrat ion toward 
term (day 68). This effect was  specif ic  for the sn-1 16~  
species,  as there  was  no signif icant increase  in 18.~/22.~ 
PC concentrat ion.  These  results  are cons i s tent  wi th  a 
specif ic  role for 16.~/22.~ PC in the directed supply of  
22.~n-3 firom maternal  l iver  to the fetus.  Concentrat ions  
of  all PE spec ies  in maternal  l iver  decreased at day 25 
and day 35 of  gestation.  The gradual accumulat ion of  
22:6n-3 in fetal l iver  throughout  gestat ion did not  corre- 
late wi th  the pattern of  acquis i t ion of  22:6n-3 into fetal 
brain PE. Maternal p lasma PC and cholesterol  concen-  
trat ions decreased dramatical ly  by day 25 of  gestation,  
and remained low unti l  term. This hypol ip idemia  of  
pregnancy in the guinea pig may be due to increased li- 
pase-mediated turnover  of  p lasma l ipoproteins  and con- 
trasts  strongly wi th  the wel l -character ized hyperlipi-  
demia  in human and rat gestation.  
Lipids 29, 259-264 (1994). 

Optimal fetal growth requires an adequate supply of es- 
sential polyunsaturated fatty acids (PUFA) at defined 
periods in gestation. Failure to acquire sufficient and 
appropriate PUFA at such critical periods in fetal devel- 
opment may have irreversible and harmful conse- 
quences for post-natal growth and function. The major 
PUFA arachidonate (20:4n-6) and docosahexaenoate 
(22:6n-3) must be derived from the essential fatty acids 
linoleate (18:2n-6) and a-linolenate (18:3n-3) in the ma- 
ternal diet. Studies in preterm human infants fed for- 
mula either lacking or supplemented with marine oils 
(1,2) have shown that the capacity of the fetus and 
neonate to desaturate and chain elongate 18:2n-6 and 
18:3n-3 is inadequate to meet the demands of rapid 
growth in development. The conclusion from these and 
many other studies is that  the bulk of the long-chain 
PUFA must be synthesized by the mother and supplied 

*To whom correspondence should be addressed at Child Health, 
Level G, Centre Block, Southampton General Hospital, Tremona 
Rd., Southampton S09 4XY, United Kingdom. 
Abbreviations: DPH, 1,6-diphenyl-l,3,5-hexatriene; FA, fatty 
acid(s); GC, gas chromatography; PC, phosphatidylcholine; PE, 
phosphatidylethanolamine; PUFA, polyunsaturated fatty acid(s); 
TFE, trifluoroethanol; UV, ultraviolet. 

to the fetus and neonate either by placental transport or 
through the milk. Further evidence to support this view 
was provided by analysis of phospholipid fatty acid com- 
position in cerebral cortex obtained from victims of Sud- 
den Infant Death Syndrome, who had been born at term 
(3). Brain phosphatidylethanolamine (PE) 22:6n-3 was 
deficient in infants who had been fed formula not sup- 
plemented with preformed 22:6n-3 as compared with 
breast-fed infants. The mechanisms regulating the ma- 
ternal synthesis of 20:4n-6 and 22:6n-3 destined for sup- 
ply to the fetus are still not understood. Indeed, despite 
knowledge of the maternal hyperlipidemia of human 
pregnancy for almost 150 years (4), it is still not clear 
which lipid or lipoprotein subfraction in the circulation 
is the principal carrier of PUFA to the placenta. 

A significant proportion of the 22:6n-3 delivered to the 
fetus is destined for incorporation into neuronal mem- 
branes of the developing brain, preferentially as PE (5). 
The period of 22:6n-3 accumulation in brain PE is asso- 
ciated with the process of neurite extension and axonal 
formation and precedes the brain growth spurt charac- 
terized by the incorporation of saturated fatty acids into 
brain myelin (6). The timing of maximal 22:6n-3 incor- 
poration into brain PE and brain development differs 
considerably between animal species (7). Consequently, 
for any given species, any adaptations of maternal lipid 
metabolism proposed to be involved in the directed sup- 
ply of 22:6n-3 must correlate temporally with its accu- 
mulation in fetal brain. 

In human development, 22:6n-3 incorporation into 
fetal brain is initiated early in gestation, at about 16 wk 
(8,9), and continues into early post-natal life. This 
process in the rat is restricted to the post-natal period 
(10). Analyses of the ontogeny of the accumulation of 
22:6n-3 in fetal guinea pig brain phospholipids have not 
previously been reported. However, neuronal differenti- 
ation is essentially prenatal in the guinea pig (11), and 
the timing of neuritogenesis at about day 40 of gestation 
term (term = 68 d) (12) suggests that brain 22:6n-3 ac- 
cumulation should also be substantially prenatal. 

In maternal rat liver (13) and in maternal human 
plasma (14), the period of 22:6n-3 accumulation by peri- 
natal brain is preceded by an increased concentration 
of the phosphatidylcholine (PC) molecular species, 
16:0/22:6 PC. This suggested that  16:0/22:6 might be a 
preferential carrier for transport of 22:6n-3 from the ma- 
ternal liver either to fat stores destined for use during 
lactation or to the placenta for supply to the developing 
fetus. 

In the present study we have characterized the mole- 
cular species compositions of PC and PE in fetal and ma- 
ternal liver and in maternal plasma throughout guinea 
pig gestation, and have compared the adaptations with 
the ontogeny of PUFA accumulation in fetal brain. 
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MATERIALS AND METHODS 

Materials. HPLC grade methanol and trifluoroethanol 
(TFE) were obtained from Rathburn Ltd. (Walkerburn, 
Scotland). Chloroform, choline chloride and 1,6- 
diphenyl-l,3,5-hexatriene (DPH) were purchased from 
Merck Ltd. (Poole, Dorset, United Kingdom). All other 
reagents and lipid standards were from Sigma (Poole, 
Dorset, United Kingdom). 

Animal procedures. Outbred adult female Dunkin- 
Hartley guinea pigs were fed maintenance diet (FD1; 
Special Diet Services, Witham, Essex, United Kingdom) 
ad libitum before mating and throughout pregnancy. 
The diet contained 3.4% fat by weight, and its fatty acid 
(FA) content, expressed relative to total esterified fatty 
acids, was 22.2% saturated FA, 30.9% monounsaturated 
FA, 22.7% linoleic acid (18:2n-6), 16.3% a-linolenic acid 
(18:3n-3) and 7.9% PUFA, mainly 20:4n-6. At gesta- 
tional ages 25, 35, 55 and 68 (term) days, fetal guinea 
pigs were delivered by Caesarian section (15). Maternal 
livers, fetal livers and fetal brains were collected, imme- 
diately frozen in liquid nitrogen and stored at -20~ Ob- 
taining fetal tissues at earlier gestational ages was not 
technically feasible. 

HPLC analysis of phospholipid molecular species. 
Liver or brain tissue, approximately 100 mg, was ho- 
mogenized in 0.8 mL of 0.9% (wt/vol) NaC1 with an 
Ultra-Turrax homogenizer (Janke & Kunkel, Staufen, 
Germany). One hundred nmoles each of 14:0/14:0 PC in 
TFE and 14:0/14:0 PE in chloroform were added to liver 
homogenates as internal standards. Lipids were ex- 
tracted with chloroform/methanol (16); PC and PE were 
purified using aminopropyl BondElut cartridges (Jones 
Chromatography, Hengoed, Mid Glamorgan, United 
Kingdom) (15,17). Intact liver PC and PE molecular 
species were resolved by reverse-phase HPLC on a 25 cm 
x 4.6 mm APEX II ODS column (Jones Chromatography) 
(15,18) maintained at 50~ using a mobile phase of 
methanol/water (925:75, vol/vol) containing 40 mM 
choline chloride. These isocratic conditions were chosen 
as a compromise between optimal resolution of phospho- 
lipid species containing PUFA, and the ability to resolve 
16:0/16:0 and 16:0/18:1 species effectively. Although 
adding acetonitrile up to 20% (by vol) improved the reso- 
lution of PUFA-containing species, this modification re- 
sulted in co-elution of 16:0/18:1 and 18:0/22:6 species, 
and consequently was not used. The elevated tempera- 
ture of 50~ was essential to control the elution order of 
phospholipid species (18). The mass ofeluted PC and PE 
molecular species was determined by fluorescence detec- 
tion following post-column derivatizatiotl with DPH (18). 
Ultraviolet (UV) absorbance at 205 nm, recorded simul- 
taneously with the fluorescence signal, was routinely 
used to confirm the identity of molecular species. For all 
chromatographic peaks of PC and PE, the principal com- 
ponent species, determined by gas chromatography (GC), 
is quoted. Calculation of the ratio of UV absorbance to 
fluorescence responses for each eluted peak at each ges- 
tational age confirmed that the gestational changes ob- 
served in phospholipid composition were substantially 
due to the major species indicated. 

Analysis of brain phospholipid fatty acids by GC. 
Brain PC and PE fractions eluted from BondElut car- 
tridges were dried under nitrogen and dissolved in 20 
pL of chloroform/methanol (2:1, vol/vol). Twenty nmoles 
of 17:0/17:0 PC was added as internal standard. Fatty 
acid methyl esters, prepared by transmethylation of 
phospholipids with sodium methoxide, were resolved by 
GC using a fused silica capillary column (30 m x 0.25 
mm, DB225; Jones Chromatography). 

Statistical analysis. Statistical analysis was carried 
out using the Mann-Whitney U-test. 

RESULTS 

Fatty acid composition of fetal guinea pig brain PC and 
PE. The fatty acid composition of the major phospholipid 
classes PC and PE in fetal guinea pig brain were ana- 
lyzed at intervals throughout gestation to define the 
timescale for the acquisition of the PUFAs 22:6n-3 and 
20:4n-6. The concentration (mole %) of the principal FAs 
in fetal brain PC, 16:0 and 18:1n-9, remained essentially 
constant between day 25 and day 68 (term) (Fig. 1). The 
corresponding values for 20:4n-6 and 22:6n-3 both in- 
creased significantly in early gestation, reaching max- 
ima at day 55. These FAs, however, remained minor 
components of fetal brain PC throughout gestation, and 
neither contributed more than 6% to total PC. In con- 
trast, the gestational changes in fetal brain PE were 
considerably more marked. Both 20:4n-6 and 22:6n-3 
were major components of brain PE at term (Fig. 2); the 
concentration (mole %) of 22:6n-3 in brain PE increased 
dramatically between gestational ages of day 25 and day 
35, and then continued to increase steadily toward term. 
The accumulation of 20:4n-6 in brain PE occurred 
slightly earlier in gestation. At day 25, the earliest time 

Day 25 ~: ~ Day 35 . Day 55 n Day 68 

70 

60 ~ 

50 
i 

40 '- 

30 L 

1 0 7  �9 �9 

Fatty acid 

FIG. 1. P h o s p h a t i d y l c h o l i n e  (PC) fatty acid composit ion 
(mole  %) of  developing fe ta l  g u i n e a  pig brain during gesta- 
tion. Concentrations of  PC fatty acids were measured by gas 
chromatography.  The fatty acids reported account  for 
> 97% of the total fatty acids present. Values are the m e a n  • 
SD of  n ffi 6 samples  at each gestational age. Circles i n d i c a t e  
values  that were s ignif icantly different (P > 0.05) f r o m  the 
preceding gestational  age. 

LIPIDS, Vol. 29, no. 4 (1994) 



261 

LIVER PHOSPHOLIPIDS IN PREGNANCY 
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Fa t ty  ac id  

FIG. 2. P h o s p h a t i d y l e t h a n o l a m i n e  (PE) fa t ty  ac id  c o m p o s i -  
t i on  (mole  %) o f  d e v e l o p i n g  fetal  b r a i n  d u r i n g  ges tat ion .  
T h e  c o n c e n t r a t i o n s  o f  PE  fat ty  ac ids  w e r e  m e a s u r e d  by  gas  
chromatography .  Fat ty  ac ids  r e p o r t e d  a c c o u n t e d  for  >97% 
of  the  total  fa t ty  ac ids  detec ted .  Values  are  the  m e a n  • SD o f  
n = 6 s a m p l e s  at  e a c h  ges ta t iona l  age.  Circ les  i n d i c a t e  val-  
u e s  that  w e r e  s i g n i f i c a n t l y  d i f ferent  (P > 0.05) f rom the  pre-  
c e d i n g  g e s t a t i o n a l  age.  

poin t  feasible  for ana lys i s ,  b r a i n  PE  was  a l r eady  en-  
r iched i n  20:4n-6 to a va lue  of 80% of t h a t  m e a s u r e d  a t  
t e r m  (Fig. 2). Over  the  s ame  t ime  per iod in  ea r ly  ges ta-  
t ion,  the  inc reases  in  P U F A  componen t s  in  b r a i n  PE  
were accompan ied  by a para l le l  inc rease  in  18:0 a n d  a 
decrease  in  18:1n-9 (Fig. 2). 

Molecular species composition of  maternal guinea pig 
liver PC. Ten PC molecu la r  species were  cons i s t en t ly  
ident i f ied  in  bo th  m a t e r n a l  a n d  fetal  g u i n e a  pig liver, 
a n d  these  species accounted  for more  t h a n  97% of tota l  
PC (15). Total PC concen t r a t i on  in  m a t e r n a l  l iver  in-  

creased s ign i f ican t ly  over the  second h a l f  of ges ta t ion ,  
f rom a n o n p r e g n a n t  va lue  of 8.59 _+ 1.91 to 14.10 _+ 0.41 
~mol/g wet  we igh t  a t  t e r m  (Table 1). W i t h i n  th is  overal l  
increase ,  the re  were s t r i k ing ly  d i f ferent  t empora l  pa t -  
t e r n s  for changes  to the  concen t r a t i ons  of i nd iv idua l  
molecu la r  species. For  species c o n t a i n i n g  long-cha in  
PUFA,  s ign i f ican t ly  inc reased  concen t r a t ions  were evi- 
den t  only  in  those wi th  16:0 a t  the  sn-1 posit ion,  a n d  
these  were seen  ea r ly  in  ges ta t ion .  For  example ,  the  con- 
c e n t r a t i o n  of 16:0/22:6 PC inc reased  to a m a x i m u m  a t  
day  35 of ges ta t ion ,  a nd  t h e n  decreased  toward  t e r m  
(Table 1). I n  cont ras t ,  no s ign i f i can t  ges t a t iona l  change  
was  observed for the  concen t r a t i on  of 18:0/22:6 PC. Sim- 
ilarly, the  concen t r a t i on  of 16:0/20:4 PC inc reased  three-  
fold to a m a x i m u m  a t  the  ea r l i e s t  t ime  m e a s u r e d  (day 
25) a n d  t h e n  decreased u n t i l  t e rm,  whereas  no signifi-  
c an t  a l t e r a t i o n  was  observed for 18:0/20:4 PC (Table 1). 
The  p a t t e r n s  of changes  to concen t r a t ions  of PC species 
c o n t a i n i n g  18:2n-6 d u r i n g  ges t a t ion  were complete ly  dif- 
f e ren t  f rom those observed in  P U F A - c o n t a i n i n g  PC 
species. N e i t he r  16:0/18:2 PC nor  18:0/18:2 PC concen- 
t r a t i o n  changed  s ign i f ican t ly  u n t i l  day 35 of ges ta t ion ,  
a f ter  which  the  concen t r a t ions  of both  species con t i nued  
to inc rease  u n t i l  te rm.  In  add i t i on  to these  a l t e r a t ions  to 
hepa t ic  concen t r a t ions  of p o l y u n s a t u r a t e d  PC species i n  
the  p r e g n a n t  g u i n e a  pig, s ign i f ican t  changes  were ap- 
p a r e n t  i n  the  concen t r a t i ons  of bo th  d i s a t u r a t e d  and  mo- 
n o u n s a t u r a t e d  PC species.  The  c o n c e n t r a t i o n  of 
16:0/16:0 PC inc reased  g r a d u a l l y  t h r o u g h o u t  ges ta t ion ,  
whe reas  t h a t  of 18:0/18:1 PC reached  a m a x i m u m  at  day  
35 of ges t a t ion  a n d  t h e n  decreased  to n o n p r e g n a n t  val-  
ues  by  term.  

Molecular species composition of  maternal guinea pig 
liver PE. In  con t r a s t  to the  ges ta t iona l  inc rease  in  ma-  
t e r n a l  l iver  PC concen t ra t ion ,  the  tota l  PE  concent ra -  
t ion  decreased in  ear ly  ges t a t i on  from a n o n p r e g n a n t  
va l ue  of 9.63 _+ 0.21 to 6.19 _ 0.79 pmol/g wet  we igh t  a t  

TABLE 1 

Materna l  G u i n e a  P i g  L iver  P h o s p h a t i d y l e h o l i n e  C o m p o s i t i o n  a 

Phosphatidylcholine (nmoI/g) 
C, estational age (d) 

Molecular species Nonpregnant 25 35 55 68 

16:0/18:3 279 • 90 268 • 84 160 _+ 4 b'c 299 • 164 158 • 86 
16:0/22:6 902 _+ 106 1458 • 309 b 1614 • 287 b 1003 • 128 c'd 795 • 298 c'd 
16:0/20:4 144 • 29 462 • 152 b 397 • 96 b 331 • 140 b 204 • 91 c'e 
16:0/18:2 1880 _+ 376 2437 • 310 2876 _+ 624 b 3295 _+ 91 b'c 3298 • 268 b'c 
16:0/16:0 224 • 66 471 • 157 b 609 • 253 744 • 201 b,c 607 _+ 127 b 
16:0/18:1 630 • 93 828 • 183 1286 • 466 b 686 • 20 d 766 _+ 53 d'e 
18:0/22:6 1064 • 386 1274 _+ 227 1297 • 295 1043 • 190 1415 _+ 283 
18:0/20:4 609 • 283 1022 • 274 960 • 147 669 __. 95 583 • 88 
18:0/18:2 2188 • 1417 2534 • 238 4702 • 1892 c 5265 _+ 759 b'c 5686 • 700 b'c 
16:0/18:0 584 • 91 104 • l0 b 437 • 71 c 395 • 95 b'c 583 • 111 c'e 
Total 8592 • 1913 11686 • 1592 14720 • 4048 b 13971 • 452 b 14096 • 410 b'~ 

aResults of high-performance liquid chromatography analyses of phosphatidylcholine molecular species compositions in maternal 
guinea pig liver expressed as mean _+ SD; n = 3 samples/gestational age. 

b-eResults significantly (P < 0.05) different from nonpregnant, day 25-pregnant, day 35-pregnant and day 55-pregnant, respectively. 
Maternal liver mass (gram wet weight): Nonpregnant, 21.1 • 2.4; day 25, 40.7 • 1.4; day 35, 34.0 • 3.9; day 55, 31.1 _+ 2.1; day 68, 
29.4 • 4.6. 
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TABLE 2 

Maternal  Guinea  Pig  L i v e r  P h o s p h a t i d y l e t h a n o ] a m i n e  C o m p o s i t i o n  = 

PhosphatidylethanolAmlne (mnoYg) 

Gestational age (d) 
Molecular species Nonpregnant 25 35 55 68 

16:0/22:6 1485 • 401 1039 • 153 1107 • 106 1573 • 28 c'd 1503 • 115 c'd 
16:0/20:4 512 • 127 116 • 14 b 625 • 81 c 620 • 94 ~ 597 • 178 ~ 
16:0/18:2 358 • 130 615 • 142 475 • 99 679 • 79 b'd 684 • 30 b,d 
16:0/16:0 573 • 207 148 • 44b 305 • 80 b'c 525 • 54 c'd 642 • 37 ~e 
18:0/22:6 2890 • 721 1966 • 502 1541 • 4 0  b 3070 • 457 c'd 3507 • 140 c-e 
18:0/20:4 1784 • 368 1105 • 298 b 1248 • 47 b 1432 • 10 b-d 1264 • 42 b'c 
18:0/18:2 1965 _ 285 1198 • 293 b 1162 • 71 b 1516 _+ 365 c'd 2701 • 223 b-e 
Total 9628 • 2127 6188 • 795 b 6311 • 150 b 9414 • 927 c'd 10879 • 319 ~ 

aResu]ts of high-performance liquid chromatography analyses of phosphatidylethanolamine molecular 
species compositions in maternal guinea pig liver expressed as mean • SD; n = 3 samples/gestational age. 

b-eResults significantly (P < 0.05) different from nonpregnant, day 25-pregnant, day 35-pregnant and day 
55-pregnant, respectively. 

day  25 of  g e s t a t i o n  (Table 2), a n d  t h e n  s u b s e q u e n t l y  
r e t u r n e d  to t he  or ig ina l  concen t r a t i on  by t e rm.  More-  
over, t h e r e  was  no s ign i f i can t  t e m p o r a l  d i s c r i m i n a t i o n  
in  c oncen t r a t i on  changes  b e t w e e n  the  i nd iv idua l  molec-  
u l a r  species  of  PE.  T h e  c o n c e n t r a t i o n s  o f  al l  t h e  m a j o r  
P E  species  in  m a t e r n a l  l i ve r  t e n d e d  to dec rease  ea r ly  in  
g e s t a t i o n  a n d  t h e n  inc rease  a g a i n  t o w a r d  t e rm.  Aga in ,  
in  c o n t r a s t  to PC,  t he  m a j o r  changes  to m a t e r n a l  l ive r  
P E  w e r e  a p p a r e n t  in  species  c o n t a i n i n g  sn-1 18:0 r a t h e r  
t h a n  sn-1 16:0 (Table 2). 

Lipid composition of  maternal guinea pig plasma. 
C o n c e n t r a t i o n s  of  to ta l  choles te ro l  and  PC d e c r e a s e d  
s ign i f i can t ly  in  m a t e r n a l  p l a s m a  by day  25 of  g e s t a t i o n  
c o m p a r e d  w i t h  t he  n o n p r e g n a n t  v a l u e s  (Table 3), a n d  
bo th  t h e n  r e m a i n e d  low t h r o u g h o u t  t he  r e m a i n d e r  o f  

ges ta t ion .  P l a s m a  t r ig lyce r ide  concen t r a t i on  did not  
c h a n g e  s ign i f i can t ly  a t  a n y  t i m e  in  ges ta t ion .  Molecu l a r  
species  ana ly s i s  of  p l a s m a  PC showed  t h a t  al l  species  
c o n t a i n i n g  22:6n-3, 20:4n-6 and  18:2n-6 dec reased  to 
s im i l a r  e x t e n t s  in  g e s t a t i o n  (Table 3). 

Molecular species composition of  fetal guinea pig liver 
PC and PE. The a p p a r e n t  i nc rease  in fe ta l  l iver  to ta l  PC 
b e t w e e n  day 35 and  day  68 of  ges t a t ion  was  not  signifi-  
cant .  I n  cont ras t ,  fe ta l  l ive r  P E  concen t r a t ion  doubled  
over  t he  s a m e  per iod (Table 4). The  m a s s  of  fe ta l  l iver  a t  
day  25 was  too low (10 _+ 2 mg) for mo lecu l a r  species  
analys is .  Molecu la r  species of  PC and  PE  con ta in ing  
22:6n-3 and  20:4n-6 were  a l r e ady  subs t an t i a l l y  en r i ched  
in  fe ta l  l ive r  a t  day  35 of  ges ta t ion .  The  concen t ra t ions  of  
all  PC and  P E  species  con t a in ing  22:6n-3 t h e n  inc reased  

TABLE 3 

Maternal  Guinea  Pig  Plasma L i p i d  C o m p o s i t i o n  ~ 

Gestational age (d) 

Nonpregnant 25 35 40 68 

Cholesterol (mmol/L) 
Triglyceride (mmol/L) 
Phosphatidylcholine (retool/L) 

0.9 • 0 0.4 • 2 b 0.7 • 0.4 0.5 • 0.1 b 0.2 • 0.1 b 
0.60 • 0.02 0.52 • 0.13 0.90 • 0.59 0.68 • 0.13 0.47 • 0.10 

0.216 • 0.007 0.081 • 0.004 b 0.061 • 0.073 b'~ 0.073 • 0.009 b 0.086 • 0.017 b 

Phosphatidylcholine (nmol/mL) 
Gestational a~e (d) 

Molecular species Nonpregnant 25 35 40 68 

16:0/22:6 12.3 • 0.8 2.8 • 0.5 b 1.9 _+ 0.2 b'c 1.9 • 0.6 b 2.7 • 0.5 b'd 
16:0/20:4 3.4 • 0.7 2.6 • 0.4 b 1.0 • 0.1 b'c 1.3 • 0.3 b-d 0 b-e 
16:0/18:2 43.7 • 4.3 19.7 • 4.8 b 14.7 • 2.3 b 14.9 • 0.7 b 19.4 __. 3.7 b 
16:0/18:1 17.5 • 1.2 4.1 • 1.2 b 5.3 • 3.2 b 2.6 • 0.7 b 3.5 • 1.3 b 
18:0/22:6 24.4 • 0.5 1.4 • 0 b 1.8 • 1.0 b 2.8 • 0.3 b'c 3.2 • 1.0 b'c 
18:0/20:4 14.3 • 5.5 0.4 • 0.1 b 0.5 • 0.1 b 1.9 • 0.4 b-d 2.1 • 0.1 b-d 
18:0/18:2 103.2 • 3.2 50.1 • 6.0 b 28.3 • 1.5 b'c 44.8 • 5.6 b'd 54.8 • 11.7 b'd 

aResults of analyses of cholesterol, triglyceride and phosphatidylcholine concentrations, and high-performance liquid chromatography 
analysis of phosphatidylcholine species composition in maternal guinea pig plasma expressed as mean • SD; n = 3 samples/gestational 
age. 

b-eResults significantly (P < 0.05) different from nonpregnant, day 25-pregnant, day 35-pregnant and day 55-pregnant, respectively. 
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TABLE 4 

Fetal  Guinea Pig Liver Phosphat idylehol ine  (PC) and Phos.  
phat idylethanolamine (PE) Molecular Species  Composit ion a 

Phosphatidylcholine and phosphatidylethanolAmine (nmol/g) 

Gestational age (d) 
Molecular species 35 55 68 

16:0/22:6 PC 421.5 • 78.2 428.5 • 60.9 639.2 • 2 0 . 8  b 

16:0/20:4 PC 213.7 _+ 91.0 150.4 • 31.2 188.5 -+ 25.6 
18:0/22:6 PC 223.6 • 48.5 391.0 -+ 62.3 466.2 • 15.3 b 
18:0/20:4 PC 110.0 • 34.6 205.7 • 70.5 151.2 • 32.7 
Total PC 5352 • 1360 7198 • 1087 7875 • 928 

16:0/22:6 PE 371.4 +_. 30.0 1061.2 +_ 18.8 b 941.3 _+ 39.9 
16:0/20:4 PE 151.8 • 28.9 111.6 • 14.2 108.3 _+ 32.6 
18:0/22:6 PE 737.2 • 49.0 1153.9 • 30.7 b 1302.5 _+ 107.8 b 
18:0/29:4 PE 758.2 • 74.9 627.5 • 21.3 760.4 • 11.2 b 
Total PE 2880 _+ 470 4845 • 523 7057 -+ 1544  b 

aResults of high-performance liquid chromatography analysis of developing fetal guinea 
pig liver PC and PE expressed as mean • SD nmol/g wet tissue; n = 6 samples/gesta- 
tional age. 
bValues that differed significantly (P < 0.05) from the preceding gestational age. The wet 
weights of fetal livers were 0.29 • 0.08 g (day 35), 2.79 • 0.18 g (day 55) and 5.94 • 0.83 
g (day 68, term). 

263 

gradual ly  until  term. By contrast,  concentrations of PC 
and PE species containing 20:4n-6 did not  significantly 
change between day 35 and day 68 of gestation. 

DISCUSSION 

The resul ts  from this s tudy showed, for the first  t ime, 
the pa t t e rns  of changes of ma te rna l  and  fetal  guinea pig 
liver PC and PE molecular  species and their  t empora l  
relat ionship to the accumulat ion of 22:6n-3 in fetal  
guinea pig bra in  PE. Differentiat ion and functional mat -  
ura t ion  of the guinea pig bra in  are essential ly p rena ta l  
events  (4,11,12). Our  resul ts  confirm tha t ,  as might  be 
expected, the accumulat ion of 22:6-3 in fetal b ra in  PE 
was also substant ia l ly  prenata l .  The period of mos t  
rapid accumulat ion was between day 25 and day 35 of 
gestat ion (Fig. 2), which preceded both the repor ted 
onset of electrical activity (days 46-48) (19) and the ex- 
pression of the neuri te  growth cone-associated protein 
GAP-43 (day 40) (20). This resul t  is consistent  wi th  the 
incorporation of 22:6n-3 into the m e m b r a n e s  of ma tu r -  
ing neurones  prior to, and  in support  of, neuri te  exten- 
sion and axon formation.  One consequence of this  
demonst ra t ion  of the ear ly  t imescale for the accumula-  
t ion of 22:6n-3 in fetal  guinea pig bra in  is t h a t  any  adap-  
ta t ions to ma te rna l  lipid metabol ism tha t  might  regu- 
late the supply of 22:6n-3 to the developing fetus m u s t  
also be functional ear ly in gestation. Analysis of hepat ic  
PC composition of the  p regnan t  guinea pig, compared 
with control values  in nonpregnant  animals ,  demon- 
s t ra ted  specific increased concentrat ions of 16:0/22:6 PC 
and 16:0/20:4 PC at  day 25 and day 35 of gestat ion t ha t  
were not  appa ren t  in 18:0/22:6 PC, 18:0/20:4 PC or in PC 
species containing sn-2 18:2. These observations are 
consistent  wi th  comparable  m e a s u r e m e n t s  in h u m a n  
and r a t  pregnancy. The concentrat ion of sn-1 16:0 PC 

species, including 16:0/22:6 PC, increased in the p lasma  
of p regnan t  women in late gestation,  wi th  no change in 
the concentrat ions of sn-1 18:0 PC species (14). Simi- 
larly, there  was a dramat ic  increase in 16:0/22:6 PC con- 
centra t ion in ma te rna l  r a t  l iver and p lasma  at  t e rm  (13) 
in ant icipat ion of the lactat ional  supply of 22:6n-3 to the  
r a t  neonate  (10). 

Compar ison between these three  an imal  species sug- 
gests a possible role for 16:0/22:6 PC in the directed 
t r anspor t  of 22:6n-3 from the ma te rna l  l iver to the fetus 
or neonate.  Previous reports  of the analysis  of the speci- 
ficity of PC synthesis  in adul t  r a t  hepatocytes  (21) and  
fetal guinea pig l iver (15) fu r ther  suggest  a n u m b e r  of 
potent ial  regulatory mechanisms.  For both  the ra t  and  
guinea pig, there  is preferent ial  synthesis  de novo via 
CDPcholine ofsn-1 16:0 PC species; sn-1 18:0 PC species 
are formed largely by acyl remodeling and exhibit  longer 
turnover  times. Consequently, a ssuming  no a l tera t ion to 
the mechan isms  of PC acyl remodeling, an  increased 
ra te  of total  hepatic  PC synthesis  might  be expected to 
resul t  in a shii~ from sn-1 18:0 to sn-1 16:0 PC species. 
Any contribution of al tered fa t ty  acid supply to these 
mechan i sms  is unclear, as the  composition of the diacyl- 
glycerol subs t ra te  pool for hepatic  PC synthesis  is not 
known. Finally, a significant portion of the  22:6n-3, and  
essential ly all the 20:4n-6 in guinea pig liver is derived 
by N-methyla t ion  of the ent i re  liver PE pool (15). As 
l iver PE is substant ia l ly  enriched in species containing 
22:6n-3 and 20:4n-6 as compared with PC, increased 
flux through N-methyla t ion  would lead to an  increased 
concentrat ion of these FAs in the product PC. I t  is pos- 
sible t ha t  the decreased ma te rna l  liver PE concentrat ion 
a t  days  25 and 35 of gesta t ion (Table 2), coincident wi th  
the increased PC concentrat ion a t  the same gestat ional  
ages, is a reflection of such an increased ra te  of conver- 
sion by the N-methyla t ion  pathway. 
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The analysis of plasma lipid concentrations in the 
pregnant  guinea pig (Table 3) demonstrates clearly tha t  
the regulatory mechanisms responsible for supply of 
22:6n-3 to the developing fetus cannot be completely 
identical for all animal species. In contrast  to the hyper- 
lipidemia of late gestation in pregnant  women (4,22) and 
the pregnant  ra t  (23), the pregnant  guinea pig exhibited 
a pronounced hypolipidemia from early gestation until  
term. Previous reports have shown tha t  the guinea pig 
has a unique lipoprotein composition, with very low con- 
centrations of high density lipoprotein in adult  plasma, 
and tha t  concentrations of cholesterol and triglyceride 
are greater  in fetal than  in maternal  guinea pig plasma 
at  te rm (24). In addition, circulating triglyceride has a 
half-life of minutes in the guinea pig (25), placental hy- 
drolysis of esterified lipid is rapid (26,27), and circulating 
maternal  plasma lipids contribute significantly to the 
massive hepatic and plasma hyperlipidemia of the fetal 
guinea pig in late gestation (24). This evidence suggests 
tha t  the rapid rate of lipoprotein clearance in the guinea 
pig, enhanced in pregnancy by the high activity of pla- 
cental lipoprotein lipase (26), is a major determinant  of 
circulating lipid concentration. Consequently, under  
such conditions, the rate of maternal  hepatic lipoprotein 
synthesis and secretion may not correlate with the 
plasma lipid concentration. In effect, the increased con- 
tents  of 20:4n-6 and 22:6n-3 in maternal  liver, derived ei- 
ther  directly from the diet or by endogenous synthesis 
from dietary essential fat ty acids, may  act as t ransient  
store before rapid mobilization, hepatic lipoprotein se- 
cretion and placental t ransfer  to the fetus. 

The pat tern  of change of PC and PE molecular species 
containing 22:6n-3 in fetal guinea pig liver between day 
35 and day 68 of gestation (Table 4) did not correlate 
with the t iming of acquisition of 22:6n-3 in fetal brain 
PE. The rapid growth of the fetal liver after  day 35 (Table 
4) suggests only a limited possible role for this organ in 
the regulation of the 22:6n-3 supply to fetal brain early 
in gestation. Additionally, the fetal guinea pig liver in 
early gestation is immature  and contains relatively few 
hepatocytes (27), fur ther  restricting any potential for in- 
volvement in essential fa t ty  acid supply to other tissues. 

While the coordination between increased maternal  
liver 16:0/22:6 PC and the accumulation of 22:6n-3 in 
fetal brain PE Suggests a specific adaptation of maternal  
liver phospholipid metabolism to supply the require- 
ments  of the developing fetus, confirmation of this hy- 
pothesis requires extensive metabolic analysis defining 
rates of synthesis, turnover  and catabolism of individual 
molecular species in the various phospholipid pools. 
Such information will be essential to determine, for in- 
stance, whether  plasma lipid concentrations decrease in 
the pregnant  guinea pig as a consequence of increased 
lipoprotein clearance, and whether  these decreased con- 
centrations are consistent with increased flux of lipid 
through the plasma lipoprotein pools. Similarly, while 
the absence of any alteration to the composition of 
PUFA-containing phospholipids in fetal liver coincident 

with the accumulation of 22:6n-3 in fetal brain PE at  day 
25 and day 35 of gestation suggests little involvement of 
fetal liver metabolism in directing PUFA supply to the 
fetal brain, this supposition needs to be validated by 
metabolic analysis. Such studies are current ly being un- 
der taken in our laboratory. 
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Dietary Protein Deficiency Affects n-3 and n-6 Polyunsaturated Fatty 
Acids Hepatic Storage and Very Low Density Lipoprotein Transport in 
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F a t t y  l i vers  and  the  s imi lar i ty  b e t w e e n  the  sk in  l e s i o n s  
in k w a s h i o r k o r  and t h o s e  d e s c r i b e d  in e x p e r i m e n t a l  
e s s e n t i a l  fat ty  ac id  (EFA) d e f i c i e n c y  h a v e  l ed  to  the  
h y p o t h e s i s  that  p r o t e i n  and  EFA d e f i c i e n c i e s  m a y  bo th  
o c c u r  in  c h r o n i c  ma lnutr i t i on .  The  r e l a t i o n s h i p  be- 
t w e e n  s e r u m  v e r y  l o w  d e n s i t y  l i p o p r e t e i n  (VLDL) and 
h e p a t i c  Hpid c o m p o s i t i o n  w a s  s t u d i e d  af ter  28 d o f  pro- 
t e in  d e p l e t i o n  to  d e t e r m i n e  the  i n t e r a c t i o n s  b e t w e e n  
d i e tary  p r o t e i n  l e v e l s  and EFA avai labi l i ty .  Rats  w e r e  
fed pur i f i ed  d ie t s  c o n t a i n i n g  20 or  2% c a s e i n  and  5% fat 
as  e i t h e r  s o y b e a n  oi l  r i ch  in EFA, or  s a l m o n  oi l  r i ch  in  
e i c o s a p e n t a e n o i c  (EPA) and  d o c o s a h e x a e n o i c  (DHA) 
ac ids ,  or  h y d r o g e n a t e d  c o c o n u t  oi l  poor  in  EFA. A n i m a l s  
w e r e  d i v i d e d  in to  s ix  groups ,  SOC (20% c a s e i n  + 5% soy- 
b e a n  oil) ,  SOd (2% c a s e i n  + 5% s o y b e a n  oil) ,  COC (20% ca- 
s e in  + 5% h y d r o g e n a t e d  c o c o n u t  oil) ,  COd (2% c a s e i n  + 
5% h y d r o g e n a t e d  c o c o n u t  oil) ,  SAC (20% c a s e i n  + 5% 
s a l m o n  oil)  and  SAd (2% c a s e i n  + 5% s a l m o n  oil).  Af ter  28 
d, l iver  s t e a t o s i s  and r e d u c e d  VLDL-phospho l ip id  con-  
t en t s  (P < 0.001) w e r e  o b s e r v e d  in pro te in -de f i c i en t  rats .  
In  p r o t e i n  def ic iency ,  t r i acy lg lycero l  and p h o s p h o l i p i d  
fat ty  ac id  c o m p o s i t i o n s  in bo th  l iver  and VLDL s h o w e d  
a d e c r e a s e d  p o l y u n s a t u r a t e d - t o - s a t u r a t e d  fat ty  ac id  
rat io .  This  rat io  w a s  h i g h e r  w i t h  the  s a l m o n  oi l  d ie t s  
and  l o w e r  w i t h  the  h y d r o g e n a t e d  c o c o n u t  oi l  d iets .  Fur- 
t h e r m o r e ,  i n d e p e n d e n t  o f  the  oi l  in the  diet ,  p r o t e i n  de- 
f i c i e n c y  d e c r e a s e d  l ino l e i c  and  a r a c h i d o n i c  ac ids  in 
VLDL p h o s p h o l i p i d s .  Converse ly ,  d e s p i t e  d e c r e a s e d  
p r o p o r t i o n s  of  EPA at l o w  pro te in  l eve l s ,  DHA l e v e l s  re- 
m a i n e d  h i g h e r  in rats  fed  s a l m o n  oi l  d iets .  Whi le  in  rats  
fed the  h y d r o g e n a t e d  c o c o n u t  oi l -fed d ie t s  the  a m o u n t  
o f  22:5n-6 w a s  l o w e r  in l iver,  i t  w a s  h i g h e r  in VLDL 
l ip ids  at l o w  p r o t e i n  l eve l s .  B o t h  EPA and a r a c h i d o n i c  
ac id  are  p r e c u r s o r s  o f  e i c o s a n o i d s  and  the i r  d i m i n u t i o n  
m a y  be  re la t ed  to  cer ta in  c l in ica l  s y m p t o m s  s e e n  in in- 
fants  suf fer ing  f rom k w a s h i o r k o r .  
Lipids 29, 265-272 (1994). 

In protein malnutri t ion,  lipoprotein formation and func- 
tion appear  to be altered, leading to liver steatosis (1). 
The occurrence of fa t ty  liver and the similari ty between 

*To whom correspondence should be addressed at Unit6 de 
Recherches de Nutrition Cellulaire et M~tabolique, Universit~ de 
Bourgogne, Facult6 des Sciences Mirande, BP 138, 21004 Dijon 
Cedex, France. 
Abbreviations: Apo, apolipoprotein; CO, hydrogenated coconut oil; 
COC, 20% casein + 5% hydrogenated coconut oil; COd, 2% casein + 
5% hydrogenated coconut oil, DHA, docosahexaenoic acid; EDTA, 
ethylenediaminetetraacetate (disodium); EFA, essential fatty 
acids; EPA, eicosapentaenoic acid; MUFA, monounsaturated fatty 
acids; PL, phospholipids; PUFA, polyunsaturated fatty acids; SA, 
salmon oil; SAC, 20% casein + 5% salmon oil; SAd, 2% casein + 5% 
salmon oil; SFA, saturated fatty acids; SO, soybean oil; SOC, 20% 
casein + 5% soybean oil; SOd, 2% casein + 5% soybean oil; TG, tri- 
acylglycerols; TLC, thin-layer chromatography; VLDL, very low 
density lipoprotein. 

the skin lesions (the loss of hair, dry scaly dermati t is  
with a tendency for superinfection and increased water  
permeability) in kwashiorkor and those seen in experi- 
mental  essential  fat ty acids (EFA) deficiency have led to 
the hypothesis tha t  protein and EFA deficiencies may  
both occur in chronic malnutr i t ion (2,3). Hill and Hol- 
man  (4) reported the effects of various dietary protein 
levels (5 to 40%) on EFA availability in rats  fed hydro- 
genated coconut oil (CO) and noted tha t  EFA deficiency 
symptoms are amplified at  low protein intake. 

Food intakes of infants before hospital admission are 
difficult to determine,  and data  on polyunsaturated 
fat ty acids (PUFA) composition reported in several stud- 
ies are inconsistent (5). It  was found in some studies on 
malnourished children tha t  PUFA were lowered in 
plasma lipids. Yet in other  studies, both linoleic and ara- 
chidonic acids (3), or arachidonic alone (6), or linoleic 
acid in kwashiorkor and arachidonic acid in marasmus  
(7), were found to be decreased in plasma lipids. Thus, 
the data  indicated a relationship between protein levels 
and the development of EFA deficiency. It  is difficult to 
s tudy these relationships with accuracy because numer-  
ous dietary deficiencies are usually associated with 
kwashiorkor. 

Research on protein malnutr i t ion has focused primar- 
ily on protein metabolism. Limited at tent ion has been 
given to the effects of, and the interactions between, pro- 
tein and different dietary fat ty  acids. H u m an  EFA me- 
tabolism is quite distinct from tha t  of the rat ,  and the re- 
sults of the present  s tudy should therefore be extrapo- 
lated to humans  only with great  care. Yet, the ra t  is a 
good model to s tudy both protein malnutr i t ion (8) and 
EFA deficiency (9). 

In our previous paper (10) we provided evidence for 
the effects of protein depletion on the pool size and com- 
position of serum very low density lipoprotein (VLDL), 
and tha t  VLDL composition was modified dependent  on 
the origin and the quant i ty  of the protein in the low pro- 
tein diets. In the present  experiments,  fa t ty  acid and 
protein intakes were monitored with great  accuracy 
throughout  the short- term feeding trials (28 d). Our goal 
was to assess the qualitative and quant i ta t ive differ- 
ences in liver and VLDL fat ty  acid composition in grOW- 
ing rats  fed combinations of adequate or low levels of 
casein with soybean oil (SO) (adequate in EFA), CO 
(deficient in EFA) or salmon oil (SA) (rich in long-chain 
n-3 PUFA). The present  s tudy was also under taken  to 
determine whether  a short period of protein deficiency 
would also diminish n-3 and n-6 PUFA availability 
independent,  or not, of the fat source and whether  
changes found in VLDL serum levels would be accompa- 
nied by similar al terations in apolipoprotein and lipid 
composition. 

Copyright �9 1994 by AOCS Press UPIDS, Vol. 29, no. 4 (1994) 
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MATERIALS AND METHODS 

Animals and diets. Sixty male Wistar rats (Iffa Credo, 
l'Arbresle, Lyon, France) initially weighing 83 _+ 5 g were 
allowed free access to an adequate diet (20% casein and 
5% olive oil) for 10 d. After this adaptat ion period, when 
body weights reach 115 _+ 7 g, the animals were fed pu- 
rified diets containing 20 or 2% casein and 5% fat as ei- 
ther  SO rich in EFA or SA rich in eicosapentaenoic 
(EPA) and docosahexaenoic (DHA) acids, or CO poor in 
EFA. Rats were randomly divided into six groups, SOC 
(20% casein + 5% soybean oil), SOd (2% casein + 5% soy- 
bean oil), COC (20% casein + 5% hydrogenated coconut 
oil), COd (2% casein + 5% hydrogenated coconut oil), 
SAC (20% casein + 5% salmon oil) and SAd (2% casein + 
5% salmon oil). The diets are described in Table 1, and 
the fat ty acid compositions of the various oils are de- 
scribed in Table 2. 

The six diets were isocaloric (16.28 MJ/kg) and con- 
tained identical amounts  of lipids, vitamins, minerals 
and fiber. Animals were kept  in wire-bottom cages at  
constant  temperature  (24~ and humidi ty  (60%) at  a 
12-h light cycle (0700-1900). The rats  ate and drank  
ad libitum. The general guidelines for the care and use 

TABLE 1 

Diet Composit ions a (g/kg diet) 

Soybean oil Coconut oil Salmon oil 
(SO) diets (CO) diets (SA) diets 

SOC SOd COC COd SAC SAd 

Milk casein b 200 20 200 20 200 20 
DL-Methionine c 3 3 3 3 3 3 
Cornstarch d 587 767 587 767 587 767 
Sucrose 50 50 50 50 50 50 
Fiber (agar-agar) b 50 50 50 50 50 50 
Mineral mix ~ 40 40 40 40 40 40 
Vitamin mix f 20 20 20 20 20 20 
SO g 5O 50 
CO h 50 5O 
SA i 50 50 

aThe diets were isocaloric (16.80 MJ/kg) and given in powdered 
form. Diet abbreviations: SOC, 20% casein + 5% SO; SOd, 2% ca- 
sein + 5% SO; COC, 20% casein + 5% CO; COd, 2% casein + 5% CO; 
SAC, 20% casein + 5% SA; SAd, 2% casein + 5% SA. 
bprolabo, Paris, France. 
CMerck, Darmstadt, Germany. 
dEts Louis Francois, Saint Maur les Foss4s, France. 
eUAR 205 B (Villemoisson, Epinay/Orge, France). Mineral mix pro- 
vided the following (g/kg diet): calcium, 4; potassium, 2.4; sodium, 
1.6; magnesium, 0.4; iron, 0.12; trace elements: manganese, 0.032; 
copper, 0.005; zinc, 0.018; cobalt, 0.00004; iodine, 0.00002. 
fUAR 200 (Villemoisson). Vitamin mix provided the following 
(mg/kg diet): thiamin, 40; riboflavin, 30; nicotinic acid, 140; pyri- 
doxine, 20; pyridoxal, 300; cyanocobalAmln, 0.1; ascorbic acid, 
1600; a-tocopherol, 340; menadione, 80; calcium panthotenate, 
200; choline, 2720; folic acid, 10; p-aminobenzoic acid, 100; biotin, 
0.6; retinol, 12; cholecalcfferol, 0.125. 
gLesieur, Boulogne Billancourt, France. 
hAstra Calvd, Asniere, France. 
iGattefoss6, Saint Priest, France. 

TABLE 2 

Fatty Acid Composit ion (%) of  Dietary Oils a 

Fatty acid SO CO SA 

8:0 n.d. 4.0 n.d. 
10:0 n.d. 6.0 n.d. 
12:0 n.d. 39.0 n.d. 
14:0 traces 19.0 2.0 
16:0 10.3 16.0 16.0 
16:1n-7 0.1 n.d. 6.0 
18:0 3.9 4.6 4.0 
18:1(n-7 + n-9) 22.1 8.9 18.0 
18:2n-6 54.8 1.6 4.0 
18:3n-3 7.5 n.d. n.d. 
20:0 0.4 n.d. n.d. 
20:1(n-9 + n-ll) 0.2 n:d. 10.0 
20:4n-6 n.d. n.d. 1.1 
20:5n-3 n.d. n.d. 9.9 
22:0 0.4 n.d. n.d. 
22:1(n-9 + n-ll) n.d. n.d. 8.0 
22:5n-3 traces n.d. 3.9 
22:6n-3 n.d. n.d. 11.1 
24:0 traces n.d. n.d. 
24:1n-9 n.d. n.d. 1.2 
Saturated 15.0 88.6 22.0 
PUFA (n-6 + n-3) 62.3 1.6 30.0 
PUFA/saturated ratio 4.2 0.02 1.4 

aTraces, <0.1%; n.d., "not detected." PUFA, polyunsaturated fatty 
acids. See Table 1 for other abbreviations. 

of laboratory animals (Council of European Communi- 
ties, 1986) (11) were followed. 

Blood samples. On day 28 of the experiment, after 
overnight fasting, ra ts  were bled from the abdominal 
aorta under  anesthesia (sodium pentobarbital,  60 mg/kg 
body weight). Serum was obtained by low-speed cen- 
trifugation and preserved with 0.26 mmol disodium 
ethylenediaminetetraacetic (EDTA) and 3 mmol sodium 
azide. 

Isolation of VLDL fraction from total lipoproteins. The 
VLDL fraction was isolated by a single spin discontinu- 
ous gradient  following the method of Redgrave et al. (12) 
as modified by Meghelli-Bouchenak et al. (13). The puri- 
fied VLDL fraction (d < 1.006) was dialyzed against  0.15 
M NaC1, 1 mM EDTA, pH 7.4, at  4" for 24 h, using Spec- 
tra/Por 2 dialysis tubing (Spectrum Medical Industries,  
Los Angeles, CA). 

A_polipoprotein (apo) electrophoresis. Aider part ial  
delipidation, VLDL-apos were estimated using sodium 
dodecyl sulfate polyacrylamide gel electrophoresis ac- 
cording to Meghelli-Bouchenak et al. (13). Linear gradi- 
ent  acrylamide gels (2.5-20% acrylamide) were poured, 
using two chamber  gravity flow gradient  markers  (14). 
Electrophoresis was performed in an LKB 2001-001 ver- 
tical electrophoresis unit  (LKB, Bromma, Sweden) at  
4~ for 18 h with 20 mA/slab gel. After staining with 
Coomassie brilliant blue G 250, destained gels were 
scanned at 600 nm with a densitometer (Model Profil 26; 
Sebia, Issy les Moulineaux, France). The proportions of 
the various apo were determined semiquanti tat ively 
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based on the densitometry tracings. The concentration 
of each apo was calculated based on the percentage of 
the area for each apo relative to the total area for each 
serum sample. Data are expressed as arbitrary units 
(AU)/L serum. The ape samples for the six groups were 
electrophoresed in parallel, but staining a_ffinity of each 
peptide was not determined. However, when 50-200 pg 
of total protein were applied, the chromo-genicity of 
each major band was shown to change linearly relative 
to the amount of total protein applied to the gel. In order 
to affirm the validity of our calculations, immunoelec- 
trophoresis according to Laurell (15) was also used for 
apo A-I, ape A-IV and total apo B quantitation. 

Livers. The animals were killed, and the livers were 
removed, washed with cold saline, quickly blotted and 
weighed. About 1 g of the largest lobe was homogenized 
in an ultraturax homogenizer (Bioblock Scientific, I1- 
lkirch, France) for lipid extraction. About 100 nag of the 
same lobe was homogenized at 4~ in a Potter Elvejhem 
homogenizer and used for protein determination. 

Chemical analyses. Total lipids of VLDL and liver 
were extracted according to the method of Folch et al. 
(16). Lipid classes were isolated by thin-layer chroma- 
tography (TLC) according to the method of Stahl et al. 
(17). The solvents used for lipid extraction and TLC con- 
tained 2,6-di-tert-butyl-p-cresol (50 mg/L) as antioxi- 
dant, and the lipid extracts were stored under nitrogen 
in the dark at -20~ to prevent oxidation. 

Internal standards [17:0 fatty acid, di-17:0 phos- 
phatidylcholine, tri-17:0 triacylglycerol (TG) and 17:0 
cholesteryl ester] were added to the samples prior to ex- 
traction. Phospholipids (PL) were quantified by measur- 
ing their phosphorus contents by the Bartlett method 
(18). PL and TG fractions were transmethylated and 
fatty acids were analyzed by gas-liquid chromatography 
(19). The Becker Gas Chromatograph Packard 417 
(Downers Grove, IL) used was equipped with a glass 
capillary column, 39 m x 0.3 mm i.d., coated with car- 
bewax 20M as stationary phase. The flow rate (H 2) was 
6 mL/min, the inlet temperature was 202~ and the de- 
tector temperature was 240~ using pentadecanoic acid 
methyl ester as internal standard. Identification of fatty 
acids was by comparison of relative retention times with 
those of commercial standards. Peak areas were calcu- 
lated with an ENICA 21 integrator (Delsi Instrument, 
Suresnes, France). The average molecular weight of the 
fatty acids was determined ( a j a r  correction for recovery 
relative to 17:0 internal standards) based on which the 
amounts of TG were calculated. Proteins were deter- 
mined according to Lowry et al. (20) using bovine serum 
albumin as standard. 

Statistical analysis. Results are reported as means for 
each group with standard errors of the means. In fatty 
acid analysis, when percentage data were not normally 
distributed, statistical analyses were carried out using 
the variance-equalizing transformation (arcsin transfor- 
mation) according to Zar (21). Student's t-test was used 
to determine the significance of differences between 
pairs of particular means (2% vs. 20% casein). The ef- 
fects of dietary fat, protein level and any interaction be- 
tween the two (interaction "protein* oil"), when the CO 
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and SA diets were compared to the SO diets (controls), 
were assessed by means of a two-way analysis of vari- 
ance. The level of significance was 0.05. 

RESULTS AND DISCUSSION 

Animals.  The daily average food intake per rat  was 
20.5 • 4.8, 9.9 • 1.5, 20.5 _+ 4.8, 9.9 • 1.2, 22.0 • 4.4 and 
10.1 • 1.5 g/24 h for SOC, SOd, COC, COd, SAC and 
SAd, respectively. After 28 d, body weight was signifi- 
cantly affected by the level of protein in the diet. The 
protein-deficient groups, SOd, COd and SAd, weighed 
only 49, 43 and 44% (P < 0.001) of their respective con- 
trols. With the 20% casein diets, no difference was ob- 
served in body weights (293 • 8, 286 • 11 and 291 • 
46 g) for COC, SAC and SOC, respectively, independent 
of the oil in diet, which may have been due to the short 
experiment time. 

Liver and VLDL TG and PL  contents. The liver 
weights (Table 3) were lower in rats fed the low protein 
diets compared to their respective controls, i.e., SOd 
(-38%), COd (-40%) and SAd (-52%) (2% vs. 20% casein, 
P < 0.001), but there was no effect of the dietary fat 
source on liver weight. In protein-deficient rats, total he- 
patic lipids were markedly elevated as had been ob- 
served in previous experiments by Meghelli-Bouchenak 
et al. (10). A gain in liver total lipids, which was mostly 
due to TG increases, was observed in all protein-defi- 
cient groups (P < 0.001) (Table 3). This lipid accumula- 
tion in liver was attributed by Flores et al. (22) and 
Meghelli-Bouchenak et al. (13) to impaired hepatic TG 
secretion v/a VLDL. Yet, as liver TG levels (per gram of 
liver) were increased by protein malnutrition, PL levels 
in both liver and VLDL were decreased, especially in the 
CO-fed group, but not significantly for liver-PL in the 
SA-fed group. The highest liver-TG contents were ob- 
served with the CO diets (P < 0.001). As protein defi- 
ciency induced a reduction in VLDL-apo synthesis, TG 
levels carried by VLDL were decreased (Table 3). 

Liver and VLDL fatty acid changes. PUFA occur in tis- 
sues as essential components of structural lipids of cel- 
lular and subcellular membranes. The properties of 
these membranes are affected by the PUFA composition 
of their constituent PL. Thus, PUFA status is best mea- 
sured by the percentage of PUFA in the total fatty acids 
bound in PL, rather than by the overall PUFA concen- 
tration in tissues or fluids (23). In the present study, 
when comparing dietary variables, we have only consid- 
ered the relative percentages, per weight, and not the 
actual amounts of fatty acids present. The fatty acid 
compositions of liver and VLDL lipids (expressed as per- 
centage of total fatty acids) from rats on the different 
treatments are listed in Tables 4-7. In general, the fatty 
acid profiles of the lipid fractions studied reflected the 
fatty acid contents of the oils ingested by the various 
groups, particularly with 20% rather than with 2% ca- 
sein in the diets. Thus, linoleic and arachidonic acid lev- 
els were highest in lipids from the SO-fed groups, and 
lowest in the SA- and CO-fed groups, reflecting the dif- 
ferences in the linoleic acid contents of the oils. Simi- 
larly, the long-chain n-3 PUFA were not detectable in 
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these lipid fractions when rats were fed the CO diets 
and when the 22:5n-6 was replaced by DHA in rats fed 
the SA diets. 

The amounts of total n-6 PUFA, i.e., linoleic and 
arachidonic acids, were lower with the CO and SA diets 
when compared to control values obtained with the SO 
diets (P < 0.001). The 20:3n-9/20:4n-6 ratio, a biochemi- 
cal index of EFA deficiency (limit of normality is <0.2 in 
PL ~of serum) (23) was enhanced with the CO and SA 
diets (low in EFA), but more markedly with the coconut 
oil diet (P < 0.001). Yet, this ratio was not always in- 
creased in each of the lipid fractions by protein defi- 
ciency. Holman et al. (6) and Naismith (24) observed a 
significant increase in this ratio of plasma lipids of mal- 
nourished children, which was attributed to a moderate 
EFA deficiency. Koletzko et al. (3) found that the plasma 
lipids of malnourished children showed an EFA defi- 
ciency with only a slight rise in the triene/tetraene ratio 
in TG, but not in PL. These authors concluded that the 
ratio is not necessarily a reliable indicator of EFA status 
in protein malnutrition. Some studies on erythrocyte 
membrane lipids in malnourished children also showed 
lower proportions of eicosatrienoic acid (20:3n-9). Fur- 
thermore, one of these studies (7) showed low levels of 
linoleic and arachidonic acids in kwashiorkor and or 
arachidonic alone in marasmus; another study (25) re- 
ported lower proportions of arachidonic in the marasmic 
group than in the kwashiorkor group, and a higher un- 
saturated/saturated fatty acids (SFA) ratio in the 
kwashiorkor group than in the control group. These re- 
sults are inconsistent, which may be due to the different 
degrees and duration of protein malnutrition and per- 
haps due to different dietary fat sources. The polyunsat- 
urated/saturated (P/S) ratio was always depressed by 
protein deficiency in TG and PL of both liver and VLDL 

FIG. 1. Very l o w  d e n s i t y  l i p o p r o t e i n - a p o l i p o p r o t e i n  (apo)  
d i s t r i b u t i o n  in  y o , , n g  rats  f e d  p r o t e i n . d e f i c i e n t  d i e t s  w i t h  
c o c o n u t  (CO) or smimon (SA) o i l s  vs.  s o y b e a n  oi l  (SO), for  28 
eL Va lues  are  e x p r e s s e d  as  arb i t rary  u n i t s  (AU)/L. S e r u m  
v a l u e s  are  m e a n s  • SEM for  s ix  rats  per  group.  SOC, 20% ca- 
s e i n  + 5% SO; SOd, 2% c a s e i n  + 5% SO; COC, 20% c a s e i n  + 5% 
CO; COd, 2% c a s e i n  + 5% CO; SAC, 20% c a s e i n  + 5% SA; SAd, 
2% c a s e i n  + 5% SA. The  l eve l  o f  s i gn i f i cance ,  P,  w a s  deter-  
m i n e d  b y  a t - test  ag~inRt t h e  c o r r e s p o n d i n g  control;  a or b 
i n d i c a t e s  v a l u e s  w i t h  s i g n i f i c a n t  d i f f e r e n c e s  f rom contro l s  
w i t h  a P - va lue  of  at  l eas t  P < 0.05; a, CO or SA vs.  SO (COC 
or SAC vs.  SOC a n d  COd or SAd vs. SOd); b,  2% vs.  20% ca- 
s e i n  (COd vs.  COC, or SAd vs.  SAC, or SOd vs.  SOC). 
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PROTEIN AND ESSENTIAL 

(P < 0.001), and the highest  ratio was always obtained 
with the SA diets (P < 0.001). 

Thus, protein malnutr i t ion does not have the same ef- 
fects on the fat ty  acid composition with using the SA 
diets or the CO diets. In VLDL-PL (Table 7), protein de- 
ficiency diminished total monounsatura ted  fa t ty  acids 
(MUFA) with the CO diets but  raised them with the SA 
diets. The total amounts  of n-6 fat ty  acids, i.e., 18:2n-6 
(not significantly for SAd) and 20:4n-6, were diminished 
in both liver- and VLDL-PL of ra ts  fed the protein-defi- 
cient diets independent  of the oil (Tables 5 and 7). 

Hill and Holman (4) reported tha t  when CO is fed at  
various protein levels in the diet, PUFA profiles of 
l iver -PL showed significantly lower amounts  of n-6 
fat ty  acids at  low levels of protein, except for the amount  
of 22:4n-6, which was significantly higher. In our study, 
"protein* oil" interaction was seen in regard to the elon- 
gation products of the n-6 (with the CO diets) and n-3 
(with the SA diets) series. Low protein levels together  
with coconut oil lowered the amounts  of 22:5n-6 in liver 
lipids (TG + PL) (P < 0.001), but  the amounts  of 22:5n-6 
were elevated in VLDL lipids. In previous studies using 
young rats, we have shown tha t  in a-linolenic acid defi- 
ciency and with adequate linoleate intake, protein defi- 
ciency increased the amount  of 22:5n-6 in VLDL-PL (26, 
27). This fa t ty  acid seemed to be secreted to a grea ter  ex- 
ten t  when both protein and n-3 fat ty  acid deficiencies 
were present.  The increased amount  of 22:5n-6 in VLDL 
could also be at tr ibutable to a lower utilization of this 
acid by tissues other  than  liver. Similarly, the SAd group 
showed reduced amounts  of total n-3 fat ty  acids in 
l iver-PL and VLDL-TG, but  despite the lower amounts  
of 20:5n-3, 22:6n-3 was increased in all lipid fractions 
(interaction protein* salmon oil). We have previously ob- 
served the same phenomenon in the PL of liver micro- 
somes from rats  fed similar diets (28). The data  may in- 
dicate tha t  the conversion of EPA to DHA is accelerated 
by protein malnutr i t ion with the SA diets. 

V L D L  apo. The CO diets enhanced apo B100, apo B48 
and apo A-IV more effectively than  ei ther  the SO or the 
SA diets (Fig. 1). Total VLDL-apo were reduced by pro- 
tein deficiency (Table 3), probably because of reduced 
synthes is  as was also observed by Yagasaki and 
Kametaka  (29) and Meghelli-Bouchenak et al. (10). Pre- 
vious data  indicate tha t  the reduced synthesis by liver of 
VLDL-apo is a cause of impaired hepatic TG export, and 
thus  fat ty  liver. Apo B and apo C, which are the main 
apo synthesized by the liver of rats ,  are part icularly de- 
pressed by protein deficiency and sunflower oil diets 
(13-30). In the present  work, total VLDL-apo were de- 
creased in ra ts  fed low protein diets independent  of the 
dietary oil. The decline was mainly due to apo B100 and 
apo B48. Apo A-I was not decreased when feeding CO or 
SA oils, while all apo were decreased with SO and in 
protein deficiency. We have shown previously tha t  pro- 
tein deficiency reduces the half-lives of VLDL-apo and 
increases thei r  clearance, probably because of increased 
peripheral  uptake by different organs, but  not due to a 
higher  uptake by liver (31). 

In conclusion, in spite of the short  feeding period 
(28 d) used in the present  study, protein malnutr i t ion 
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was shown to accentuate the impairment  in PUFA sup- 
ply, i.e., the  P/S ratio was lowered in ra ts  fed the low- 
protein diets. Yet, dependent  on the type of oil used, the 
magni tude of the observed changes differed. In ra ts  fed 
20% casein, the fat ty  acid profiles of the various lipid 
fractions bet ter  reflected the fa t ty  acid composition of 
the dietary oils, than  in ra ts  fed 2% casein. Protein defi- 
ciency severely diminished the amounts  of linoleic, ara- 
chidonic and EPA acids, but  did so to a lesser extent  
with SA than  with CO. Conversely, despite decreased 
proportions of EPA at  low protein levels, DHA remained 
higher  in ra ts  fed the SA diets, whereas in the CO-fed 
rats,  the amount  of 22:5n-6 was lower in liver but  higher  
in VLDL lipids a t  low protein levels. Arachidonic acid 
and EPA are precursors of prostaglandins, thrombox- 
anes and leukotrienes,  and the possible consequences of 
thei r  diminution due to protein malnutr i t ion may be an 
underlying cause of some of the common clinical symp- 
toms in kwashiorkor, such as hair  loss, dry scaly der- 
matit is  and increased water  permeability. 
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The purpose of  the study was to compare the polyunsat- 
urated fatty acid (PUFA) status in patients with X- 
| inked adrenoleukodystrophy or adrenomyeloneuropa- 
thy (X-.4I,D/AMN) with that in disorders of  peroxisome 
biogenesis  (PB). Total fatty acids and plasmalogens 
were quantified in plasma and red cells from 28 patients 
with X-ALD/AMN, 26 patients with generalized peroxi- 
somal disorders, and 37 controls. Total fatty acid methyl 
esters and plasmalogen dimethyl acetals were obtained 
by direct transmethylation and separated by capillary 
column gas chromatography. The results confirm previ- 
ous findings in that docosahexaenoic  acid (DHA, 22.'6n- 
3) was greatly decreased in both plasma and erythro- 
cytes from patients with PB disorders. When nutritional 
conditions were adequate, patients with X-ALD/AMN 
had normal levels of  DHA. A highly significant positive 
correlation was found between the levels of  DHA and 
those of  plasmalogens in peroxisomal patients. As in 
other tissues, the parent n-6 fatty acid, linoleic acid (LA, 
18-.2n-6) was significantly increased in red cells from PB 
patients, whereas arachidonic acid (20:4n-6) was virtu- 
ally within normal limits. In clear contrast to red cells 
and other tissues, arachidonate was significantly lower 
in plasma from PB patients. The decrease in plasma 
arachidonate and the high tissue levels of  LA suggest a 
defect of  A6 desaturase and/or A5 desaturase in PB pa- 
tients. The n-6 fatty acids were normal in X..s,I.IIIAMN 
patients. The present data show that X-ALD/AMN pa- 
tients do not  have the profound PUFA alterations that 
PB patients have, at least in blood. 
Lipids 29, 273-280 (1994). 

Generalized peroxisomal disorders are a group of ge- 
netic diseases that  are characterized by the absence or 
by a significant decrease in the number of peroxisomes, 
particularly in liver and kidney (1). The biogenesis of 
peroxisomes seems to be defective in these diseases, so 
that  the name "disorders of peroxisome biogenesis" has 
recently been proposed (2). Various peroxisomal enzyme 
functions are impaired in this group of disorders. One of 
the impairments more consistently found is the defec- 
tive B-oxidation of very long chain fatty acids (VLCFA), 
i.e., fatty acids with more than 22 carbon atoms, which 
leads to accumulation in tissues of 24:0, 26:0 and 26:1n- 
9 (3). Detection of VLCFA in plasma and skin fibroblasts 

*To whom correspondence should be addressed at Biomedical Re- 
search Unit, Maternity-Children's Hospital Valle de Hebron, 
planta 14, 08035 Barcelona, Spain. 
Abbreviations: AA, arachidonic acid; AMN, adrenomyeloneuropa- 
thy; DHA, docosahexaenoic acid; DMA, dimethyl acetals; EPA, 
eicosapentaenoic acid; FAME, fatty acid methyl esters; IRD, infan- 
tile Refsum's disease; LA, lin01eic acid; NALD, neonatal 
adrenoleukodystrophy; PB, peroxisome biogenesis; PUFA, polyun- 
saturated fatty acids; RCDP, rhizomelic chondrodysplasia punc- 
tata; VLCFA, very long chain fatty acids; X-ALD, X-linked 
adrenoleukodystrophy; ZS, Zellweger's syndrome. 

in culture is widely used to diagnose peroxisomal disor- 
ders (4,5). 

There are also various other functions associated with 
peroxisomes that  are affected in peroxisomal disorders. 
Plasmalogen synthesis is altered (6) by a defect in dihy- 
droxyacetonephosphate acyltransferase (7). Also, very 
often accumulation of phytanic acid (8) and bile acid in- 
termediates (9) occurs, and abnormal excretion of dicar- 
boxylic acids is observed (10). Classification of the dis- 
ease is based on clinical symptoms and on the different 
enzyme functions that  are affected, as well as on com- 
plementation analysis (11). The disease prototype, Zell- 
weger's syndrome (ZS), is the most severe form of these 
disorders (12). In ZS, all peroxisomal functions are de- 
fective, and patients are profoundly affected from birth 
by characteristic craniofacial dysmorphias, hypotony, 
convulsions, hepatomegaly, mental retardation, and vi- 
sual and auditory defects. Deterioration is very rapid, 
and the patients usually die totally demented during 
their first months of life. Microscopically, liver biopsies 
show the absence of peroxisomes. Post-mortem exami- 
nation reveals dysmyelination and neuronal hetero- 
topias. 

Milder variants of ZS are neonatal adrenoleukodys- 
trophy (NALD; 13) and infantile Refsum's disease (IRD; 
14). However, classification is often arbitrary, and over- 
lap occurs between the different clinical forms. Children 
with IRD and NALD are less severely affected than 
those with ZS, and they often live until their second 
decade. A related disease is X-linked adrenolenkodys- 
trophy (X-ALD; 15). In this disorder, peroxisomes are 
present and microscopically normal, but B-oxidation of 
VLCFA is defective (16). The affected reaction seems to 
be the conversion of VLCFA to the corresponding acyl- 
CoA esters (17). The onset of the disease is at 5-8 years 
of age, followed by progressive deterioration of cerebral 
and motor functions leading to death within a few years. 
In a variant of X-ALD, adrenomyeloneuropathy (AMN), 
the spinal cord and the peripheral nervous system are 
affected (18). The disease does not manifest itself until 
adulthood, and the clinical symptoms are milder than in 
X-ALD. ALVIN patients live for several decades. 

Although many studies have been undertaken, and a 
genetic defect in some X-ALD patients has now been 
pinpointed (19), the immediate cause of the neurological 
deterioration in these patients remains unknown. Phy- 
tanic acid toxicity has been associated with the adult 
form of Refsum's disease, but the levels of phytanate in 
IRD are usually much lower. Thus, much of the damage 
has been attributed to VLCFA, although these fatty 
acids are normal components of myelin at lower levels. 
Also, in patients with another peroxisomal disorder, rhi- 
zomelic chondrodysplasia punctata (20), B-oxidation of 
VLCFA is normal. The lower levels of plasmalogens 
could be an important factor, since plasmalogens are 
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abundant in the brain, especially in myelin. However, in 
pseudo-Zellweger's syndrome (21), a variant of ZS due to 
defective 3-oxoacyl-CoA thiolase (22), plasmalogen lev- 
els are normal, although the disease is very similar, and 
almost as severe as classic ZS. 

Recently, a marked deficiency of docosahexaenoic acid 
(DHA, 22:6n-3) has been observed in brain, retina, liver 
and kidney from patients with defective peroxisome bio- 
genesis (PB) (23-25). This DHA decrease can also be 
seen in plasma and erythrocytes (26). DHA is an impor- 
tant  component of brain and retinal membrane phos- 
pholipids, and its deficiency has been associated with 
neurological and visual impairment in the rhesus mon- 
key (27), as well as in the human infant (28). A decrease 
in brain DHA of the magnitude found in patients with 
defective peroxisomal biogenesis could be responsible for 
many of the symptoms in these patients. DHA synthesis 
in rat liver has been shown to occur by B-oxidation of the 
VLCFA 24:6n-3 (29). If this metabolic route is also 
prevalent in humans, patients with other B-oxidation 
defects, such as X-ALD/AMN patients, might also suffer 
from DHA deficiency (30). It was, therefore, of interest 
to assess whether DHA deficiency in patients with late 
onset peroxisomal disorders, such as X-ALD and AMN, 
was the same as that in patients with early onset disor- 
ders of PB. Our study shows that  differences exist in 
polyunsaturated fatty acid (PUFA) composition in red 
cells and in the plasma of patients with disorders of PB 
and with X-ALD/AMN. For comparison, the PUFA com- 
positions of omnivore and vegetarian controls are also 
presented. 

MATERIALS AND METHODS 

The study included 53 patients of different ages with dif- 
ferent forms of peroxisomal disorders. The patients 
could be subdivided into two major groups. One group 
consisted of 28 patients with ages ranging from 5 to 44 
yr, with X-ALD or AMN. The other group consisted of 25 
patients with disorders of PB that  ranged from ex- 
tremely severe to relatively mild; these patients' ages 
were between 2 mon and 19 yr. All patients in this group 
had been diagnosed as having ZS, NALD or IRD. About 
5 mL of blood was collected under fasting conditions, 
using ethylenediaminetetraacetic acid as anticoagulant. 
The sample was shipped on ice by express courier and 
usually arrived in the laboratory within 48 h of collec- 
tion. Erythrocytes were separated from plasma and 
leukocytes on the day of arrival and washed twice with 
isotonic saline solution. When possible, erythrocytes and 
plasma were analyzed immediately. Otherwise, the two 
fractions were stored at 4~ for as short a period of time 
as possible. Freezing of erythrocytes was avoided since 
it damages the cell membranes and causes PUFA losses 
(31), as was confirmed in our laboratory. 

Total acyl groups were quantified as methyl esters 
using 13:0 as internal standard. Plasmalogens were 
quantified, after conversion of the alkenyl group to the 
DMA (32) of the corresponding long chain aldehydes 
(mostly 16:0, 18:0 and 18:1 DMA). Total fatty acid methyl 
esters (FAME) and long-chain DMA were obtained by di- 

rect transmethylation (33) of red cell and plasma lipids 
with HCl/methanol as described (24). Briefly, 2 mL of 
methanol/benzene (4:1, vol/vol) containing 100 tzg of 
tridecanoic acid (13:0) was added to 100 ~L of plasma or 
washed red cells in a methanolysis tube (Coming, NY). 
The tube was vigorously vortexed, while 0.2 mL of acetyl 
chloride was slowly added. The tube was tightly stop- 
pered and then placed into a heating block (Thermolyne 
7600 Dri-Bath, Dubuque, IA) at 100~ for I h. After cen- 
trifugation at 4,000 rpm for 5 rain, an aliquot of the 
upper phase (2-7 pL) containing FAME and DMA was 
analyzed by capillary column gas chromatography on a 
Hewlett-Packard 5890 gas chromatograph (Palo Alto, 
CA) with a 30 m • 0.25 mm i.d. SP-2330 column (Supelco, 
Bellefonte, PA). The carrier gas was helium at a column 
head pressure of 15 psi. Samples were injected at a split 
ratio of about 50:1, and the column was programmed 
from 140 to 200~ at 3~ Using this program and 
separation conditions, all components including VLCFA 
and PUFA methyl esters as well as plasmalogen DMA 
were well separated. Injector and detector temperatures 
were 250~ Detector response linearity was periodically 
checked with quantitative standard mixtures; recovery 
was found to be very good within the whole range of com- 
pounds studied. 

Peak areas were measured with a Hitachi D-2000 
computer-integrator (Hitachi Ltd., Tokyo, Japan), and 
components were identified by comparison of their re- 
tention times with those of pure standards and of mix- 
tures with know composition. Peak assignments were 
confirmed by mass spectrometry of the DMA, methyl es- 
ters and/or picolinyl esters (34) using a Hewlett-Packard 
5970B mass selective detector. Spectra were obtained at 
an ionization potential of 70 eV. 

RESULTS 

In confirmation of previous studies (23-26), patients 
with disorders of PB showed a marked decrease in the 
total concentration of DHA, 22:6n-3 both in plasma 
(Table 1 and Fig. 1) and in erythrocytes (Table 2 and 
Fig. 2). An exception was a child, who was only mildly 
affected neurologically and had virtually normal red cell 
DHA levels (MR in Fig. 1 and 2). Another child (NE in 
both figures) had an atypical variant of the disease, 
without dicarboxylic aciduria and had DHA levels in 
erythrocytes within normal range. In contrast to pa- 
tients with PB disorders, all but two X-ALD/AMN pa- 
tients had normal values of DHA in plasma as well as in 
red cells. The exceptions were two X-ALD patients 
(MSG and MC), who were fed by intubation on "elemen- 
tal diets" (special, easily digestible mixtures used in pa- 
tients that  cannot be nourished normally, and composed 
of known quantities of purified defined elements, pro- 
viding the basic nutritional requirements of carbohy- 
drate, protein, fat vitamins and minerals), low in n-3 
fatty acids. 

The 22:6n-3/22:5n-3 ratio was typically low in PB pa- 
tients, and normal in X-ALD/AMN patients, in plasma 
as well as in erythrocytes (Tables 1 and 2). Interestingly, 
normal and strictly vegetarian Indian children had 
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Omnivore controls X-ALD/AMN PB disorders Vegetarian controls 
1-58 yr 5-54 yr X-ALD ~ X-ALD a 2-19 yr 7-10 yr 

Fa t ty  acid (n = 27) (n = 26) 6 yr 12 yr (n = 25) (n = 4) 

12:0 13.6 • 9.1 14.8 • 6.4 9.0 12.8 22.7 • 22.2 26.3 • 11.5 
14:0 88.2 • 45.6 141.8 • 76.0 146.5 153.5 97.4 • 53.2 181.7 • 97.4 
16:0 2603.8 • 503.5 3191.8 • 1093.3 3903.3 2627.2 2394.1 • 676.2 2433.4 • 924.0 
16:1n-7 182.1 • 82.1 256.4 • 184.3 882.5 288.7 328.1 • 449.0 162.1 • 92.4 
18:0 937.7 • 201.5 1077.0 • 236.4 1438.1 1339.7 728.2 • 206.5 878.5 • 186.1 
18:1n-9 2704.9 • 786.1 1341.9--9057.8 5921.7 3162.3 2214.4 • 1046.9 2185.2 • 1029.4 
18:1n-7 201.7 • 55.2 242.4 • 102.6 232.2 174.8 117.3 • 42.7 141.4 • 48.7 
18:2n-6 3389.8 • 661.5 3704.2 • 880.4 570.6 2687.0 2286.8 • 816.0 3516.1 • 824.4 
18:3n-6 54.9 • 20.1 75.3 • 44.6 108.1 170.8 25.9 • 14.1 47.8 • 28.0 
18:3n-3 34.2 • 11.9 72.4 • 69.2 5.6 48.1 37.3 • 21.2 27.2 • 11.2 
20:0 37.0 • 8.8 33.4 +_ 11.3 35.6 29.8 22.9 • 9.7 34.0 • 7.2 
20:1n-9 28.8 • 28.3 52.7 • 31.2 26.8 26.1 31.2 • 11.7 31.3 • 8.7 
20:2n-6 37.9 • 13.4 36.2 • 11.1 38.5 52.6 32.2 • 12.9 33.1 • 8.0 
20:3n-9 18.4 • 9.8 35.4 • 39.7 377.4 71.8 24.6 • 24.9 18.5 • 7.0 
20:3n-6 217.1 • 66.3 238.1 • 89.9 441.6 703.9 108.6 • 43.0 199.3 • 73.3 
20:4n-6 978.1 • 206.6 951.2 • 243.5 972.4 940.3 367.7 • 144.1 892.8 • 237.9 
20:5n-3 66.4 • 46.7 116.6 • 82.0 8.6 87.6 18.7 • 10.7 15.7 • 7.1 
22:0 92.5 • 22.5 73.2 • 22.0 79.5 75.4 48.8 • 24.9 108.9 • 12.1 
22:1n-9 5.5 • 3.9 1.5--1464.2 10.2 3.4 8.6 • 5.7 2.3 • 0.5 
22:4n-6 30.0 • 7.3 36.0 • 14.3 108.2 77.1 35.0 • 17.5 77.3 • 13.1 
22:5n-6 24.0 • 9.2 20.8 • 12.7 70.4 48.6 23.6 • 12.0 55.6 • 21.0 
22:5n-3 47.0 _+ 11.9 66.4 • 25.6 17.8 76.7 24.4 • 18.9 40.5 • 9.2 
22:6n-3 276.8 • 104.9 308.8 • 123.8 22.2 89.2 43.0 • 36.7 74.1 • 30.4 
24:0 75.3 • 16.1 111.0 • 44.9 127.9 136.1 63.2 • 28.8 117.0 • 7.3 
24:1n-9 142.7 • 40.5 51.5-669.4 109.0 106.2 83.9 • 39.7 92.0 • 7.9 
26:0 1.3 • 0.4 4.9 • 2.4 12.9 4.2 7.5 • 3.5 2.2 • 0.9 
26:1n-9 1.0 • 0.5 0.9-8.1 7.8 3.5 7.6 • 6.1 0.4 • 0.2 
Phytanic  <5.0 <10.0 1.1 ND 0.2--218.4 <5.0 
Total 12431 • 2225 15630 • 4525 15903 13462 9362 • 2257 11533 • 3523 

24:0/22:0 0.822 • 0.084 1.478 • 0.313 1.609 1.804 1.354 • 0.509 1.084 • 0.114 
24:1n-9/22:0 1.560 • 0.346 0.945-9.349 1.371 1.408 2.210 • 1.746 0.850 • 0.074 
26:0/22:0 0.015 • 0.006 0.067 • 0.025 0.162 0.055 0.224 • 0.167 0.020 • 0.008 
26:1n-9/22:0 0.006 • 0.007 0.013-0.196 0.098 0.046 0.429 • 0.867 0.004 • 0.002 
22:6n-3/22:5n-3 5.97 • 1.77 5.05 • 2.07 1.244 1.16 1.85 • 1.19 1.819 • 0.535 
22:5n-6/22:4n-6 0.80 • 0.21 0.58 • 0.23 0.650 0.60 0.71 • 0.26 0.703 • 0.131 
20:4n-6/18:2n-6 0.30 • 0.08 0.27 • 0.08 1.704 0.35 0.17 • 0.06 0.253 • 0.012 

aThese two pat ients  with X-linked adrenoleukodystrophy (X-ALD) were fed on e lemental  diets by intubation.  The others had  a more com- 
plete diet. The most  characterist ic fat ty  acid ratios t h a t  are usually al tered in pero~dsomal pat ients  are displayed in the  table. Fat ty  acids 
are given in nanomoles per  mL of plasma. Grouped data  are means  • 1 SD. The range, r a the r  t h a n  the  mean,  is given for oleic and  eru- 
cic acids, and  for the  longer derivatives 24:1 and 26:1 and  the i r  corresponding ratios to 22:0, because these  values are very variable in X- 
ALD pat ients  t reated or not with monounsa tura ted  oil mixtures  (glyceryl trioleate/glyceryl trierucate). The same applies to phytanic acid 
t h a t  is very variable  with  age and diet in  peroxisome biogenesis (PB) patients.  AMN, adrenomyeloneuropathy. 

l e v e l s  o f  D H A  a l m o s t  a s  l o w  a s  t h o s e  i n  P B  p a t i e n t s ,  a n d  
t h e  2 2 : 6 n - 3 / 2 2 : 5 n - 3  r a t i o  w a s  a l s o  r e d u c e d ,  a s  i t  w a s  i n  
X - A L D  p a t i e n t s  f e d  l o w  P U F A  d i e t s .  L i k e  D H A ,  e icos -  
a p e n t a e n o i c  a c i d  ( 2 0 : 5 n - 3 )  w a s  l ow  i n  n o r m a l  v e g e t a r i -  
a n s ,  P B  a n d  m a l n o u r i s h e d  X - A L D  p a t i e n t s ,  a n d  n o r m a l  
i n  w e l l - n o u r i s h e d  X - A L D / A M N  p a t i e n t s .  

A s  fo r  t h e  n - 6  s e r i e s  i n  p l a s m a  f r o m  P B  p a t i e n t s ,  
l i n o l e i c  a c i d  (LA,  1 8 : 2 n - 6 )  w a s  j u s t  b e l o w  t h e  n o r m a l  
l i m i t ,  a n d  a r a c h i d o n i c  a c i d  (AA,  2 0 : 4 n - 6 )  w a s  m a r k e d l y  
d e c r e a s e d  ( T a b l e  1). I n  c o n t r a s t  t o  p l a s m a ,  h o w e v e r ,  t h e  
L A  l e v e l s  i n  t h e  r e d  ce l l s  w e r e  s i g n i f i c a n t l y  i n c r e a s e d  
( T a b l e  2), a n d  A A  l e v e l s  w e r e  w i t h i n  n o r m a l  l i m i t s .  A s  
f o u n d  i n  o t h e r  t i s s u e s  ( 2 3 - 2 5 ) ,  s o m e  n - 6  i n t e r m e d i a t e s ,  
s u c h  a s  2 0 : 3 n - 6  ( d i h o m o - T - l i n o l e n i c  ac id ) ,  w e r e  s l i g h t l y  
i n c r e a s e d  i n  r e d  ce l l s  o f  P B  p a t i e n t s  a n d  w e r e  n o r m a l  i n  
X - A L D / A M N  p a t i e n t s ,  w i t h  t h e  e x c e p t i o n  o f  t h e  t w o  

m a l n o u r i s h e d  c h i l d r e n .  I n  p l a s m a  f r o m  P B  p a t i e n t s ,  A A  
a n d  2 0 : 3 n - 6  w e r e  b o t h  d e c r e a s e d ,  so t h a t  t h e  r a t i o  b e -  
t w e e n  t h e  t w o  w a s  n o t  m u c h  a f f e c t e d .  L i k e  i n  r e d  ce l l s ,  
t h e  2 0 : 4 n - 6 / 1 8 : 2 n - 6  r a t i o  w a s  s l i g h t l y  d e c r e a s e d  i n  t h e  
p l a s m a  f r o m  t h e s e  p a t i e n t s .  

I n  g e n e r a l ,  X - A L D / A M N  p a t i e n t s  h a d  n o r m a l  l e v e l s  o f  
b o t h  L A  a n d  A A  i n  p l a s m a  a s  w e l l  a s  i n  r e d  ce l l s .  T h e  
t w o  X - A L D  p a t i e n t s  k e p t  o n  e l e m e n t a l  d i e t s  h a d  l ow  
l e v e l s  o f  LA,  b u t  A A  w a s  n o r m a l  a n d  t h e  r a t i o  b e t w e e n  
t h e  t w o  r e m a i n e d  w i t h i n  n o r m a l  l i m i t s .  T h i s  w a s  i n  con -  
t r a s t  to  P B  p a t i e n t s ,  w h o  h a d  h i g h  L A  a n d  n o r m a l - t o -  
l ow  A A  l e v e l s ,  w i t h  a 2 0 : 4 n - 6 / 1 8 : 2 n - 6  r a t i o  c lose  to  1 .00  
( T a b l e  2). V e g e t a r i a n  c o n t r o l s  a l s o  h a d  a h i g h  e r y t h r o -  
c y t e  L A  c o n c e n t r a t i o n ,  b u t ,  u n l i k e  P B  p a t i e n t s ,  A A  w a s  
a l s o  h i g h  so  t h a t  a n o r m a l  2 0 : 4 n - 6 / 1 8 : 2 n - 6  r a t i o  w a s  

m a i n t a i n e d .  
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X-ALDIAMN PB disorder; 

FIG. 1. Bars represent  nmol /mL of  docosahexaenoic  (black bars) (DHA) and arachidonic  (striped 
bars) (AA) acids in p lasma of  perexisomal  patients.  Even  wi th  the wide  indiv idual  variat ion 
found in plasma, a clear difference in DHA levels  be tween  X.l inked adrenoleukodystrophy/  
adrenomyeloneuropathy  (X-ALD/AMN) pat ients  and general ized peroxisomal  pat ients  is seen. 
The latter have  very low DHA values,  some are Rlmost undetectable;  the X-ALD/AMN patients  
have  in  general  normal  values,  a l though their  diets  are very low in fat. The except ions  were  two 
pat ients  (first and seventh bar groups, MSG and MC) w h o  were  fed very low PUFA diets  (see 
text). P lasma AA levels  were  also w i th in  normal  l imits  in X-ALD/AMN patients  and were  low in 
peroxisome biogenes is  (PB) patients.  

Plasmalogen levels were normal in X-ALD/AMN pa- 
tients on complete diets but decreased in the two pa- 
tients on low PUFA diets (Tables 3 and 4). As found in 
peroxisomal patients under DHA therapy (26), a clear 
positive correlation was seen between the levels of DHA 
and those of total plasmalogens (Fig. 3), irrespective of 
the diagnostic group. Such a clear correlation was not 
found within the normal population (data not shown). In 
contrast to malnourished X-ALD/AMN and PB patients, 
vegetarian controls had normal red cell plasmalogen lev- 
els, despite their low blood DHA values (Tables 1 to 4). 

DISCUSSION 

Our data suggest that  important differences exist in 
PUFA metabolism between patients with so-called de- 
fects of PB and those with late onset peroxisomal disor- 
ders, such as X-ALD and AMN. The major difference is 
in the DHA content, which is consistently low in red 
cells and plasma from patients with generalized per- 
oxisomal disorders, and normal in well-nourished 
X-ALD/AMN patients. Interestingly, the only two 
X-ALD/AMN patients who showed DHA deficiency in 

red cells were the ones who received the "elemental 
diets" low in PUFA. The importance of nutrition and its 
effect on red cells PUFA patterns was reemphasized by 
the fact that normal children nourished on strictly veg- 
etarian diets had levels of DHA almost as low as PB pa- 
tients. In contrast to normal controls, however, the DHA 
deficiency was present in patients with defective PB, 
even when the diet was complete, and it was very pro- 
nounced in tissues, including brain and retina (25). 

An interesting finding was the significant positive 
correlation between red cell DHA levels and plasmalo- 
gen levels, irrespective of disorders. This is consistent 
with observations made on monkeys fed fish oil (35) and 
on peroxisomal patients treated with DHA ethyl ester 
(26). The basis for such a relationship between DHA and 
plasmalogens is presently not clear. It has been known 
for some time, however, that ethanolamine plasmalo- 
gens are rich in PUFA (36), and selective reacylation of 
alkenyl lysophospholipids by DHA has been demon- 
strated in some cells (37). Therefore, it might be specu- 
lated that DHA is preferentially used in plasmalogen 
synthesis. This could also explain why plasmalogen lev- 
els in red cells were lower in some peroxisomal patients 
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XoALD/AMN PB disorder;. 

FIG. 2. Bars represent  pmol/10 e cel ls  o f  docosahexaenoic  (black bar) (DHA) and arachidonic  
(striped bar) (AA) acids in  erythrocytes  of  perexisomal  patients.  The red cel l  levels  of  DHA are 
notably low in PB patients,  except for two cases (MR and NE) wi th  atypical  c l inical  pictures.  In 
all  but  two X-ALD/AMN patients,  DHA was normal.  The two exceptions  (MSG and MC) were  pa- 
t ients  w i t h  very low polyunsaturated fatty acid intakes.  AA levels  are w i th in  normal  l imits  in all  
cases, in X-ALD/AMN as wel l  as in PB patients.  See Figure 1 for abbreviations.  

while the activity of dihydroxyacetonephosphate acyl- 
transferase in cultured skin fibroblasts was normal (26). 
The in vitro bovine medium, which is relatively rich in 
n-3 fatty acids, might provide enough substrate for plas- 
malogen synthesis in the fibroblasts in vitro, whereas 
in vivo the low DHA plasma levels seem insufficient to 
synthesize plasmalogens at a normal rate. 

As for n-6 fatty acids, the differences were more sub- 
tle. In red cells from PB patients, as in other tissues 
(23-25), LA was slightly increased and AA was within 
normal limits; in well-nourished X-ALD/AMN patients, 
both LA and AA had normal values. An unexpected find- 
ing was a significant decrease in AA in plasma of PB pa- 
tients, which was not detected in any other tissue. This 
is intriguing, and, together with the increase in LA pres- 
ent in most tissues (23-25), could indicate the possible 
coexistence of some other enzyme defects, such as low A6 
or A5 desaturase activities. However, since plasma LA 
was decreased rather than increased, the low levels of 
AA could be simply due to nutritional deficiency. Perox- 
isomal patients are usually subjected to very strict diets, 
virtually devoid of fat and very low in long PUFA. Under 
these conditions, it does not seem surprising that all AA 
generated would be utilized for membrane phospholipid 

synthesis, especially in the brain and retina, with low 
AA levels remaining in plasma. In any case, it is clear 
that  the AA deficiency, if at all present in tissues, is 
much less severe than the DHA deficiency, as indicated 
by the very low DHA/AA ratio in all tissues, including 
the retina (25). In the brain, in particular, AA was not 
decreased, and AA even was somewhat increased in ZS, 
quite in contrast to DHA. 

It can be thus concluded that  under adequate nutri- 
tional conditions X-ALD/AMN does not seem to signifi- 
cantly affect PUFA metabolism, whereas in disorders of 
PB DHA is consistently decreased; this decrease is 
clearly seen in erythrocytes. Our present results on red 
cells from X-ALD/AMN patients do not support the hy- 
pothesis that the cause of DHA deficiency in peroxiso- 
mal patients is defective B-oxidation of VLCFA (29,30). 
However, the study of the PUFA patterns in one X-ALD 
patient showed low brain DHA levels (25). The possibil- 
ity that  there is some defect in brain DHA metabolism 
that  is not reflected in blood cannot be ruled out at the 
present time, and more X-ALD brains should be studied 
before drawing any definitive conclusion. 

In PB patients, LA is generally high in red cells and 
in other tissues, but usually low in plasma. AA is within 
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TABLE 2 

To ta l  Fatty Acid Composit ion of  E r y t h r o c y t e s  i n  P e r o x i s o m a l  Patients  and C o n t r o l s  

Omnivore controls X~ALD/AMN PB disorders Vegetarian controls 
4-58 yr  5-54 yr  X-ALD a X-ALIT 2-19 yr 5-8  yr  
(n -- 33) (n = 26) 6 yr 12 yr  (n = 25) (n = 4) 

14:0 2.61 • 0.68 3.17 • 1.01 3.54 3.52 3.48 _+ 1.56 4.83 _+ 1.59 
16:0 178.70 _+ 21.04 176.17 _+ 20.14 215.29 171.09 196.36 • 24.42 180.71 • 9.15 
16:1n-7 1.96 • 2.69 1.70 • 0.88 9.55 1.83 3.79 • 3.07 2.13 _+ 1.05 
18:0 140.30 • 17.13 136.38 • 14.65 156.08 152.55 130.45 _+ 19.40 143.18 _+ 7.46 
18:1n-9 109.31 • 16.30 116.27 • 27.97 147.40 100.66 102.56 • 27.13 97.46 • 8.56 
18:1n-7 8.59 _+ 2.06 8.59 _+ 2.08 10.68 6.94 7.34 _+ 1.49 6.79 _+ 0.99 
18:2n-6 76.36 • 14.64 74.09 • 17.12 28.37 56.80 106.31 _+ 27.06 105.84 • 7.01 
18:3n-6 0.41 _+ 0.23 0.54 _+ 0.24 1.19 0.81 0.61 _+ 0.25 0.59 _+ 0.44 
18:3n-3 0.76 • 0.52 0.89 • 0.44 0.33 0.42 1.14 • 0.55 0.54 • 0.15 
20:0 3.70 _+ 0.78 2.82 _+ 0.87 3.20 2.50 2.60 _+ 0.77 3.98 • 0.19 
20:1n-9 2.44 _+ 0.43 3.46 _+ 1.50 1.95 2.85 3.23 _+ 1.62 2.04 • 0.28 
20:2n-6 3.29 _+ 1.19 2.46 _+ 0.90 3.33 3.97 3.44 _+ 1.26 2.82 _+ 0.65 
20:3n-9 0.87 • 0.34 1.87 _+ 1.40 10.24 1.64 2.70 _+ 2.73 2.93 _+ 0.54 
20:3n-6 14.41 _+ 2.99 14.41 _+ 3.26 37.77 37.75 17.31 • 6.64 14.81 • 1.37 
20:4n-6 125.97 • 19.80 121.88 • 15.91 145.15 120.94 111.04 • 16.71 149.58 _+ 8.41 
20:5n-3 4.62 _+ 2.52 5.93 _+ 2.77 1.33 2.62 2.82 • 1.40 1.69 • 0.23 
22:0 15.17 _+ 3.03 12.52 _+ 6.16 11.10 8.84 12.61 • 4.73 20.32 • 1.52 
22:1n-9 0.66 _+ 0.21 0.32-20.45 1.76 0.35 0.97 • 0.62 0.37 • 0.17 
22:4n-6 25.23 • 6.34 24.15 • 5.73 46.47 32.38 26.80 • 6.69 44.00 _+ 2.89 
22:5n-6 4.99 • 1.47 4.01 • 1.72 13.55 6.55 7.50 _+ 2.88 12.54 _+ 1.76 
22:5n-3 14.42 • 2.74 16.86 • 3.26 7.92 14.20 13.24 _+ 5.84 12.01 • 3.05 
22:6n-3 41.15 • 12.14 43.19 • 10.03 7.07 17.12 12.80 _+ 9.55 15.37 • 2.76 
24:0 39.44 • 7.63 35.11 • 15.82 38.23 32.90 33.43 • 10.28 49.58 • 1.40 
24:1n-9 43.01 • 10.30 27.42-134.75 41.39 36.64 41.08 • 14.89 32.80 -+ 4.12 
26:0 2.10 _+ 0.54 2.84 • 1.44 3.81 3.29 2.32 • 0.84 2.73 _+ 0.61 
26:1n-9 2.03 • 0.57 1.13-5.52 2.64 3.06 2.48 • 1.35 1.24 • 0.15 
Total fat ty acids 873.62 • 110.33 893.35 _+ 105.68 964.48 837.19 861.46 • 103.14 925.67 -+ 39.32 

24:0/22:0 2.624 _* 0.285 2.901 • 0.563 3.444 3.723 2.580 • 0.829 2.453 -+ 0.225 
24:1n-9/22:0 2.891 +_ 0.701 1.481-44.658 3.729 4.147 4.283 _+ 4.317 1.612 • 0.126 
26:0/22:0 0.140 • 0.033 0.238 • 0.093 0.343 0.372 0.215 • 0.128 0.136 _+ 0.040 
26:1n-9/22:0 0.137 • 0.042 0.051-0.895 0.238 0.346 0.557 • 1.161 0.062 -+ 0.012 
22:6n-3/22:5n-3 2.892 _+ 0.689 2.758 _+ 0.667 0.892 1.206 0.995 _+ 0.668 1.326 • 0.314 
22:5n-6/22:4n-6 0.198 • 0.048 0.180 _+ 0.058 0.292 0.202 0.289 • 0.104 0.285 _+ 0.028 
20:4n-6/18:2n-6 1.699 • 0.364 1.797 _+ 0.432 5.116 2.129 1.116 _+ 0.331 1.414 _+ 0.046 

aPat ients  with  X-ALD t h a t  were fed on elemental  diets by intubation.  Fa t ty  acids are given in picemoles per  million of cells. Grouped 
data  are means  • 1 SD. The most  characterist ic fat ty acid rat ios t h a t  are usually al tered in peroxisomal pat ients  are shown in the table. 
The range, r a the r  t han  the  mean,  is given for 22:1, 24:1 and  26:1, and for the  ratios of the  la t ter  two fat ty acids to 22:0 because of the  
wide var ia t ion due to diet (see footnote to Table 1). Abbreviations as in Table 1. 

t h e  n o r m a l  r a n g e  i n  r e d  ce l l s  a n d  l o w  i n  p l a s m a .  I n  w e l l -  
n o u r i s h e d  X - A L D / A M N  p a t i e n t s ,  t h e s e  f a t t y  a c i d s  a r e  
n o r m a l ,  a n d  i n  v e g e t a r i a n  h e a l t h y  c h i l d r e n  b o t h  a r e  
h i g h .  I n  c o n f i r m a t i o n  o f  p r e v i o u s  s t u d i e s  (38 ,39) ,  t h e  
p r e s e n t  r e s u l t s  i n d i c a t e  t h a t ,  i n  t h e  d e v e l o p i n g  h u m a n ,  
n u t r i t i o n  p l a y s  a n  i m p o r t a n t  r o l e  e v e n  u n d e r  n o r m a l  
c o n d i t i o n s ,  a n d  t h a t  i n  n o r m a l  c h i l d r e n ,  a s  w e l l  a s  i n  
X - A L D  a n d  A M N  p a t i e n t s ,  D H A  d e f i c i e n c y  m a y  b e  a r t i -  
f i c i a l l y  p r o d u c e d  b y  a l o w  n - 3  i n t a k e .  I n  n o r m a l  c h i l d r e n ,  
h o w e v e r ,  b r a i n  D H A  l e v e l s  a r e  p r e s e r v e d  w h e r e a s  i n  P B  
p a t i e n t s  t h e y  a r e  d r a s t i c a l l y  d e c r e a s e d  ( 2 3 - 2 5 ) .  S i m i -  
l a r ly ,  i n s u f f i c i e n t  n - 6  P U F A  i n t a k e  m a y  a l s o  c a u s e  i n -  
s i d i o u s  a r a c h i d o n a t e  d e f i c i e n c y  i n  p e r o x i s o m a l  p a t i e n t s ,  
t h a t  u n l i k e  n - 3  de f i c i ency ,  d o e s  n o t  d e c r e a s e  A A  t i s s u e  
l e v e l s .  E v e n  so, t h e  p o s s i b i l i t y  o f  a A6 a n d / o r  A5 d e s a t -  
u r a s e  d e f e c t  a s  a c a u s e  o f  A A  d e f i c i e n c y  s h o u l d  b e  f u r -  
t h e r  i n v e s t i g a t e d .  A l t h o u g h  o n l y  s e e n  i n  p l a s m a ,  i t  i s  
w e l l  p o s s i b l e  t h a t  s u b o p t i m a l  l e v e l s  o f  a r a c h i d o n a t e  m a y  
p l a y  s o m e  r o l e  i n  t h e  p a t h o g e n e s i s  o f  t h e  d i s e a s e .  P e r -  

o x i s o m a l  p a t i e n t s  do  n o t  g r o w  n o r m a l l y ,  a n d  a c o r r e l a -  
t i o n  h a s  l a t e l y  b e e n  f o u n d  b e t w e e n  t h e  l e v e l s  o f  b l o o d  
A A  a n d  g r o w t h  i n  p r e t e r m  h u m a n  i n f a n t s  (40) .  

I n  v i e w  of  o u r  f i n d i n g s ,  w e  b e l i e v e  t h a t  i t  i s  i m p o r t a n t  
t o  m o n i t o r  b l o o d  P U F A  p a t t e r n s  i n  p a t i e n t s  w i t h  d i s o r -  
d e r s  o f  P B  to  d e t e c t  D H A  d e f i c i e n c y  ea r ly .  W h e n  D H A  
d e f i c i e n c y  i s  s e e n  i n  r e d  b l o o d  ce l ls ,  i t  w o u l d  b e  a d v i s -  
a b l e  to  p r o v i d e  D H A  o r a l l y  to  p o s s i b l y  n o r m a l i z e  b r a i n  
D H A  l e v e l s  i n  p e r o x i s o m a l  p a t i e n t s .  A l t h o u g h  D H A  
e t h y l  e s t e r  i s  n o t  y e t  a p p r o v e d  a s  a d r u g ,  e a r l y  c l i n i c a l  
t r i a l s  ( m a d e  p o s s i b l e  t h a n k s  to  a g r a n t  f r o m  t h e  N a -  
t i o n a l  I n s t i t u t e s  o f  H e a l t h ,  B e t h e s d a ,  M D )  h a v e  p ro -  
d u c e d  p r o m i s i n g  r e s u l t s  (26);  o t h e r  c l i n i c a l  t r i a l s  w i t h  
D H A  e t h y l  e s t e r  a r e  u n d e r w a y  i n  E u r o p e .  A s  a n  n - 3 / n - 6  
i m b a l a n c e  m a y  e x i s t  i n  p e r o x i s o m a l  p a t i e n t s ,  i t  i s  n e c -  
e s s a r y  to  c l o s e l y  m o n i t o r  A A  l e v e l s ,  e s p e c i a l l y  w h e n  p ro -  
v i d i n g  D H A ,  a n d  to  i n c r e a s e  t h e  d i e t a r y  A A  i n t a k e  w h e n  
n e c e s s a r y .  N o r m a l i z a t i o n  o f  a l l  P U F A  a b e r r a t i o n s  i n  
p e r o x i s o m a l  p a t i e n t s ,  a t  l e a s t  i n  b lood ,  w o u l d  s e e m  to  b e  
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TABLE 3 

P l a s m a l o g e n  C o m p o s i t i o n  o f  P l a s m a  i n  P e r o x i s o m a l  P a t i e n t s  a n d  C o n t r o l s  
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Ominivore controls X-ALD/AMN Generalized Vegetarian 
1-58 yr 5-54 yr  X-ALD X-ALD peroxisomal 2-19 yr controls 7-10 yr 

Plasmalogen a (n = 27) (n = 26) 6 yr  12 yr (n = 25) (n = 4) 

16:0DMA 50.14 • 15.07 43.94 • 13.72 24.40 23.81 20.52 • 10.21 42.87 • 5.39 
18:0DMA 42.22 • 15.43 35.85 • 15.91 19.48 11.44 18.84 • 13.69 39.89 • 3.65 
18:IDMA b 17.67 • 5.65 15.92 • 5.43 2.04 4.36 6.24 • 4.85 9.84 • 1.93 
Total plasmalogen 113.8 • 36.0 99.6 • 33.3 47.8 41.3 47.1 • 26.8 94.5 • 7.9 

16:0DMA/16:0 0.020 • 0.006 0.015 • 0.008 0.006 0.009 0.009 • 0.005 0.019 • 0.006 
18:0DMA/18:0 0.045 • 0.014 0.035 • 0.018 0.014 0.009 0.025 • 0.014 0.046 • 0.008 
18:IDMA/18:I 0.007 • 0.003 0.005 • 0.003 0.000 0.001 0.003 • 0.002 0.006 • 0.004 

aThe individual dimethyl acetal (DMA) of the major alkenyl groups (16:0DMA, 18:0DMA, and the two isomeric forms of 18:IDMA) were 
added to obtain the total. The ratios of each plasmalogen DMA to the corresponding fatty acid methyl esters are of diagnostic value in 
peroxisomal disorders and are given in the table. Plasmalogen figures represent nanomoles per milliliter of plasma. Abbreviations as in 
Table 1. 

bOnly the major isomer oleyl aldehyde is reported here. 

TABLE 4 

P l a s m a l o g e n  C o m p o s i t i o n  o f  E r y t h r o e y t e s  i n  P e r o x i s o m a l  P a t i e n t s  a n d  C o n t r o i s  a 

Onmivore controls X-ALD/AMN PB disorders Vegetarian 
4-58 yr 5-54 yr X-ALD X-ALD 2-19 yr controls 5-9  yr 

Plasmalogen (n = 33) (n = 26) 6 yr  12 yr (n = 25) (n = 4) 

16DMA 16.68 _+ 2.16 14.93 • 3.09 14.91 12.76 12.19 • 2.96 16.52 • 0.76 
18:0DMA 29.87 • 3.06 26.10 • 5.12 23.33 20.46 20.17 • 5.05 28.93 • 2.15 
18:IDMA 8.11 • 1.51 8.60 • 2.62 4.01 5.70 5.32 • 2.48 7.28 • 0.77 
Total plasmalogen 55.7 • 6.4 51.2 • 7.1 43.4 40.1 37.6 • 10.9 53.8 • 2.7 

16:0DMA/16 0.094 • 0.014 0.085 • 0.018 0.069 0.075 0.063 • 0.016 0.092 • 0.008 
18:0DMA/18 0.214 • 0.022 0.194 • 0.028 0.149 0.134 0.156 • 0.035 0.202 • 0.007 
18:IDMA/18:I 0.075 • 0.016 0.076 • 0.016 0.027 0.057 0 .051•  0.015 0.075 -+ 0.010 

aplasmalogen figures are given in picomoles per million of red cells; (see Table 3 for additional explanat ions and  abbreviation). See 
Table 1 for other abbreviation. 
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FIG.  3. Tota l  p l a s m a l o g e n s ,  a s  m e a s u r e d  b y  g a s  c h r o m a t o g -  
r a p h y  of  t h e  d i m e t h y l  a c e t a l s  d e r i v e d  ~rom t h e  m a j o r  a lde -  
h y d o g e n i c  c h a i n s  (16:0, 18d) a n d  18:1), p l o t t e d  agAinftt D H A  
c o n c e n t r a t i o n  in  r e d  b l o o d  ce l l s  o f  p a t i e n t s  w i t h  p e r o x i s o -  
m a l  d i s o r d e r s .  All c a s e s  (but  n o t  n o r m a l  c o n t r o l s )  a r e  in-  
c l u d e d  i n  t h i s  g r a p h ,  i.e., X-ALD/AMN a s  wel l  a s  P B  pa-  
t i e n t s  (n ffi 53).  V a l u e s  a r e  pmol /10  s ce l l s .  T h e  p a r a b o l i c  re-  
g r e s s i o n  l i n e  o b t a i n e d  is  s t a t i s t i c a l l y  v e r y  s i g n i f i c a n t .  See  
F i g u r e  I f o r  a b b r e v i a t i o n s .  

an important first step in clarifying the pathogenesis of 
peroxisomal disorders. 
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The p r e s e n t  s t u d y  w a s  u n d e r t a k e n  to  d e t e r m i n e  th e  ef- 
fects  o f  two  c las se s  o f  c a l c i u m  c h a n n e l  b lockers  (CCB), 
n i s o l d i p i n e  (N) and  v e r a p a m i l  (V), on  the  j e juna l  u p t a k e  
o f  l ip ids  in  rabbits .  The  u p t a k e  o f  cho le s t ero l  a n d  long-  
c h a i n  fat ty  ac ids  in to  rabbit  j e j u n u m  w a s  e x a m i n e d  
after  6 and  36 min  o f  e x p o s u r e  to  N or V in vitro ("acute" 
s tudies) ,  and  after  3-wk f e e d i n g  o f  N or V ("chronic" 
s tudies) .  A n i m a l s  w e r e  fed e i t h e r  a l o w  (0.08%) choles -  
terol  d ie t  (LCD) or a h i g h  (2.8%) cho le s t ero l  d ie t  (HCD), 
w i t h  or w i t h o u t  N or V added.  A c u t e  in vitro e x p o s u r e  o f  
the  j e j u n u m  to N or V did  not  affect  the  u p t a k e  o f  cho-  
l e s tero l  or  pn lmi t i c  ac id  in  rabbi ts  fed  LCD or HCD. T h e  
effect  o f  N or V f e e d i n g  d e p e n d e d  u p o n  the  cho le s t ero l  
con ten t  of  the  diet; a d d i n g  N or V to LCD i n c r e a s e d  cho-  
les tero l  u p t a k e  w h i l e  a d d i n g  N or V to HCD e n h a n c e d  or 
l o w e r e d  cho l e s t ero l  uptake ,  respect ive ly .  Both  N an d  V 
i n c r e a s e d  the  u p t a k e  of  s tear ic  ac id  in  LCD. N in  HCD 
h a d  no  effect  on  fatty  ac id  uptake ,  w h e r e a s  V l o w e r e d  
the  u p t a k e  o f  s tear ic  a nd  l ino l e i c  ac ids  and  i n c r e a s e d  
the  u p t a k e  o f  o le ic  acid.  Thes e  c h a n g e s  in  l ip id  u p t a k e  
w e r e  no t  due  to  va r i a t i o n  in  the  animals '  food in take ,  
b o d y  w e i g h t  gain,  or i n t e s t i n a l  m u e o s a l  surface  area.  
T h e  c h r o n i c  a d m i n i s t r a t i o n  o f  N or V resu l t s  in  an  in- 
t e s t ina l  a d a p t i v e  proces s  t h a t  a l ters  t h e  j e juna l  u p t a k e  
o f  l ip ids ,  the  d i rec t i o n  o f  w h i c h  is  i n f l u e n c e d  by  the  
c lass  o f  CCB, and  by  the  cho le s t ero l  c o n t e n t  o f  th e  diet .  
The  s e r u m  l i p i d - l o w e r i n g  effect  o f  a d m l n i ~ t e r i n g  N to 
rabbits  fed  HCD d e m o n s t r a t e d  p r e v i o u s l y  is  u n l i k e l y  to  
be  the  re su l t  o f  a decrease  in  i n t e s t i n a l  l ip id  uptake .  
Lipids 29, 281-287 (1994). 

Pharmacologic agents that  block calcium entry into cells 
can be chronically administered for the treatment of sev- 
eral disorders, including angina pectoris, hypertension, 
supraventricular  tachycardia and posthemorrhagic 
cerebral vasospasm (1). In addition, numerous accounts 
of the potential antiatherogenic effects of these com- 
pounds, collectively referred to as calcium channel 
blockers (CCB), have been published (2-9). Administer- 
ing CCB to animals fed a high cholesterol diet (HCD) re- 
duces the formation of atherosclerotic lesions by a mech- 
anism that  is still unclear. Some, but not all (10-13), 
studies in humans also suggest a favorable influence of 
CCB on atherosclerosis. The mechanisms of this action 
are unknown (14-17). 

*To whom correspondence should be addressed at the University of 
Alberta, Division of Gastroenterology and the Nutrition and Me- 
tabolism Research Group, 519 Robert Newton Research Building, 
Edmonton, Alberta T6G 2C2, Canada. 
Abbreviations: ACAT, acyl coenzyme A:cholesterol acyltransferase; 
CCB, calcium channel blockers; HCD, high cholesterol diet; Isc, 
short circuit current; LCD, low cholesterol diet; N, nisoldipine; 
TDC, taurodeoxycholic acid; UWL, unstirred water layer; V, vera- 
pamil. 

In our previous study using a rabbit model of athero- 
sclerosis, serum total cholesterol levels were reduced by 
23-44% in animals administered the CCB nisoldipine 
(N; oral dose 1 mg/kg), and aortic cholesterol content 
was also significantly diminished by feeding N (9). Re- 
ductions in serum cholesterol levels have been reported 
by others (5,8,18,19). 

Recently, radioligand binding and short circuit cur- 
rent (Isc) studies have suggested the presence of volt- 
age-dependent calcium channels in rabbit ileum (20); 
the magnitude of the effects may vary with different 
classes of CCB. The effect of chronic intestinal CCB ex- 
posure on lipid uptake processes in the small intestine 
has not been reported previously. The present study was 
undertaken to determine whether in vitro jejunal lipid 
uptake is affected by the administration of two different 
classes of CCB, a 1,4-dihydropyridine, N, and a pheny- 
lalkylamine, verapamil (V). The results suggest that  a 
modified intestinal uptake of lipids due to CCB does not 
represent the mechanism by which N reduces serum 
and tissue lipid levels in the rabbit. 

MATERIALS AND METHODS 

Animals. Sixty male New Zealand white rabbits (8-10 
wk old, 1.5-2.0 kg) were used in the study. All animals 
were maintained on Baby Rabbit Pellets (United Feeds, 
Edmonton, Alberta, Canada) for 1 wk before being as- 
signed randomly to control or to experimental groups. 
The rabbits were housed individually under identical 
conditions with controlled lighting and ventilation. Food 
intake and body weight were monitored, and water was 
provided ad libitum. Blood samples were collected from 
the marginal ear vein for determination of serum cho- 
lesterol, triglyceride and glucose concentrations at the 
initiation and completion of the treatment period. 

Study design. The study was designed to determine 
whether jejunal uptake in vitro was affected by 6 and 36 
min in vitro ("acute" exposure) and 3-wk feeding 
("chronic" exposure) to the dihydropyridine derivative, 
N, and to the phenylalkylamine, V. Acute effects of N ex- 
posure on the jejunal uptake of cholesterol and palmitic 
acid (16:0) were determined. Chronic effects of N or V on 
the uptake of cholesterol, stearic acid, oleic acid and 
linoleic acid were also followed. 

Acute experiments. In the acute experiments, one 
group of twelve animals was maintained on Purina 
Chow (hereafter referred to as low cholesterol diet or 
LCD) and a second group of twelve rabbits was fed the 
same pellets modified to contain 2.8% cholesterol (w/w) 
(referred to as HCD). The HCD was prepared by adding 
cholesterol (Sigma Chemical Co., St. Louis, MO) to the 
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low cholesterol pelleted chow diet. Briefly, 4 kg allot- 
ments of chow were thoroughly mixed with 100 g of cho- 
lesterol dissolved in 500 mL of diethyl ether (reagent 
grade; Fisher Scientific Ltd., Fair Lawn, NJ). The pre- 
pared food mixture was then spread out on trays and 
placed in a fume hood to dry for 48 h. The cholesterol 
content of eight random duplicate samples of the pre- 
pared diet was estimated, using a modified Folch's lipid 
extraction procedure (21,22) and a commercial enzy- 
matic colorimetric test for cholesterol determination 
(Boehringer Mannheim, Mannheim, Germany), in 
which the organic layer was reconstituted in iso- 
propanol. The cholesterol content of HCD was 2.8 • 0.2 
(mean _+ SEM), and the cholesterol content of LCD was 
0.8% (8 mg/kg). 

Chronic experiments. For the chronic drug feeding ex- 
periments, animals were divided into six groups: LCD; 
HCD; LCD + N; LCD + V; HCD + N and HCD + V. There 
were six animals in each of these six groups. 

Drug doses and administration. Animals were treated 
for a period of 3 wk. Solubilized N and V (as described 
below) were provided orally by syringe feeding at daily 
doses of 1 mg/kg body weight and 4 mg/kg, respectively. 
The dose of N was selected to duplicate the model of 
Senaratne et al. (9) and to avoid hemodynamic effects of 
the drug. A dose of 1 mg/kg N effectively reduces ather- 
osclerosis and is also well below the dose of 20 mg/d, 
which was previously shown to decrease mean arterial 
pressure in cholesterol-fed New Zealand white rabbits 
(6). The V dose of 4 mg/kg was selected to approximate 
clinical doses used in humans (240-360 mg/d on average 
for a 70 kg body weight adult) (23), rather than the 
higher doses used in most animal studies reported (3,4). 
This dose is also not ~ associated with hemodynamic 
effects (4). 

In preliminary studies, the introduction of aqueous 
solution by a syringe into the mouth was shown not to 
influence the effect of cholesterol feeding (Kappagoda, 
C.T., unpublished observations). Thus, a control vehicle 
was not used in the present study. 

Chemicals. Unlabelled cholesterol and fatty acids 
were all >99% pure as supplied by Sigma Chemical Co. 
Taurodeoxycholic acid (TDC) was obtained from Cal- 
biochem Corp. (La Jolla, CA). To measure the intestinal 
adherent mucosal fluid volume, [3H]inulin (molecular 
weight approximately 5000) was cited, which was ob- 
tained from Amersham Canada Ltd. (Oakville, Canada). 
The [1-14C]-labelled cholesterol was also obtained from 
Amersham Canada Ltd., and [1-14C]-labelled palmitic 
acid, stearic acid, oleic acid and linoleic acid were ob- 
tained from New England Nuclear (Boston, MA). All 
other compounds used (Fisher Scientific Ltd.) were of 
reagent grade. 

N in powdered form (Miles Pharmaceutical Ltd., New 
Haven, CT) was solubilized in 3.5 mL of 95% ethanol 
(<1.5% of the final administration volume) and distilled 
deionized water for oral administration. V (Sigma Chem- 
ical Co.) was solubilized in distilled deionized water. The 
drugs were used at a concentration so that the average 
quantity of fluid provided daily to achieve the required 
dose was 0.35 mL. The mean quantity of ethanol received 

each day by the N administered rabbits was 5.4 pL, 
which is well below the chronic ethanol levels (approxi- 
mately 26 mL/d for 6-7 wk) associated with altered up- 
take of lipids and glucose in rabbit jejunum (24). 

Preparation of incubation solutions. Test solutions 
containing cholesterol or fatty acids were prepared as 
described previously (25). All fatty acid concentrations 
in the micellar solutions were 0.1 mM in 20 mM TDC. 
Cholesterol concentrations of 0.1 mM in both 10 and 20 
mM TDC were used. For the acute studies, test solutions 
were prepared with the addition of N in concentrations 
ranging from 10"SM to 10-4M. All preparation and ex- 
perimentation with N was conducted in a darkened 
room to avoid possible photodegradation of the drug. 

Tissue preparation. The rabbits were anesthetized 
with pentobarbitone sodium (25 mg/kg), and the jejunal 
segment was quickly removed and rinsed with 150 mL 
of ice cold saline. A previously-validated method for de- 
termining in vitro nutrient uptake was used (26). For 
acute exposure experiments, half of the tissues were 
preincubated in Krebs-bicarbonate containing N rang- 
ing from 10"8M to 10~M for 30 min while the other half 
was preincubated in the drug-free Krebs solution for t h e  
same time period. The rate of lipid uptake was ex- 
pressed as nmol of probe taken up into the mucosa per 
100 mg dry weight of mucosa (nmol/100 mg mucosa �9 
min'l). The weight of the mucosa as well as the ratio of 
mucosa/submucosa was determined by scraping the mu- 
cosal layer from the underlying layer with a glass slide. 
Uptake rates were also calculated as nmol of probe 
taken up per minute per unit serosal surface area. 

The morphology of the jejunal tissue was assessed as 
previously described (27-29). 

The values obtained for the different groups of ani- 
mals are reported as the mean _+ SEM of the results 
from 6-12 animals in each group. 

Serum cholesterol and triglyceride determinations. 
The cholesterol, triglyceride and glucose measurements 
in the serum were made by use of an automated system 
(Multistat III; Instrumentation Laboratories, Lexing- 
ton, ICY), which incorporated the methods ofAllain et al. 
(30) and Pinter et al. (31). 

RESULTS 

Animal characteristics. The oral administrations of N 
and V were well tolerated, and there were no deaths or 
significant adverse events during the 3-wk course of the 
study. All rabbits consumed the same amount of food, 
with the exception of the higher food intake in animals 
fed LCD + N as compared with LCD, yet body weight 
gain was equal among all groups (Tables 1-3). 

As expected, serum cholesterol and triglyceride con- 
centrations were higher in rabbits fed HCD as compared 
with those fed LCD (Table 1). Adding V to LCD (LCD + 
V) or HCD (HCD + V) did not significantly affect the 
lipid levels (Table 2). However, rabbits fed HCD + N 
(Table 2) had lower serum cholesterol levels (880.6 -+ 
93.6 mg/dL in animals fed HCD vs. 587.5 _+ 22.6 mg/dL 
in the HCD + N group). Although serum triglyceride lev- 
els were lower in animals fed HCD + V vs. those fed 
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TABLE 1 

Characterist ics  o f  ~,nimals Used in  the Study  of  Acute 
D r u g  E x p o s u r e  = 

LCD HCD 

Weight gain 0.60 • 0.05 0.54 • 0.04 
Total food consumed (g/3 wk) 2313 • 172 2364 • 154 
Cholesterol intake (g/3 wk) 18.5 • 1,4 59.10 • 3.64 
Serum parameters (mg/dL) 

Cholesterol (0) 85.4 • 5,0 79.7 • 5.6 
Cholesterol (3) 77.9 • 10.7 841.5 • 132.5 b 
Triglyceride (0) 80.0 • 7.5 109.3 • 16.4 
Triglyceride (3) 81.2 • 13.5 132.6 • 16.9 
Glucose (0) 161.0 • 21.6 175.1 • 31.4 
Glucose (3) 112.7 • 16.2 135.6 _+ 7.0 

aValues are means • SE; LCD, low cholesterol diet; HCD, high cho- 
lesterol diet; (0), value at initiation of study; (3), value after 3-wk 
feeding. 
bp < 0.05 LCD vs. HCD. 

H C D  (Table  3), t h i s  d i f ference  w a s  no t  s t a t i s t i c a l l y  sig- 
n i f icant .  S e r u m  glucose  levels  we re  s i m i l a r  in  a n i m a l s  
fed LCD or  H C D  wi th  or  w i t h o u t  N or  V (Tables  2 a n d  3). 

Intestinal morphology. A d d i n g  N or  V to H C D  l o w e r e d  
t h e  d r y  w e i g h t  of  t h e  j e j u n u m  (HCD + N or  H C D  + V vs.  
HCD),  b u t  a d d i n g  a CCB to LCD d id  no t  affect  t h e  
w e i g h t  of  t h e  j e j u n u m  (Table  4). B e c a u s e  of  t h e s e  differ-  
ences  in  j e j u n a l  we igh t ,  a n d  t h e  l ower  p e r c e n t a g e  of  t h e  
i n t e s t i n a l  wa l l  c o m p r i s e d  of  m u c o s a  in  a n i m a l s  fed 
H C D  + V, r a t e s  of  u p t a k e  were  e x p r e s s e d  on t h e  b a s i s  of  
t h e  d r y  w e i g h t  of  t h e  m u c o s a  r a t h e r  t h a n  the  d r y  w e i g h t  
of  t h e  e n t i r e  wa l l  of  t h e  j e j u n u m .  

The  j e j u n a l  v i l lus  h e i g h t  was  s ign i f i can t ly  i n c r e a s e d  
in  H C D  + N a n d  H C D  + V g r o u p s  as  c o m p a r e d  to  H C D  
a n i m a l s  no t  g iven  CCB, b u t  b e c a u s e  of  a d j u s t m e n t s  in  
t h e  d i m e n s i o n s  of  t h e  w i d t h  a n d  t h i c k n e s s  of  t h e  vil l i ,  
t h e  m u c o s a l  su r face  a r e a  w a s  no t  a l t e r e d  a m o n g  a n y  of  
t h e  groups .  

Lipid uptake: acute studies. The j e j u n a l  u p t a k e  of  
0.1 m M  choles te ro l  a n d  0.1 m M  p a l m i t i c  ac id  (16:0) in  
20 m M  TDC was  una f fec ted  by  6 a n d  36 m i n  in vitro ex- 
posu re  to i n c r e a s i n g  concen t r a t i ons  (10-8-10~M) of  N 

( d a t a  no t  shown).  No change  w a s  obse rved  in  r a b b i t s  fed 
e i t h e r  LCD or  HCD.  The  effect of  V on t h e  in vitro u p t a k e  
of  l ip ids  in  a n i m a l s  fed LCD or  H C D  w a s  no t  s tud ied .  

Lipid uptake: chronic studies. The effect of  f eed ing  of  N 
for 3 w k  on t h e  j e j u n a l  u p t a k e  of  choles te ro l  d e p e n d e d  
upon  t h e  r a t i o  of  TDC/choles te ro l  in  t h e  t e s t  so lu t ion  
(Table  5). W h e n  10 m M  TDC w a s  u s e d  to so lubi l ize  0.1 
m M  choles tero l ,  u p t a k e  w a s  i n c r e a s e d  in  bo th  LCD + N 
a n d  HCD + N groups ,  a s  c o m p a r e d  to t h e  LCD or  H C D  
groups .  I n  con t ra s t ,  w h e n  20 m M  TDC w a s  u s e d  to solu-  
b i l ize  choles tero l ,  choles te ro l  u p t a k e  w a s  r e d u c e d  in  t h e  
LCD + N g roup  as  c o m p a r e d  to t h a t  in  t h e  LCD group.  
By compar i son ,  w h e n  V w a s  a d d e d  to LCD, choles te ro l  
u p t a k e  i n c r e a s e d  c o m p a r e d  to t h a t  in  t h e  LCD group ,  
whi l e  feed ing  H C D  + V d e c r e a s e d  choles te ro l  u p t a k e  
c o m p a r e d  to H C D  a lone  (Table  6). Thus ,  a d d i n g  N or  V t o  
LCD i n c r e a s e d  choles te ro l  u p t a k e ,  whi le  V + H C D  low- 
e r ed  choles te ro l  u p t a k e  a n d  N + HCD e n h a n c e d  u p t a k e .  
Bo th  N a n d  V i n c r e a s e d  t h e  j e j u n a l  u p t a k e  of  s t ea r i c  ac id  
(18:0) in  LCD. N in  H C D  h a d  no effect on f a t t y  ac id  up-  
t a k e  c o m p a r e d  to H C D  alone,  w h e r e a s  V lowered  t h e  up-  
t a k e  of  s t ea r i c  a n d  l inole ic  ac ids  y e t  i n c r e a s e d  t h e  u p t a k e  
of  oleic ac id  (Tables  5 a n d  6). 

DISCUSSION 

Lip id  u p t a k e  in to  t h e  j e j u n u m  is  d i f f e r en t i a l l y  a f fec ted  
by  t h e  two c la s ses  of  CCB. I n  add i t ion ,  t h e  d i r ec t ion  of  
t h e s e  effects  is  i n f luenced  b y  t h e  level  of  cho les te ro l  in  
t h e  diet .  The  effects  of  N or  V a r e  l i ke ly  due  to a n  a d a p -  
t ive  p rocess  in  t h e  i n t e s t i n e  occu r r ing  over  t h e  3 w k  of  
feeding ,  b e c a u s e  N d id  no t  affect  cho les te ro l  or  p a l m i t i c  
ac id  u p t a k e  w h e n  a d d e d  d i r ec t l y  to t h e  i n c u b a t i o n  
m e d i u m .  

In t e r e s t i ng ly ,  t h e  r a t i o  of  c h o l e s t e r o l f r D C  u s e d  to sol- 
ub i l i ze  cho les te ro l  a f fec ted  t h e  d i rec t ion  of  u p t a k e  re-  
sponse  in  a n i m a l s  a d m i n i s t e r e d  N b u t  no t  V. I n c r e a s i n g  
t h e  r a t i o  of  TDC/cho les t e ro l  h a s  p r e v i o u s l y  b e e n  shown  
to lower  in vitro cho les te ro l  u p t a k e ,  pos s ib ly  due  to  re-  
d u c e d  p a r t i t i o n i n g  f rom t h e  mice l l e  to t h e  m o n o m e r i c  
p h a s e  a d j a c e n t  to t h e  b r u s h  b o r d e r  m e m b r a n e  (25,32). 
The  r e d u c t i o n  in  cho les te ro l  u p t a k e  by  N + LCD w h e n  

TABLE 2 

Characterist ics  o f  Niso ld ip ine  (N) Adminis tered  and Control .&nimAIR a 

LCD LCD + N HCD HCD + N 

Weight gain (kg/3 wk) 0.64 • 0.03 0.63 • 0.05 0.64 • 0.05 0.57 • 0.05 
Total food consumed (g/3 wk) 1614 • 54 1917 • 119 b 1977 • 104 1805 • 106 
Cholesterol intake (g/3 wk) 12.9 • 0.4 15.3 • 1.0 49.41 _+ 2.58 45.09 • 2.65 
Serum parameters (mg/dL) 

Cholesterol (0) 103.4 • 9.5 107.3 • 6.0 108.9 • 9.6 105.3 • 5.8 
Cholesterol (3) 73.1 • 4.1 63.9 • 3.3 880.6 • 93.6 ~ 587.5 • 22.6 d 
Triglyceride (0) 169.9 • 53.7 123.0 • 24.8 156.4 • 24.9 137.0 • 21.5 
Triglyceride (3) 91.4 • 14.1 87.1 • 9.4 126.7 • 15.8 139.8 • 31.9 
Glucose (0) 154.7 • 9.4 165.4 • 7.6 146.8 • 5.1 153.4 • 4.9 
Glucose (3) 161.6 • 12.5 147.1 • 14.1 144.7 • 6.1 139.6 • 8.1 

aLCD + N, low cholesterol diet plus nisoldipine; HCD + N, high cholesterol diet plus nisoldipine. See foot- 
note a in Table I for other abbreviations and details, bp < 0.05 LCD vs. LCD + N. cp < 0.05 HCD, HCD + N 
vs. LCD, LCD + N. dp < 0.005 HCD vs. HCD + N. 
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TABLE 3 

Characterist ics  o f  Verapamil  (V) Adminis tered  and Control P, n imals  a 

LCD LCD + V HCD HCD + V 

Weight gain (kg/3 wk) 0.72 • 0.04 0.64 • 0.06 0.65 • 0.09 0.60 • 0.08 
Total food consumed (g/3 wk) 2421 • 153 1946 • 77 2287 • 71 2427 • 254 
Cholesterol intake (g/3 wk) 19.4 • 1.2 15.6 • 0.6 57.15 • 1.76 59.82 • 7.04 
Serum parameters (mg/dL) 

Cholesterol (0) 62.4 • 3.9 102.4 • 9.3 103.1 • 5.9 71.5 • 8.1 
Cholesterol (3) 57.3 • 5.9 70.4 • 6.2 1010.6 • 295.2 b 992.1 • 217.8 
Triglyceride (0) 91.9 • 18.1 121.2 • 27.8 132.1 • 27.3 95.1 _+ 15.1 
Triglyceride (3) 73.4 • 16.1 56.2 _+ 15.5 156.6 • 49.9 b 108.6 • 27.2 b 
Glucose (0) 147.0 • 11.2 139.5 • 5.4 213.3 -+ 37.8 191.8 • 29.1 
Glucose (3) 154.3 • 8.9 145.8 • 10.3 156.2 • 5.4 155.8 _+ 16.7 

aLCD + V, low cholesterol diet plus verapamil; HCD + V, high cholesterol diet plus verapamil. See footnote 
a in Table 1 for other abbreviations and details, bp < 0.05 HCD, HCD + V vs. LCD, LCD + V. 

solubi l ized in  20 m M  TDC and  the  e n h a n c e m e n t  of  cho- 
les te ro l  u p t a k e  by N + LCD w i t h  10 m M  of TDC (Table 
5) m a y  h a v e  been  due  to t he  effect  of  N on the  pa r t i t ion-  
ing  of  choles tero l  f rom the  TDC micel le .  Th is  poss ibi l i ty  
is s t r e n g t h e n e d  by the  obse rva t ion  of  a va r i ab l e  effect of  
N in  H C D  on choles te ro l  up take .  The  d i rec t iona l ly  s imi-  
l a r  effects  on choles te ro l  u p t a k e  of  V in  LCD and  H C D  
w i t h  10 and  20 m M  TDC m a y  be due  to g r e a t e r  in tes t i -  
na l  b ind ing  of  V (20), or to va r i ab l e  degrees  of  t i s sue  
specif ici ty a m o n g  the  CCB (33). In  th i s  study, we did not  
assess  t he  effect  of  N or V on i n t e s t i n a l  u p t a k e  of  cal- 
c ium, so we a re  not  able to say  w h e t h e r  the  in f luence  of  
CCB on the  i n t e s t i n e  morpho logy  and  func t ion  is ac tu-  
a l ly  t he  r e s u l t  of  a c h a n g e  in Ca  z§ flux. 

A s imi la r  p a t t e r n  was  ident i f ied  for t he  u p t a k e  of  
s tear ic  acid; an  e n h a n c e d  u p t a k e  of  18:0 was  observed  in  
a n ima l s  fed N or V whi le  on the  LCD, bu t  a r educed  up- 
t ake  was  found in  an ima l s  g iven  V whi le  on the  HCD. 
However ,  not  all  of  the  fa t ty  acids b e h a v e d  in t he  s a m e  

m a n n e r  (Tables 5 and  6). Possible  he t e rogene i t y  of  t he  
u p t a k e  of  l ipids has  been  sugges ted  based  on theore t i ca l  
cons idera t ions  (34), and  the  va r i ab le  effect of  N or V on 
the  mono- or  p o l y u n s a t u r a t e d  as compared  wi th  t he  sat-  
u r a t e d  fa t ty  acids would  suppor t  th is  view. In  addi t ion,  
however ,  t he r e  were  qua l i t a t i ve  di f ferences  in t he  effect 
of  N or V on the  u p t a k e  of  f a t ty  acids. Thus ,  a l t hough  the  
m e c h a n i s m s  of  the  effect of  CCB lipid u p t a k e  h a v e  not  
been  es tab l i shed  in  th is  study, the  m e c h a n i s m s  a p p e a r  to 
v a r y  b e t w e e n  these  two d i f ferent  c lasses  of  drugs.  

The  d i f fe ren t ia l  effects of  N and  V on the  i n t e s t i n e  
w e r e  pa r t i cu l a r l y  a p p a r e n t  in  t he  a n i m a l s  fed HCD,  and  
th i s  d i f fe ren t ia l  effect  has  been  no ted  in  o the r  t i ssues .  I n  
cho les te ro l -enr iched  bu t  not  in con t ro l -per fused  rabb i t  
aor ta ,  V and  d i l t i a z e m  h a v e  been  shown to an t agon i ze  
t he  effect  of  n o r e p i n e p h r i n e - s t i m u l a t e d  ca lc ium inf lux  
(35), and  i t  was  sugges t ed  t h a t  choles te ro l  e n r i c h m e n t  of  
t he  p l a s m a  m e m b r a n e  m a y  h a v e  exposed  s i tes  t h a t  were  
o the rwi se  u n a v a i l a b l e  for b ind ing  to t he  CCB. In  our  

TABLE 4 

Jejunal  Characterist ics  and Morphology of  Study Animal8 a 

LCD HCD LCD + N HCD + N LCD + V HCD + V 

Dry weight rag/unit 
serosal surface area 35.7 _+ 2.3 39.2 _+ 1.5 31.6 _+ 1.2 31.7 _+ 1.8 b 34.1 • 1.3 32.5 • 1.6 ~ 

% of intestinal wall 
comprised of mucosa 84.1 _+ 1.8 83.6 • 1.1 78.4 • 3.0 82.9 • 1.9 78.9 • 2.1 72.2 _+ 1.2 ~ 

Crypt depth (~m) 50 • 2.9 43 • 2.8 51 • 2.6 69 -+ 3.0 b 44 _+ 2.7 44 • 2.1 
Villus height (pro) 603 • 29 599 • 24 573 • 25 717 _+ 33 b 680 • 42 752 • 50 c 

Villus width at half 
height (~m) 94 • 4 126 _+ 6 98 • 4 158 -+ 8 114 • 6 124 • 6 

Villus bottom width (~tm) 114 _+ 7 135 _+ 5 122 _+ 5 166 • 6 127 • 8 134 • 7 
Villus thickness (pan) 431 • 28 210 • 12 327 • 30 390 • 50 340 • 25 267 • 11 

Villus surface area 
(~tm2/villus) 666 • 32 428 • 18 511 • 23 846 • 45 651 • 37 622 • 47 

Number of villi/mm 2 
serosa 21.3 • 1.4 35.6 • 1.2 25.3 -+ 1.0 d 15.7 • 0.6 b 24.2 • 1.7 28.8 -+ 1.5 

Mucosal surface area 
(mm2/mm 2 serosa) 14.0 • 1.0 15.2 • 0.9 13.0 _+ 0.9 13.2 • 0.8 15.81 • 1.5 17.8 • 1.3 

aSee footnote a in Tables 2 and 3 for abbreviations and details, bp < 0.05 HCD vs. HCD + N. cp < 0.05 HCD vs. HCD + V. dp < 0.05 LCD 
vs. LCD + N. 
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TABLE 5 

Effect  o f  Chronic  Oral  N Intake  (1 m g / k g  �9 d -1) on  Je juna l  U p t a k e  o f  Choles tero l  a n d  
Fat ty  Ac id  a 

Substrate LCD LCD + N HCD HCD + N 

Cholesterol 1 0.16 • 0.03 0.08 • 0 .02  b 0.13 • 0.02 0.10 • 0.01 
Cholesterol 2 0.30 • 0.06 1.01 • 0 . 1 0  b 0.13 • 0.02 1.31 • 0.13 c 
Stearic acid (18:0) 0.30 -+ 0.04 0.56 • 0.11 b 0.30 • 0.04 0.46 • 0.04 
Oleic acid (18:1) 0.30 • 0.04 0.21 • 0.05 0.24 • 0.05 0.29 • 0.05 
Linoleic acid (18:2) 0.21 • 0.03 0.32 • 0.06 0.42 • 0.10 0.59 _+. 0.08 

aSee Table 2, footnote a, for details and abbreviations. The concentration of cholesterol was either 
(0.1 raM) in 20 mM taurodeoxycholic acid (cholesterol 1) or 0.1 mM in 10 mM taurodeoxycholic acid 
(cholesterol2). The concentration of the fatty acids was 0.1 mM in 20 mM taurodeoxycholic acid. The 
rate of uptake was expressed as nmol/100 mg mucosa �9 rain -1. bp < 0.05 LCD vs. LCD + N. 
cp < 0.05 HCD vs. HCD + N. 
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choles te ro l - fed  model ,  a l t e r a t i o n s  in  e n t e r o c y t e  m e m -  
b r a n e  l ip id  compos i t i on  ach ieved  by  feed ing  cho les te ro l  
(HCD vs. LCD) (36) m a y  affect  t h e  b i n d i n g  s i te  for V dif- 
f e r e n t l y  t h a n  t h a t  of  N b e c a u s e  d i f fe ren t  CCB a p p e a r  to 
b i n d  to d i f f e ren t  s i t es  on ca l c ium c h a n n e l  p r o t e i n s  (37). 

S e v e r a l  poss ib l e  m e c h a m s m s  o f  i n t e s t i n a l  a d a p t a t i o n  
to  v a r i o u s  s t i m u l i  h a v e  been  s u g g e s t e d  (38,39), i nc lud-  
i ng  c h a n g e s  in  t h e  effect ive r e s i s t a n c e  o f  t h e  u n s t i r r e d  
w a t e r  l a y e r  (UWL) or  t h e  l ip id  compos i t ion  of  t h e  b r u s h  
b o r d e r  m e m b r a n e  (28,29,38,40,41).  The  effect ive res i s -  
t a n c e  of  t h e  U W L  h a s  b e e n  r e p o r t e d  to d e c r e a s e  in  ani -  
m a l s  fed h igh -cho le s t e ro l  d ie t s ,  a n d  t h i s  wou ld  be ex- 
pee tod  to be  a s s o c i a t e d  w i t h  a h i g h e r  u p t a k e  of  l i p ids  
(42). In  t h i s  s tudy,  we  d id  no t  a s s e s s  t h e  effect ive res i s -  
t a n c e  of  t h e  UWL.  However ,  we d id  obse rve  a r e d u c e d  
u p t a k e  of  m o s t  l ip ids  in  t h e  H C D  + V g roup  a n d  no re-  
duc t ions  in  t h e  H C D  + N g roup  (Tables  5 a n d  6). Thus ,  
i t  is  u n l i k e l y  t h a t  t h e  effect  of  N or  V on cho les te ro l  or  
f a t t y  ac id  u p t a k e  w a s  d u e  to  a n  effect  on U W L  res i s -  
t ance .  The  m o v e m e n t s  of  l i p ids  t h r o u g h  t h e  i n t e s t i n a l  
b r u s h  b o r d e r  m e m b r a n e  is be l i eved  to be  m a i n l y  a pa s -  
s ive  process ,  a l t h o u g h  a c a r r i e r - m e d i a t e d  c o m p o n e n t  
h a s  b e e n  s u g g e s t e d  for f a t t y  ac ids  a n d  poss ib ly  choles-  
t e ro l  (43). The  in vitro CCB have  been  a s s o c i a t e d  w i t h  
t h e  de  novo s y n t h e s i s  of  LDL recep to r s ,  s u g g e s t i n g  t h e i r  
p o t e n t i a l  for s y n t h e t i c  a c t i v i t y  of  m e m b r a n e - b o u n d  pro-  
t e i n s  (16). We h a v e  no t  a s s e s s e d  t h e  effect  of  N or  V on 
b r u s h  b o r d e r  m e m b r a n e  l ip id  compos i t ion  or  m e m b r a n e  
f a t t y  a c i d  b i n d i n g  p ro t e in ,  so i t  r e m a i n s  u n k n o w n  
w h e t h e r  t h e  a l t e r e d  m e m b r a n e  p e r m e a b i l i t y  m i g h t  h a v e  
b e e n  due  to  a n  effect  of  N o r  V on e n t e r o c y t e  l i p id  me-  

t a b o l i s m  a n d  b r u s h  b o r d e r  m e m b r a n e  l ip id  compos i t ion .  
I n  sp i t e  of  a s ign i f i can t  i n c r e a s e  in  v i l lus  h e i g h t  in  

bo th  t h e  H C D  + N a n d  the  H C D  + V a n i m a l s ,  n o  v a r i a -  
t ions  in  t he  m u c o s a l  su r face  a r e a  we re  o b s e r v e d  be- 
t w e e n  d r u g - a d m i n i s t e r e d  vs. cont ro l  g roups  (Table  4). 
T w o - d i m e n s i o n a l  m e a s u r e m e n t s  (v i l l u s  h e i g h t  a n d  
w id th )  o f  m u c o s a l  su r f ace  a r e a  do no t  n e c e s s a r i l y  pro-  
v ide  r e l i ab l e  a s s e s s m e n t s  of  su r face  a rea .  F o r  e x a m p l e ,  
in  t h i s  s t u d y  t h e  v i l lus  d e n s i t y  ( n u m b e r  of  v i l l i /mm 2 
se rosa )  d e c r e a s e d  in  a n i m a l s  fed H C D  + N a n d  H C D  + 
V, c o u n t e r i n g  t h e  i n c r e a s e  in  v i l lus  he igh t ,  so t h a t  t h e  
muc osa l  su r f ace  a r e a  w a s  u n c h a n g e d .  Thus ,  t h e  effect of  
f eed ing  N a n d  V w i t h  LCD or  H C D  c a n n o t  be  e x p l a i n e d  
on t h e  b a s i s  of  v a r i a t i o n s  in  t h e  i n t e s t i n a l  m u c o s a l  sur -  
face a r ea ,  no r  can  t h e  r e s u l t s  be e x p l a i n e d  on the  bas i s  
of  a n y  d i f fe rence  in  t h e  a n i m a l s '  body  w e i g h t  ga in  or  
food i n t a k e  (Tables  1-4).  

Effects  of  CCB on i n t r a c e l l u l a r  l ip id  m e t a b o l i z i n g  en-  
z y m e s  (such  as  f a t t y  ac id  d e s a t u r a s e ,  a c y l a t i o n  a n d  dea -  
cy la t ion  e n z y m e s ,  or  t h e  cho les te ro l  a n d  p h o s p h o l i p i d  
m e t a b o l i z i n g  e n z y m e s )  could  a l t e r  b r u s h  b o r d e r  m e m -  
b r a n e  l ip id  compos i t ion ,  t h e r e b y  r e s u l t i n g  in  a l t e r e d  
p e r m e a b i l i t y  p r o p e r t i e s  of  t he  m e m b r a n e  (44). A cal-  
c ium,  c a l m o d u l i n - d e p e n d e n t  k i n a s e  h a s  been  s u g g e s t e d  
to p l a y  a role  in  t h e  s h o r t - t e r m  r e g u l a t i o n  (via phospho-  
r y l a t i o n  a n d  c o n c o m i t a n t  i na c t i va t i on )  of  H M G - C o A  re-  
duc t a se ,  t he  r a t e - l i m i t i n g  e n z y m e  for cho les te ro l  syn-  
t h e s i s  (45). Re duc e d  ca l c ium f lux  m i g h t  u p r e g u l a t e  t h e  
e x p r e s s e d  a c t i v i t y  H M G - C o A  r e d u c t a s e  by  p r o m o t i n g  
t h e  d e p h o s p h o r y l a t i o n  of  t h e  enzyme .  However ,  i f  a cal-  
c i u m - d e p e n d e n t  s t e p  w a s  af fec ted  by  t h e  p r e s e n c e  of  

TABLE 6 

Effect  o f  Chron ic  Oral  V Intake  (4 
a n d  Fat ty  Ac id  a 

m g / k g  �9 d a y  -1) on  J e j u n a l  U p t a k e  o f  Cho les tero l  

Substrate LCD LCD + V HCD HCD + V 

Cholesterol I 0:35 + 0.03 0.94 _+ 0.11 0.97 • 0.12 0.36 -+ 0.04 c 
Cholesterol 2 0.53 _+ 0.05 1.08 • 0.15 b 0.95 - 0.07 0.41 _+ 0.04 c 
Stearic acid (19:0) 0.89 • 0.07 1.29 • 0.11 b 1.60 • 0.11 0.99 • 0.05 c 
Oleic acid (18:1) 1.41 _+ 0.17 1.01 • 0.09 1.65 • 0.11 2.43 • 0.29 c 
Linoleic acid (18:2) 1.21 • 0.12 1.12 • 0.10 1.95 • 0.21 1.45 • 0.12 c 

aSee Table 3, footnote a, and Table 5, footnote a, for details and abbreviations, bp < 0.05 LCD vs. 
LCD + V. cp < 0.05 HCD vs. HCD + V. 
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CCB in the enterocyte, both classes of drug would be ex- 
pected to affect the intracellular synthesis of cholesterol 
and thereby would have directionally similar effects on 
the brush border membrane composition of cholesterol. 
In rat brush border membrane vesicles intraluminal cal- 
cium decreased the fluidity by alterations in membrane 
sphingomyelin content by unknown, presumably indi- 
rect, mechanisms (46). In cultured macrophages, CCB 
inhibit cholesterol esterification (47). The mechanism 
for this has not yet been defined, but it is apparently in- 
dependent of the calcium-blockade effect, and could in- 
volve a direct effect on the acyl coenzyme A:cholesterol 
acyltransferase (ACAT) reaction in this tissue. Further- 
more, not all classes of CCB showed this inhibitory ef- 
fect. It is unknown whether a similar effect might apply 
to the intestine, but clearly alterations in the activity of 
ACAT also influence the intestinal uptake of cholesterol 
(48). The upregulated state of ACAT following choles- 
terol feeding as well as possible differential effects of 
CCB on this enzyme could account for some of the vari- 
able effects noted between CCB and diet effects. 

CCB affect Isc measured across the ileal tissue, with 
V having a quantitatively greater effect than other 
classes of CCB (20). This change in Isc represents the 
net effect of calcium channel blockade on the flux of an- 
ions and cations from the mucosa to the serosa, and from 
the serosa to the mucosa. In the presence of CCB, 
equally enhanced mucosal-to-serosal movement of 
sodium and chloride exceed serosal-to-mucosal move- 
ment of these ions. Residual fluxes (likely bicarbonate 
ions) and Isc are decreased (49). Removal of sodium from 
the bulk phase reduces the uptake of fatty acids (43,50), 
but it is unknown what effect an enhanced mucosal-te- 
serosal flux of sodium might have on lipid uptake. In 
cardiac myocytes and peritoneal mast cells, reductions 
in extracellular calcium increase sodium influx and per- 
meability; these effects are associated with an enhance- 
ment of sodium pump (Na+/K+-ATPase) activity (51). It 
is unknown whether calcium plays a role in the physio- 
logical control of the intestinal basolateral membrane 
sodium pump, or whether CCB exert an important ef- 
fect. There appear to be at least two isoforms of this AT- 
Pase in the intestine (52), which could also be differen- 
tially affected by cholesterol feeding or by different 
classes of CCB. CCB in the serosal medium bathing je- 
junal tissue reduce the magnitude of glucose stimulated 
Isc in LDC but not in HCD animals (Hyson, D.A., Thom- 
son, A.B.R., Fedorak, A.N., and Kappagoda, C.T., in 
preparation). However, the variable effect of V on the 
uptake of the three fatty acids examined in this study 
suggest that the mechanism cannot likely be explained 
solely on the basis of altered effects of sodium gradients 
across the enterocyte. 

Studies in rabbit ileal brush border (53) and chicken 
enterocytes (54) have suggested a role for calcium in reg- 
ulating the activity of the intestinal Na/H + antiporter. 
Protein kinase C and cAMP mediated inhibition of the 
activity of the Na/H + antiporter was associated with in- 
creased cell surface pH in rat jejunal villus cells (55). Al- 
though calcium ionophores did not cause a similar inhi- 
bition, it is unknown whether altered intracellular cal- 

cium levels were achieved; thus, a role for calcium was 
not ruled out. It is unknown if CCB would enhance 
Na/H + exchange. However, it would be expected that in- 
creasing the activity of the antiporter would increase 
the pH of the acidic microclimate adjacent to the mu- 
cosal membrane (56). Since fatty acids would be proto- 
nated at a low pH, their solubility in micelles would be 
reduced, and partitioning into the lipid membrane 
would be enhanced (57). In  this  study, both N and V en- 
hanced stearic  acid up t ake  in an imals  fed LCD, and V 
increased the  up take  of oleic acid in an imals  given HCD. 

Our  initial  in teres t  of the possible effect of  CCB on in- 
tes t inal  lipid up take  was s t imula ted  by the observat ion 
of the  cholesterol-lowering effects (beth in se rum and 
aorta)  in an imals  fed N s imul taneously  wi th  an  HCD 
(9). This  cholesterol-lowering effect of N was  clearly 
not due to a decline in the intes t inal  up take  of lipids 
(Table 5). While V reduced the up take  of l ipids in ani- 
ma l s  fed HCD (Table 6), i t  did not reduce levels of cho- 
lesterol in se rum (Table 3). Thus,  i t  is l ikely t ha t  the ef- 
fect of N on cholesterol concentrat ion lies beyond the  in- 
testine.  
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A22-13-Muricholic Acid in Monoassociated Rats and Conventional Rats 
Takayuki Kayahara a, Toshihide Tamura a, Yoshiki Amuro b, Kazuya Higashino b, Hirotsune Igimi c 
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aDepartment of Bacteriology and b3rd Department of Internal Medicine, Hyogo College of Medicine, Nishinomiya 663 
and CDivision of Diagnostics, Shionogi & Co., Ltd., Settsu, Osaka 566, Japan 

Bile acids were analyzed in the bile, small and large in- 
testines, and feces of germ-free rats after a single inocu- 
lation with one of  six intestinal bacteria that had been 
originally isolated from human feces. Bacteroides vul. 
gatus and Bifidobacterium longum preferentially de- 
conjugated tauro-[~-muricholic acid and taurocholic  
acid, respectively. Clostridium ramosum, Peptostrepto- 
coccus productus and Lactobacillus gasseri deconju- 
gated both bile acids, but Escherichia coli did not  de- 
conjugate either one. Rats inoculated with bacteria that 
deeonjugated tauro-~-muricholic acid produced A22-~- 
muricholic acid in the feces. In contrast, A22-choHc acid 
could not be detected in rats inoculated with bacteria 
that deconjugated taurocholic acid. 
Lipids 29, 289-296 (1994). 

Intestinal bacteria are known to influence bile acid me- 
tabolism (1-3). Deconjugation and desulfation of bile 
acids have been demonstrated in rats inoculated with a 
single strain of bacteria (4-6); 7-dehydroxylation, oxida- 
tion-reduction and epimerization of bile acids in rats 
have also been reported (7,8). Recently, Eyssen et al. (9) 
suggested that the side chain of ~-muricholic acid might 
be desaturated in the feces of gnotobiotic rats after a sin- 
gle inoculation with Eubacterium lentum that had been 
isolated from the ceca of conventional rats. Subse- 
quently, this group of investigators also reported the for- 
mation of A22-~-muricholic acid in the feces of rats after 
inoculation with Clostridium sp. C18 obtained from con- 
ventional rats (10). 

In the present study we show that desaturation of the 
side chain of ~-muricholic acid (A22-~-muricholic acid) 
occurs upon a single inoculation with predominant bac- 
teria obtained from human feces. 

MATERIALS AND METHODS 

Determination of tauro-A22-fl-muricholic acid. Bile acids 
in bile obtained from conventional rats and germ-free 
rats were analyzed by high-performance liquid chro- 
matography (HPLC). For this purpose, a Cosmosil 5C18 
column (15 cm x 4.6 mm i.d.; Nakarai Kagaku Co., 
Kyoto, Japan) was used, and 0.3% ammonium phos- 
phate (pH 7.0)/acetonitrile (20:7, vol/vol) served as mo- 
bile phase; the eluent was monitored at 210 nm. 

The peak with a relative retention time of 0.36 (peak 

*To whom correspondence should be addressed at Diagnostics Di- 
vision, Shionogi & Co., Ltd., 2-5-1, Mishima, Settsu-shi, Osaka 
566, Japan. 
Abbreviations: FT, Fourier transform; GC/MS, gas chromatogra- 
phy/mass spectrometry; HPLC, high-performance liquid chro- 
matography; INADEQUATE, incredible natural abundance dou- 
ble-quantum transfer experiment; NMR, nuclear magnetic reso- 
nance. 

A) relative to taurocholic acid was detected in bile of 
conventional rats, while it could not be detected in bile 
of germ-free rats. 

Fraction A was isolated directly from bile of conven- 
tional rats by preparative HPLC using a TSK-gel ODS- 
12ff~ column (25 cm • 2 cm i.d.; Tosoh, Tokyo, Japan) 
and 0.3% ammonium phosphate (pH 7.0)/acetonitrile 
(20:8, vol/vol) as mobile phase (monitored at 220 rim) 
(11). The structure of the compound representing peak A 
was determined by 1H and 13C nuclear magnetic reso, 
nance (NMR) spectrometry. 

ZH NMR spectra were recorded on a Varian XL-400 in- 
strument (Varian, Palo Alto, CA) at 399.950 MHz and 
Z3C NMR spectra on a Varian XL-200 instrument at 
50.309 MHz using [2H5]pyridine as solvent and tetra- 
methylsilane as internal standard (8HO and 8cO). The 
accuracies of 5 H, J and 5 c were _+0.002 ppm, _+0.3 Hz and 
___0.03 ppm, respectively. 2D INADEQUATE (incredible 
natural abundance double-quantum transfer experi- 
ment) 13C NMR spectra were taken with the Varian 
XL-400 at 100.571 MHz using the CCC2DQ pulse se- 
quence (12,13) of the standard Varian soPcware. The con- 
centration of ~-muricholic acid was 498 mg in 1.8 mL of 
[2H5]pyridine using a 10-mm sample tube. Fourier 
transform (FT) conditions were as follows: spectral 
width, 7936.5 Hz; acquisition time, 0.258 s; pulse delay, 
1.5 s; number of transients, 1280; number of free induc- 
tion decays, 96; conversion time (~), 6.94 milliseconds 
(J = 36 Hz). Total experiment time was 60 h. An FT ex- 
periment was performed on the 4096 x 2048 matrix with 
zero-filling in the first domain, and with line-broadening 
weighting of 40 and 5 Hz, in the first and in the second 
domain, respectively. 

Animals and treatments. Germ-free Wistar male rats 
(ca. 4 months old) bred at Shionogi Aburahi Laborato- 
ries (Shiga, Japan) had been housed under germ-free 
conditions and were monoassociated orally with six 
strains of bacteria, i.e., Escherichia coli, Bifidobac- 
terium longum, Bacteroides vulgatus, Clostridium ramo- 
sum, Peptostreptococcus productus and Lactobacillus 
gasseri. These bacteria had originally been isolated from 
normal human feces, and represented the predominant 
strain of each group. Each bacterium was cultured for 
72 h at 37~ in GAM semifluid medium (Nissui Co., 
Tokyo, Japan) and then homogenized with a stirrer 
without access of air. A 1-mL portion of the culture 
medium containing 108-109 bacteria/mL was adminis- 
tered to the rats. Conventional rats of the same strain 
and the same age were also examined. 

The rats were fed a commercial diet (Oriental CMF 
Diet; Oriental Kobo Co., Tokyo, Japan) which had been 
sterilized by radiation with 6~ (50 KGy). Feces from 
each rat were collected before inoculation and also each 
day after inoculation for 6 d. A portion of the feces col- 
lected on the last day was utilized to confirm that the 
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TABLE 1 

Fecal Bacterial Count in Monoassociated Rats 
Six Days After Inoculation 

Inoculated Bacterial count 
bacterial count log N/g 

log N/mL wet weight feces 
Escherichia coli 9.1 9.8 
Bifidobacterium longum 8.4 9.7 
Bacteroides vulgatus 8.4 10.6 
Clostridium ramosum 8.6 9.4 
Peptostreptococcus productus 6.5 9.7 
Lactobacillus gasseri 8.5 9.4 

bacterial counts were more than 109/g wet weight of 
feces (Table 1) using the method of Benno et al. (14), and 
the remainder was used for bile acid analysis. 

Soon after the final collection of feces, the rats were 
anesthetized with sodium pentobarbital (50 mg/kg, i.p.), 
and the bile duct was cannulated with a PE-10 poly- 
ethylene tube to collect bile for 30 min, with the rectal 
temperature being kept at 37~ by means of an electri- 
cal heating plate (15). After removing blood from the ab- 
dominal aorta to sacrifice the animals, the small intes- 
tine and the large intestine, including the cecum, were 
removed along with their contents. 

Bile  acid determinat ion.  Bile acids were extracted from 
bile with 20 vol of ethanol at 85-90~ for 10 rain. After ill- 
tration, a portion of the extract was dried under a stream 
of nitrogen and subjected to PHP-LH-20 column chro- 
matography (16) to obtain the fractions of free, glycine- 
conjugated, taurine-conjugated and sulfated bile acids. 

The small and large intestinal contents were homoge- 
nized with 20 mL of distilled water, and a portion of the 
homogenates was lyophilized. Bile acids were extracted 
from the dry preparation with absolute ethanol at 
85-90~ for 1 h, and the mixture was filtered. This ex- 
traction procedure was repeated three times (17), and 
the extracts were combined and dried. A solution in 90% 
ethanol was subjected to PHP-LH-20 column chro- 
matography (16). 

The feces were lyophilized and ground in a small mill. 
Bile acids were extracted from a portion of the feces 
(usually 0.5 g) by treatment with 15 mL of absolute 
ethanol at 85-900C for 1 h, and a filtered solution was 
obtained (17). The extraction procedures were the same 
as those used for the intestinal contents. 

The fractions obtained after PHP-LH-20 column chro- 
mategraphy were purified on a Sep-Pak C18 cartridge 
(Water Associates, Milford, MA) and then concentrated 
under reduced pressure (18). The sulfate fraction was 
subjected to solvolysis (19). The glycine- and taurine- 
conjugated bile acids were hydrolyzed using cholyl- 
glycine hydrolase (EC 3.5.1.24; Sigma, St. Louis, MO) 
(20), and the deconjugated bile acids were extracted 
with diethyl ether after acidification with 2 N hydro- 
chloric acid. 

The bile acids were methylated with freshly prepared 
diazomethane and then trifluoroacetylated with trifluo- 
roacetic anhydride (17,21). The bile acid derivatives 
were quantified by gas--liquid chromatography utilizing 

a Hewlett Packard (Palo Alto, CA) gas-chromatograph, 
Model HP5890A, equipped with a hydrogen flame-ion- 
ization detecter and an HP-7673A autoinjector. A capil- 
lary column (15 m x 0.25 mm i.d.) coated with DB-17 
(J&W Scientific, Folsom, CA) was used. The column was 
programmed from 200-280~ at a rate of 5~ the 
injection port was kept at 2800C, and the detector 
at 300~ 

RESULTS 

Enzymatic hydrolysis of the compound eluted as peak A 
(compound A) with cholylglycine hydrolase and methyla- 
tion with diazomethane produced a methyl ester. The 1H 
NMR spectrum of the methyl ester derived from com- 
pound A was quite similar to that of the methyl ester of 
~-muricholic acid except for two additional signals at 5 n 
5.978 (dd, J = 15.5 and 0.6 Hz, 23-H) and 5 H 7.080 (dd, J 
= 15.5 and 9.0 Hz, 22-H), as is compared in Table 2. The 
chemical shifts and couplings (J = 15.5 Hz) of these sig- 
nals indicate the presence of an E-double bond with one 
hydrogen at the vicinal position. The down-field shifts of 
the 20-methyl signal (5 H 1.076, d, J = 6.6 Hz, 21-H) and 
the ester methyl signal (5 H 3.731, s, COOCH 3) suggest 
that the methyl ester of compound A is the methyl ester 
of ~-muricholic acid having an E-double bond at C-22 and 
C-23. The presence of an a, ~-unsaturated carboxy ester 
system is consistent with the observed UV absorption at 
214 nm (22). The 1H NMR spectrum of compound A is es- 
sentially the same as that of the methyl ester of com- 
pound A except for the presence of three signals at 5 H 
3.531 (t, J = 6.7 Hz, CH2SO3H), 5 H 4.332 (brq, J = 6.0 Hz, 
CH2N), and 5 H 8.705 (t, J = 5.8 Hz, NH) and the absence 
of the ester methyl signal. These three additional signals 
of compound A can he assigned to the hydrogens of the 
taurine moiety. Thus, compound A is proposed to be 
tauro-A22-~-murichohc acid. 

The 13C NMR spectrum of ~-muricholic acid obtained 
in [2H5]pyridine has been reported by Kuroki et al. 
(23). We have mostly confirmed the assignments of these 
signals by 2D INADEQUATE laC NMR spectroscopy 
(12,13,24) as shown in Figure 1. In the 2D INADE- 
QUATE spectrum of ~-muricholic acid, all connectivities 
of the carbons were established except for C-1, C-2, C-3 
and C-4, whose signal intensity was too low. However, 
our assignments were not in agreement with those of 
Kuroki et al. (23) with respect to C-14 and C-17. 

The Z3C NMR signals of the methyl ester of ~-muri- 
cholic acid were assigned by chemical shift comparisons 
with ~-muricholic acid. The chemical shift changes for 
C-1 through C-21 of the methyl ester vs. the acid are 
within 0.24 ppm. The changes for C-22 through C-24 are 
-0.70, -0.38 and -2.22 ppm, respectively, which are 
greater due to the methyl esterification (see Ref. 25, and 
references therein). The methyl ester methoxy signal 
appears at 5 c 51.25. 

The 13C N-MR spectrum of the methyl ester of com- 
pound A resembles that of the methyl ester of ~-muri- 
cholic acid except for the signals originating from the 
side-chain carbons. The 13C N-MR signals were assigned 
based on data reported for a number of bile acids (23; 
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TABLE 2 

lSC and 1H Nuclear Magnetic  Reso---ce Data = of  Bile Acid Der ivat ives  in [2Hs]Pyridine 

~-Muricholic Methyl ester of Methyl ester of 
acid ~muricholic acid compound A Compound A 

C-1 36.51 36.50 36.51 36.50 
C-2 30.93 31.07 31.08 31.05 
C-3 70.83 70.74 70.74 70.75 
C-4 36.70 36.87 36.88 36.84 
C-5 48.67 48.82 48.85 48.80 
C-6 76.44 76.47 76.47 76.46 
C-7 73.34 73.37 73.37 73.35 
C-8 39.09 39.19 39.20 39.14 
C-9 40.37 40.25 40.22 40.24 
C-10 34.42 34.44 34.49 34.47 
C-11 21.44 21.33 21.27 21.27 
C-12 40.56 40.41 40.22 40.24 
C-13 43.92 43.80 44.08 43.95 
C-14 56.42 b 56.30 56.08 56.11 
C-15 27.80 27.79 27.84 27.82 
C-16 29.05 28.89 28.91 29.10 
C-17 55.60 b 55.38 54.56 54.85 
C-18 12.52 12.54 12.58 12.56 
C-19 26.31 26.26 26.26 26.25 
C-20 35.83 35.60 39.89 39.69 
C-21 18.91 18.67 19.57 19.95 
C-22 31.91 31.21 c 155.40 149.50 
C-23 31.91 31.53 r 119.14 122.82 
C-24 176.64 174.42 167.31 166.59 
CH2S -- -- 51.65 
CH2N - -  - -  36.74 
OCH3 51.25 51.24 - -  

18-H 0.684 s 0.692 s 0.672 s 
21-H 0.953 d 1.076 d 1.051 d 

(6.0 Hz) (6.6 Hz) (6.6 Hz) 
19-H 1.432 s 1.450 s 1.421 s 
OCH3 3.662 s 3.731 s - -  
7-H 3.780 dd 3.780 dd 3.763 dd 

(10.0 and 2.6 Hz) (10.5 and 3.5 Hz) (10.0 and 3.7 Hz) 
3-H 3.884 m - -  3.880 m 
6-H 4.053 dd 4.064 dd 4.053 dd 

(10.0 and 2.6 Hz) (4.0 and 2.0 Hz) (3.2 and 2.2 Hz) 
23-H - -  5.978 dd 6.086 d 

(15.5 and 0.6 Hz) (15.3 Hz) 
22-H - -  7.080 dd 7.047 dd 

(15.5 and 9.0 Hz) (15.3 and 8.8 Hz) 
CH2S - -  - -  3.531 t 
CH2N (6.7 Hz) 

- -  -- 4.332 
NH brq 

(6.0 Hz) 
8.705 t 

(5.8 Hz) 

a~c, ~H, multiplicities and J (in parentheses), bThe assignments reported in Reference 23 were revised 
based on the incredible natural abundance double-quantum transfer experiment shown in Figure 1. 
CThese assignments may be reversed. 

and  Ref. 26 a n d  r e fe rences  the re in )  a n d  s tero ls  (11, a n d  
for example ,  Ref. 27) and  by t a k i n g  in to  cons ide ra t ion  
chemica l  shi f t  r u l e s  (25,28, and  r e fe rences  t he r e in )  a n d  
k n o w n  so lven t  effects  in  [2H]chloroform and  [2Hs]pyri- 

d ine  (e.g., 28). The  chemica l  shif t  changes  for C-1 
t h r o u g h  C-16, and  for C-18 a n d  C-19, as  wel l  as  for t he  
m e t h o x y  carbon,  b e t w e e n  the  m e t h y l  e s t e r  of  compound  
A and  the  m e t h y l  e s t e r  of  ~-murichol ic  acid a re  w i t h i n  

UPIDS, Vol. 29, no. 4 (1994) 
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FIG. 1. 2D incredible natural  abundance double-quantum transfer exper iment  spectrum of  
~-muricholic acid in 12Hslpyridine (for details,  see  text).  

0.26 ppm. The differences for C-17 and for C-20 through 
C-24 are -0.82, +4.29, +0.90, +124.19, +87.61 and-7.11 
ppm, consistent with the presence of a double bond 
(11,25,27). The E double bond in the methyl ester of 
compound A is also indicated by the 1H-1H spin-spin 
coupling of 15.5 Hz between 22-H and 23-H in the 1H 
spectrum. Based on the data presented here, the methyl 
ester of compound A is confirmed to be methyl (22-E)- 
3a,6~,7~-trihydroxy-5~-chol-22-en-24-oate. 

A comparison of the 13C NMR signals of compound A 
with those of its methyl ester derivative shows that in- 
stead of the ester methyl signal (5 c 51.24), compound A 
has two signals at 5 c 36.74 and 5 c 51.65, which are as- 
signed to the two Carbons of the taurine moiety. The 
chemical shift changes for C-22, C-23 and C-24 between 
the methyl ester of compound A and compound A are 
-6.90, +3.62 and -0.72 ppm, respectively, which are con- 
sistent with a change from an a,~-unsaturated ester to 
an a,~-unsaturated amide. This confirms that compound 
A is tauro-(22-E)-3a,6~,7~-trihydroxy-5~-chol-22-en-24- 
oate. 

The data in Table 3 :give the bile acid components in 
the feces of germ-free, monoassociated and conventional 
rats. The fecal bile acids in the germ-free rats were tau- 
rine-conjugated, while those in the conventional rats 
were almost completely deconjugated and only a trace 
amount of taurine conjugates was detected. E. coli did 
not detectably deconjugate bile acids; however, the other 
five bacteria caused deconjugation although their activ- 
i ty  varied from 8 to 47% deconjugation. The total 

amounts of fecal bile acids in the germ-free and monoas- 
sociated rats were about half those in the conventional 
rats. 

In conventional rats, several secondary bile acids 
were found in the feces, including deoxycholic, 7-oxo-de- 
oxycholic, 12-oxo-lithocholic, lithocholic, hyodeoxycholic 
and (o-muricholic acids, in addition to the primary bile 
acids. In germ-free rats, the fecal bile acids consisted of 
only the primary bile acids; i.e., mainly cholic and ~- 
muricholic acids and small amounts of chenodeoxycholic 
and a-muricholic acids. In the monoassociated rats, the 
pattern of fecal bile acids was almost the same as that  
in the germ-free rats, except that  A22-~-muricholic 
acid was detected in the feces of the rats inoculated 
with B. vulgatus, C. ramosum, P. productus or L. gasseri 
(Table 4). 

The bile acid compositions in the large intestine, as 
shown in Table 5, were very similar to those in the feces. 
The bile acid compositions of the bile and the small in- 
testine, as shown in Tables 6 and 7, were also very sim- 
ilar to each other. The ratio of cholic acid was high and 
that of ~-muricholic acid was low in the bile and in the 
small intestine. 

The percentages of the deconjugated form of cholic 
acid, ~-muricholic acid and A22-~-muricholic acid, in the 
small intestine, in the large intestine, and in the feces 
were calculated and are shown in Table 8. No deconju- 
gated bile acid was detected in the bile of all the groups. 
Deconjugation of bile acid did not occur in the germ-free 
rats and in the rats inoculated with E. coli as reported 
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TABLE 3 

F e c a l  B i l e  A c i d s  i n  G e r m - F r e e ,  M o n o a s s o c i a t e d  a n d  C o n v e n t i o n a l  R a t s  a 

293 

Before inoculation Six days  a f a r  inoculation 

Total Total Unconjugated Glycine Taur ine  Sulfated Deconjugation ratio 

(rag/d/rat) (rag/d/rat) 

Germ-free  3.9 • 0.2 3.6 • 0.1 nd b nd 3.6 • 0.1 nd 0.0 • 0.0 
E. coli 3.4 • 0.1 2.1 • 0.1 nd  nd  2.1 _+ 0.1 nd 0.0 • 0.0 
B. longum 3.9 • 0.3 3.5 • 0.2 0.8 • 0.1 nd 2.6 • 0.4 nd  24.1 • 1.8 
B. Vulgatus 3.4 • 0.4 3.4 • 0.2 1.3 • 0.1 nd  2.2 • 0.1 nd  39.6 • 0.6 
C. ramosum 3.2 • 0.1 2.7 • 0.4 1.3 • 0.2 nd  1.4 • 0.2 nd  46.8 • 1.1 
P. productus 3.3 -+ 0.1 3.1 _ 0.2 1.1 • 0.1 nd 2.0 _+ 0.2 nd  34.7 • 2.3 
L. gasseri 3.4 • 0.2 3.2 • 0.3 0.3 • 0.0 nd 3.0 • 0.2 nd  7.7 _+ 0.4 

Convent ional  - -  6.4 • 0.7 6.4 • 0.7 nd  trace c nd  99.6 • 0.2 

aThe da ta  are  the  m e a n s  • SEM of five rats ;  total, total bile acid; unconjugated,  unconjugated bile acid; glycine, glycine conjugated bile 
acid; taur ine ,  t au r ine  conjugated bile acid; sulfated, sulfated bile acid. Deconjugation ratio: (unconjugated bile acid)/(unconjugated bile 
acid + conjugated bile acid) x 100. See Table 1 for complete spell ings of bacter ia  names ,  bnd, Not  detectable. CTrace a m o u n t s  of less t h a n  
0.1 mg/d/rat .  

T A B L E  4 

F e c a l  B i l e  A c i d  C o m p o s i t i o n  i n  G e r m . F r e e ,  M o n o a s s o c i a t e d  a n d  C o n v e n t i o n a l  R a t s  a 

(%) Germ-free E. coli B. longum B. vulgatus C. ramosum P. productus L. gasseri Conventional  

3a12a b nd c nd nd nd  nd nd nd  34.4 • 4.4 

3a7a12a b 47.0 • 0.7 48.6 • 1.1 52.4 • 0.5 46.2 • 0.9 49.5 • 1.0 52.9 • 0.2 45.3 • 0.9 2.3 • 1.4 
3a12a7=O b nd nd nd  nd nd  nd nd trace d 

3a7a12=O b nd nd nd  nd nd  nd nd nd 

3a12=0 b nd nd nd nd  nd nd nd 11.3 • 1.5 

3a  e nd  nd nd  nd  nd nd nd 2.3 • 0.3 

3a6~7a  e 1.1 • 0.1 1.3 • 0.1 0.5 • 0.1 2.3 • 0.2 1.4 • 0.1 1.5 • 0.2 1.9 -+ 0.0 1.6 • 0.1 

3aTa  e 1.5 • 0.1 1.7 • 0.2 1.1 • 0.1 3.4 • 0.6 0.7 • 0.1 0.8 • 0.2 1.2 • 0.1 trace 

3 a 6 a  e nd  nd  nd nd nd  nd nd 1.3 • 0.8 

3a6[}7[~ e 50.2 _+ 0.7 47.2 • 0.7 45.5 • 0.5 32.7 • 1.7 41.6 • 0.4 41.4 • 0.9 48.9 • 1.0 16.7 • 3.1 

3a6a7~ e nd nd nd  nd nd  nd nd 12.2 • 2.1 

3a7=O e nd nd  nd  nd  nd  nd nd nd 

A 22 - 3a6~7~ e nd  nd nd  13.5 • 0.7 6.2 -* 1.0 1.7 • 0.3 1.3 _+ 0.1 nd 
U n k n o w n  trace 1.2 • 0.3 0.5 • 0.0 1.8 • 0.3 0.6 • 0.2 1.8 • 0.9 1.5 • 0.1 16.8 • 0.6 

aThe da ta  are the  means  • SEM of five rats.  See Table 1 for complete spell ings of bacter ia  names.bCholic acid group. Cnd, Not detectable. 
dTrace a m o u n t s  of less t h a n  0.5%. eChenodeoxycholic acid group.  

T A B L E  5 

L a r g e  I n t e s t i n a l  B i l e  A c i d  C o m p o s i t i o n  in  G e r m . F r e e ,  M o n o a s s o c i a t e d  a n d  C o n v e n t i o n a l  R a t s  a 

(%) Germ-free E. coli B. longum B. vulgatus C. ramosum P. productus L. gasseri Conventional  

3a12a b nd c nd nd nd  nd nd nd 32.2 • 0.9 

3a7a12a b 47.3 • 0.6 50.3 • 0.6 58.3 • 1.9 38.8 • 2.4 49.7 • 0.7 53.6 • 2.1 48.0 -+ 1.6 4.6 • 1.3 

3a12a7=O b nd trace d 1.2 • 0.5 t race trace trace nd nd 

3a7a12=O b nd nd trace nd  trace nd nd nd 

3a12=0 b nd nd nd  nd  nd  nd nd trace 

3a  e nd  nd  nd nd nd nd nd 1.2 • 0.6 

3a6~7a  e t race .trace t race trace t race trace trace trace 

3 a 7 a  e 2.2 • 0.1 2.1 • 0.6 1.8 • 0.1 2.7 • 0.3 1.4 • 0.2 1.5 • 0.3 1.8 • 0.5 1.6 • 0.2 
3 a 6 a  e nd  nd  nd  nd nd  nd nd nd 

3a6~7~ e 48.4 • 0.3 46.2 • 1.4 35.6 • 1.8 35.8 • 1.1 37.6 • 0.7 40.4 • 2.4 47.4 • 1.5 32.5 • 2.4 

3a6a7~ e nd nd nd  nd nd  nd nd 18.3 • 4.7 

3 a 7 = 0  e nd  nd  nd  nd nd  nd nd nd 

A 22 �9 3a6~7~ e nd  nd nd  13.9 • 1.1 8.5 • 0.2 2.1 • 0.7 0.9 • 0.4 nd 
U n k n o w n  1.9 • 0.9 1.5 • 1.0 2.3 • 0.2 8.1 • 0.8 1.7 • 1.0 1.8 • 0.1 1.5 • 0.7 9.4 • 1.6 

aWhe da ta  are the  m e a n s  • SEM of five rats .  See Table 1 for complete spell ings of bacter ia  names, bCholic acid group. Cnd, Not  detectable. 
dTrace a m o u n t s  of less t h a n  0.5%. eChenodeoxycholic acid group. 
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TABLE 6 

Bil iary Bi le  Acid Composi t ion  in Germ-Free, Monoassociated and Convent ional  Rats a 

(%) Germ-free E. coli B. lon~gum B. vulgatus C. ramosum P. productus L. gasseri Conventional 

3a12a b nd c nd nd nd nd nd nd 3.3 • 0.6 

3a7a12a b 79.4 • 0.7 69.1 • 1.6 78.7 • 0.7 75.0 • 2.4 68.8 • 0.8 72.9 • 0.9 70.4 • 1.6 79.5 • 0.7 
3a12a7=O b 0.5 • 0.1 0.5 • 0.1 0.7 • 0.0 0.6 • 0.0 0.5 • 0.0 0.6 • 0.1 0.7 -+ 0.0 1.6 • 0.2 
3a7a12=O b nd nd nd nd nd nd nd nd 
3a12=O b nd nd nd nd nd nd nd nd 
3~ d nd nd  nd nd nd nd  nd  nd 
3a6~7ce d trace e 0.7 • 0.1 trace 0.7 • 0.3 0.6 • 0,1 0.7 • 0,1 0.8 • 0.1 0.7 • 0.1 

3a7a  d 3.7 • 0.1 2.7 • 0.2 3.6 • 0.1 3.6 • 0.3 3.2 • 0.1 2.5 • 0.5 3.4 • 0.2 3.9 • 0.3 
3a6a  d nd nd nd nd nd nd nd nd 

3a6~7~ d 14.2 • 0.5 24.3 • 1.7 13.9 • 0.6 16.6 • 2.1 23.8 • 0.6 21.1 • 0.9 22.3 • 1.9 7.7 • 0.7 
3a6a7~ d nd nd nd nd nd nd nd nd 

3a7=0 d nd nd nd nd nd nd nd nd 

A 2 2 "  3a6~7~ d nd  nd nd 0.8 • 0.2 0.6 • 0.1 trace nd 0.7 • 0.1 
Unknown 2.2 • 0.2 2.7 • 0.1 3.1 • 0.2 2.7 • 0.2 2.6 • 0.2 2.3 • 0.3 2.9 • 0.1 2.8 • 0.3 

aThe data  are the  m eans  • SEM of five rats .  See Table 1 for complete spellings of bacteria names ,  bCholic acid group. Cnd, Not detectable. 
dChenodeoxycholic acid group, eTrace amoun t s  of less t h a n  0.5%. 

T A B L E  7 

S m a l l  I n t e s t i n a l  Bile  Acid Composi t ion i n  G e r m - F r e e ,  Monoassociated and Convent ional  Rats  = 

(%) Germ-free E. coli B. longum B. vulgatus C. ramosum P. productus L. gasseri Conventional 

3 a 1 2 ~  n ~  nd nd nd nd nd nd 2 . 3 •  

3 a 7 a 1 2 ~  8 1 . 3 •  8 1 . 7 •  8 0 . 5 •  8 2 . 2 •  8 1 . 9 •  8 3 . 4 •  7 8 . 4 •  7 8 . 3 •  
3a12a7=O b 0 . 8 •  0 . 6 •  0 . 6 •  0 . 5 •  0 . 6 •  0 . 6 •  0 . 8 •  1 . 4 •  
3a7a12=O b nd nd nd nd nd nd nd nd 
3a12=0 b nd nd nd nd nd nd nd nd 
3a  d nd nd nd nd nd nd nd nd 

3a6~7a d Dace e trace trace trace trace Dace Dace 1.6 • 0.2 

3a7a  d 2 . 4 •  2 . 4 •  2 . 5 •  2 . 7 •  2 . 6 •  2 . 1 •  2 . 6 •  2 . 6 •  
3 a 6 a  d nd  nd  nd  nd nd nd nd  nd 
3 a 6 ~ 7 ~  1 2 .7 •  12 .2 •  12 .6 •  10 .9 •  11 .4 •  10 .8 •  13 .9 •  1 0 . 5 •  
3 a 6 a 7 ~  nd nd nd nd nd nd nd trace 
3a7=0  d nd nd nd nd nd nd nd nd 

A 2 2 " 3 a 6 ~ 7 ~  nd nd nd 0 . 5 •  ~a c e  nd nd 1 .0 •  
Unknown 2 , 4 •  2 . 8 •  3 . 1 •  3 . 0 •  3 . 1 •  3 . 1 •  3 . 5 •  2 . 8 •  

aThe data  are the  m eans  • SEM of five rats.  See Table 1 for complete spellings of bacteria names ,  bCholic acid group, end, Not detectable. 
dChenodeoxycholic acid group, eTrace amoun t s  of less t h a n  0.5%. 

T A B L E  8 

Deconjugat ion of  Bile  Acids i n  S m a l l  I n t e s t i n e ,  L a r g e  Intest ine and Feces = 

(%) Germ-free E. coli B. longum B. vull~atus C. ramosum P. productus L. gasseri Conventional 

Small  intes t ine 
3a7a12a b nd c nd trace d nd 

3a6~7~ e nd nd nd nd 
A22 . 3a6~7~ e nd nd nd nd 

Large intest ine 

3a7c~12a b nd nd  95.2 • 0.6 19.3 • 0.8 
3a6[~7[~ e nd nd 12.9 • 2.4 85.1 • 1.7 
A22 . 3a6~7~ e nd nd nd 55.8 • 1.4 

Feces 
3a7cc12a b nd nd 42.2 • 2.1 nd 

3a6~7~ e nd nd 3.4 • 1.5 78.3 • 0.7 
A 22 . 3a6~7~ e nd nd  nd  66.3 • 1.7 

nd nd trace 35.2 • 13.3 
nd nd nd 27.2 • 13.1 

nd nd nd 23.4 • 3.0 

6 7 . 9 •  ~ . 2 •  4 8 . 2 •  100 .0 •  
5 5 . 0 •  6 2 . 1 •  2 7 . 5 •  100 .0•  
~ . 4 •  8 . 4 •  nd nd 

5 2 . 4 •  4 0 . 9 •  14 .7 •  88 .5 •  
4 3 . 8 •  2 7 . 4 •  4 . 5 •  100 .0 •  

3 7 . 6 •  nd nd  nd  
b c aThe data  are the  m eans  • SEM of five rats .  See Table I for complete spellings of bacteria names .  Cholic acid group, nd, Not detectable. 

dTrace am o u n t s  of less t h a n  0.5%. eChenodeoxycholic acid group. 
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earlier  (4). Hardly  any deconjugated bile acid was found 
in the small intest ine of the monoassociated rats. Most 
of the deconjugated bile acids were detected in the large 
intest ine and in the feces in the monoassociated rats,  ex- 
cept for the rats  inoculated with E. coli. In the conven- 
tional rats,  the bile acids were deconjugated (about 30%) 
even in the small intestine. Bacteroides vulgatus, pref- 
erentially deconjugated tauro-~-muricholic acid, and B. 
longum deconjugated taurocholic acid. C. ramosum, P. 
productus and L. gasseri deconjugated both bile acids. 

A22-~-Muricholic acid was not formed at  all in the 
germ-free rats  and in the monoassociated rats  inocu- 
lated with E. coli and B. longum. The ra ts  inoculated 
with B. vulgatus, C. ramosum, P. productus or L. gasseri 
formed A22-~-muricholic acid, which was mainly found 
in the large intest ine and in the feces. A small amount  
of tauro-A22-~-muricholic acid was detected in the bile 
and in the small intest ine of ra ts  given a single inocula- 
tion ofB. vulgatus, C. ramosum or P. productus. In con- 
ventional rats,  A22-~-muricholic acid was not detected in 
the large intest ine or the feces, but  accounted for about 
1% of total bile acids in the bile and in the small intes- 
tine. Some of the bacterial  s trains examined in the pres- 
ent  study, especially B. longum, C. ramosum and P. pro- 
ductus, deconjugated taurocholic acid but  A22-cholic acid 
could not be detected after  t r ea tmen t  with these strains. 

DISCUSSION 

The present  s tudy has shown tha t  A22-~-muricholic acid 
was formed in monoassociated rats  inoculated with B. 
vulgatus, C. ramosum, P. productus or L. gasseri. It  was 
interest ing tha t  these strains of human  intestinal  bacte- 
ria could desatura te  ~-muricholic acid even though this 
bile acid is not present  in human  bile and feces. Its for- 
mation seems to be correlated with the deconjugation 
activity of tauro-~-muricholic acid in feces. Bacteroides 
vulgatus showed the highest  activity in the deconjuga- 
tion of tauro-~-muricholic acid and also showed the 
highest  ratio of A22-~-muricholic acid to total bile acid. 
The germ-free rats  and rats  monoassociated with E. coli 
did not deconjugate tauro-B-muricholic acid and formed 
no A22-~-muricholic acid. The rats  monoassociated with 
B. longum could deconjugate tauro-~-muricholic acid, 
but  the activity was low, and A22-~i-muricholic acid could 
not be detected. 

Since deconjugation does not occur in the small intes- 
tine, A22-~-muricholic acid should be formed aider decon- 
jugation in the large intest ine in the monoassociated 
rats.  A22-~-Muricholic acid in the bile and in the small 
intest ine of the monoassociated rats  was taurine-conju- 
gated, suggesting tha t  it was absorbed from the large in- 
test ine and excreted into the bile af ter  conjugation with 
taur ine  in the liver. 

In the conventional rats,  a small amount  of A22-~l- 
muricholic acid was found in the bile and in the small in- 
testine. About 30% of tauro-~-muricholic acid had been 
deconjugated in the small intest ine probably because of 
bacterial  upward  colonization. This may  explain why 
A22-~-muricholic acid was detected in the bile and in the 
small intestine. A22-~-Muricholic acid was not detected 

in the large intest ine or in the feces of conventional rats ,  
even though ~-muricholic acid had been completely de- 
conjugated. It  is difficult to explain this discrepancy; 
however, we can presume tha t  the anaerobic conditions 
in the large intes t ine  would be different  between 
monoassociated and conventional rats. It  is also possible 
tha t  there  are other  bacteria in the large intestine of 
conventional ra ts  tha t  can reduce A22-~-muricholic acid. 

The presence of a monounsatura ted  ~-muricholic acid 
in ra t  bile has  been repor ted  in several  s tudies 
(9,10,29,30). Kur iyama et al. (31) detected ~-muricholic 
acid with a double bond in the side chain in ra t  bile by 
gas chromatography/mass spectrometry (GC/MS). Al- 
though B. vulgatus, C. ramosum, P. productus and L. 
gasseri did deconjugate tauro-~-muricholic acid and 
formed A22-~-muricholic acid, B. longum, C. ramosum, 
P. productus and L. gasseri did deconjugate taurocholic 
acid but  formed no A22-cholic acid in our experiments.  

Murata  et al. (32) noted tha t  they could not detect 
cholic acid with a double bond in the side chain in ra t  
bile by GC/MS analysis. Robben et al. (10) also men- 
tioned tha t  they could not find A22-chohc acid in rats  in* 
oculated with Clostridium sp. C1 s. The results  suggest 
tha t  the mechanism of taurocholic acid deconjugation is 
different from tha t  of tauro-~-muricholic acid deconjuga- 
tion. The mechanism by which the double bond is intro- 
duced is not known, al though desaturat ion between 
C-22 and C-23 may be achieved in a manner  similar to 
tha t  which occurs in the ~-oxidation of fa t ty  acid via 
acyl-CoA dehydrogenase. 

Deconjugation, 7-dehydroxylation, oxidation-reduc- 
tion and epimerization activities have all been reported 
for intestinal  bacteria (1-3), but  deconjugation activity 
is most widely found in many  bacteria,  including Bac- 
teroides, Bifidobacteriurn, Clostridium, Eubacterium, 
Peptostreptococcus, Lactobacillus and Streptococcus. In 
the present  s tudy the deconjugation activity for ra t  en- 
dogenous bile acids was detected in B. longum, B. vul- 
gatus, C. ramosum, P. productus and L. gasseri but  not 
in E. coli. Bacteroides vulgatus preferential ly deconju- 
gated tauro-~-muricholic acid, and B. longum preferen- 
tially deconjugated taurocholic acid, while C. ramosum, 
P. productus and L. gasseri deconjugated both. 
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The fatty acid composition of phospholipids f~om the 
New Caledonian sponge Cinachyrella aft. schulzei Keller 
was studied. More than 60 fatty acids were identified as 
methyl esters and N-acyl pyrroHdides by gas chromatog- 
raphy and gas chromatography/mass spectrometry. Two 
isoprenoid fatty acids also were shown to be present, 
namely 4,8,12-trimethyltridecanoic and 5,9,13-trimethyl- 
tetradecanoic acids. The unusual 6-tetradecenoic, 6-pen- 
tadecenoic,  12-nonadecenoic  and 26-methylhepta- 
cosanoic (/so-28.~) acids were found for the first time in 
sponge phosphoHpids. A series of  six n-7 monoenoic 
long-chain fatty acids (C23 to C2s) were identified, in- 
cluding the rare 16-tricosenoic, 18-pentacosenoic and 21- 
octacosenoic acids. Fifteen fatty acids possessing the 
typical 5,9 dienoic moiety accounted for 30% of the total 
fatty acid mixture. Two new fatty acids were identified, 
namely 5(Z)-octacosenoic and 27-methyl-5(Z),9(Z)-octa. 
cosadienoic (/so-5,9-29.~). Based on gas chromatogra- 
phy/Fourier transform infrared experiments, the double 
bonds were assigned the (Z) configuration. 
Lipids 29, 297-303 (1994). 

Marine sponges are rich sources of long-chain phospho- 
lipid fatty acids possessing unique branched or substi- 
tuted carbon chains probably arising from unique 
biosynthetic pathways (1-4). Many aspects of sponge 
phospholipid chemistry and biochemistry have been re- 
viewed by Djerassi and Lain (5). We recently described 
the phospholipid fatty acid composition of CinachyreUa 
alloclada from the Senegalese coast (6), and have con- 
tinued our investigations on sponge species belonging to 
the Cinachyrella genus collected in different geographi- 
cal locations to provide comparative data that also may 
serve as chemotaxonomic criteria. Some isoprenoid fatty 
acids have been reported to occur in sponges, especially 
4,8,12-trimethyltridecanoic acid (4,8,12-TMTD), which 
rarely occurs in abundance; however, it amounted to 
about 20% of total fatty acids in C. alloclada and Sphe- 
ciospongia vesparium (6,7). It was in the phospholipids 

1For part 2 of this series, see Reference 1. 
*To whom correspondence should be addressed at Groupe SMAB, 
Facult~ de Pharmacie, 1, rue Gaston Veil, 44035 Nantes Cedex, 
France. 
Abbreviations: ECL, equivalent chain length; FAME, fatty acid 
methyl ester(s); GC/MS, gas chromatography/mass spectrometry; 
GC/FT-IR, gas chromatography/Fourier transform infrared; 
LCFA, long-chain fatty acid(s); MS, mass spectrum; TLC, thin- 
layer chromatography; 4,8,12-TMTD, 4,8,12-trimethyltridecanoic 
acid; 5,9,13-TMTD, 5,9,13-trimethyltetradecanoic acid. 

of C. alloclada that two different isoprenoid fatty acids 
were first found, namely the 4,8,12-TMTD (6) and the 
unusual  5,9,13-trimethyltetradecanoic acid (5,9,13- 
TMTD). Iso- and anteiso-saturated long-chain fatty 
acids are not common in nature, but some have been re- 
ported to be associated with sponge phospholipids (8). 
Straight-chain monoenoic fatty acids with A5, A6 or A8 
unsaturation are also not very common in the phospho- 
lipids of sponges. Thus, only a few examples of A5 
monoenoic long-chain fatty acids (LCFA) have been re- 
ported (9,10) even though they are known to be inter- 
mediates in the biosynthesis of 5,9-dienoic demospongic 
acids (11,12). 

Our search of novel fatty acids in sponge phospho- 
lipids is also intended to find potential biosynthetic in- 
termediates of sponge fatty acid metabolism. The 
biosynthetic route operative in marine sponges involves 
an elongation process in the n-7 monoenoic series from 
short-chain homologues, which extends only to C26 un- 
saturated fatty acids (12,13). The Senegalese sponge 
Higginsia tethyoides contains a complete series of such 
n-7 monoenoic LCFA, but all are a-methoxy-substituted 
analogues (2). 16-Tricosenoic acid was found first in C. 
alloclada (6). This acid and several other monoenoic 
LCFA have been found by Carballeira et al. (14) in Am- 
phimedon compressa and Mycale laevis. In this respect, 
our findings of naturally occurring 23-triacontenoic and 
9,23-triacontadienoic acids in Trikentrion loeve would 
seem to be of considerable interest (1), as these acids 
have been postulated to be intermediates in the biosyn- 
thesis of the relatively abundant  5,9,23-triaconta- 
trienoic acid (15). One feature common to many sponge 
fatty acids is the occurrence of the 5,9-dienoic system in 
fatty acids, with even and odd long carbon chains. How- 
ever, very few sponges studied to date have been shown 
to contain many of these acids (16,17). Brominated 
demospongic fatty acids are rare and, to our knowledge, 
only three have been described to date (18,19). 

We report here the phospholipid fatty acid composi- 
tion of the sponge Cinachyrella aft. schulzei obtained 
from the lagoon of Noumea, New Caledonia. 

EXPERIMENTAL PROCEDURES 

Specimens of Cinachyrella aft. schulzei Keller (1891) 
(Demospongia, Tetractinomorpha, Spirophorida, Tetilli- 
dae) were collected by hand in Canal Woodin, Noumea, 
New Caledonia, at a depth of 25-30 m in late 1990. The 
sponge, referenced as MNHN R 1467 New Caledonia, is 
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80 x 70 x 60 mm with porocalices 6 x 3 to 13 x 11 mm; 
its skeleton has an hispidation, 5 mm; sigmaspires, 
22 ~m; oxeas, 4.3 mm; small oxeas, 200-260 ~m; anatri- 
aenes, 5 mm, with studded or knobby clades, 25 ~m, or 
with normal clades, 35-50 ~m; protriaenes like anatri- 
aches; several prodiaenes. A similar species is C. hirsuta 
Dendy (1889). 

The sponges were washed in sea water, carefully 
cleaned, cut into small pieces and lyophilized. Sponge 
pieces were ground in a Waring blender, using chloro- 
form/methanol (1:1, vol/vol), and steeped twice in this 
solvent for 24 h (room temperature). The combined ex- 
tracts yielded the crude total lipids. Phospholipids were 
separated from other lipids by column chromatography 
on silica gel (70-230 mesh) using hexane, chloroform, 
acetone and methanol (phospholipids) as successive elu- 
ents. About 55 mg of phospholipids was recovered from 
90 g of sponge (dry weight). Phospholipid composition 
was analyzed by thin-layer chromatography (TLC) using 
chloroform/methanol/water (65:25:4, by vol) as eluent, 
and fractions were identified by comparison with phos- 
pholipid standards. Phospholipid fatty acids were con- 
vetted to methyl esters by reaction (30 min under reflux) 
with methanolic hydrogen chloride (20), and the residue 
was dissolved in hexane and purified by column chro- 
matography (silica gel; hexane/diethyl ether, 10:1, 
vol/vol). The resulting methyl esters were analyzed by 
gas-liquid chromatography using a Carlo Erba 4130 
chromatograph (Milano, Italy) and a nonpolar OV-1 sil- 
ica capillary column (A.M.L.-Chromato, Limoges, 
France) (25 m x 0.32 mm i.d., 0.40 }am film thickness); 
hydrogen was used as carrier gas (0.5 bar; split ratio, 
5:100). Standard fatty acid methyl esters (from C2o to 
C31) and standard phospholipid samples were pur- 
chased from Sigma Chemical Co. (St. Louis, MO). N- 
Acyl pyrrolidide derivatives were prepared by treatment 
of methyl esters with pyrrolidine/acetic acid (10:1, 
vol/vol) under reflux (2 h) and were purified by TLC on 
0.5-mm layers of silica gel with hexane/diethyl ether 
(1:2, vol/vol) as developing solvent. Fatty acid methyl es- 
ters were hydrogenated by stirring (4 h) at ambient 
pressure and temperature dissolved in methanol in the 
presence of catalytic amounts of platinum (IV) oxide 
(Adam's catalyst). Combined gas chromatography/mass 
spectrometry (GC/MS) was performed on a Hewlett- 
Packard HP-5890 instrument linked to an HP 9000/345 
integrator (Palo Alto, CA). The GC column was a 0.32 
m m  x 30 m fused silica capillary column coated with 
DB-1 (0.25 pm film thickness). The carrier gas was he- 
lium. Column temperature was programmed from 180 
to 310~ at 3~ for methyl esters and pyrrolidides. 

Gas chromatographyfFourier transform infrared 
(GC/FT-IR) spectra were measured in Marseille, France, 
on a 20SxB Nicolet spectrometer (Madison, WI), inter- 
faced with a 5300 Mega Carlo Erba chromatograph 
(flame-ionization detector additional detection) fitted 
with an on-column injector. The GCfIR light pipe is a 
gold-coated borosilicate cylinder (1 mm x 16 cm) with 
KBr windows. A medium range Hg-Cd-Te liquid-nitro- 
gen cooled detecter was used. The GC capillary column 
was a 60 m x 0.32 mm i.d. fused silica (J & W Scientific, 

Folsom, CA) coated with DB-1 phase (0.25 ~m film 
thickness). The flow rate of the helium carrier gas 
(140 kPa) was about 2 mL/min. The column was then di- 
rected to the GC/IR light pipe through an inlet stainless 
steel glass lined transfer line maintained at 300~ The 
oven was initially set at 70~ with a 2 rain isotherm and 
then programmed to reach 130~ at 15~ followed 
by a rate of 15~ to reach 290~ and then main- 
tained at this temperature for 40 min. For the experi- 
ment, the light pipe was heated to 293~ Vapor phase 
IR spectra were recorded with a resolution of 8 cm -~ over 
the range of 4,000-650 cm'l; 16 data scans were col- 
lected, and co-added per data file (2.03 for each spec- 
trum). The IR reconstructed chromatogram was done 
using the Gram-Schmidt algorithm. 

RESULTS 

The major phospholipid classes were shown to be phos- 
phatidylethanolamine and phosphatidylserine as judged 
by TLC analysis. Many of the fatty acids were identified 
by comparing their equivalent chain length (ECL) val- 
ues as fatty acid methyl esters (FAME) with those of 
known compounds and with fatty acids from mixtures of 
known composition, as well as by co-injection with com- 
mercial standards (normal LCFA up to 31:0). Capillary 
GC analysis of a hydrogenated aliquot also provided in- 
formation useful for identification (/so and ante~so com- 
pounds) of unsaturated fatty acids. The complete list of 
phospholipid fatty acids from C. aft. schulzei is given in 
Table 1. 

LCFA with more than 22 carbons accounted for more 
than 50% of all acids. The major LCFA were 25-methyl- 
5,9-hexacosadienoic (iso-27:2; 7.2%), 19-hexacosenoic 
(26:1; 6.8%), 5,9,21-octacosatrienoic (28:3; 5.8%) and 26- 
methyl-5,9-heptacosadienoic (iso-28:2; 3.6%) acids. Un- 
saturated LCFA comprised about 90% of the total LCFA. 
Fifteen LCFA containing the 5,9 diene system accounted 
for 30% of total; this is the greatest number of A5,9 
dienoic acids found to date in a marine sponge. However, 
for many acids, GC/MS data on pyrrolidide derivatives 
were obtained to confirm the structures and to deter- 
mine the double bond and branching positions (21). The 
mass spectral data of some of the most interesting fatty 
acids are as follows: 

8-Heptadecenoic acid pyrrolidide. MS m/z  (rel. inten- 
sity), 321 (M +, 2.0), 292 (1.3), 278 (1.8), 266 (1.5), 264 
(2.0), 251 (2.2), 250 (4.4), 249 (3.1), 237 (1.3), 236 (2.9), 
223 (1.8), 222 (1.6), 208 (1.5), 196 (0.7), 195 (1.8), 194 
(2.2), 182 (4.1), 168 (4.3), 167 (2.0), 155 (2.6), 154 (2.8), 
140 (5.7), 126 (39.6), 113 (85.4), 98 (46.5), 70 (45.8), 
55 (100). 

12-Nonadecenoic acid pyrrolidide. MS m / z  (rel. inten- 
sity), 349 (M § 2.0), 334 (0.3), 320 (0.9), 306 (1.6), 292 
(1.6), 278 (2.2), 264 (1.8), 252 (0.8), 250 (1.2), 239 (0.9), 
238 (1.1), 224 (1.2), 222 (0.9), 210 (1.3), 196 (2.5), 182 
(3.1), 168 (3.5), 154 (1.5), 141 (1.4), 140 (4.1), 126 (37.1), 
113 (100), 98 (17.6), 70 (37.2), 55 (74.5). 

18-Pentacosenoic acid pyrrolidide. MS m / z  (rel. inten- 
sity), 433 (M § 3.1), 418 (0.3), 404 (0.8), 390 (1.7), 376 
(1.6), 363 (3.5), 362 (3.1), 348 (2.2), 334 (1.2), 322 (1.3), 
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UNSATURATED FATTY ACIDS IN SPONGE 

TABLE 1 

Major PhosphoHpid Fatty Acids from Cinachyrella aft. 
s c h u l z e i  = 

ECL Abundance 
Fatty acid Symbol (FAME) (%) 

Dodecanoic 12:0 12.00 0.7 
Tridecanoic 13:0 13.00 0.5 
6-Tetradecenoic b 14:1 13.70 0.3 
Tetradecanoic 14:0 14.00 2.6 
4,8,12-Trimethyltridecanoic 16:0 14.49 8.8 
14-Methyltetradecanoic 15:0 14.63 0.5 
6-Pentadecenoic b 15:1 14.72 0.2 
Pentadecanoic 15:0 15.00 0.8 
5,9,13-Trimethyltetradecanoic 17:0 15.39 0.5 
6-Hexadecenoic 16:1 15.74 0.7 
9-Hexadecenoic 16:1 15.79 2.4 
Hexadecanoic 16:0 16.00 10.3 
10-Methylhexadecanoic 17:0 16.42 0.5 
8-Heptadecenoic 17:1 16.82 0.6 
Heptadecanoic 17:0 17.00 0.6 
9,12-Octadecadienoic 18:2 17.52 0.6 
16-Methylheptadecanoic i-18:0 17.66 1.0 
9-Octadecenoic 18:1 17.75 2.1 
ll-Octadecenoic 18:1 17.78 1.6 
Octadecanoic 18:0 18.00 6.9 
12-Nonadecenoic b 19:1 18.84 1.2 
Heneicosanoic 21:0 21.00 0.5 
Docosanoic 22:0 22.00 0.6 
16-Tricosenoic 23.1 22.79 0.3 
Tricosanoic 23:0 23.00 0.5 
21-Methyltricosanoic a-24:0 23.72 1.1 
17-T~tracosenoic 24:1 23.79 2.2 
Tetracosanoic 24:0 24.00 0.8 
23-Methyl-5,9-tetracosadienoic i-25:2 24.12 0.4 
18-Pentacosenoic 25:1 24.81 1.0 
24-Methyl-5,9-pentacosadienoic i-26:2 25.08 0.8 
5,9-Hexacosadienoic 26:2 25.43 2.6 
17-Hexacosenoic 26:1 25.68 2.2 
19-Hexacosenoic 26:1 25.79 6.8 
Hexacosanoic 26:0 26.00 0.8 
25-Methyl-5,9-hexacosadienoic i-27:2 26.06 7.2 
24-Methyl-5,9-hexacosadienoic a-27:2 26.17 1.5 
5,9-Heptacosadienoic 27:2 26.40 2.3 
20-Heptacosenoic 27:1 26.80 0.5 
Heptacosanoic 27:0 27.00 0.5 
26-Methyl-5,9-heptacosadienoic i-28:2 27.05 3.6 
5,9,21-Octacosatrienoic 28:3 27.15 5.8 
5,9,23-Octacosatrienoic 28:3 27.25 0.7 
5,9-Octacosadienoic 28:2 27.40 2.6 
26-Methylheptacosanoic b i-28:0 27.63 1.2 
5-Octacosenoic c 28:1 27.75 0.6 
21-Octacosenoic 28:1 27.83 0.8 
27-Methyl-5,9-octacosadienoic ~ i-29:2 28.08 0.5 
Bromo-5,9-heptacosadienoic Br-5,9-27:2 28.18 0.5 
5,9-Nonacosadienoic 29:2 28.38 1.1 
5,9,23-Tricontatrienoic 30:3 29.10 0.9 
5,9,x-Tricontatrienoic 30:3 29.20 trace 
Tricontanoic 30:0 30.00 0.6 
aSeveral common minor (<0.5%) fatty acids have also been identi- 
fied, including i-14:0, i-15:0, a-15:0, i-16:0, i-17:0, a-17:0, i-19:0, 
19:0, a-20:0, 20:0, a-23:0, br-24:0, 25:0, a-27:0, 28:0. i, /so; a, an- 
te~so; br, branched; Br, bromine. ECL, equivalent chain length; 
FAME, fatty acid methyl esters. 
bNot previously found in sponges. 
CNot previously found in nature. 

308 (1.1), 294 (1.5), 280 (2.3), 266 (1.6), 252 (1.7), 238 
(1.9), 224 (1.7), 210 (1.1), 208 (0.9), 196 (0.8), 182 (3.0), 
168 (3.9), 155 (1.6), 154 (1.8), 140 (5,3), 126 (56.5), 113 
(100) 98 (38.5), 70 (100). 

5-Octacosenoic acid pyrrolidide. MS m /z  (rel. inten- 
sity), 476 (MH+, 1.6), 446 (0.4), 432 (0.3), 431 (0.4), 418 
(1.8), 404 (0.4), 390 (0.3), 376 (3.2), 362 (0.4), 348 (0.8), 
334 (0.5), 322 (0.5), 320 (0.3), 308 (0.6), 292 (0.7), 278 
(1.8), 266 (1.7), 264 (1.4), 252 (1.3), 250 (1.2), 236 (1.7), 
222 (1.6), 210 (1.8), 209 (2.9), 208 (2.1), 195 (3.8), 194 
(4.5), 180 (2.0), 168 (1.1), 166 (1.4), 152 (7.3), 140 (4.7), 
126 (20.9), 113 (67.3), 98 (30.4), 70 (78.4), 55 (100). 

21-Octacosenoic acid pyrrolidide. MS m / z  (rel. inten- 
sity), 475 (M § 3,4), 446 (0.3), 432 (0.4), 430 (0.5), 418 
(1.2), 404 (1.2), 390 (0.6), 376 (0.8), 364 (0.3), 350 (0.5), 
340 (0.3), 336 (0.5), 322 (0.6), 308 (1.4), 295 (0.7), 294 
(1.0), 280 (2.7), 266 (1.3), 252 (0.7), 238 (0.6), 224 (0.7), 
210 (1.3), 198 (1.4), 196 (1.6), 182 (2.2), 180 (2.0), 168 
(1.8), 154 (1.6), 140 (3.5), 126 (19.8), 113 (100), 98 (17.5), 
70 (30.2), 55 (59.3). 

27-Methyl-5,9-octacosadienoic acid pyrrolidide. MS 
m / z  (rel. intensity),  487 (M § 2.3), 472 (0.8), 444 (1.7), 
435 (0.8), 417 (0.8), 375 (1.7), 360 (2.2), 346 (1.8), 318 
(1.6), 300 (0.7), 276 (2.5), 262 (2.4), 248 (1.2), 235 (2.2), 
234 (1.2), 221 (2.0), 207 (4.6), 192 (2.0), 180 (20.5), 168 
(2.5), 166 (2.4), 154 (2.0), 152 (2.4), 140 (5.2), 126 (17.9), 
113 (100), 98 (21.8), 85 (12.3), 71 (14.5). 

Bromo-5,9-heptacosadienoic acid pyrrolidide. MS m / z  
(rel. intensity),  458 ([M - Br]) § 5.5), 260 (4.2), 258 (4.0), 
210 (1.2), 180 (6.3), 126 (8.3), 113 (100), 98 (18.4), 85 
(11.6), 72 (23.0), 70 (23.0). 

Four  homologous series of fa t ty  acids were recognized 
(Fig. 1) when  the  re tent ion t imes of the LCFA (as methyl  
esters)  were plotted vs. the carbon numbers .  These were 
the s t ra ight-chain  acids, n-7 monoenoic acids, normal  
A5,9 dienoic acids and  iso-5,9-dienoic acids. 

Saturated fatty acids. We readily identified two satu-  
ra ted  isoprenoid acids, 4,8,12-TMTD (8.8%) and 5,9,13- 
TMTD acids (0.5%). GC mobilit ies and GC/MS data  for 
the methyl  es ters  and pyrrolidides of these compounds 
were described in a recent  paper  (6). 26-Methylhepta-  
cosanoic acid (iso-28"0) was also presen t  (1.2%) and 
readily identified as its methy l  ester. I t  had  an ECL of 
27.63, and the molecular  ion peak  was a t  m / z  438, wi th  
addit ional  f ragments  a t  m / z  74 (base peak), 87 and 395 
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FIG. 1. P l o t  o f  r e t e n t i o n  t i m e  (min)  vs .  n u m b e r  o f  c a r b o n  
a t o m s  for  f o u r  s e r i e s  o f  f a t t y  a c i d  m e t h y l  e s t e r s  f r o m  
C i n a c h y r e l l a  aft .  s c h u l z e i .  T h e  m o n o e n o i c  a c i d s  5-28:1 a n d  
17-26:1 a r e  l o c a t e d  o u t s i d e  t h e  n-7  m o n o e n o i c  s t r a i g h t  l ine .  
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(M - 43). The GC peak did not change upon catalytic hy- 
drogenation. 

Monoenoic fatty acids. Three interesting monoenoic 
fatty acids were identified in C. aft. schulzei (14:1, 15:1, 
16:1). Although they were present in small amounts, 
these acids could readily be identified based on GC mo- 
bility and GC/MS data. On the other hand, they were 
converted to 14:0, 15:0 and 16:0 derivatives, respectively, 
upon catalytic hydrogenation. Mass spectra of the pyrro- 
lidide derivatives showed the key fragments at m/z  154 
and 166 (with a difference of 12 amu occurring between 
the C-5 and C-6 fragments), clearly indicating A6 unsat- 
uration, and molecular ions at m/z  279 (14:1), 293 (15:1) 
and 307 (16:1), respectively. No diminished homologous 
fragment was observed, thus excluding branching. An- 
other rare fatty acid identified, namely 8-heptadecenoic 
acid (0.6%), had an ECL value as methyl ester (FAME) of 
16.82 and a molecular ion peak at m/z  282. The mass 
spectrum of the corresponding pyrrolidide derivative 
showed a 12 amu difference between peaks m/z  182 and 
194 (A8 unsaturation). The unusual 12-nonadecenoic 
acid (1.2%) was readily identified as its methyl ester had 
an ECL value of 18.84 and a molecular ion peak at m/z  
310. Upon catalytic hydrogenation, this compound was 
converted to the nonadecanoic acid methyl ester. The 
mass spectrum of the pyrrolidide derivative exhibited a 
molecular ion peak at m/z  349 and key fragments at m/z  
238 and 250 (A12 unsaturation). An interesting 
monoenoic LCFA was found in C. aft. schulzei. Its methyl 
ester had an ECL value of 27.75 and a molecular peak at 
m/z  436, indicating that it was a n  octacosenoic acid 
methyl ester. The MS of the pyrrolidide exhibited a mol- 
ecular ion peak at m/z  476 (MH § and key fragments at 
m/z  140 and 152, indicating desaturation at A5 (Fig. 2). 
This 5-octacosenoic acid (5-28:1, 0.6%) had not been 
found previously in any natural source. 

In addition to the usual 17-tetracosenoic and 19-hexa- 
cosenoic acids of the n-7 monoenoic series, we identified 
the 16-tricosenoic acid that we recently found in C. allo- 
clada (6), as well as three other very rare fatty acids 
lately found for the first time in Caribbean sponges (14) 
and characterized by GC/MS of the dimethyl disulfide 
adducts, namely 18-pentacosenoic, 20-heptacosenoic 
and 21-octacosenoic. 
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FIG. 2. Mass spec trum of  5 -octacosenoic  ac id  pyrrol id ide .  

The first acid (18-25:1, 1.0%) showed and ECL value 
as FAME of 24.81 and a molecular ion peak at m/z  394. 
It was converted to pentacosanoic acid methyl ester 
upon catalytic hydrogenation. The mass spectrum of its 
pyrrolidide showed a molecular peak at m/z  433 and 
key fragments at m/z  322 and 334, indicating A18 un- 
saturation. We were thus able to identify the 18-penta- 
cosenoic acid previously described to occur in M. laevis 
(14). The second acid, 21-28:1, (0.8%) was identified in 
the same way; its methyl ester had an ECL value of 
27.83 and a molecular peak at m/z  436 and, converted 
to octacosanoic acid methyl ester upon catalytic hydro- 
genation, was characterized by comparison with an au- 
thentic sample. The MS of its pyrrolidide derivative 
showed a molecular ion peak at m/z  475 and key frag- 
ments at m/z  364 and 376, indicating 521 unsaturation. 
This fatty acid was the 21-octacosenoic acid already 
identified in A. compressa (14). The third fatty acid was 
identified as a heptacosenoic acid (27:1, 0.5%); its 
methyl ester had an ECL value of 26.80 and a molecular 
ion peak at m / z  422. The corresponding peak disap- 
peared upon catalytic hydrogenation. Unfortunately, a 
suitable MS of the pyrrolidide derivative was not ob- 
tained owing to the small amount available and the fact 
that the spectrum was obscured by fragments derived 
from the stationary silicone phase. When retention time 
vs. carbon number was plotted, this compound fell ex- 
actly in line with the other n-7 monoenoic FAME 
(Fig. 1), especially the homologous 19-26:1 and 21-28:1. 
In Figure 1 the second line includes the heptacosenoic 
acid in question, but not closely related monoenoic acids, 
such as 17-hexacosenoic and 5-octacosenoic (as FAME). 
Thus, the 20-heptacosenoic structure was only tenta- 
tively assigned to this fatty acid, which was previously 
identified in A. compressa (14). The FT-IR spectra of the 
n-7 monoenoic methyl ester (Fig. 3) showed absorptions 
at 3013 cm -1 (stretching frequency of the ethylenic bond) 
and 703 cm "1 (out-of-plane bending vibration) character- 

s~oo sloo z~oo 

' _  .............. ~ L...v. / L.,~.J- ~ (Z)-28:1n-7 

A (Z)-26:1n-7 

(Z)-24:1n-7 

(Z)-23:1m7 
z~oo i ~oo  i ~oo  lloo ~oo ~oo NRVENUHBER 

FIG. 3. Gas chromatography /Four ier  transform infrared  
spectra  of  severa l  n-7 m o n o e n o i c  fat ty  ac id  m e t h y l  esters .  
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FIG. 4. Mass spectrum of  27-methyl-5,9-octacosadienoic acid 
pyrrolidide showing the typical  fragmentation peak at mYz 
180 and lack of a peak at m/z 458 (C27 fragment). 

istic of a cis configuration (no absorption near 960 cm "1) 
(22,23). 

Long-chain A5,9 dienoic fatty acids. One main feature 
of C. aft. schulzei is the presence of fifteen long-chain 
fatty acids possessing typical sponge A5,9 unsaturation. 
This pattern was readily identified (MS), as all these 
fatty acids afforded the characteristic peaks at m/z  81 
and 180 as methyl esters and pyrrolidides, respectively. 
Catalytic hydrogenation yielded the corresponding satu- 
rated FAMEs that  had a normal iso or anteiso hydrocar- 
bon chain for the two latter fractional chain lengths of 
0.62-0.65 and 0.72-0.75, respectively. Most of them 
have been already found in sponges. In addition to the 
rare 23-methyl-5,9-tetracosadienoic acid (24,25), we also 
identified another compound belonging to the series of 
iso-5,9-dienoic fatty acids for which the MS of the FAME 
(ECL 28.08) exhibited a molecular ion peak at m/z  448, 
indicating a 29:2 structure. The base peak was the typi- 
cal peak at m / z  81, indicating a 5,9-dienoic structure. 
This FAME gave the 27-methyloctacosanoic acid methyl 

~ ~ iso-SI, Z), 9(Z)-28:2 

~ iso,5(Z), 9(Z)-27:2 

3~oo ~ioo z~'oo z~oo i~oo i~oo J|oo ~oo ~oo 
WFIVENUHRER 

FIG. 5. Gas chromatography/Fourier transform infrared 
spectra of  several  iso-5,9 long-chain fatty acid methyl  
esters. 

ester (iso-29:0, ECL 28.64) upon catalytic hydrogena- 
tion. The MS of the corresponding pyrrolidide derivative 
(Fig. 4) showed a molecular ion peak at m / z  487 (29:2) 
and the typical major ion at m / z  180 (5,9-29:2). Methyl 
branching at the C-27 position was indicated by signifi- 
cant peaks at rn/z 444 (C26) and m/z  472 (C28) and by 
absence of the C27 fragment at m/z  458. Thus a novel 
fatty acid was identified, namely 27-methyl-5,9-octa- 
cosadienoic (iso-5,9-29:2). 

A complete series of iso-5,9 long-chain fatty acids 
(C25"-C29) occurs in C. aft. schulzei. In Figure 5, the dou- 
ble bonds are in cis configuration as all infrared spectra 
exhibited absorptions at 3012 cm "t and 694 cm -t (out-of- 
plane bending vibration) (22,23). No absorption band 
was present near 960 cm -1. Finally, it is noteworthy that  
this novel FAME fell in line with the iso-5,9-dienoic 
methyl esters in Figure 1. Moreover, an interesting 5,9- 
dienoic fatty acid with an ECL value of 28.18 was also 
detected. The MS of the methyl ester showed a peak at 
m/z  74 (McLafferty rearrangement) and a major peak 
at m/z  81 characteristic of the 5,9-dienoic moiety. In ad- 
dition, the MS showed a series of peaks at rn/z 331, 345, 
355, 373 and 404, which closely corresponded to those 
obtained with the 5,9-heptacosadienoic acid methyl 
ester (m/z  332, 346, 356, 374 and 406). These data sug- 
gest the presence of a labile substituent that can be 
easily lost under electron impact, according to the ob- 
servations of Lam et al. (19). The MS of the pyrrolidide 
derivative was very simple, with the usual base peak at 
m/z  113 and the typical peak at m/z  180, confirming the 
presence of a 5,9-dienoic pattern. However, the usual 
series of homologous fragments was absent. There was a 
significant peak at m/z  458 and a doublet of equal in- 
tensity at m / z  258 and 260, suggesting that the labile 
substituent was, in fact, a bromine atom. Thus, the dou- 
ble allylic fragmentation between C-7 and C-8 (typical of 
5,9-dienoic acid pyrrolidides) gave the usual ion at m/z  
180 a~er bromine loss and peaks at m/z  258 and 260 
with the bromine substituent intact, so that  the peak at 
m/z  458 corresponded to the molecular ion peak after 
bromine loss. These data imply that  the point of bromine 
attachment was between C-2 and C-7. The bromine sub- 
stituent is at a vinylic position in all known brominated 
fatty acids (18,19,26), especially in brominated 5,9- 
dienoic long-chain fatty acids (18,19). Unfortunately, we 
were unable to identify the precise position of bromine 
attachment by nuclear magnetic resonance experi- 
ments, due to the small amount of sample available. The 
acid could be identical to the LCFA (5E,9Z)-6-bromo-5,9- 
heptacosadienoic recently described in Petrosia sp. (27). 

A5,9 Trienoic LCFA. We identified three A5,9-trienoic 
acids (MS of FAME and N-acyl pyrrolidides) already 
known to occur in sponges, particularly the major one  
(5.8%), 5,9,21-octacosatrienoic acid, in addition to the 
common 5,9,23-tricontatrienoic acid. Traces of another 
tricontatrienoic acid were also detected. This compound 
was readily identified as methyl ester possessing the 
typical A5,9 unsaturation pattern (ECL 29.20, M + at 
m/z  460 and prominent peak at m/z  81), but the exact 
position of the third double bond could not be assigned 
due to the very small amount of pyrrolidide available. 
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DISCUSSION 

The co-occurrence of two saturated isoprenoid fatty 
acids in a marine sponge was an interesting finding. It 
had been previously suggested (7) that  it would be un- 
likely that  the two isoprenoid fatty acids would occur in 
the same sponge. We initially found two such acids, 
namely 4,8,12-TMTD and 5,9,13-TMTD acids, in the 
Senegalese sponge C. alloclada (6), and two other iso- 
prenoid fatty acids, 4,8,12-trimethyl-13:0 and phytanic 
acid, have recently been identified in Dysidea fragilis 
(25). It is surprising that  C. aft. schulzei, from a quite 
different location, also contains these two isoprenoid 
fatty acids. The former acid is frequently found, though 
not in all sponges, whereas the latter is a very rare com- 
pound identified here only for the second time in a 
sponge. In addition, all specimens studied of the Sene- 
galese sponge C. kiikenthali, either from deep or shallow 
waters, contained both these isoprenoid acids (28). The 
co-occurrence of these two isoprenoid fatty acids would 
thus seem to characterize a sponge belonging to the 
genus Cinachyrella. Work is in progress in our labora- 
tory to verify this feature for other Cinachyrella species 
collected from different geographical locations and to 
elucidate the biosynthetic pathways. The very rare 26- 
methylheptacosanoic acid (iso-28:0) was identified here 
for the first time in a sponge. It had already been men- 
tioned as a hydrogenation product of iso-5,9-28:2 acid 
found in some sponges (16,17). Only a few natural 
sources ofiso-28:0 were previously known, and none was 
associated with natural phospholipids, although it was 
recently reported to occur as a minor component of the 
total lipid fatty acids from sulfate-reducing bacteria 
(29). 

Two unusual monoenoic fatty acid patterns were 
found in C. aft. schulzei. The identification of the rare 8- 
heptadecenoic acid is the second report of this acid in a 
sponge after its recent identification by Carballeira and 
Restituyo in A. cornplanata (30). We reported the rare 8- 
hexadecanoic acid in C. alloclada (6). These acids could 
have a dietary or a symbiotic origin. We also identified 
small amounts of 6-tetradecenoic, 6-pentadecenoic and 
6-hexadecenoic acids. The latter acid had earlier been 
found in the sponge A. complanata (30), but we have not 
been aware of a report of 6-tetradecenoic and 6-pen- 
tadecenoic acids in any marine sponge. The 6-monoenoic 
acids were recently found to be biomarkers of planktonic 
input (31). 6-Heptadecenoic and 6-nonadecenoic acids 
were identified in the marine sponges Strongylophora 
durissima (10) and Calyx niceaensis (32), respectively, 
and 14-methyl-6-pentadecenoic acid was detected in 
Tethya aurantia (33). Several marine organisms, such as 
turtles (34), sunfish (35), whales (36), sea anemones 
(37), jellyfish and gorgonians (38), have been shown to 
contain trans- or cis-6-hexadecanoic acid. These 6- 
monoenoic fatty acids may also be of bacterial origin. As 
previously suggested by Carballeira and Maldonado for 
Euryspongia rosea (39), we think that  a A6 desaturase 
may be operative in C. aft. schulzei. 

One of the main findings of the present study is the 
occurrence in C. aft. schulzei of a series of n-7 LCFA pos- 

sessing even- and odd-numbered carbon chains. The odd 
monoenoic series contains the 12-nonadecenoic, 13-tri- 
cosenoic, 18-pentacosenoic and the tentatively assigned 
20-heptacosenoic acids. The rare 12-nonadecenoic acid, 
previously identified from Thiobacillus strains (40), is 
reported here for the first time as being present in 
sponge phospholipids. In fact, few nonadecenoic acids 
are known to occur in nature, the most common exam- 
ples being 9-19:1 and 11-19:1. The 6-nonadecenoic acid 
was found in sponges (27), and we reported the 13-non- 
adecenoic acid, probably of bacterial origin, in C. allo- 
clada (6). 16-Tricosenoic acid was previously identified 
in the Senegalese sponge C. alloclada (6), together with 
10-heptadecenoic acid and an uncharacterized penta- 
cosenoic acid. The 18-pentacosenoic acid described here 
was already found in M. laevis (14). Thus, from 
CinachyreUa sponges, we isolated a complete series of 
odd n-7 monenoic fatty acids (17-27 carbon atoms) with 
the exception of 14-21:1, which would also be expected to 
be present in sponge phospholipids. A complete series of 
n-7 monoenoic LCFA is known to occur in human brain 
lipids (41). The phospholipids of the Senegalese sponge 
Higginsia tethyoides (2) contain acids 2-methoxy-18- 
pentacosenoic, 2-methoxy-20-heptadecenoic and 2- 
methoxy-21-octacosenoic. This seems to suggest that in 
H. tethyoides methoxyl is introduced in a last step. In 
addition to the known 17-24:1 and 19-26:1 acids, C. aft. 
schulzei was shown to contain the 21-28:1 acid, which 
was encountered before only in A. compressa. The acid 
was recently synthesized (42). An interesting octa- 
cosenoic isomer was also characterized, namely 5-octa- 
cosenoic acid, not previously found in a sponge. The co- 
occurrence of 21-octacosenoic, 5-octacosenoic and 5,9,21- 
octacosatrienoic acids suggests a role for the first of 
these acids as a biosynthetic intermediate toward the 
5,9,21-octacosatrienoic acid via elongation from palmi- 
toleic or vaccenic acid. The 21-28:1 acid was postulated 
as such an intermediate (43), but in C. aft. schulzei A9 
desaturation appears to be the last biosynthetic step. In 
addition to the well known 5,9,23-30:3, we detected an- 
other distinct 30:3 possessing typical A5,9 desaturation. 
As we found both 5,9,21-28:3 and 5,9,23-28:3 acids in C. 
aft. schulzei, it is likely, and in accordance with our GC 
data, that this tricontatrienoic fatty acid is the 5,9,25- 
30:3 that  we recently identified in T loeve (1). Work is in 
progress in our laboratory on other Cinachyrella sponge 
specimens to identify this new tricontatrienoic acid. 
Only one of the tricontatrienoic acids has been reported 
to date in marine sponges, the relatively abundant 
5,9,23-30:3 acid. The finding of a brominated demo- 
spongic acid also seems of interest. Lain et al. (19) re- 
cently demonstrated that biological bromination occurs 
at the final step in the biosynthesis of such fatty acids. 
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A s imple  and precise  method  is described for the mea- 
surement  of  platelet-act ivat ing factor (PAF) in blood 
and urine.  The method  involves  the isolat ion of  PAF 
from blood samples  by two  success ive  steps.  In the first 
step, blood proteins  are precipi tated wi th  ethanol  and 
the ~free" PAF, i.e., the PAF which  is extractable  wi th  
ethanol,  is  recovered.  In the second step, "bound ~ PAF, 
i.e., PAF not  extractable  wi th  ethanol,  is  extracted from 
the  pro te in  prec ip i ta te  w i th  ch loro form/methano l /  
water. The extract ion of  PAle from urine samples  re- 
quires  only  the ethanol  extract ion step. "Free ~ and 
"bound ~ PAF are then each  fract ionated by s i l ic ic  acid 
column chromatography,  and the methanol /water  elu- 
ent  containing PAle is then further fract ionated by high- 
performance  liquid chromatography us ing an isocratic  
so lvent  sys tem of  acetonitri le /methanol/water.  PAF is 
then quanti tated by measur ing  i ts  ability to induce  
platelet  aggregation in an aggregometer.  Application of  
the method  to blood and urine samples  from twenty-  
three heal thy volunteers  revealed PAF levels  in blood of  
140-480 pg/mL (630-254.4 pg "free" PAF/mL and 64-225.6 
pg "bound" PAF/mL), and of  1.2-4.0 pg PAF/mL in urine. 
The method  overcomes  various technical  problems and 
was  shown to be very  precise .  It should prove  useful  for 
moni tor ing  PAF levels  in various disease  condit ions.  
Lipids 29, 305-309 (1994). 

Platelet-activating factor (PAF), i.e., 1-O-alkyl-2-acetyl- 
sn-glycero-3-phosphocholine (1-3), is one of the most po- 
tent mediators of acute allergic and inflammatory reac- 
tions (4). PAF is synthesized and released from a variety 
of eucaryotic (4,5) and procaryotic (6,7) cells and has 
been detected in human body fluids (8--11). 

To investigate the possible role of PAF in the patho- 
genesis of various immune complex diseases and sys- 
temic allergic reactions, much attention has been paid to 
the estimation of PAF levels in biological fluids. Differ- 
ences between PAF levels in normal biological fluids and 
in samples gathered in several disease states are con- 
sistent with the hypothesis that PAF is involved in the 
pathogenesis of a number of diseases. PAF levels in bio- 
logical fluids have been investigated in cases of allergic 
rhinitis (8), allergic reactions induced by drugs (9), 
post-transfusion reactions (10), gastrointestinal cancer 
(11), lupus erythematosus (12), allergic inflammation in 

*To whom correspondence should be addressed. 
Abbreviations: BSA, bovine serum albumin; HPLC, high-perfor- 
mance liquid chromatography; LPC, lysophosphatidylcholine; 
LPE, lysophosphatidylethanolamine; PAF, platelet-activating fac- 
tor, 1-O-alkyl-2-acetyl-sn-glycero-3-phosphocholine; PC, phos- 
phatidylcholine; PE, phosphatidylethanolamine; SM, sphin- 
gomyelin; TLC, thin-layer chromatography. 

experimental animals (13), anephric individuals (14), 
peritoneal inflammation (15) and cirrhosis of the liver 
(16). 

In this type of study, the purification of PAF from 
other contaminants in the samples examined remains a 
major difficulty. Incomplete purification of PAF affects 
PAF analyses and can unpredictably alter the PAF val- 
ues obtained by up to one or two orders of magnitude. 
Current methods for the purification of native PAF are 
based on the extraction with organic solvents and isola- 
tion by thin-layer chromatography systems (8,13,14). 
These procedures are time-consuming, and their success 
largely depends on the type of tissue studied. Ethanol 
extraction was found to be advantageous for the isola- 
tion of PAF and its precursors from human polymor- 
phonuclear neutrophils, monocytes and lymphocytes 
(17) as well as from plasma and whole blood (18). In 
blood, a significant portion of native PAF is known to be 
bound to lipoproteins. Deproteinization with HCI and a 
solid-phase purification step have previously been used 
in the assay of PAF in human polymorphonuclear leuko- 
cytes stimulated with ionophor A23187 (19). High-per- 
formance liquid chromatography (HPLC) is then com- 
monly used as the final step in the purification of 
PAF(8-11,17-19). 

In an effort to develop a routine method for the assay 
of PAF, that would be generally applicable, we found 
that  ethanol extraction followed by chloroform/metha- 
nol/water extraction when combined with a suitable sys- 
tem of silicic acid column chromatography and semi- 
preparative HPLC gave precise and highly reproducible 
results. The present method is simple enough to permit 
the analysis of large numbers of samples and the sepa- 
rate estimation of native "bound" PAF and "free" PAF. 
The method may facilitate clarifying the role of PAF in 
various disorders. 

MATERIALS AND METHODS 

Samples. Blood and urine samples (5 mL) were collected 
from twenty-three healthy volunteers. The samples 
were immediately poured into absolute ethanol and re- 
frigerated. 

Materials and reagents. All reagents were of analyti- 
cal grade and purchased from Merck (Darmstadt, Ger- 
many). HPLC solvents were purchased from Rathburn 
(Walkerburn, Peebleshire, United Kingdom). Lipid stan- 
dards of HPLC grade were obtained from Supelco (Belle- 
fonte, PA). Semisynthetic PAF and lysoPAF (80% C16 
PAF and 20% C18 PAF) were synthesized in our labora- 
tory as previously described (1). [3H]PAF (NET 910) was 
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purchased from NEN (Dupont, Boston, MA). Silicic acid, 
35-70 mesh, ASTM 7733 (Merck) was used for column 
chromatography. 

Silicic acid column preparation. The silicic acid was 
washed with water  and methanol and activated 
overnight at 120~ The glass column (10 mm i.d.), was 
slurry-packed (20 cm height) using methanol/water 
(1:1.5, vol/vol). Lipid samples were applied in 1-2 mL of 
the same solvents. 

Instrumentation. HPLC was done on a Perkin-Elmer 
Series 3B liquid chromatograph (Norwalk, CT) equipped 
with a Rheodyne (Berkley, CA) 7105 loop valve injector 
(175 laL). A Model 551 UV-VIS spectrophotometer 
(Perkin-Elmer) with a special 8-~tL flow microcell was 
used as detector. The spectrophotometer was connected 
to a Model 2 integrator (Perkin-Elmer) and a Model 550 
recorder (Perkin-Elmer). The cation exchange column 
used was a SS 10 ~m Partisil, 25 cm u 4.6 mm i.d., PXS 
10/25 SCX from Whatman (Clifton, NJ). PAF-induced 
platelet aggregation was measured in a Chrono-I_~)g 
(Havertown, PA) aggregometer linked to an Omniscribe 
recorder (Houston, TX). Radioactivity was measured in 
a 1209 RackBeta-Flexivial ~-counter (LKB-Pharmacia, 
Turku, Finland). 

Biological assays. The PAF assay was done by mea- 
suring the aggregatory activity toward washed rabbit 
platelets (1) and by comparing the PAF-induced aggre- 
gation and/or [3H]serotonin secretion with that  induced 
by known concentrations of semisynthetic PAF (1). 

[3H]PAF estimation. In separate experiments, 
[3H]PAF was added to several blood samples (5 mL), to 
test and calibrate the method. Radioactivity was then 
measured in the eluents from (i) the ethanol extraction, 
(ii) the silicic acid column and (iii) the HPLC column. In 
addition, [3H]PAF was also added to some blood samples 
(5 mL) before the entire procedure was carried out, and 
remaining radioactivity was measured at  the end of the 
procedure. Samples were dried under a nitrogen stream 
before radioactivity was measured in the ~-counter. 

RESULTS 

Extraction. Blood samples were poured immediately 
a l~ r  collection into 20 mL of absolute ethanol in 50-mL 
centrifuge glass tubes. Ai~r  thorough mixing, the tubes 
were centrifuged at 1,000 u g for 20 min. The super- 
natant  containing "free" PAF was collected by decanta- 
tion. The remaining pellet was mixed with 25 mL of 
chloroform/methanol/water (1:2:0.8, by vol) and, a i~ r  
thorough swirling, the tubes were centrifuged as above. 
The supernatant that  was collected by decantation con- 
tained the "bound" PAF. Appropriate volumes of chloro- 
form and water were then added to both supernatants to 
arrive at a final chloroform/methanol/water ratio of 
1:1:0.9 (by vol) (20). Both chloroform phases were col- 
lected separately and evaporated to dryness at 35~ in a 
flash evaporator. The dry residues were transferred into 
test tubes using small volumes of chloroform/methanol 
(1:1, by vol), and the samples were dried under a stream 
of nitrogen. Urine samples were poured immedi- 
ately after collection into 20 mL of absolute ethanol in 

50-mL glass centrifuge tubes. After thorough mixing, 
the tubes were centrifuged at 1,000 • g for 20 min, The 
precipitate was discarded, and the supernatant was por- 
tioned with chloroform (20). The chloroform phase was 
dried as described for blood samples. 

Silicic acid column chromatography. Each of the 
extracts was redissolved in 1-2 mL of methanol and 
applied to a silicic acid column with a 300 mL solvent 
~ispenser. The column was eluted with 45 mL of metha- 
nol/water (1:1.5, vol/vol) followed by 50 mL of methanol/ 
water (2:1, vol/vol). The initial 45-mL eluate containing 
the bulk of protein and other nonlipid components was 
discarded. The following 50-mL eluates, which contain 
PAF, were collected and portioned by adding chloroform 
and methanol to arrive at a final ratio of chloroform/ 
methanol/water of 1:1:0.9 (by vol). The chloroform phase 
containing PAF and lipid impurities was evaporated to 
dryness at 350C in a flash evaporator. The residue was 
transferred into a test tube using a small volume of chlo- 
roform/methanol (1:1, vol/vo]) and dried under a stream 
of nitrogen. 

Semi-preparative HPLC. The dry residue obtained in 
the previous step was redissolved in 50 ~tL of chloro- 
form/methanol (1:1, vol/vol) and subjected to HPLC via 
the loop injector. The tube was washed with 50 ~L of sol- 
vent, and the entire sample was injected into the col- 
umn. PAF and other lipids were isocratically eluted with 
acetonitrile/methanol/water (300:150:35, by vol) at a 
flow rate of 1.5 mL per rain; detection was at 206 nm. 
PAF was eluted at 12 min (21). The retention time of 
PAF is initially determined by starting each series of 
analyses with the injection of a standard sample con- 
taining sphingomyelin (SM) and lysophosphatidyl- 
choline. Using [3H]PAF, it was shown that in our 
system elution of PAF started at about 60 s after elution 
(Fig. 1A) and that  essentially all radioactivity 
(98-100%) was recovered within 1.5 mL of eluate. The 
eluates collected before and after the PAF sample 
(1.5 mL each) did not cause inhibition of platelet aggre- 
gation induced by PAF under standard conditions. 
Hence, collection of the PAF fraction can begin about 
30 s after elution of SM and can be completed after col- 
lecting 2-3 mL of eluate to avoid any losses. 

Biological assay. The PAF fraction obtained by HPLC 
was dried down and then redissolved in 100 ~tL of a so- 
lution containing 2.5 mg bovine serum albumin (BSA) 
per mL saline. For the biological assay, appropriate vol- 
umes of the BSA solution were added to the aggregome- 
ter cuvettes as described in the Materials and Methods 
section. 

Application of the method to blood and urine samples. 
Blood samples from ten healthy volunteers and urine 
samples from five healthy volunteers were used to de- 
termine PAF according to the present method. As shown 
in Table 1, native PAF levels measured ranged from 
140-480 pg/mL of blood (63-254.4 pg "free" PAF/mL and 
64-225.6 pg "bound" PAF/mL). PAF levels in urine sam- 
ples ranged from 1.2--4.0 pg/mL of urine as summarized 
in Table 2. 

[3H]PAF recovery. [3H]PAF was added to some blood 
samples and used internal  standard. Recovery of 
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M~THOD 

'l" # , PE 

PC A 

T I M E  (rain) 

T A B L E  2 

N a t i v e  P A F  A s s a y  o n  U r i n e  S a m p l e s  

Silicic 
Silicic acid chromatography + HPLC chromatography 

Subject ~ree" PAF "Bound ~ PAF ~Ibtal" PAF "Ibtal ~ PAF 
number (pg/mL) (pg/mL) (pg/mL) (pg/mL) 

1 2.6 0 2.6 - -  
2 2.0 0 2.0 - -  
3 4.0 0 4.0 - -  
4 1.2 0 1.2 - -  
5 3.0 0 3.0 - -  

6 .___a _ _ 4.0 
7 - -  - -  - -  13.6 
8 - -  - -  - -  13.8 
9 - -  - -  - -  10.4 

aPAF assays have not been carried out. See Table 1 for abbrevia- 
tions. 

F I G .  1. H i g h - p e r f o r m a n c e  H q u i d  c h r o m a t o g r a p h y  s e p a r a -  
t i o n  o f  p l a t e l e t - a c t i v a t i n g  f a c t o r  (pAle)  i n  b i o l o g i c a l  s a m p l e s  
a n d  s t a n d a r d s .  A,  s t a n d a r d  H p i d s ,  P A F  a n d  l y s o - P A F .  B ,  a 
r e p r e s e n t a t i v e  c h r o m a t o g r a m  f r o m  a b l o o d  s a m p l e  a s  o b -  
t a i n e d  e i t h e r  a f t e r  e t h a n o l  e x t r a c t i o n  o f  w h o l e  b l o o d  o r  
c h l o r o f o r m / m e t h a n o l / w a t e r  e x t r a c t i o n  o f  t h e  e t h a n o H c  p r e -  
c i p i t a t e  a n d  p u r i f i c a t i o n  b y  s i l i c i c  a c i d  c o l u m n  c h r o m a t o g -  
r a p h y .  C, a r e p r e s e n t a t i v e  c h r o m a t o g r a m  o f  a u r i n e  s a m p l e  
a s  o b t a i n e d  a f t e r  e t h a n o l  e x t r a c t i o n  a n d  s i l i c i c  a c i d  c o l n m n  
c h r o m a t o g r a p h y .  C h r o m a t o g r a p h i c  c o n d i t i o n s  a r e  a s  d e -  
s c r i b e d  i n  t h e  t e x t .  T h e  o p e n  a r r o w s  i n d i c a t e  t h e  r e t e n t i o n  
t i m e  o f  P A F  a s  d e t e r m i n e d  b y  b i o l o g i c a l  a s s a y .  A b b r e v i a ~  
t i o n s :  Inj ,  i n j e c t i o n ;  P E ,  p h e s p h a t i d y l e t h a n o ] a m i n e ;  L P E ,  
l y s o p h o s p h a t i d y l e t h a n o l a m i n e ;  P C ,  p h o s p h a t i d y l c h o l i n e ;  
SNL s p h i n g o m y e l i n ;  L P C ,  l y s o p h o s p h a t i d y l c h o l i n e ;  a .u . ,  a b -  
s o r b a n c e  u n i t .  

radioactivi ty was 95% in ethanol  extracts,  98% af ter  sili- 
cic acid column chromatography  and 98% af ter  HPLC. 
The recovery a t  the end of the ent i re  purification proce- 
dure  was 96%. 

T A B L E  1 

N a t i v e  P A F  A s s a y  o n  B l o o d  S a m p l e s  

Silicic acid 

Silicic acid chromatography + HPLC chromatography 

Subject "Free" PAF "Bound" PAF "Total ~ PAF ~Ibtal ~ PAF 
number (pg/mL) (pg/mL) (pg/mL) (pg/mL) 

1 117.0 143.0 260.0 6.8 
2 220.0 220.0 440.0 8.8 
3 163.2 176.8 340.0 2.2 
4 254.4 225.6 480.0 
5 80.0 120.0 200.0 - -  
6 96.0 64.0 160.0 - -  
7 63.0 77.0 140.0 - -  
8 140.3 205.64 346.14 - -  
9 157.5 220.5 378.0 - -  

10 138.2 192.4 330.6 
I I  ~ - -  - -  13.8 
12 - -  - -  - -  13.6 
13 - -  - -  - -  9.8 
14 - -  - -  - -  6.8 

aplatelet-activating factor (PAF) assays have not been carried out. 
HPLC, high-performance liquid chromatography. 

DISCUSSION 

Init ial  ethanol  t r e a t m e n t  of blood samples  was shown to 
be superior  to other  extract ion procedures as it  effec- 
t ively removes the  bulk  of protein and dark-colored pig- 
ments .  As shown by use of [3H]PAF, essential ly all the 
radioactivity is recovered in the ethanol  extracts.  In  ad- 
dition, ethanol is known to inhibit  PAF acetylhydrolase 
activity of erythrocytes  (22). Also, p l a sma  acetylhydro- 
lase is completely inact ivated under  the presen t  experi- 
men ta l  conditions (personal observations).  Although 
95% of [3H]PAF was recovered in the ethanol  extracts,  
subsequent  t r e a t m e n t  of the  precipi tate  with chloro- 
form/methanol /water  exhaust ively extracted the blood 
samples.  This second step alone yielded about  60% of 
the total  PAF from blood samples  of hea l thy  individuals 
(see Table 1), thus  indicating the presence of two distinct 
PAF pools in blood. The ethanol-extractable  PAF, which 
we defined as "free" PAF, is probably loosely bound to 
se rum proteins and lipoproteins (18). I t  was  previously 
repor ted (18) t h a t  PAF bound to l ipoproteins comigrated 
in HPLC with phosphatidylcholine,  while in the presen t  
procedure "free" PAF eluted with  a re tent ion t ime equal 
to t ha t  of s t andard  PAF. This would be expected as the 
silicic acid colllmn chromatographic  s tep and  successive 
evaporat ion and  redilution with polar  solvents (chloro- 
form/methanol)  prior to I-IPLC purification would de- 
stroy proteolipid-type complexes. The PAF not extract-  
able wi th  ethanol,  which we defined as "bound" PAF, 
m a y  be the PAF strongly bound to l ipoproteins and cel- 
lu lar  s t ructures  and thus  m a y  not be quant i ta t ively  re- 
leasable wi th  ethanol.  "Bound" PAF was  extracted only 
wi th  a chloroform/methanol  mix ture  from the ethanol  
precipitate.  PAF co-migrated in HPLC with  s tandard  
PAF. Init ial  use of chloroform/methanol /water  for ex- 
t ract ion of PAF is not recommended as it  causes the for- 
mat ion  of emula t ions  and  other  technical problems.  The 
second-step extract ion with chloroform/methanol /water  
was omit ted with  urine samples  since PAF was not de- 
tected in the ethanol  precipitate.  The effectiveness and  
simplicity of the extract ion with  ethanol  has  been well 
recognized by other  invest igators  (17,18) even though 
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the presence of PAF in the ethanol precipitate had not 
been further investigated. 

To find appropriate procedures for the purification of 
PAF, several approaches were tested. Addition of tri- 
chloroacetic acid at different concentrations to the etha- 
nol extract failed to precipitate the residual proteins. 
Tests done with commercially available C18 and silica 
cartridges resulted in the incomplete removal of other 
lipids from the PAF fraction. Cartridge eluates contain- 
ing PAF contained large amounts of other lipids, and es- 
pecially SM, which caused insufficient resolution in the 
subsequent HPLC step as has also been reported by oth- 
ers (23). When the Sephadex G-25 purification was 
tested with [3H]PAF as tracer (24), proteins were re- 
tained on the column, but [3H]PAF was co-eluted with 
the total lipids. This led to a serious overload of the 
HPLC-column, causing insufficient resolution. Although 
the problem could be overcome by re-chromatography of 
the Sephadex-eluted lipid fraction on a silicic acid col- 
umn (10 cm • 1 cm i.d.), which was eluted with 
methanol/water (2:1, vol/vol), the successive use of two 
columns made the method less suitable for routine 
analysis. To avoid the two column purification steps, the 
effectiveness of a single silicic acid column and the use 
of three different solvent mixtures containing methanol 
and water in different proportions was tested. Elution 
with methanol/water (2:1, vol/vol) caused complete over- 
lap of PAF with nonlipid impurities; with methanol/ 
water (1:1, vol/vol) PAF was eluted just  following the 
nonlipid impurities; and elution with methanol/water 
(1:1.5, vol/vol) permitted the complete removal of impu- 
rities without any PAF losses, but required a significant 
volume of eluting solvents (220 mL). 

Finally, the present method utilizes a silicic acid col- 
umn and two successive eluting systems. The nonlipid 
impurit ies are removed with 45 mL of methanol/water 
(1:1.5, vol/vol) while PAF is eluted with the next 50 mL 
of methanol/water (2:1, vol/vol). The bulk of lipids is re- 
tained on the column, but can be removed with 40 mL of 
chloroform/methanol/water (1:2:0.8, by vol). Lipid-phos- 
phorus analyses indicated that the PAF fraction con- 
sisted of only 1-2% of total phospholipids. 

Several methods for the isolation and purification of 
PAF have previously been reported. According to Salari 
(19), proteins were precipitated by adjusting the pH to 5 
with 1 M HC1, and PAF was then purified by XAD-2 
solid-phase column chromatography. The protein precip- 
itation step was found time-consuming and difficult for 
routine use. In addition, the protein precipitated with ei- 
ther ethanol/water or by ultracentrifugation would carry 
along significant amounts of PAF (18). Even more time- 
consuming and complex are the deproteinization and 
solid-phase column chromatographic purification steps 
that  are used in PAF-RIA kits by Dupont (Platelet Acti- 
vating Factor [125I]radioimmunoassay kit NEK-062; 
NEN). Finally, the receptor-binding method (25) is not 
suitable for blood samples as has previously been re- 
ported (25). 

HPLC is used in the present method for the final pu- 
rification of PAF. The HPLC step has the advantage that  
PAF can be completely separated from other low-level 

T A B L E  3 

R e p r o d u c i b i l i t y  o f  N a t i v e  P l a t e l e t - A c t i v a t i n g  F a c t o r  (PAF)  
A s s a y  o n  S e l e c t e d  B l o o d  S a m p l e s  a 

Subject "Free" PAF "Bound" PAF "Total" PAF 
m b n u m b e r  (pg/mL) ( p g / m L )  (pg/mL) 

1 12 140.3  • 0 .68  205 .84  • 2.5 346 .15  • 2 .58  
2 13 157.5  • 1.28 220.5  • 1.30 378 .00  • 0 
3 14 138.2  • 0 .58  192.4  • 0 .94  330 .65  • 1.42 

SD overall 0.90 1.72 1.70 

aThe blood samples selected were Nos. 12, 13 and 14 (Table 1); 

meanvalues+_SD;n=4;SDoverall=~]/~SD~i,wherei=l, 2, 
3 . . . rn ,  andrn=3. 
bWhe number of samples. 

phospholipids, including lysoPAF (21) (Fig. 1A) and var- 
ious endogenous PAF inhibitors (26). As shown in Fig- 
ures 1B and 1C, no significant HPLC peaks could be de- 
tected after silicic acid column chromatography. The ne- 
cessity of the HPLC purification step for the complete 
purification of the blood samples was shown by compar- 
ative analyses, with and without HPLC purification, on 
ten and seven blood samples, respectively. The results 
shown in Table 1 indicate that omission of the HPLC pu- 
rification step for blood extracts leads to PAF values 
that are almost two orders of magnitude lower than 
those obtained after HPLC purification. As shown in 
Table 1, "total" PAF ("free" plus "bound") ranged from 
140-480 pg/mL of blood in the samples examined by the 
present method while 2.2-13.8 pg "total" PAF/mL were 
measured in blood samples examined without prior 
HPLC purification. HPLC purification is not required 
for the analysis of urine samples. The five urine samples 
examined by the present method were found to contain 
1.2-4.0 pg PAF/mL urine, and four other samples gave 
similar values (4.0-13.8 pg PAF/mL) when examined 
without prior HPLC purification (Table 2). 

The reproducibility of the method was tested by per- 
forming four analyses on each of three blood samples. 
The results shown in Table 3 indicate that  the precision 
of the method is remarkable; standard deviations of the 
reproducability (SD overall) were less than 1% of the 
measured values of "free," "bound" and "total" PAF. 
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Lipid Composition of the Pineal Organ from Rainbow Trout 
(Oncorhynchus mykiss) 
R.J. Henderson a,*, M.V. Bell a, M.To Park a, J.R. Sargent a and J. Falcon b 
aN.E.R.C. Unit of Aquatic Biochemistry, Department of Biological and Molecular Science, University of Stirling, Stirling FK9 4LA, Scotland, United 
Kingdom and bLaboratoire de Neurobiologie et de Neuroendocrinologie Cellulaires, URA CNRS 290, Faculte des Sciences, 86022 Poitiers 
Cedex, France 

The lipid composit ion of  the pineal organ from the rain- 
bow trout (Oncorhynchus mykiss) was determined to es- 
tablish whether the involvement of this organ in the 
control of  circadian rhythm~ is reflected by specific 
adaptations of  lipid composition. Lipid comprised 4.9% 
of the tissue wet  weight and triacylglycerols were the 
major lipid class present (47% of  total Hpid). Phos- 
phatidylcholine (PC) was the principal polar lipid, and 
smaller proportions of  other phospholipids and choles- 
terol were also present. Plasmalogens contributed 11% 
of the ethanolsmlne glycerophospholipids (EGP). No 
cerebrosides were detected. The fatty acid composit ion 
of  triacylglycerols was generally similar to that of total 
l ipids in which  saturated,  monounsaturated  and 
polyunsaturated fatty acids (PUFA) were present in al- 
most equal proportions. Each of  the polar lipid classes 
had a specific fatty acid composition. With the exception 
of  phosphatidylinositol  (PI), in which 20:4n-6 comprised 
27.4% of the total fatty acids, 22.~n-3 was the principal 
PUFA in all lipid classes. The proportion of  20:5n-3 
never exceeded 6.9% of the fatty acids in any lipid class. 
The predominant  molecular  species  of  PC were 
16d)/22:6n-3 and 16d)/18:1, which accounted for 33.2 and 
28.5%, respectively, of  the total molecular species of  this 
phosphol ipid.  Phosphat idy le thanolamine  (PE) con- 
tained the highest  level of  di-22.~n-3 (13.0%) of  any phos- 
pholipid.'There was also 4.9% of this molecular species 
in phosphatidylserine (PS) and 4.1% in PC. In PE, the 
species 16:0/22.~, 18:1/22.~ and 18d)/22.~ totalled 45.1%, 
while  in PS 18d}/22:6 accounted for 43.9% of the total 
molecular  species.  The most  abundant  molecular  
species of  PI was 18.~/20:4n-6 (37.8%). The lipid composi- 
tion of  the pineal organ of  trout, and particularly the 
molecular species composit ion of  PI, is more similar to 
the composit ion of  the retina than that of  the brain. 
Lipids 29, 311-317 (1994). 

In fish, as in all vertebrates, the retina of the eye and 
the pineal organ of the brain are essential components 
of the circadian system that  measures the period and 
phase of the daily light-dark cycle and ultimately con- 
trols rhythmic processes (1,2). In keeping with this role, 
the pineal organ offish contains photoreceptor cells that  
display close cyto-funetional analogies with the photore- 

*To whom correspondence should be addressed. 
Abbreviations: EGP, ethanolAmine glycerophospholipids; HPLC, 
high-performance liquid chromatography; HPTLC, high-perfor- 
mance thin-layer chromatography; PC, phosphatidylcholine; PE, 
phosphatidylethan01amine; PG, phosphatidylglycerol; PI, phos- 
phatidylinositol; PS, phosphatidylserine; PUFA, polyunsaturated 
fatty acids~ SM, sphing0myelin; TAG, triacylglycerols. Molecular 
species are abbreviated as follows: e.g., 16:0/22:6 PC is 1-palmitoyl- 
2-docosahexaenoyl-sn-glycero-3-phosphocholine. 

ceptors of the retina (3,4). The photoreceptor cells from 
both tissues translate the light-dark information into a 
neural output of excitatory neurotransmitter (5) and a 
neurohormonal output in the form of melatonin (3). In 
addition to being multimessenger cells, the photorecep- 
tor cells of the pineal organ are also multieffectors and 
can transduce information supplied by other eternal 
(such as temperature) or internal (catechol-amines, 
adenosine, steroids) factors. Whereas retinal melatonin 
acts preferentially in an autocrineJparacrine manner, 
the melatonin secreted by the pineal contributes largely 
to the circulating levels and may be involved in the con- 
trol of seasonal events, particularly reproduction, in ver- 
tebrates (3,6-8). 

The structural phospholipids of the retina and brain 
of vertebrates, including fish, are known to contain high 
levels of the polyunsaturated fatty acid (PUFA) 22:6n-3 
(9,10). Within the retina, the 22:6n-3 is apparently con- 
centrated in the membranous outer segments of the pho- 
toreceptor rod cells (11), and these cells isolated from 
frog retina exhibit a selective uptake of 22:6n-3 in vitro 
(12). A requirement for 22:6n-3 in the visual process has 
been demonstrated in studies with newborn primates 
and preterm human infants, which have shown that the 
visual acuity is affected by deprivation of 22:6n-3 during 
postnatal development of the infant (13). Peroxidation of 
22:6n-3 is one of the primary events observed in inher- 
ited or traumatically induced photoreceptor degenera- 
tion (9,14). 

Di-22:6n-3 phospholipids are known to be major com- 
ponents of rod outer segment membranes in frog and rat 
(15,16). Recent analyses of the phospholipids of the 
brain and retina of trout and cod have shown that di- 
22:6n-3 molecular species are major constituents of 
phosphatidylcholine (PC), phosphatidylethanolamine 
(PE) and phosphatidylserine (PS) in these tissues and 
that  this is particularly true of the retina, where the 
amounts are considerably higher than those found in 
terrestrial mammals (17,18). The importance of 22:6n-3 
in the visual process of fish is also indicated by the ob- 
servation that the proportion of di-22:6n-3 in the phos- 
pholipid of the developing eyes of herring larvae in- 
creases with age as the rods are recruited into the photo- 
receptor population (19). The results of these nutritional 
studies and the presence of large amounts of di-22:6 
phospholipid in the photoreceptors of the retina suggest 
that  22:6no3 has an essential and unique role in the pri- 
mary events associated with the absorption and trans- 
duction of photons. This might be of crucial importance 
for the photoperiodic control of the production of mes- 
sages, such as melatonin. 
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By analogy with the retina, it is probable that  22:6n-3 
is a major PUFA of the lipids in the photoreceptor cells 
of the fish pineal organ. To examine this hypothesis, we 
determined in the present study the detailed lipid 
composition of the trout pineal with particular attention 
to the PUFA content and molecular species of phospho- 
lipids. As far as we are aware, the detailed lipid compo- 
sition of the pineal organ from fish has not been re- 
ported previously and only a limited amount of informa- 
tion is available on the lipids of the organ from 
mammals (20,21). Information gained from the analysis 
of the trout pineal organ is of basic importance as mam- 
malian pinealocytes are accepted as being phylogeneti- 
cally derived from the fish pineal photoreceptor cells (2). 

MATERIALS AND METHODS 

Fish and pineal organs. Rainbow trout (Oncorhynchus 
mykiss) of average weight 800 g were obtained from a 
commercial fish farm (Pisciculture Bellet, Angouleme, 
France) where they had been maintained under natural 
conditions of water temperature and photoperiod. One 
hundred fish were killed by decapitation. Pineal organs 
were removed immediately from the fish, frozen in liquid 
nitrogen and stored at -80~ until taken for analysis. 

Chemicals and solvents. Phospholipase C from Bacil- 
lus cereus was purchased from Boehringer Corporation 
(London) Ltd. (Lewes, East Sussex, England). Oxalyl 
chloride and anthracene 9-carboxylic acid were supplied 
by Aldrich Chemical Co. (Gillingham, Dorset, England). 
All other chemicals and biochemicals were purchased 
from Sigma (Poole, Dorset, England), and solvents of 
high-performance liquid chromatography (HPLC) grade 
were obtained from Rathburn Chemicals (Walkerburn, 
Peeblesshire, Scotland). 

Lipid extraction and analysis. After thawing, the 
pineal organs were weighed and transferred to a Teflon- 
in-glass homogenizer. The organs were homogenized in 
37 mL of chloroform/methanol (2:1, vol/vol) essentially 
as described by Christie (22) to extract lipids. Solvent 
was removed under a stream of nitrogen and the result- 
ing lipid extract desiccated overnight under vacuum in a 
preweighed tube. The tube and contents were then 
reweighed to obtain the weight of the lipid extract which 
was redissolved in chloroform/methanol (2:1, vol/vol) 
and stored under an atmosphere of nitrogen at -70~ be- 
tween analyses. 

To establish the lipid class composition, aliquots of 
lipid extract were subjected to high-performance thin- 
layer chromatography (HPTLC) alongside authentic 
standards using hexane/diethyl ether/glacial acetic acid 
(80:20:2, by vol) as the developing solvent for the sepa- 
ration of neutral lipid classes and methyl acetato/pro- 
pan-2-ol/chloroform/methanol/0.25% (wt/vol) aq. KC1 
(25:25:25:10:9, by vol) for the separation of polar lipids. 
To confirm which polar lipid classes were present, 
aliquots of total lipid were also subjected to two-dimen- 
sional HPTLC. The polar lipid developing solvent sys- 
tom described previously was used for development in 
the first dimension and chloroform/acetone/methanol/ 
acetic acid/water (10:4:2:2:1, by vol) was employed for 

development in the second dimension. Developed chro- 
matograms were visualized with copper acetate in phos- 
phoric acid (23). Lipid class composition was quanti- 
tated by double-development HPTLC coupled with scan- 
ning densitometry, as described elsewhere (24). 
Estimates of the relative amounts of the plasmalogen 
and the diacyl forms of ethanolamine glycerophospho- 
lipids (EGP) were obtained by acid hydrolysis of the iso- 
lated EGP in situ on an HPTLC plato followed by chro- 
matography and quantitative phosphate staining as de- 
scribed by Bell and Dick (25). 

For the analysis of fatty acid composition, individual 
lipid classes were separated by two-dimensional TLC on 
20 • 20 cm glass plates coated with silica gel G 60 (0.25 
mm thick) using the solvent systems described here. The 
separated classes were visualized by spraying the chro- 
mategram with 0.1% 2',7'-dichlorofluorescein in metha- 
nol containing 0.01% butylated hydroxytoluene and by 
viewing under ultraviolet light. Triacylglycerols (TAGs) 
were purified by redeveloping the chromatogram in the 
reverse direction of the second development using 
hexane/diethyl ether/glacial acetic acid (80:20:2, by vol) 
after removal of the individual polar lipid classes. The 
fatty acids of the separated lipid classes were converted 
to their methyl esters on the adsorbent by acid-cat- 
alyzed transestorification (22). An aliquot of total lipid 
was also subjected to the same procedure. The resulting 
fatty acid methyl esters were purified by HPTLC and re- 
covered from the adsorbent with hexane/diethyl ether 
(1:1, vol/vol). 

Fatty acid methyl esters were analyzed on a Packard 
439 gas chromatograph equipped with a fused silica cap- 
illary column (50 m • 0.22 mm i.d.) coated with FFAP 
phase (S.G.E., Milton Keynes, United Kingdom). Sam- 
ple application was by on-column injection, and hydro- 
gen was used as the carrier gas. During the course of an 
analysis, the oven temperature was programmed to in- 
crease from 50 to 225~ Samples were also analyzed 
using an Omegawax 250 fused silica column (30 m • 
0.25 mm i.d., Supelchem U.K. Ltd., Essex, United King- 
dom) with the oven temperature programmed from 50 to 
260~ Fatty acid components were identified by refer- 
ence to a well-characterized fish oil fatty acid mixture, 
and the unsaturated nature of components was con- 
firmed by re-analysis of samples after catalytic hydro- 
genation over PtO 2. The separated components were 
quantitatod using a recording integrator linked to the 
chromatograph. 

Analysis of molecular species. A 500-lag portion of total 
lipid was separated into the component phospholipids 
by HPTLC alongside 20 lag of a cod retina total lipid 
standard using methyl acetate/propan-2-ol/chloro- 
form/methanol/0.25% (wt/vol) aq. KC1 (25:25:25:10:9, by 
vol) as the developing solvent. The standard spots and 
the edge of the bands of pineal organ lipids were visual- 
ized by exposure to iodine vapor, and the bands of ad- 
sorbent, containing PC, PS, phosphatidylinositol (PI) 
and EGP, were scraped from the plato. The phospho- 
lipids were hydrolyzed on the silica with phospholipase 
C using a two-phase system of 1 mL diethyl ether and 
I mL of 0.1 M sodium borate buffer, pH 7.5 at room tern- 
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p e r a t u r e  u n d e r  n i t r o g e n  for 2 h (26). A t  t h e  e n d  o f  t h e  
i n c u b a t i o n  per iod ,  1 ,2 -d i rady lg lyce ro l s  were  ex t r a c t e d ,  
d r i e d  down u n d e r  n i t r o g e n  a n d  f ina l ly  de s i cca t ed  u n d e r  
v a c u u m  for 1 l~ 9 - A n t h r o y l  ch lo r ide  w a s  p r e p a r e d  f rom 
9 - a n t h r a c e n e  ca rboxy l ic  ac id  a n d  oxa ly l  ch lo r ide  as  de-  
sc r ibed  b y  Goto  et al. (27). The  d i r a d y l g l y c e r o l s  we re  de-  
r i v a t i z e d  a n d  pu r i f i ed  b y  a mod i f i ca t ion  of  t h e  m e t h o d  of  
T a k a m u r a  a n d  Ki to  (28) a s  d e s c r i b e d  e l s e w h e r e  (19). 
The  1 - O - a l k - l ' - e n y l - 2 - a c y l  d e r i v a t i v e s  we re  r e m o v e d  
d u r i n g  t h e  f ina l  H P T L C  pu r i f i ca t i on  s tep .  The  1,2-dia-  
cy l -3 -an th rocy l - sn -g lyce ro l s  we re  s e p a r a t e d  b y  H P L C  a t  
19-20"C on a n  O D S  co lumn (25 x 0.46 cm, 5 ~ m  p a r t i c l e  
size;  B e c k m a n  I n s t r u m e n t s  U . I~  Ltd . ,  H i g h  Wycombe ,  
B u c k i n g h a m s h i r e ,  U n i t e d  K i n g d o m )  u s i n g  a Pye  Uni -  
c a m  P U 4 0 1 0  p u m p  (Pye  U n i c a m  Ltd . ,  C a m b r i d g e ,  
E n g l a n d )  a n d  two i soc ra t i c  so lven t  s y s t e m s ,  m e t h a n o l /  
p ropan-2 -o l  (4:1, vol/vol) a t  a flow r a t e  of  1.0 mL /mln ,  
a n d  ace ton i t r i l e /p ropan -2 -o l  (7:3, vol/vol) a t  a f low r a t e  
of  1.0 m L / m i n  a s  de sc r ibed  b y  T a k a m u r a  a n d  Ki to  (28). 
PeAk.q we re  d e t e c t e d  u s i n g  a W a t e r s  470 s c a n n i n g  fluo- 
r e scence  d e t e c t o r  (Mi l l ipore  U K  Ltd. ,  E d i n b u r g h ,  Scot -  
l a n d )  w i t h  exc i t a t i on  a n d  e m i s s i o n  w a v e l e n g t h s  of  360 
a n d  460 urn, respec t ive ly ,  a n d  q u a n t i f i e d  u s i n g  a Shi -  
m a d z u  CR3A r e c o r d i n g  i n t e g r a t o r  (Anachem,  Lu ton ,  
U n i t e d  Kingdom) .  P e a k s  we re  i d e n t i f i e d  b y  t h e i r  r e l a -  
t i ve  r e t e n t i o n  t i m e  u s i n g  16:0/22:6n-3 a s  a r e f e rence  
peak .  D i -docosahexaenoy lg lyce ro l  (di-22:6n-3;  N u - C h e k -  
P r e p ,  E l y s i a n ,  MN)  w a s  a lso  a v a i l a b l e  for  d i r ec t  com- 
p a r i s o n  of  r e t e n t i o n  t imes ,  a s  we re  a r a n g e  of  s a m p l e s  of  
k n o w n  compos i t i on  f rom p rev ious  s t u d i e s  (17,18,29). 
E a c h  s a m p l e  w a s  c h r o m a t o g r a p h e d  t h r e e  t i m e s  in  each  
so lven t  s y s t e m  a n d  t h e  s t a n d a r d  d e v i a t i o n s  ca l cu la t ed .  
W h e r e  f ina l  p e a k  a r e a s  we re  c a l c u l a t e d  by  s u b t r a c t i o n ,  
t h e  s t a n d a r d  d e v i a t i o n s  of  t h e  c o n t r i b u t i n g  p e a k s  we re  
a d d e d  to give t h e  f ina l  error .  

RESULTS 

The  l ip id  con ten t  a n d  l ip id  c lass  compos i t ion  of  t r o u t  
p i n e a l  o r g a n  a re  p r e s e n t e d  in  Table  1. A r o u n d  4.9% of  
t h e  w e t  w e i g h t  of  t h e  p i n e a l  o rgans  w a s  l ip id ,  of  w h i c h  al -  
m o s t  h a l f  (47%) was  in  t h e  fo rm of  TAG. PC w a s  t h e  
m a j o r  p o l a r  l ip id  p r e s e n t  (16.5% of  t o t a l  l ipid) ,  fo l lowed 

TABLE 1 

Lip ids  of Trout Pinea l  Organ:  L ip id  Class Composit ion a 

Lipid class % Total lipid 

Cholesteryl esters 3.3 • 0.2 
Triacylglycerols 47.0 • 2.1 
Free fatty acids 3.4 • 0.6 
Cholesterol 8.7 • 0.4 
Diacylglycerols 1.5 • 0.1 
EthanolAmlne glycerophospholipids 9.9 • 0.6 
Phosphatidylglycerol 1.4 • 0.1 
Phosphatidylinositel 3.2 • 0.3 
Phosphatidylserine 3.4 • 0.3 
Phosphatidylcholine 16.5 • 0.8 
Sphingomyelin 1.7 • 0.1 
aValues are means • SD of three determinations. 

by  E P G  (9.9%). No  chol ine  p l a s m a l o g e n s  w e r e  de tec t ed ,  
w h e r e a s  e t h a n o l s m i n e  p l a s m a l o g e n s  accoun ted  for 11% 
of  t h e  t o t a l  E P G  frac t ion .  P I  a n d  P S  each  accoun ted  for 
less  t h a n  5% of  t h e  t o t a l  l ipid ,  a n d  bo th  p h o s p h a t i d y l -  
g lycerol  (PG) a n d  s p i n g o m y e l i n  (SM) were  p r e s e n t  a t  less  
t h a n  2%. No ca rd io l ip in  or  ce reb ros ides  were  de tec ted .  

P a l m i t i c  ac id  (16:0) c o m p r i s e d  23.7% of  t h e  f a t t y  ac ids  
in  t h e  t o t a l  l ip ids  a n d  was  t h e  m o s t  a b u n d a n t  f a t t y  ac id  
in  t h e  p i n e a l  o r g a n  (Table  2). The  m o n o u n s a t u r a t e d  
18:1n-9 a n d  p o l y u n s a t u r a t e d  22:6n-3 a c c o u n t e d  for  17.6 
a n d  12.4%, respec t ive ly ,  of  t h e  t o t a l  f a t t y  ac ids .  Overa l l ,  
s a t u r a t e d ,  m o n o u n s a t u r a t e d  a n d  p o l y u n s a t u r a t e d  f a t t y  
ac ids  a c c o u n t e d  for  s i m i l a r  p r o p o r t i o n s  of  t h e  t o t a l  l i p id  
f a t t y  acids .  The  f a t t y  ac id  compos i t i on  of  TAGs  (Table  2) 
w a s  g e n e r a l l y  s i m i l a r  to t h a t  of  t h e  t o t a l  l i p id  a l t h o u g h  
t h e  p r o p o r t i o n  of  18:2n-6 (12.8%) w a s  n o t a b l y  h igher ,  
a n d  t h a t  of  16:0 lower,  t h a n  in  t o t a l  l ip ids .  

TABLE 2 

Fatty Acid Composit ion (wt%) of Total Lipid and Lipid 
Classes from Trout  P inea l  Organ a 

Acyl chain Total lipid TAG PC EGP 

14:0 2.9 3.5 0.6 0.2 
15:0 0.9 0.3 0.3 0.9 
16:ODMA - -  - -  - -  0.6 
16:0 23.7 17.4 34.0 10.7 
16:1n-9 - -  - -  0.6 - -  
16:1n-7 5.8 8.0 1.3 0.7 
17:0 0.6 0.4 0.3 0.3 
18:0DMA - -  - -  - -  0.4 
18:ln-9DMA - -  - -  - -  2.2 
18:ln-7DMA - -  - -  - -  0.7 
18:0 7.2 4.2 5.4 10.2 
18:1n-9 17.6 18.5 18.3 10.3 
18:1n-7 4.0 3.7 2.4 3.9 
18:2n-6 9.3 12.8 1.8 3.4 
18:3n-3 1.2 2.0 - -  0.3 
20:1n-9 2.5 3.1 0.4 1.4 
20:2n-6 0.6 1.2 0.4 0.9 
20:3n-6 0.4 0.2 0.3 0.4 
20:4n-6 1.6 0.5 2.0 7.2 
20:3n-3 - -  0.2 - -  - -  
20:4n-3 0.9 1.4 0.3 0.6 
20:5n-3 3.5 3.9 4.6 4.8 
22:1n-ll 1.7 2.0 - -  - -  
22:1n-9 0.3 0.3 - -  - -  
22:4n-6 0.1 0.3 - -  - -  
22:5n-6 - -  0.2 0.2 0.4 
22:5n-3 1.2 1.8 1.3 2.2 
22:6n-3 12.4 12.6 24.6 36.0 
24:1n-9 0.7 0.1 - -  0.4 
Unidentified 0.9 1.4 0.9 0.7 

Total saturated 35.3 25.8 40.6 23.3 
Total monounsaturated 32.6 35.7 23.0 19.6 
Total PUFA 31.2 37.1 35.5 56.2 
Total n-3 19.2 21.9 30.8 43.9 
Total n-6 12.0 15.2 4.7 12.3 
n-3/n-6 1.60 1.44 6.55 3.57 

aEGP, ethanolamine glycerophospholipids; PC, phosphatidyl- 
choline; TAG, triacylglycerols; PUFA, polyunsaturated fatty acids; 
DMA, dimethylacetals. 
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TABLE 3 

F a t t y  A c i d  C o m p o s i t i o n  ( w t % )  o f  L i p i d  C l a s s e s  f r o m  T r o u t  
P i n e a l  O r g a n  a 

Acyl chain PI PS PG SM 

14:0 0.3 0.3 0.8 0.6 
15:0 0.4 0.7 0.3 0.4 
16:0 14.0 3.0 10.7 19.2 
1 6 : 1 n - 9  . . . .  
16:1n-7 - -  9.3 17.0 0.5 
17:0 0.7 0.4 0.5 0.6 
18:0 33.8 38.2 5.4 9.5 
18:1n-9 5.3 5:5 15.5 8.9 
18:1n-7 1.3 2.6 10.2 1.9 
18:2n-6 1.5 1.4 8.8 2.2 
18:3n-3 0.1 0.4 0.9 - -  
20:1n-9 0.2 1.2 1.4 0.4 
20:2n-6 0.2 0.4 1.1 1.0 
20:3n-6 0.3 - -  1.0 1.0 
20:4n-6 27.4 1.0 1.8 0.5 
20:3n-3 . . . .  
20:4n-3 0.1 - -  0.5 0.2 
20:5n-3 5.7 1.3 1.6 0.9 
22:1n-ll . . . .  
22:1n-9 - -  - -  - -  0.6 
22:4n-6 0.5 0.9 0.9 - -  
22:5n-6 - -  0.4 - -  - -  
22:5n-3 0.4 3.0 0.7 0.2 
22:6n-3 7.0 29.4 19.8 2.9 
24:0 - -  - -  - -  0.8 
24:1n-9 0.4 - -  - -  45.9 
Unidentified 0.4 0.6 1.1 1.3 

Total saturated 49.2 42.6 17.7 31.6 
Total monounsaturated 7.2 18.6 44.1 58.2 
Total PUFA 43.2 38.2 37.1 8.9 
Total n-3 13.3 34.1 23.5 4.2 
Total n-6 29.9 4.1 13.6 4.7 
n-3/n-6 0.45 8.32 1.73 0.89 

aPG, phosphatidylglycerol; PI, phosphatidylinositol; PS, phos- 
phatidylserine; SM, sphingomyelin; PUFA, polyunsaturated fatty 
acids. 

i n  monounsa tu ra t ed  fa t ty  acids and PUFA which com- 
prised 44.1 and  37.1%, respectively, of the  total  fa t ty  
acids in this phospholipid (Table 3). The levels of 16:1n-7 
and 18:1n-7 (17.0 and 10.2%) in PG were higher  t han  in 
any  other  lipid class, and, of all the phospholipids PG 
had  the highest  content  of 18:2n-6. In  SM more t h a n  
ha l f  (58.2%) of the  fa t ty  acids were  monounsa tura ted ,  
main ly  due to the presence of a very high proportion of 
24:1 (45.9%). PUFA comprised only 8.9% of the SM fa t ty  
acids (Table 3). 

In all lipid classes, 20:5n-3 was present  in small  
amounts  and never  exceeded 6.0% of the component  
f a t t y  acids. The  long cha in  monoenoic  fa t ty  acid 
22:1n- l l  observed in total  lipid was concentrated in 
TAG, where  it  accounted for around 2% of the fa t ty  
acids. Of  all the lipid classes, TAG also contained the 
highest  level of 14:0. 

The principal molecular species of PC, PE, PS and PI  
are presented in Table 4. Two molecular species pre- 
dominated in PC, namely  16:0/22:6n-3 and 16:0/18:1, 
which accounted for 33.2 and 28.5%, respectively, of the 
total  molecular species of this phospholipid. Di-PUFA, di- 
sa tura ted  and di-monounsaturated species each com- 
prised less than  6% of the total PC and the content of 
monounsatura ted-PUFA species totalled 4.9%, within 
which 18:1/22:6n-3 was the major  component. Molecular 
species containing 22:6n-3 were part icularly abundant  in 
PE. Di-22:6n-3 comprised 13.0% of the total,  and  
16:0/22:6 and 18:1/22:6 were both present  a t  levels of 
more than  15%. In PS, 18:0/22:6n-3 accounted for a lmost  
ha l f  (43.9%) of the  total  molecular  species, and  
16:0/22:6n-3 was the only other species present  a t  a level 
of grea ter  than  10%. The most  abundant  molecular 
species of PI was 18:0/20:4n-6 which accounted for 37.8%. 
Another  species containing 20:4n-6, 16:0/20:4n-6, com- 
pr ised 14.0% of the molecular  species of PI  and  
18:0/20:5n-3 accounted for 10.8%, the highest  level for a 
species containing 20:5n-3 observed in any  of the phos- 
pholipids examined. 

Each of the polar lipid classes had  a specific fa t ty  acid 
composition. In  PC, 16:0 and 22:6n-3 were the principal 
components  and together  accounted for near ly  60% of 
the  to ta l  f a t ty  acids p re sen t  in th is  phosphol ipid  
(Table 2). In  contrast ,  16:0 comprised only 10.7% of the 
fa t ty  acids in EGP, whereas  the level of 22:6n-3 (36%) 
was the highest  observed in any  lipid class. As a conse- 
quence, the total  content of PUFA in EGP (56.2%) was 
the highest  of all lipid classes. Only the EGP fraction 
produced dimethyl  acetals  by t ransmethy la t ion  of 1-O- 
a lk- l ' -enyl  l inked e ther  chains. 

PI  was unique among the lipid classes in tha t  20:4n-6 
was a major  component  and accounted for 27.4% of the 
fa t ty  acids, whereas  22:6n-3 comprised  only 7.0% 
(Table 3). As a consequence, the  overall  rat io of n-3 to 
n-6 PUFA in PI was the lowest of any  lipid class. The 
sa tu ra ted  fa t ty  acid 18:0 was also a major  fa t ty  acid in 
PI. PS was character ized by a high content  of 18:0 and 
22:6n-3, coupled with a low content  of 16:0. PG was rich 

DISCUSSION 

Although the pineal  organ is an  adjunct  of the brain,  i t  
is known to have  evolved from a well-differentiated pho- 
toreceptive organ tha t  is f requently considered to be a 
functional th i rd  eye in lower ver tebra tes  (3). In  fact, to 
date, the  propert ies  establ ished for the  pineal photore- 
ceptors have  been extended to the ret inal  photoreceptors  
and vice versa (3). The major  difference between the 
pineal  and re t ina  relates  to the neuronal  organization, 
which is simple in the pineal but  complex in the retina.  
Thus,  pineal photereceptors  m a k e  contact with second 
order neurons  t ha t  send their  axons to bra in  centers.  
Retinal  photorecepters,  on the other  hand,  are in contact 
with bipolar cells that ,  in turn,  communicate  with gan- 
glion cells and  numerous  in terneurons  tha t  are present  
(horizontal ,  amacr ine ,  in t e rpex i fo rm cells). Conse- 
quently, the rat io of photerecepters  to other  neurons  is 
much  higher  in the pineal  than  in the ret ina,  and the 
lipid composition of the pineal  organ can be expected to 
reflect tha t  of the photorecepter  cells. 
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TABLE 4 

Molecular  Species of PhosphoHpids  from Trout  P inea l  Organ  a 
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Species PC PE PS PI 

Di-PUFA 
20:5/22:6 0.6 • 0.0 1.0 _+ 0.0 0.3 • 0.0 - 
22:6/22:6 4.1 • 0.2 13.0 • 0.3 4.9 • 0.0 0.3 • 0.0 
22:5/22:6 1.0 • 0.1 4.5 • 0.3 2.4 • 0.1 0.1 • 0.0 

Saturated/PUFA 
14:0/22:6 1.2 • 0.1 3.8 • 0.1 0.7 • 0.2 0.2 • 0.1 
16:0/20:5 6.7 • 0.4 4.2 • 0.1 1.8 • 0.3 4.1 • 0.2 
16:0/22:6 33.2 • 1.6 20.1 • 0.1 15.0 • 0.2 10.3 _+ 0.5 
16:0/20:4 1.5 • 0.2 2.4 • 0.1 1.8 • 0.1 14.0 • 0.3 
16:0/22:5 2.1 • 0.3 1.9 • 0.1 1.1 • 0.1 0.6 • 0.2 
18:0/20:5 1.2 • 0.2 3.7 • 0.1 3.7 • 0.3 10.8 _+ 0.1 
18:0/22:6 3.7 • 0.2 9.6 • 0.3 43.9 -+ 0.2 7.1 • 0.5 
18:0/20:4 0.5 • 0.1 2.7 • 0.1 0.6 • 0.1 37.8 • 1.0 
18:0/22:5 1.5 • 0.2 0.6 • 0.2 4.7 • 0.1 0.4 • 0.1 

Monounsaturated/PUFA 
16:1/22:6 0.5 • 0.1 0.9 • 0.1 0.7 -+ 0.1 0.2 • 0.0 
18:1/20:5 0.9 • 0.1 3.7 • 0.1 - 0.7 • 0.0 
18:1/22:6 2.9 • 1.7 15.4 • 0.4 6.3 • 1.0 0.6 • 0.5 
18:1/20:4 - 2.6 • 0.1 1.1 • 0.1 4.1 • 0.2 
18:1/22:5 0.6 • 0.1 1.1 • 0.1 1.3 • 0.1 - 

Di-saturated 
16:0/16:0 0.9 • 0.1 0.1 • 0.0 1.1 • 0.1 - 

Saturated/monouns aturated 

16:0/18:1 28.5 • 1.0 1.2 _+ 0.1 2.8 _+ 0.0 6.9 • 0.3 

16:0/18:1 2.5 • 0.1 0.2 • 0.1 0.9 • 0.0 0.3 • 0.0 

Di-monounsaturated 
18:1/18:1 0.8 • 0.1 0.6 • 0.1 1.2 • 0.1 0.6 • 0.0 

20:1/18:1 - - 0.3 • 0.0 - 

aValues are mol% and are means of triplicate determinations • 1 SD. It was assumed that the most saturated fatty acids were 
located on the sn-1 position. Molecular species containing minor fatty acids or fatty acid isomers were not resolved from the 
major components. Molecular species containing 18:2n-6 co-elute with those containing 22:5n-3 and 22:5n-6. PC, phos- 
phatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositel; PS, phosphatidylserine; PUFA, polyunsaturated 
fatty acids. 

T h e  l ip id  con t en t  of  t h e  t r o u t  p i n e a l  (4.9% of  w e t  
we igh t )  is  a l m o s t  exac t l y  h a l f w a y  b e t w e e n  t h a t  found  for 
t h e  b r a i n  a n d  r e t i n a  (6.8 a n d  3.1%, r e spec t ive ly )  of  t h e  
s a m e  spec ies  (10). However ,  t h e  level  of  TAG in  t h e  l ip id  
of  t h e  p i n e a l  (47%) is c o n s i d e r a b l y  h i g h e r  t h a n  t h e  8.4 
a n d  30% found  in  t h e  l ip id  of  t h e  b r a i n  a n d  r e t i na ,  b u t  
i s  n e v e r t h e l e s s  c loser  to t h e  l a t t e r .  T h e  leve ls  of  T A G  in  
b r a i n s  a n d  r e t i n a  of  t r o u t  a r e  k n o w n  to be  h i g h e r  t h a n  
in  t h e  s a m e  t i s s u e s  f rom cod (10). A n  i n f l u e n c i n g  f ac to r  
m a y  be  t h e  fac t  t h a t  t h e  t r o u t  e x a m i n e d  were  f a r m e d  
fish.  I t  is  wel l  k n o w n  t h a t  f a r m e d  f ish,  i n c l u d i n g  t rou t ,  
h a v e  h i g h e r  l i p id  c o n t e n t s  in  t h e i r  f l esh  t h a n  t h e i r  w i ld  
c o u n t e r p a r t s  (30). W h e t h e r  t h e  l i p id  c lass  c o n t e n t  of  
n e u r a l  t i s s u e s  d i f fers  b e t w e e n  wi ld  a n d  f a r m e d  f ish  or  
w h e t h e r  h i g h  TAG leve ls  a r e  a specif ic  f e a t u r e  of  t h e  
l i p id s  of  t r o u t  n e u r a l  t i s s u e s  r e m a i n s  to be  e s t a b l i s h e d .  

A n o t a b l e  f e a t u r e  of  t h e  b r a i n  of  f i sh  a n d  a n i m a l s  in  
g e n e r a l  is  t h e  h i g h  p r o p o r t i o n  of  E G P  in  t h e  t o t a l  l i p id  
(10,31). I n  bo th  cod a n d  t rou t ,  t h e  E G P / P C  r a t i o  in  b r a i n  
l i p id  is  a p p r o x i m a t e l y  1:1 (10). The  leve l  of  E G P  in  t h e  
p i n e a l  l ip id  is  n o t a b l y  l ower  t h a n  t h a t  of  PC,  t h e  
E G P / P C  r a t i o  b e i n g  0.6:1. Th i s  v a l u e  is  c loser  to  t h e  
0.7:1 o b s e r v e d  for t he  r a t i o  of  t h e s e  two p h o s p h o l i p i d s  in  

t h e  r e t i n a  of  b o t h  t r o u t  a n d  cod (10). The  e t h a n o l a m i n e  
p l a s m a l o g e n  c o n t e n t  of  t h e  p i n e a l  is  m u c h  lower  t h a n  
t h a t  of  f i sh  b r a i n  (36 -38% of  E G P )  (25) a n d  c loser  to t h a t  
o f  r e t i n a  (<5% of  EGP;  Bell ,  M.V., u n p u b l i s h e d  da ta ) .  
T h e  a bse nc e  of  c e r e b ros ide s  in  t h e  l ip ids  of  t h e  p i n e a l  is  
a lso  m o r e  typ i ca l  of  r e t i n a  t h a n  b r a in ,  a s  is  t h e  low 
a m o u n t  of  e t h a n o l a m i n e  p l a s m a l o g e n s  (31). The  ab-  
sence  o f  c a r d i o l i p i n  in  s ign i f i can t  a m o u n t s  in  p i n e a l  
l i p ids  is  u n u s u a l  a s  t h i s  l ip id  c l a s s  is  a c o m m o n  compo- 
n e n t  of  m i t e c h o n d r i a l  m e m b r a n e s  a n d  h a s  b e e n  found  in  
l ip id  e x t r a c t e d  f rom b o t h  f i sh  r e t i n a  a n d  b r a i n  (10). 

T h e  t o t a l  l i p id  a n d  c o m p o n e n t  l ip id  c l a s ses  of  t h e  
p i n e a l  o rgans ,  w i t h  t h e  excep t ion  of  SM, we re  cha rac -  
t e r i z e d  by  h igh  c o n t e n t s  of  P U F A .  N e v e r t h e l e s s ,  t he  con- 
t e n t  of  P U F A  in  t h e  t o t a l  l ip id  of  t r o u t  o r g a n  (31.2%) is  
l ower  t h a n  t h e  c o r r e s p o n d i n g  v a l u e s  of  41.4 a n d  40.6% 
r e p o r t e d  for  t h e  b r a i n  a n d  r e t i n a ,  respec t ive ly ,  of  t h e  
s a m e  spec ies  (10), a n d  is  c o n s i d e r a b l y  less  t h a n  t h e  
P U F A  c o n t e n t  (43.6%) of  t o t a l  l ip id  f rom r a t  p i n e a l  (20). 
T h e  d i s t r i b u t i o n  of  f a t t y  ac ids  a m o n g  t h e  v a r i o u s  l i p id  
c l a s se s  conforms  to wel l  e s t a b l i s h e d  p a t t e r n s .  F o r  e x a m -  
ple,  t h e  l ong -cha in  monoeno ic  f a t t y  ac id  2 2 : 1 n - l l  oc- 
c u r r e d  on ly  in  TAG. T h e  a bse nc e  of  t h i s  f a t t y  acid,  wh ich  
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originates in calanoid zooplankton, is a common feature 
of fish phospholipids (32). The PUFA 18:2n-6 was also 
confined to TAG. It is notable that the total lipid of 
pineal gland contains higher levels of this fatty acid 
than brain in the rat  (20), although it remains to be es- 
tablished whether the 18:2n-6 is specifically associated 
with TAG. The presence of high levels of 16:0 in PC is a 
characteristic feature of this phospholipid, including 
that extracted from trout brain and retina (10) and 
bovine pineal organ (21). The EGP of neural tissues are 
known to be specifically enriched in 22:6n-3 (31), and 
this was also a notable feature observed in the present 
study of the EGP from the trout pineal. The value for 
22:6n-3 in EGP (36%) is slightly higher than the content 
in EGP from trout brain (34%), but less than that of the 
retina EGP (46.3%) of the same species (10). Interest- 
ingly, the 22:6n-3 contents of PC, PI and PS found here 
in the pineal are all intermediate between those found 
in the brain and in the retina. 

The PI of the pineal organ conformed to the well es- 
tablished pattern in fish tissues, whereby PI has a 
higher content of 20:4n-6 than other phospholipids and 
is consequently characterized by a low ratio of n-3 to n-6 
PUFA (32). The actual content of 20:4n-6 in the pineal 
PI (27.4% of total fatty acids) is markedly higher than 
that  reported for trout brain (10.2%) and retina (14.8%) 
and for the same tissues of cod (4.4 and 12.5%, respec- 
tively) (10). The results suggest that in terms of the 
20:4n-6 content of PI the pineal exceeds retina which, in 
turn, exceeds brain. In the rat, the level of 20:4n-6 in the 
total lipids from the pineal organ is also higher than 
that found in brain lipids (20). This is consistent with 
the idea according to which phototransduction might ac- 
tivate phospholipase A 2 with the subsequent formation 
of eicosanoids (33). An involvement of eicosanoids de- 
rived from 20:4n-6 in the light-dependent control of 
melatonin production is therefore indicated. 

Consistent with the overall fatty acid composition of 
EGP, PE contained the highest level (13.0%) of di-22:6 
molecular species of the phospholipids examined. How- 
ever, the value was less than that observed previously in 
trout brain (14.9%), and considerably less than that  in 
trout retina (41.3%) (17). Likewise, di-22:6 molecular 
species of PC and PS were less abundant in the pineal 
than the retina, and only pineal PC had a higher di-22:6 
content than the corresponding phospholipids from 
brain. The other molecular species were all as expected, 
with 16:0/22:6 and 16:0/18:1 dominating PC, 16:0/22:6, 
18:1/22:6 and 18:0/22:6 each comprising 9.6-20.1% of 
PE, and 18:0/22:6 being the predominant PS species. In 
contrast, PI from fish is known to be relatively impover- 
ished with respect to 22:6n-3 containing molecular 
species, while C20 PUFA species are abundant (17,18). 
In trout, retinal PI was predominantly 18:0/20:4n-6 
(40.1%) and brain PI 18:0/20:5n-3 (42.3%) (17). This tis- 
sue specificity in the molecular species composition of PI 
was confirmed in cod, in which 18:0/20:4n-6 was the pre- 
dominant species in liver and roe (36.7 and 49.1%, re- 
spectively) and 18:1/20:4n-6 was the next most abun- 
dant (18,29). In brain, 18:0/20:5n-3 and 18:1/20:5n-3 
comprised over half the PI (18) with arachidonyl species 

totalling only 15.3%, whereas in retina 16:0/22:6, 
18:0/20:4, 18:0/22:6 and 18:0/20:5 were the most abun- 
dant species, in that  order, totalling 84.5% of PI (18). 

The PI from trout pineal organ thus closely resembles 
that of trout retina with 18:0/20:4n-6 predominant. The 
18:0/20:5n-3 species so characteristic of PI from trout 
and cod brain comprised only 10.8% of trout pineal PI. 
Thus, although it is situated adjacent to the brain and is 
very closely associated with the brain, the pineal is al- 
most identical to retina in terms of PI composition. Fur- 
thermore, no 18:1/24:1 was found in the PC of the pineal 
organ, whereas this molecular species comprises be- 
tween 9 and 13% offish brain PC (17,18). 

Although the total lipid of the trout pineal organ has a 
lower content of 22:6n-3 than that found in brain or 
retina, the level is nevertheless still higher than that usu- 
ally observed in other non-neural tissues, such as liver or 
muscle (32). Furthermore, the 22:6n-3 content of individ- 
ual phospholipids is similar to that found in the retina 
and brain. Consequently, the lipid composition of the 
pineal organ displays features typical of nervous tissues. 

Di-22:6n-3 molecular species may be unique to pho- 
toreceptor membranes as these are abundant in rod 
outer segments of many animal species and have re- 
cently also been found, albeit in smaller amounts, in the 
all-cone retina of larval herring (19). The outer seg- 
ments of the pineal photoreceptors, which correspond to 
cone-like cells, are not as well developed compared to 
those of the retinal photoreceptor (3), and the overall 
amount of outer segment membrane per photoreceptor 
cell is probably considerably less in the pineal than in 
the retina. This might explain why the high levels of di- 
22:6n-3 molecular species which characterize the PC, 
and especially PS and PE, of trout and cod retina (17,18) 
were not observed in the trout pineal. 

In conclusion, the present study demonstrates for the 
first time that, in terms of lipid composition, the pineal 
resembles the retina more closely than the brain or 
other tissues. Photoreceptor membranes can now be iso- 
lated from a population of purified pineal cells (34) and 
analysis of their component lipids may disclose specific 
adaptations in lipid composition. This opens interesting 
perspectives for the study of the light-dependent signal 
production by these cells. 
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The effect o f  a diet containing trans-fatty acids (tFA) on the 
fatty acid composit ion and fat accumulat ion in adipose tis- 
sue was invest igated in mice. Male C57Bl/6J mice were fed 
Control or Trans Diets that w e r e  s imilar ,  except that 50% of  
the  18:1, which  was all cis in the Control Diet, was replaced 
by tFA in the Trams Diet. At selected ages, body weight,  epi- 
didymal  fat pad weight,  perirenal fat yield, adipose t issue 
eel],Jl~rity and fatty acid composit ion were examined.  Over 
the t ime period studied (2-24 mon), the proportion of  18.~ 
and 16.~ tended to decrease whi le  cis-18:1 levels  increased. 
Compared to the Control Diet, the  Trans Diet  resulted in 
adipose t issue l ipids with h igher  percentages of  14~ and 
18"~n-6 and lower percentages of  cis-18:1 and 20:4n-6. In 
polar Hpids, tFA replaced saturated fatty acids, whereas  
tFA replaced c/s-18:1 in the nonpolar  Hpids. Body weights  at 
16 and 24 mon of  age and epididymal  fat pad weights  at 8-24 
mon of  age were lower in mice  fed the Trans Diet  as com- 
pared to those fed the Control Diet. At the ages studied, the 
Trans Diet  also resulted in lower values  for perirenal fat 
weights,  triacylglycerol  to polar l ipid ratios, and adipose 
cell  size.  The data suggest  that chronic consumption of tFA 
affects l ipid metabol ism and results in  decreased fat accu- 
mulat ion in murine  adipose tissue.  
Lip ids  29, 319-325 (1994). 

Trans fatty acids (tFA) are not products of de novo fatty 
acid synthesis in animal cells. Nevertheless, tFA are in- 
corporated into most animal and human tissues (1-7). 
The ultimate metabolic fate and the physiological effects 
of tFA have not been fully characterized. However, in 
light of recent findings (8-10), it has become increas- 
ingly clear that  the physiological properties of tFA may 
be substantially different from those of their cis-mono- 
unsaturated counterparts. 

Earlier studies that examined the biological effects of 
tFA have not always included adequate control diets. 
When comparisons are made between diets that differ 
not only in tFA, but also in the proportions of other fatty 
acids, caution must be used not to attribute differences 
solely to the presence of tFA. In our laboratory (11) we 
attempted to blend dietary fats by mixing various edible 
oils so that  the diets differed only in the ratio of 18:lt to 
18:1c fatty acids; by doing so, differences observed are 
more likely related to differences in tFA in the diets. 

Previous work in our laboratory with properly 
matched diets had demonstrated that diets containing 
tFA can depress the percentage of fat in mouse milk (11). 
As the major lipids synthesized in mammary tissue are 
triacylglycerols, and the major products of lipid metabo- 
lism in adipose tissue are also triacylglycerols, we initi- 
ated studies using epididymal fat pads of male C57B1/6J 

ZPresent address: Laboratory of Cellular Metabolism, National 
Heart, Lung and Blood Institute, National Institutes of Health, 
Bethesda, MD 20892. 
*To whom correspondence should be addressed. 
Abbreviations: AIN, American Institute of Nutrition; FAME, fatty 
acid methyl esters; GCGLC, glass capillary gas-liqu/d chromatog- 
raphy; tFA, trans-fatty acids; TLC, thin-layer chromatography. 

mice to determine whether lipid metabolism in adipose 
tissue is also affected by dietary tFA. As we pursued 
these studies, it became clear that diets containing tFA 
affected the fat depot weights and the ratios of triacyl- 
glycerol to phospholipid in epididymal fat pads. These 
findings led us to explore in further detail age-related 
changes in adipose depots of mice fed diets containing 
tFA compared to mice fed a control fat. the results of 
these studies are described here. 

MATERIALS AND METHODS 

Materials. Unless otherwise indicated, all solvents used 
were reagent grade or better. Chloroform, methanol, 
methylene chloride, hexane, diethyl ether and petro- 
leum ether were obtained from J.T. Baker (Phillipsburg, 
NJ); isooctane used as solvent for glass capillary 
gas-liquid chromatography (GCGLC) was obtained from 
Burdick and Jackson (Muskegan, MI). Quadrex (New 
Haven, CT) and Supelco (Bellefonte, PA) were the 
sources of the fused silica GCGLC columns coated with 
SP2340 and SP2560, respectively. Standard fatty acid 
methyl ester (FAME) mixtures that were used for cali- 
bration were from Nu-Check-Prep (Elysian, MN). Silica 
Gel G used for thin-layer chromatography (TLC) of 
FAME and for the separation of nonpolar from polar 
lipids was a product of E. Merck (Elmsford, NY). Silica 
Gel LK 5D TLC plates (20 • 20 cm, 250 pm) used in TLC 
spectrodensitometry were purchased from Whatman 
(Clifton, NJ). 

Some of the dietary components [casein, alphacel, 
American Institute of Nutrition (AIN) (Bethesda, MD) 
mineral mix-76, AIN vitamin mix-76A, dl-methionine 
and choline bitartrate] were obtained from ICN Nutri- 
tional Biochemicals (Cleveland, OH). Sucrose was from 
Mazzeo and Sons (Hyattsville, MD). Commercial frying 
shortening was from Auth Brothers (Washington, DC), 
cocoa butter was from Wilbur Chocolate Co. (Lititz, PA) 
and Pope olive oil from Continental Smelkinson (Jessup, 
MD). Mazola corn oil and soybean oil were purchased 
from local Giant Food supermarkets. 

Diets. The diet ingredients used are given in Table 1. 
Except for the fat source, the two diets were identical. 
The Trans Diet contained a mixture of shortening, corn 
oil and soybean oil, while the source of fat in the Control 
Diet was a mixture of olive oil, corn oil and cocoa butter. 
The fats were blended to yield fatty acid compositions 
(Table 2) that  were essentially the same except that  
--50% of the 18:1, which was all cis in the Control Diet, 
was replaced by tFA in the Trans Diet. Both diets con- 
tained --6 cal% linoleic acid and were in compliance with 
AIN rodent nutritive guidelines (12). 

Animals.  Mice used in these studies were housed in 
our animal facility under controlled conditions of 
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TABLE 1 

Diet Components  in the Control and Trans Diets  

Ingredients a g/kg of diet dry weight 

Sucrose 590 
Casein 200 
Fat b'c 100 
Alphacel 50 
AIN d mineral mix 40 
AIN vitamin mix 15 
Methionine 3.0 
Choline bitartrate 2.0 

aIngredient sources are listed in Materials section. 
bEdible oil content of the diets were: Control Diet, olive oil, 57%; 
corn oil, 31%; and cocoa butter, 12%; Trans Diet, shortening, 
57.15%; corn oil, 33.33%; and soybean oil, 9.52%. 
cSee Table 2 for fatty acid composition of the two diets. 
dAmerican Institute of Nutrition (Bethesda, MD). 

t empera tu re  (=23~ humidi ty  (=60%) and lighting (12 h 
day/night cycle) and were provided food and wate r  
ad libitum. Handl ing and care of mice were done strictly 
according to guidelines of the Animal Care and Use Com- 
mit tee  of the Univers i ty  of Maryland (College Park,  MD). 

Weanling C57Bl/6J mice, obtained from Jackson  Lab- 
oratories (Bar Harbor,  ME), were randomly  assigned as 
ma t ing  pairs  and fed one of the  two diets described 
above. Male offspring were weaned a t  three  weeks of 
age, assigned to the same diet as thei r  respective par-  
ents  and used a t  selected ages in the various studies. Se- 
lection of an imals  used in all exper iments  was done ran-  
domly such tha t  for each exper iment  the  an imals  se- 
lected from a par t icular  diet comprised individuals 
pooled from different litters. 

For each of the following studies, the  num ber  of ani- 
mals  from each diet used a t  each age is given in paren-  
theses. Mice were examined  at  2, 4, 6, 8, 12, 15, 16 and 
24 mon of age to measure  epididymal fat  pad weight  (n 
= 4-6),  body weight  (n = 4-5)  and epididymal  fa t  pad 
fa t ty  acid composition (n = 3). Studies on the amoun t  of 
per i renal  fa t  (n = 20) were done using eight-month-old 
mice, invest igat ions on triacylglycerol/polar lipid rat ios  
(n = 3-5) were done on ten-month-old mice, and studies 
on adipose cell size and  num ber  (n = 3) were done on 24- 
month-old mice. Mice a t  eight months  of age were used 

TABLE 2 

Fatty Acid Composit ion of  Control and Trans D i e t s  = 

Diet 
Fatty acid Control Trails 

16:0 13.4 (0.5) 10.9 (0.7) 
18:0 6.5 (0.4) 9.8 (0.2) 
18:lt nd 25.5 (0.3) 
18:1c 51.1 (0.7) 25.4 (0.6) 
18:2n-6 26.1 (0.6) 25.6 (0.8) 
18:3n-3 0.9 (0.1) 0.9 (0.1) 
aMeans as weight percentage of the total fatty acid methyl esters 
for ten independent determinations with the standard deviation 
given in parentheses; nd, not detected. 

for studies on the fa t ty  acid composition of the nonpolar  
and  of the  polar  lipids of epididymal  fa t  pads  (n = 3, 
pooled samples  of four mice each). 

Adipose tissue weights and body weights. Body 
weights  were recorded prior  to killing the an imals  wi th  
CO 2. Epididymal  fa t  pads and, in some cases, per i renal  
fat  t issue,  were  excised and  weighed. 

Lipid extraction and preparation of FAME. Lipids 
were extracted essential ly as described by Folch et al. 
(13). Tissues were minced and  homogenized in 19 vol of 
chloroform/methanol  (2:1, vol/vol) containing 0.01% 
buty la ted  hydroxytoluene as an antioxidant.  The crude 
lipid extract  was  separa ted  into an organic and an aque- 
ous phase  by the addition of an appropr ia te  amount  of 
0.58% NaC1. The lipid in the lower organic phase  was 
concentrated,  and aliquots (=25 mg) were t ransester i f ied 
with methanol ic  HC1 for 16 h a t  80~ The resul t ing 
FAME were purified on Silica Gel G TLC plates. The ex- 
traction, esterification and purification procedures have  
been described previously (14). 

Separation and analysis of polar and nonpolar lipid. 
Pooled lipids from epididymal fat  pads  of four mice were 
applied (=2 g/plate) to 20 • 20 cm TLC plates coated with 
a 0.5-mm layer  of Silica Gel G. The plates were devel- 
oped three t imes to the top with diethyl ether. After  
spraying with dichlorofluorescein, the polar and nonpo- 
lar  lipid bands  were visible under  ul traviolet  light. Then 
the polar lipid area  and a longitudinal portion of the 
much  larger, nonpolar  lipid area  were scraped into tes t  
tubes. Sufficient anhydrous  methanolic HC1 (2 mL) and 
methylene chloride (3 mL) were added to cover the silica; 
the tubes were vigorously vortexed and incubated a t  
80~ for 16 h to prepare  FAME. The t ransester i f ied lipids 
were extracted with hexane,  and the purified FAME 
were isolated using silica gel TLC as described (14). 

GCGLC. Purified FAME were concentrated under  a 
s t r e am of ni t rogen and dissolved in isooctane for analy- 
sis by GCGLC. Analyses  were conducted on 5830, 5840 
or 5880 Hewle t t -Packard  gas chromatographs  (Avon- 
dale, PA) equipped with flame-ionization detectors and 
capil lary split  injection ports.  A glass column (15 m • 
0.25 ram) coated with SP2340 was used in some of the  
work, but  most  of the  analyses  were conducted on fused 
silica columns (25 m x 0.25 m m  coated with SP-2340 or 
100 m • 0.25 m m  coated with SP-2560). Column condi- 
t ions and other  pa r ame te r s  were essential ly as de- 
scribed previously (14). 

Authentic  mix tures  of FAME were used to identify 
components  and to obtain appropr ia te  response factors. 
When the shor ter  columns were used, correction factors 
were required as trans-octadecenoates (18:1t) were un- 
deres t imated  and  cis-octadecenoates (18:1c) were over- 
est imated.  To establ ish the correction factors, a rgenta-  
t ion TLC was used to isolate the 18:1t and 18:1c frac- 
tions from the Trans  Diet fat  as described previously 
(14). After adding in ternal  s tandards  to the separa ted  
18:1 fractions, a series of mixtures  were prepared,  the 
mix tures  were analyzed on the 15- and  25-m columns, 
appropr ia te  correction factors were determined,  and an  
equat ion re la t ing  the correction factors and the observed 
percentage of the 18:lt  in the total  18:1 was developed 
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for each column essentially as described previously (14). 50 
The equation was then used to obtain the correction fac- 
tor for the 18:1t fraction in each sample analyzed on that  
specific column. Because the sum of the 18:1c and 18:lt 
before and after correction should be identical, corre- 
sponding correction factors for the 18:1c fraction in each "-" 40 
sample were obtained algebraically, w 

Triacylglycerol/polar lipid ratio. Relative levels of tri- ~= 
D) 

acylglycerols to polar lipids were determined using TLC "~ 
densitometry. Duplicates of total lipid extracts for each 
sample were spotted on Whatman silica gel LK 5D 20 • 

o 3 0  20 cm, 250-~m plates. Graded amounts of triacylglycerol no 
(previously isolated from mouse epididymal fat pads) 
and phospholipid (egg phosphatidylcholine, --99% pu- 
rity; Sigma Chemical Co., St. Louis, MO) were spotted 
on separate lanes to obtain a standard curve for the non- 
polar and polar lipid fractions. The plates were devel- 20 
oped in hexane/diethyl ether/formic acid (80:20:2, by 
vol), allowed to air-dry, dipped momentarily in 2% sulfu- 
ric acid, and charred at 170~ essentially as described 3 
by Bitman et al. (15). The plates were then scanned o) 
using a Shoeffel Instruments Model SD3000 spectroden- 
sitometer (Westwood, NJ) equipped with a Hewlett- e- 
Packard 3390A Reporting Integrator. 

o ~  

Adipose tissue cellularity. Epididymal fat pads were ~ 2 
excised and immediately transferred to normal saline at "D 
37~ Pools of proximal, distal and medial fragments to- m n 
talling less than 100 mg per fat pad were used for os- 
mium fixation as described by Hirsch and Gallian (16). ~ 

Statistics. The results of most experiments were ana- ~ 1 
lyzed using the t-test or analysis of variance. Regression E 
analysis was used to test the inverse relationship be- ~" 
tween body weights and adipose tissue 18:1t content. 

e~ 
Ill 

RESULTS 

Body weights and epididymal fat pad weights for mice 
on the two diets are given in Figure 1. The general pat- 
terns obtained over the time period examined were sim- 
ilar. Both body weight and epididymal fat pad weight in- 
creased up to 15 or 16 mon of age and then appeared to 
decline sharply. Compared to mice fed the Control Diet, 
mice on the Trans Diet had lower body weights (P < 
0.05) at the two oldest ages examined (16 and 24 mon) 
and lower epididymal fat pad weights (P < 0.05) at all 
ages examined between 8 and 24 mon. When the body 
weights of the mice on the Trans Diet were plotted 
against their epididymal fat 18:lt content (Fig. 2), a sig- 
nificant inverse correlation (r = 0.68, P < 0.002) was ob- 
served. 

Diet related differences were also evident when the 
amount of perirenal fat at eight months of age (Fig. 3) 
was examined and when epididymal fat pad triacylglyc- 
erol to polar lipid ratios were studied at ten months of 
age (Fig. 4). The yield of perirenal fat from mice fed the 
Trans Diet was only about half of that  isolated from 
mice fed the Control Diet (P < 0.0004), and the triacyl- 
glycerol to polar lipid ratio in epididymal fat pad lipids 
of mice fed the Trans Diet was about one-fourth (P < 
0.025) of that observed in mice fed the Control Diet. 
These differences were apparently related primarily to 

! I 

10 20 0 3 0  

0 3 0  10 20 

A g e  ( m o n t h s )  

FIG. 1. Top p a n e l  d e p i c t s  b o d y  w e i g h t s  o f  m i c e  o n  C o n t r o l  
D i e t  o r  Trans  D i e t  at  v a r i o u s  ages .  B o t t o m  p a n e l  d e p i c t s  
e p i d i d y m a l  fa t  p a d  w e i g h t s  o f  m i c e  o n  t h e  t w o  d i e t s  at  var-  
i o u s  a g e s .  S q u a r e s  a r e  d a t a  for  m i c e  o n  th e  C o n tro l  Diet ;  
t h e  t r i a n g l e s  a r e  d a t a  for  m i c e  o n  t h e  Trans  Diet .  V a l u e s  are  
m e a n s  • S E M  o f  t h r e e  m i c e  p e r  d i e t  at  e a c h  a g e  group;  * in-  
d i c a t e s  t h a t  v a l u e s  f rom m i c e  f e d  t h e  Trans  D i e t  w e r e  s ig-  
n i f i c a n t l y  s m a l l e r  (P < 0.05) t h a n  t h o s e  f e d  t h e  C o n t r o l  Diet .  

changes in cell size rather than cell number, as studies 
of adipose cellularity at 24 mon of age (data not shown) 
revealed that the average size of epididymal fat pad cells 
isolated from mice fed the Trans Diet was about 25% 
less (P < 0.0001) than that of cells isolated from mice fed 
the Control Diet. Differences in cell numbers were not 
statistically significant. 

The effects of diet and age on fatty acid composition of 
epididymal fat pads in mice are depicted in Table 3. Age- 
related trends include a decrease in the proportion of 
16:0 and possibly 18:0 as well as an increase in the pro- 
portion of 18:1c with age. Compared to the Control Diet, 
the Trans Diet tended to result in higher proportions of 
14:0 and 18:2n-6 and lower proportions of 18:0, 18:1c 

LIPIDS, Vol. 29, no. 5 (1994) 



322 

S. ATAL ET AL. 

50 

A OD 

r 
Jr 

| 

~n 

40" 

30" 

R = 0 . ~ ,  P =  0 . ~  

0 

O O O 

O ~ O 

0 0 0 ~ ' - , ~ . ~  0 

o 

2o 
7 ; 9 1'0 11 

% 18:1t 

FIG.  2. R e l a t i o n s h i p  b e t w e e n  % t r a n s  18:1 i n  e p i d i d y m a l  
a d i p o s e  t i s s u e  a n d  m o u s e  b o d y  w e i g h t s .  Va lues  a r e  fo r  21 
m i c e  o n  t h e  T r a n s  Diet .  
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FIG.  4. T r i a c y l g l y c e r o l / p o l a r  Hp id  r a t i o s  i n  e p i d i d y m a l  adi -  
p o s e  t i s s u e  a s  e s t i m a t e d  b y  t h i n - l a y e r  c h r o m a t o g r a p h y  den -  
s i t o m e t r y .  Va lues  a r e  m e a n s  • SEM o f  r a t i o s  o b t a i n e d  f r o m  
t h r e e  m i c e  o n  e a c h  d ie t .  

and 20:4n-6. Relative to the percentages present in the 
diets, proportionately more 18:1c was present in epi- 
didymal fat pads isolated from mice fed the Trans Diet. 

The fatty acid compositions of polar and nonpolar 
lipids of epididymal fat pads isolated from eight-month- 
old mice fed the Control or Trans Diet are summarized 
in Tables 4 and 5. In the polar lipids (Table 4), the in- 
corporation of 18:lt was accompanied by a reduction in 
the proportion of 16:0 and 18:0, but not of 18:1c. By con- 
trast, in the nonpolar lipids (Table 5), the Trans Diet 
caused significantly lower proportions of 18:1c, but not 
of 16:0 and 18:0. In the polar lipids, but not in the non- 
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FIG.  3. P e r i r e n a l  f a t  w e i g h t s  o f  e i g h t - m o n t h - o l d  mice .  Val- 
u e s  a r e  m e a n s  • SEM f r o m  t h r e e  m i c e  o n  e a c h  d ie t .  

polar lipids, the value for the sum of 18:lt plus satu- 
rated fatty acids in tissue isolated from mice fed the 
Trans Diet was close to the value for total saturated 
fatty acids in tissues isolated from mice fed the Control 
Diet. 

DISCUSSION 

The major observations made in the present study were 
the effects of diet on fat accumulation in male mice. 
Compared to mice on the Control Diet, mice fed the 
Trans Diet for at least eight months had lower epididy- 
mal fat pad weights, a lower triacylglycerol/polar lipid 
ratio in lipids isolated from epididymal fat pads, a lower 
perirenal fat weight and a smaller epididymal fat cell 
size. Also, at the two oldest ages examined, the mice on 
the Trans Diet had lower body weights than the mice fed 
the Control Diet. These findings suggest that compared 
to the Control Diet, chronic consumption of the Trans 
Diet resulted in decreased fat accumulation in different 
adipose depots. Recent studies (17) with 3T3-L1 cells, a 
subclone of Swiss mouse embryo 3T3 fibroblasts, sug- 
gest that this phenomenon may be common for adipose 
tissue in mice. 

These data are in conflict with those of Ostlund- 
Linqvist et  al .  (18), who reported that  adipocytes from 
rats fed tFA had significantly larger adipose cells as 
compared to those fed a control diet. Species-specific dif- 
ferences with regard to the effects of dietary fats or the 
extent of feeding may account for the conflicting data. In 
the earlier study (18), four-week-old rats were fed for 
only two months. However, differences in the methodol- 
ogy used to examine adipose cell size may also be re- 
sponsible. Adipocytes are very fragile under ex  v i vo  con- 
ditions, and the possibility of cell breakage cannot be 
ruled out. In addition, differences in fatty acid composi- 
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TABLE 3 

Fatty Acid Composit ion of  Epididymal Adipose Tisse in Mice Fed Control and Trans Diets for 2-24 Months a 

323 

Age (months) 

Fatty acid Diet 2 4 6 8 12 15 16 24 SEM 

14:0 Control 0.8 0.8 0.6 0.6 0.7 0.7 0.7 0.7 0.04 
Trans 1.1 0.9 1.0 b 1.0 b 0.7 0.9 0.8 1.1 0.04 

16:0 Control 17.1 16.6 14.9 14.7 13.9 13.7 12.9 11.5 0.38 
Trans 17.3 15.0 15.2 15.6 13.6 12.8 12.0 10.6 0.38 

16:1c Control 6.2 6.6 8.0 8.1 7.7 8.7 7.0 6.3 0.44 
Trans 8.0 8.5 6.2 6.3 7.5 8.5 6.2 6.8 0.44 

18:0 Control 2.1 1.6 1.2 1.5 1.5 1.1 1.0 1.3 0.11 
Trans 1.9 1.2 1.2 1.3 1.1 b 1.0 1.1 1.0 0.11 

18:1c Control 54.7 55.9 59.1 57.4 58.7 59.0 58.2 62.9 0.83 
Trans 39.7 b 42.5 b 44.1 b 42.2 b 45.8  b 45 .0  b 45.2 b 49.7 b 0.83 

18:lt Control nd nd nd nd nd nd nd nd - -  
Trans 9.1 8.6 8.8 8.9 8.5 8.5 9.7 9.4 0.63 

18:2n-6 Control 17.8 17.2 16.4 18.1 17.3 16.1 17.4 15.6 0.37 
Trans 18.0 18.6 b 18.6 b 18.7 18.4 b 19.2 b 19.5 b 15.1 0.37 

20:4n-6 Control 0.3 0.4 0.3 0.4 0.4 0.4 0.4 0.3 0.02 
Trans 0.2 b 0.2 b 0.3 0.2 b 0.2 b 0.3 b 0.3 b 0.3 0.02 

aValues are means of three independent determinations of weight percentage as fatty acid methyl esters, with SEM in the last column; 
nd, not detected. 

bFatty acid value of mice on the Trans Diet was significantly different (P < 0.05) from that of mice on the Control Diet in the same age 
group. 

TABLE 4 

Fatty Acid Composit ion of Polar Lipids Isolated 
from Epididymal  Fat Pads of  Eight-Month-Old Mice a 

Fatty acid Control Diet Trans Diet SEM P value 

14:0 0.4 0.3 0.02 0.73 
16:0 18.7 14.4 2.0 0.24 
18:0 17.4 9.6 1.1 0.11 
18:1c 29.5 25.8 2.3 0.47 
18:lt nd 13.1 - -  - -  
18:2n-6 14.1 15.6 1.2 0.51 
20:4n-6 7.4 8.7 1.1 0.35 

Total (18:1c + 18:lt) 29.5 35.4 
Total saturated 36.4 24.3 
Total (saturated + 18:lt) 36.4 34.0 

aValues are means of three independent determinations of the 
weight percentage as fatty acid methyl ester with the standard 
error of the mean (SEM) and probability (P) values given in the 
last two columns; nd, not detected. 

TABLE 

Fatty Acid Composit ion of Nonpolar  Lipids Isolated from 
Epididymal Fat Pads of  Eight-Month-Old Mice a 

Fatty acid Control Diet Trans Diet SEM P value 

14:0 0.7 0.9 0.02 0.004 
16:0 14.9 14.7 0.2 0.33 
18:0 1.5 1.4 0.03 0.59 
18:1c 57.9 45.2 0.2 
18:lt nd 8.1 0.1 - -  
18:2n-6 16.3 18.2 0.1 0.005 
20:4n-6 0.4 0.2 0.01 0.001 

Total (18:1c + 18:t) 57.9 53.2 
Total saturated 17.1 17.0 
Total (saturated + 18:lt) 17.1 25.1 

aValues are means of three independent determinations of the 
weight percentage as fatty acid methyl ester with the standard 
error of the mean (SEM) and probability (P) values given in the 
last two columns; nd, not detected. 

t ion  m a y  a l t e r  cell  m e m b r a n e  p rope r t i e s  and  dif feren-  
t i a l ly  affect  t h e  type  and  e x t e n t  of  cell  damage .  In  t he  
ea r l i e r  s tudy  (18), t he  ep id idyma l  fa t  pads  were  f rozen 
pr ior  to e s t i m a t i n g  cell  s ize by v i sua l  coun t ing  tech-  
n iques ,  and  po ten t i a l ly  ex t ens ive  cell d a m a g e  w i t h  dif- 
f e r en t i a l  effects  on m e m b r a n e s  of  d i f fe ren t  compos i t ion  
m a y  h a v e  occurred.  

I t  was  of  i n t e r e s t  in  our  s tudy  t h a t  t he  diet-  and  age- 
r e l a t ed  r e su l t s  ob ta ined  in  t he  body w e i g h t  and  epididy-  
m a l  fa t  pad  w e i g h t  (Fig. 1) e x p e r i m e n t s  c losely pa ra l -  
le led  each  other ,  espec ia l ly  a t  t he  o lder  ages.  S i m i l a r  ef- 

fects  of  age  and  d ie t  on body w e igh t s  of  mice  h a v e  b e e n  
no ted  p rev ious ly  (19). Rega rd l e s s  of  diet ,  m a l e  mice  con- 
t i n u e d  to exh ib i t  body g r o w t h  t i l l  =1.5 yea r s  of  age,  a f t e r  
wh ich  t i m e  t h e  body w e igh t s  t e n d e d  to decl ine  sharply.  
As the  a v e r a g e  life span  for m a l e  mice  has  been  de- 
scr ibed as be ing  1 -2  yea r s  (20), t he  g r o w t h  curve  phe-  
n o m e n o n  m a y  s imply  ref lec t  t he  n o r m a l  ag ing  process.  

Of  g r e a t e r  r e l e v a n c e  to t he  p r e s e n t  s tud ies  were  t he  
ea r l i e r  r e su l t s  ob t a ined  w i t h  d ie t s  con t a in ing  tFA. Com- 
p a r e d  to o the r  diets ,  t hose  con t a in ing  19 a n d  61% tFA 
r e s u l t e d  in  lower  body w e igh t s  of  mice  a t  13 and  19 m o n  
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of age, but  not at  the younger  ages examined (19). This 
was similar to our  present  observations. In the earlier  
studies (19), differences in body growth due to diet were 
ascribed to essential  fa t ty  acid deficiency, as the 18:2n-6 
levels in the diets were different. In our studies, a sim- 
ple essential  fa t ty  acid deficiency was unlikely as the 
levels of both 18:2n-6 and 18:3n-3 were equivalent  in 
both diets. I t  is more likely tha t  the presence or absence 
oftFA was responsible for the effect of diet on the growth 
curve of mice, because the most obvious characteristic 
common to the earlier  (19) and present  studies was tha t  
mice with lower body weights were chronically fed par- 
tially hydrogenated fats. 

When the body weights of mice on the Trans Diet were 
plotted against  the percent  18:lt  in their  epididymal fat  
pads, a statistically significant inverse correlation was 
obtained (Fig. 2). No such relationship was detected be- 
tween body weight and other  major tissue fat ty  acids for 
mice on ei ther  diet. Because tFA are not synthesized by 
animal t issues and deposition of 18:lt  in adipose tissue 
is highly correlated to the level of dietary 18: i t  (21), one 
would expect 18:lt  in adipose tissue to be a positive 
marke r  of food intake. I f  higher  tissue 18:lt  is a reflec- 
tion of higher  food intake, a positive correlation with 
body weight would be predicted, r a the r  than  the inverse, 
as was observed herein. In the present  studies, mice 
were fed ad  l i b i t um  and food intake was not measured.  
However, a role of food intake to explain the above phe- 
nomena seems unlikely, as we have data  from other  
studies (22-24) tha t  indicate tha t  food intake between 
mice fed Trans and Control Diets is quite similar. 

Detailed analysis of the fat ty  acids in epididymal fat  
tissue (Tables 3-5) revealed several significant pat terns.  
The major adipose tissue sa tura ted  fat ty  acids, 16:0 and 
18:0, appeared to decrease with age, while the major cis- 
unsa tu ra ted  fat ty acid, 18:1c appeared to increase with 
age. These findings agree with and fur ther  confirm ear- 
lier reports (25,26) tha t  show changes in fat ty acid com- 
position of adipocytes with age. Comparisons of 18:1c in 
epididymal adipose tissue of mice fed the two diets re- 
vealed tha t  the percentages of 18:1c in the tissues were 
not in proportion to the percentages in the diet, sug- 
gesting tha t  preferential  synthesis or incorporation of 
18:1c may have occurred in epididymal fat  pads of mice 
fed the Trans Diet. 

When the composition of the nonpolar and polar lipids 
was examined (Tables 4 and 5), the pa t te rn  of incorpo- 
rat ion of tFA resembled tha t  of sa tura ted  fat ty acids in 
the polar lipids and tha t  of the c i s - m o n o u n s a t u r a t e d  
fa t ty  acids in the nonpolar  lipids. Wood (4) observed a 
similar phenomenon in rats.  Although the functional 
significance of these observations cannot  be ascertained 
from the present  studies, it  is tempt ing to suggest tha t  
the ability of acylating enzymes to recognize tFA differs 
greatly for different lipid classes. 

In the present  studies, diet related effects on 14:0, 
18:2n-6 and 20:4n-6 were also noted. Levels of both 14:0 
and 18:2n-6 tended to be higher  in epididymal fat  pads 
of mice fed the Trans Diet, whereas 20:4n-6 tended to be 
lower. In view of the potential  role of 14:0 as an  essen- 
tial component of many  acylated proteins (27), the 

higher  levels of myristic acid, which were seen in total 
and nonpolar  lipids, but  not in polar lipids, may  be im- 
portant.  The effect of tFA on 18:2n-6 and 20:4n-6 has 
been noted previously and has been a t t r ibuted to inhibi- 
tion of desaturat ion in the conversion of 18:2n-6 to 
20:4n-6 (28). 

Whether  the results of these studies can be extrapo- 
lated to other  species, including humans,  is unknown 
and would require thorough investigation. One of the 
major problems in extrapolating dietary studies of tFA 
in animals to humans  is the lack of information on the 
tFA content of common foods and disagreement  regard- 
ing the dietary intake of tFA in humans  (21,29). Recent 
est imates of the average intake of tFA in the United 
States have been reported to be 8.1 g (29) or 13.3 g (21) 
per capita. Based on these values and NHANES III 
(Third National Heal th  and Nutr i t ion Examinat ion Sur- 
vey) est imates of =2,100 calories (30) for the average per  
capita total food energy intake in the United States, the 
per capita tFA intake would be =3.5% or =5.7% of total 
calories in humans.  In our mouse study, the 18:1t repre- 
sented 5.6% of the total calories, and the minimum re- 
quired to observe effects on adipose t issue was not de- 
termined. 

Although the threshold required for the effect is un- 
known, it is clear tha t  chronic consumption of diets con- 
taining part ial ly hydrogenated fat influences lipid me- 
tabolism and the amount  of lipid deposited in adipose 
tissue of mice. The results are consistent with an effect 
of dietary tFA on the synthesis or breakdown of triacyl- 
glycerols; however, the underlying mechanisms involved 
are unclear. Various metabolic factors, including li- 
pogenic enzymes, influence fat  storage. Additional stud- 
ies are underway to examine the effects of dietary tFA 
on selected lipogenic enzyme activities in adipose cells. 
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This  s tudy  was  d e s i g n e d  to  e x a m i n e  the  v a r i a t i o n s  
a m o n g  rat  s tra ins  in  h e p a t i c  fat ty  ac id  d e s a t u r a s e  act iv-  
i t i e s  and  to d e t e r m i n e  the  corre la t ions  b e t w e e n  th e  ac- 
t i v i t i e s  o f  t h e s e  e n z y m e s  a nd  the  l eve l s  o f  e a c h  microso-  
mal  fat ty  acid.  Wistar rats  f rom two  d i f ferent  sources  as  
w e l l  as  Long-Evans  and  S p r a g n e - D a w l e y  rats  w e r e  se- 
l e c t ed  to  assess ,  u n d e r  s tandard  and  i de n t i c a l  experi -  
m e n t a l  cond i t ions ,  the  Hver A5 and  A6 d e s a t u r a s e  act iv-  
i t ies .  Both  d e s a t u r a s e  ac t iv i t i e s  w e r e  s i g n i f i c a n t l y  re- 
d u c e d  by  56% in  S p r a g u e - D a w l e y  rats  w h e n  c o m p a r e d  
to  BB-Wistar contro l  rats,  w h e r e a s  i n t e r m e d i a t e  re- 
d u c e d  v a l u e s  w e r e  de tec ted  in  Wistar (CR) a nd  Long- 
E v a n s  strains .  The  ac t iv i t i e s  o f  A5 a nd  A6 d e s a t u r a s e s  
w e r e  s i g n i f i c a n t l y  a nd  p o s i t i v e l y  corre la ted  w i t h  e a c h  
other.  However ,  no  s i g n i f i c a n t  corre la t ions  w e r e  de- 
t ec t ed  b e t w e e n  e i ther  A5 or A6 d e s a t u r a s e  ac t iv i t i e s  an d  
l eve l s  o f  a n y  o f  the i r  fatty  ac id  subs tra tes  or  a n y  o ther  
o f  t he  major  m i c r o s o m a l  fat ty  acids .  Fat ty  ac id  compo-  
s i t i on  o f  m i c r o s o m a l  tota l  Hpids s h o w e d  s tra in  depen-  
dency.  A p o s i t i v e  corre la t ion  wa s  de tec ted  b e t w e e n  th e  
m i c r o s o m a l  l eve l s  o f  the  two  major  f ina l  p r o d u c t s  o f  
b o t h  desa turases ,  n a m e l y  20:4n-6 a nd  22.~n-3. In gen- 
eral,  the  s u m  of  n-3 or n-6 fat ty  ac ids  but  not  the  rat io  o f  
one  to  the  other,  var i ed  a m o n g  rat  s trains .  The  s tu d y  
d e m o n s t r a t e d  that  A6 a nd  A5 d e s a t u r a s e  ac t iv i t i e s  are  
s train-re lated.  The  data  a l so  s u g g e s t e d  that  (i) th e  de- 
s a t u r a t i o n  ac t iv i ty  s h o u l d  be  m e a s u r e d  ~ nd  not  pre- 
d i c t ed  from the  fat ty  ac id  c o m p o s i t i o n  a nd  (ii) d i f ferent  
rat  s tra ins  s h o u l d  be  u s e d  for l ip id  m e t a b o l i c  s tu d ie s  be- 
fore  c o n c l u s i o n s  are  d r a w n  for rats  in  genera l .  
Lipids 29, 327-331 (1994). 

There are several fatty acid desaturases that  are mem- 
brane-bound and immunologically distinct enzymes 
(1,2). Delta-5 and A6 desaturases are required to convert 
dietary linoleic acid (18:2n-6) and a-linolenic acid 
(18:3n-3) to their metabolites, such as dihomo-T-linolenic 
acid (20:3n-6), arachidonic acid (20:4n-6), eicosapen- 
taenoic acid (20:5n-3) and docosahexaenoic acid (22:6n- 
3), for membrane phospholipid and eicosanoid synthesis 
(3). Polyunsaturated fatty acids of the n-9 type are also 
produced by these enzymes. Age, season (4), circadian 
rhythm (5), disease, hormonal (6) and dietary status (7) 
are factors that  alter A5 and A6 desaturase activities 
through different mechanisms (8). The activities of these 
enzymes also vary between animal species as well as be- 
tween different organs of the same species (9,10). For ex- 
ample, there is a lack or near lack of A6 desaturase in fe- 
lines (11) while rat  hepatocytes desaturate linoleic acid 
rapidly relative to the rates found in rat  heart  or kid- 
neys (10). 

*To whom correspondence should be addressed at Efamol Research 
Institute, P.O. Box 818, Kentville, Nova Scotia, B4N 4H8 Canada. 
Abbreviations: EDTA, ethylenediaminetetraacetic acid; FAME, 
fatty acid methyl ester; HPLC, high-performance liquid chro- 
matography. 

Rat liver microsomes are the most thoroughly studied 
system and are generally considered as the standard 
model for desaturation experiments (12). However, the 
rat strains used in the studies differ from one laboratory 
to another, and in some cases, in the same laboratory be- 
tween experiments. 

Rats of different genetic origin are known to differ in 
various biological and biochemical responses, including 
their susceptibility to adjuvant disease (13), their chy- 
lomicron metabolism and cholesterolemic response (14), 
and in their resistance to the myocardial lesions caused 
by dietary erucic acid (15). Dietary fatty acids also affect 
plasma lipids and 5-1ipoxygenase products of different 
rat strains in different ways (16,17). However, the vari- 
ations in the activity of fatty acid desaturases among rat 
strains had not been examined previously. 

We therefore determined the liver A5 and A6 desat- 
urase activities of four commonly used strains of labora- 
tory rats under identical experimental conditions. The 
correlations between the two enzyme activities and be- 
tween the microsomal fatty acid concentrations are also 
presented. 

MATERIALS AND METHODS 

Chemicals and radiochemicals. All organic solvents and 
chemicals were of reagent grade and were obtained from 
British Drug House Inc. (Toronto, Ontario, Canada). 
Lipid standards were from Nu-Chek-Prep (Elysian, 
MN). Niacinamide, N-acetylcysteine, ATP, co-enzyme A 
and NADH were obtained from Sigma Chemical Co. (St. 
Louis, MO). [1-14C]Linoleic and [1J4C]dihomo-7 - 
linolenic acids (99% radiochemical purity; 53.0 and 54.9 
mCi/mmol, respectively) were purchased from DuPont 
Canada Inc. (Markham, Ontario, Canada). 

Animals and diets. Female Wistar (CR), Long-Evans 
and Sprague-Dawley rats were obtained from Charles 
River Canada Inc. (St. Constant, Quebec, Canada). Fe- 
male BB-Wistar control rats were kindly provided by the 
Health Protection Branch of Health and Welfare (Ot- 
tawa, Ontario, Canada). Animals were housed three per 
cage in a temperature-controlled environment (22 _+ 2~ 
with a 12 h light/dark cycle and were fed Rodent Labo- 
ratory Chow No. 5001 (Ralston Purina Co., St. Louis, 
MO) and water, ad libitum, for 7 d immediately after ar- 
rival. All rats were two months old weighing 190 _+ 5 g 
at the time of sacrifice. 

Isolation of hepatic microsomes. Nonfasted rats were 
sacrificed by cervical dislocation at 9:30 a.m. to avoid 
variations in enzyme activity caused by circadian 
rhythm (5) and to obtain a substantial and even, though 
not maximal, activity of liver desaturase (5,7). Livers 
were quickly rinsed with cold 0.9% NaC1 solution, 
weighed and minced with scissors. All procedures were 
performed at 4~ unless specified otherwise. Micro- 
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somes were isolated by differential ultracentrifugation 
as previously described (18). Briefly, livers were homog- 
enized in a solution (1:3, wt/vol) containing 0.25 M su- 
crose, 62 mM potassium phosphate buffer (pH 7.0), 0.15 
M KC1, 1.5 mM N-acetylcysteine, 5 mM MgC12 and 
0.1 mM ethylenediaminetetraacetic acid (EDTA) using 
four strokes of a Potter-Elvehjem tissue homogenizer. 
The homogenate was centrifuged at 10,400 • g for 20 
min to eliminate mitochondria and cellular debris. The 
supernatant was filtered through a three-layer cheese- 
cloth and was centrifuged at 105,000 • g for 60 min. The 
microsomal pellet was gently resuspended in the same 
homogenization solution with a small glass/Teflon ho- 
mogenizer and kept frozen at -70~ until used, as re- 
ported elsewhere (19). The absence of mitochondrial con- 
tamination was enzymatically assessed as previously 
described (20). The protein concentration was measured 
by the method of Lowry et al. (21) with bovine serum al- 
bumin as the standard. 

Desaturase assays. The activities of A5 and A6 desat- 
urases were determined by measuring the conversion of 
[1-14C]20:3n-6 (dihomo-T-linolenic acid) to [1-14C]20:4n-6 
(arachidonic acid) and of [1-14C]18:2n-6 (linoleic acid) to 
[1-14C]18:3n-6 (T-linolenic acid), respectively. The condi- 
tions for the desaturation assays were those described 
by Leikin and Brenner (22), under which the enzymes 
are saturated with substrates and the reactions are lin- 
ear with incubation time. Reactions were started by 
adding 2 and 3 mg of microsomal protein for A5 and A6 
desaturase, respectively, to preincubated tubes contain- 
ing 0.20 ~Ci of the substrate fatty acid at a final con- 
centration of 33.3 ~ in 1.5 mL of the homogenization 
solution, containing NaF (42 mM), niacinamide 
(0.33 mM), ATP (1.57 mM), NADH (1.01 mM) and coen- 
zyme A (0.09 mM) as described (22). The tubes were vor- 
texed vigorously, and after 15 min incubation in a shak- 
ing water bath (37~ the reactions were stopped by the 
addition of 2 mL of 10% (wt/vol) KOH in ethanol. Lipids 
in the incubation mixture were saponified at 80~ for 45 
rain under N 2. The samples were then left in ice for 5 
min before acidification. The fatty acids were extracted 
with hexane and esterified with BF3/methanol at 90~ 
for 30 min (23). 

Radiolabeled fatty acid methyl esters (FAME) were 
analyzed as previously described (24). Analyses were 
done by high-performance liquid chromatography 
(HPLC) using a Waters instrument (Waters Associates, 
Milford, MA) equipped with a variable wavelength ul- 
traviolet-vis monitor (set at 205 nm), a radioisotope de- 
tector (model 171; Beckman, Palo Alto, CA) with a solid 
scintillator cartridge (97% efficiency for 14C-detection) 
and an ultrasphere ODS column 25 cm • 4.6 mm i.d. 
(5 ~Jm particle size; Beckman). FAME were separated 
isocratically with acetonitrile/water (95:5, vol/vol) at a 
flow rate of 1 mL/min, and were identified by compari- 
son with authentic standards. 

Lipid analysis. Lipids were extracted from liver mi- 
crosomes with chloroform/methanol (2:1, vol/vol) accord- 
ing to the method of Folch et al. (25) and were transes- 
terified to form methyl esters as previously described 
(23). The fatty acid composition of microsomal total 

lipids was determined by gas-liquid chromatography 
using a Hewlett-Packard instrument (model 5880; Avon- 
dale, PA) equipped with flame-ionization detector and a 
glass column (2 mm i.d. • 180 mm) packed with GP 10% 
SP-2330 (Supelco Canada Ltd., Oakville, Ontario, 
Canada) as previously described (26). 

Statistical analysis. The results are expressed as 
means _+ standard deviation. The significance of differ- 
ences was determined using a two-tailed Student's t- 
test. A difference was considered significant at P < 0.01 
unless specified otherwise in the text. Regression analy- 
sis was by the least-squares method. 

RESULTS 

Strain variations in hepatic A5 and A6 desaturase activ- 
ity are shown in Figure 1. Both desaturase activities 
were significantly reduced by 56% in Sprague-Dawley 
rats when compared to BB-Wistar control rats, whereas 
intermediate reduced values were detected in Wistar 
(CR) and Long-Evans strains. A linear regression analy- 
sis of these data showed a significant positive correla- 
tion (correlation coefficient, r = 0.81; P < 0.01) between 
A5 and A6 desaturase activities (Fig. 2). This figure 
shows two areas defined by the desaturase activities of 
Sprague-Dawley and BB-Wistar control rats that  en- 
close a third area determined by the Long-Evans and 
Wistar-CR desaturase activities. 

The fatty acid composition of the microsomal total 
lipids showed strain dependency (Table 1). The percent- 
ages of the major polyunsaturated fatty acids, 20:4n-6 
and docosahexaenoic acid (22:6n-3), and the sum of n-6 
fatty acids minus 18:2n-6 were significantly lower in 
Sprague-Dawley rats as compared to the other three 
strains. This decrease was balanced by an increase in 
palmitic (16:0), linoleic (18:2n-6) and eicosapentaenoic 
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FIG. 1. L iver  microsomal  A5 and A6 desaturase activity in 
four rat strains. Animals  were  treated and incubat ions  
were  performed under  ident ical  experimental  condit ions.  
The act ivi t ies  of  A5 and A6 desaturases  were  determined  by 
m e ~  the convers ion of  [1-14C]2(P~n-6 to [1-14C]20:4n-6 
and of  [1- 4C]18:2n-6 to [1-14C]18"~n -6, respectively, as de- 
tai led under  the Materials and Methods section. Values are  
the  me~nR • SD of  at least  four animals.  The superscr ipts  
denote  stat is t ical ly signif icant  differences (P < 0.01) to eBB- 
Wistar control, bWistar~CR and eLong-Evans. 
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FIG. 2. R e l a t i o n s h i p  b e t w e e n  A5 a n d  A6 d e s a t u r a s e  act ivi -  
t i e s  o f  (b )  BB-Wistar control ,  (g)  Wistar-CR, ([:3) Long-Evans  
a n d  ( ~ )  S p r a g u e - D a w l e y  rats.  The  ac t iv i t i e s  o f  A5 a n d  A6 de- 
sa turases  w e r e  d e t e r m i n e d  b y  m e a s u r i n g  t h e  c o n v e r s i o n  o f  
[1-t4C]20:3n-6 to  [1-t4c]20:4n-6 a n d  o f  [1-]4C]18:2n.6 to 
[1-14C]18".3n-6, respect ive ly ,  as  d e t a i l e d  u n d e r  the  Mater ia l s  
a n d  Methods  section~ R e g r e s s i o n  a n a l y s i s  w a s  by  the  least-  
squares  m e t h o d .  E a c h  p o i n t  r epresen t s  t h e  m e a n  o f  dupl i -  
cate  determinations. 

(20:5n-3) acid  concen t ra t ions .  In  genera l ,  t he  s u m  of n-3 
and  n-6 f a t ty  acids,  bu t  not  t he  ra t io  of  t he  two, v a r i e d  
s ign i f i can t ly  a m o n g  the  s t ra ins .  Table  1 a lso  shows  t h a t  
t h e  r a t ios  of  A5 a n d  A6 d e s a t u r a s e  ac t iv i t i e s  w e r e  no t  
s ign i f i can t ly  d i f fe ren t  a m o n g  the  r a t  s t r a in s  s tudied.  

L i n e a r  r eg r e s s io n  ana ly se s  w e r e  p e r f o r m e d  r e l a t i n g  
the  concen t r a t i on  of  17 m a j o r  m ic ro soma l  f a t ty  acids  to 
t h e  A5 or A6 d e s a t u r a s e  activity.  The  18:2n-6 levels  w e r e  
m o d e s t l y  a n d  n e g a t i v e l y  co r r e l a t ed  w i t h  A5 d e s a t u r a s e  

ac t iv i ty  (r:0.51, P < 0.05); no s ign i f i can t  co r re la t ions  
w e r e  found wi th  a n y  fa t ty  acid concen t r a t i on  a n d  A6 de- 
s a t u r a s e  activity.  

The  r e l a t i onsh ip s  b e t w e e n  the  m ic ro som a l  levels  of  
va r ious  pa i r s  of  f a t ty  acids  w e r e  also assessed.  In  gen-  
eral ,  no s ign i f i can t  co r re la t ions  w e r e  seen  excep t  for the  
fol lowing: S t ea r i c  acid  (18:0) a n d  16:0 con t en t s  w e r e  
nega t i ve ly  co r re l a t ed  w i t h  20:4n-6 and  22:6n-3 levels ,  
r e spec t ive ly  (Figs. 3 a n d  4). A pos i t ive  co r re l a t ion  was  
seen  b e t w e e n  20:4n-6 and  22:6n-3 con ten t s  (Fig. 4C). 
E i cosapen t aeno i c  acid (20:5n-3) leve ls  w e r e  pos i t ive ly  
co r re l a t ed  w i t h  t he  con t en t  of  i ts  precursor ,  a-l inolen~c 
acid (18:3n-3) (Fig. 5B) a n d  w i t h  the  levels  of  i ts  e longa-  
t ion product ,  docosapen taeno ic  acid (22:5n-3) (r = 0.58, 
P < 0.02, d a t a  no t  shown).  Linoleic  acid (18:2n-6) con ten t  
also co r re l a t ed  pos i t ive ly  w i t h  20:5n-3 levels  (Fig. 5A). 

DISCUSSION 

W i s t a r  r a t s  f rom two d i f fe ren t  sources  and  two o the r  
commonly  used  l abo ra to ry  r a t  s t r a i n s  w e r e  se lec ted  to 
a s sess  l i ve r  A5 and  A6 d e s a t u r a s e  ac t iv i t i e s  a n d  to de- 
t e r m i n e  the  r e l a t i onsh ip  b e t w e e n  the  ac t iv i t i es  of  t he se  
e n z y m e s  and  the  levels  of  i nd iv idua l  mic rosoma l  fa t ty  
acids. All  s t r a in s  w e r e  e x a m i n e d  u n d e r  p rec i se ly  ident i -  
cal condi t ions  to fac i l i t a te  compar i sons .  

T h e  d a t a  show t h a t  t he  d e s a t u r a s e  ac t iv i t i e s  a r e  
c lear ly  s t r a i n  r e l a t e d  (Fig. 1). S ince  bo th  A5 and  A6 de- 
s a t u r a s e  ac t iv i t i e s  w e r e  s ign i f i can t ly  and  pos i t ive ly  cor- 
r e l a t ed  (Fig. 2) and  since t h e r e  was  an  a p p r o x i m a t e l y  
cons t an t  ra t io  b e t w e e n  t he se  ac t iv i t i e s  (Table 1), a pro- 
por t iona l  f low of n-3 a n d  n-6 p o l y u n s a t u r a t e d  f a t ty  acids  

TABLE 1 

Fat ty  Acid  C o m p o s i t i o n  (%) o f  L iver  M i c r o s o m e s  f rom Di f f erent  Rat St ra ins  = 

Fatty acid BB-Wistar control CR-Wistar Long-Evans Sprague-Dawley 

16:0 12.4 • 0.8 11.7 • 0.7 11.8 • 0.5 d 13.4 • 0.6 c'd 
16:1 1.0 • 0.1 0.5 • 0.1 c 0.5 • 0.1 c 0.7 • 0.3 
18:0 20.7 • 1.4 19.7 • 1.3 17.9 • 1.7 c 24.1 • 5.2 e 
18:1 7.2 • 0.5 6.1 • 0.6 c 7.4 • 0.5 d 7.4 • 0.7 d 
18:2n-6 12.6 • 1.4 13.5 • 1.6 14.2 • 0.9 c 14.9 • 1.6 c 
18:3n-6 0.2 • 0.0 0.2 • 0.0 0.1 _+ 0.1 0.1 • 0.1 
18:3n-3 0.2 • 0.0 0.3 • 0.1 0.3 • 0.1 0.3 • 0.1 
20:3n-6 1.2 • 0.2 1.2 • 0.1 1.2 • 0.1 1.3 • 0.2 
20:4n-6 30.0 • 0.9 31.6 • 0.8 ~ 30.7 • 1.2 24.4 • 3,4 c'd'e 
20:5n-3 1.2 • 0.2 1.6 • 0.4 1.9 • 0.5 c 1.9 • 0.5 c 
22:5n-3 0.9 • 0.1 1.1 • 0.1 c 1.2 • 0.1 c 1.0 • 0.2 
22:6n-3 10.4 • 1.0 11.5 • 1.1 10.8 • 0.5 8.4 • 0.8 c'd'e 

Total (n-6)--LA 32.0 • 0.8 33.3 • 0.9 32.5 • 1.0 26.4 • 3.2 c'd'e 
Total (n-6) 44.6 • 1.6 46.8 • 1.0 c 46.7 • 0.8 c 41.3 • 4.8 d 
Total (n-3) 12.7 • 1.1 14.5 • 0.8 c 14.1 • 1.0 c 11.5 • 1.2 d'e 
Total MUFA 8.1 • 0.5 6.5 • 0.6 c 7.9 • 0.6 d 8.1 • 0.6 d 
Total SFA 33.4 • 1.1 31.5 • 1.0 c 29.9 • 1.5 c 37.7 • 5.3 d'e 
n-6/n-3 3.6 • 0.4 3.2 • 0.2 3.3 • 0.3 3.6 • 0.3 
A5/A6 b 1.9 • 0.6 1.7 • 0.4 1.4 • 0.2 1.8 • 0.2" 

aAbbreviati0ns: LA, linoleic acid, 18:2n-6; MUFA, monounsaturated fatty acids; SFA, saturated fatty acids; A5/A6, ratio of A5 
to A6 desaturase activities. Minor fatty acids make up the balance. Values are the mean of three rats • SD. 

bData from Figure 1. 

c,d'eSignificantly different (iv < 0.01, two-tailed Student's t-test) to BB-Wistar-control, CR-Wistar and Long-Evans, respectively. 
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FIG. 3. Relat ionships between  the 20:4n-6 and 16~  or 18~ 
percentages  of  total l ipid microsomal  fatty acid composi t ion  
of (A) BB-Wistar control,  ( I )  Wistar-CR, ([]) Long-Evans, and 
(~ )  Sprague-Dawley rats. Lipids were  extracted from liver 
microsomes  with  chloroform/methanol .  The fatty acid com- 
posi t ion of  microsomal  total l ipids was  determined by 
gas- l iquid chromatography. Regress ion Rn~,lysis was  by the 
least-squares method.  Each point represents  the mean  of 
duplicate  determinations .  

without any accumulation or excessive synthesis of post- 
A6 and/or post-A5 desaturation products seems to be as- 
sured in all strains. This also explains the positive cor- 
relation found between the microsomal levels of the two 
major final products formed by the two desaturases, 
namely 20:4n-6 and 22:6n-3 (Fig. 4C), and in the rela- 
tively constant ratio of the sum of n-6 to the sum of n-3 
fatty acids (Table 1). On the other hand, the high desat- 
urase activities found in certain strains are not mirrored 
in high levels of 20:5n-3 (post-A6 and post-A5 desatura- 
tion products) or in a low content of the precursor, a- 
linolenic acid (18:3n-3) (Figs. 2 and 5). It is noteworthy 
that  no significant correlations were found between ei- 
ther A6 or A5 desaturase activities and any of their fatty 
acid substrates or products or any other of the major mi- 
crosomal fatty acids. Our data expand on those previ- 
ously reported on Wistar rats and support the concept 
that  desaturase activities are not a major controlling 
factor in establishing liver microsomal fatty acid compo- 
sition (27). Thus desaturation activity should be mea- 
sured and should not be predicted from the fatty acid 
composition. We have previously reported that  the total 
fatty acid composition of liver did not significantly differ 
from that  of its microsomes (28). Thus, it is probably 
that  the correlations, or the lack of them, with regard to 
microsomal fatty acid levels are also representative of 
the whole liver. Increased levels of 20:4n-6 and 22:6n-3 
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FIG. 4. Relat ionships be tween  the 22.~n-3 and 16.'0, 18.'0 or 
2W.4n-6 percentages  of total l ipid microsomal  fatty acid 
composi t ion  of  (&) BB.Wistar control,  (m) Wista~CR, (D) 
Long-Evans and (A) Sprague-Dawley. Lipids were  extracted 
from Hver microsomes  with chloroform/methanol .  The fatty 
acid composi t ion  of  microsomal  total l ipids was  determined 
by gas-l iquid chromatography. Regress ion AnRlysis Was by 
the least-squares method.  Each point represents  the mean  
of  duplicate determinations .  

were counterbalanced by a decrease in the content of 
saturated fatty acids (16:0 and 18:0), which in turn 
serve as substrates of the A9 desaturase. Brenner (10) 
could not detect relationships between A6 and A9 desat- 
urase activities when both enzymes were measured si- 
multaneously in the same microsomes of rats with dif- 
ferent hormonal or dietary treatments. The analyses of 
all data taken together lead us to suggest that polyun- 
saturated fatty acid synthesis is coordinated and that  
monoenoic fatty acids are not involved in modifying the 
proportional A6 desaturation of fatty acids of the n-6 and 
n-3 families. 

Since the desaturase activities and the microsomal 
fatty acid composition are different in each rat strain, 
the lipid metabolic response to different stimuli (dis- 
ease, hormones, dietary treatment, etc.) may also be 
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FIG. 5. Rela t ionships  be tween  the  20:5n-3 and  18-~n-6 or  
18:3n-3 percen tages  of  to ta l  l ip id  microsomal  fa t ty  a c i d  
composi t ion  of  (A) BB-Wistar control ,  (m) Wistar-CR, ([3) 
Long-Evans and  (A) Sprague-Dawley.  Lip ids  were  ex t r ac t ed  
from l iver  microsomes  wi th  chioroform/methanol .  The fa t ty  
a c i d  composi t ion  of  microsomal  to ta l  l ip ids  was de t e rmined  
b y  gas-Hquid chromatography .  Regress ion  analys is  w a s  by 
t h e  l eas t - squares  method.  Each po in t  r ep re sen t s  the  mean  
of  dup l i ca te  de te rmina t ions .  

strain-dependent .  We propose t ha t  several  r a t  s t ra ins  
should be used for lipid metabol ism studies before con- 
clusions are drawn for the ra t  species as a whole. Ex- 
t rapolat ions from one species to another  are likely to be 
unreliable.  
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To eva luate  the  ef fects  o f  strain,  g e n d e r  and fas t ing  in the  
regu la t ion  o f  l ipoprote in  l ipase  (LPL) and hepat i c  l ipase  
(HL) ac t iv i t i e s  w e r e  m e a s u r e d  in  t i s sues  o f  m a l e  and fe- 
m a l e  Wistar and Sprague -Dawley  rats  after  f eed ing  or  a 
24-h s tarvat ion  period.  It is  n o t e w o r t h y  that  an effect  of  
g e n d e r  on LPL act iv i ty  w a s  observed  in Wistar, but  no t  in 
Sprague -Dawley  rats,  no t  on ly  in the  basal  (fed) ac t iv i ty  
in s evera l  t i s sues ,  such  as w h i t e  and b r o w n  ad ipose  tis- 
sues ,  heart ,  and  brain,  but  a lso  in r e s p o n s e  to fas t ing  
w h i c h  af fected LPL act iv i ty  in b r o w n  ad ipose  t i s sue ,  hea t  
and lung  o f  f emale  but  no t  of  m a l e  Wistar rats.  By  con- 
trast ,  HL a c t i v i t y  in l iver,  p l a s m a  and  a d r e n a l s  o f  
Sprague -Dawley  rats  w a s  h igher  in f emale s  than in 
males .  No  ef fect  of  g e n d e r  on  HL act iv i ty  w a s  o b s e r v e d  in 
Wistar rats.  Our resu l t s  ind icate  that  d i f ferences  ex i s t  be- 
t w e e n  Wistar and Sprague -Dawley  rats  in the  regu la t ion  
of  both  LPL and HL. S o m e  of  the  contrad ic tory  resu l t s  
found in  the  l i t erature  m a y  be  exp la ined  by the  differ- 
e n c e s  b e t w e e n  rat strnln~ and gender,  as we l l  as differ- 
e n c e s  in the  nutr i t iona l  s ta tus  o f  the  animo.ls. 
Lipids 29, 333-336 (1994). 

Lipoprotein lipase (E.C. 3.1.1.34; LPL) and hepatic lipase 
(HL) are lipolytic enzymes that  are involved in the me- 
tabolism of circulating lipoproteins. LPL catalyzes the hy- 
drolysis of circulating triacylglycerols in chylomicra and in 
very low density lipoproteins (1). Many tissues express the 
LPL gene, but  LPL activity is particularly high in adipose 
tissue, hear t  and skeletal muscles, and in lactating mam- 
mary gland (2). The liver also expresses high levels of LPL 
activity during the perinatal period (3). The enzyme is 
functional at the luminal side of the endothelial cells, but  
is synthesized inside the parenchymal cells (4-6). HL par- 
ticipates in the clearance of cylomicron remnants  by the 
liver (7) and in the conversion of high density lipoproteins 
(HDL 2 into HDL3) thus contributing to the reverse choles- 
terol t ransport  to the liver (see Ref. 8 for review). It  is im- 
portant  tha t  HL is also located at the vasculature (9), al- 
though the enzyme is synthesized within the hepatocytes 
(10). The presence of a lipolytic activity with characteris- 
tics similar to those of hepatic lipase was also demon- 
strated in some steroidogenic tissues, such as adrenals 
and ovaries in several animal species (11,12), although the 
enzyme does not appear to be synthesized in these tissues 

*To whom correspondence should be addressed at Unitat de 
Bioquimica i Biologia Molecular B. Departament de Bioquimica i 
Fisiologia, Facultat de Biologia, Universitat de Barcelona, Diago- 
nal 645, 08071 Barcelona, Spain. 
Abbreviations: BAT, brown adipose tissue; HDL, high density 
lipoproteins; Hepes, N-(2-hydroxyethyl)piperazine-N'-(2-ethane- 
sulfonic acid); HL, hepatic lipase; LPL, lipoprotein lipase; Pipes, 
piperazine-N,N'-bis(2-ethanesulfonic acid); Tris, tris(hydrox- 
ymethyl)aminomethane; WAT, white adipose tissue. 

(13,14). It was therefore proposed that  the hepatic lipase 
found in these tissues may originate in the liver (13). Low 
but significant levels of HL activity were also reported in 
the plasma of rats (15), as well as of humans (16). 

Both LPL and HL are under  nutritional control. LPL is 
increased in white adipose tissue (WAT) but  is decreased 
in hear t  of fasted rats (see Refs. 17 and 18 for review), al- 
though some of the data reported in the li terature are in 
conflict (4,19-22). We have recently observed that  the ef- 
fect of fasting on LPL activity in the liver of neonatal rats 
depends on the ra t  strain used as model (23). We have 
therefore studied the differences between strains in the ef- 
fect of fasting on both LPL and HL activities in various tis- 
sues. 

MATERIALS AND METHODS 

Animals. Wistar and Sprague-Dawley rats were obtained 
from Charles River (Barcelona, Spain). Animals were sac- 
rificed by decapitation at the age of 60 d, and tissues [liver, 
heart,  lungs, epididymal or periute~ne WAT, interscapu- 
lar brown adipose tissue (BAT), adrenal glands and brain] 
were immediately excised, cleaned and frozen in liquid N 2. 
The blood was collected in heparinized vials, and plasma 
was obtained by centrifugation (30 min at  1,000 x g at  
4~ Plasma was kept at -40~ until used to determine 
lipolytic activities. Tissue homogenates were prepared in 
10 mM Hepes [N-(2-hydroxyethyl)piperazine-N'-(2- 
ethanesulfonic acid)], pH 7.5, containing 1 mM ethylene- 
diaminetetraacetate and 1 mM dithiothreitel using a 
Polytron (Kinematica GmbH, Luzern, Switzerland) ho- 
mogenizer. Homogenates were cleared up by centrifuga- 
tion (10 miff at  10,000 x g at  4~ When necessary, the 
upper fatty layer was removed, and the supernatant  cen- 
trifuged again until no lipid layer remained. 

LPL assay. LPL activity was determined as described 
(24). The assay mixture contained 0.6 mM glycerol 
tri[9,10(n)-3H]oleate (12 Ci/mol), 50 mM MgC12, 0.05% al- 
bumin (fatty acid-free), 3% serum (preheated for 60 min at 
50~ 25 mM Pipes [piperazine-N,N'-bis(2-ethanesulfonic 
acid)], pH 7.5, and 0.02 mL of sample in a final volume of 
0.2 mL. The incubation was carried out for 30 min at 25~ 
The reaction was terminated, and the released [3H]oleate 
was quantified, as previously described (25). One unit  of 
enzyme activity was defined as the amount  of enzyme that  
catalyzes the release of 1 ~mol of oleate per min. 

HL assay. HL activity was determined as previously de- 
scribed (26). The assay mixture contained 2.5 mM glycerol 
tri[9,10(n)-3H]oleate (0.3 Ci/mol), 0.75 M NaC1, 3% albumin 
(fatty acid-free), 50 mM Tris [tris(hydroxymethyl)- 
aminomethane], pH 8.5, and 0.05 mL of sample in a final 
volume of 0.2 mL. The incubation was carried out for 30 
vain at  25~ The reaction was terminated, and the released 
[3H]oleate was quantified as described above for LPL. 
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RESULTS 

Effect o f  gender. At the age of 60 d, the body weight was 
lower in Wistar  t han  in Sprague-Dawley rats  
(Table 1). Body weights of females were about 40% lower 
than those of males in both strains. Similar differences 
were also observed in several tissues, notably in liver, 
weights, but  also in hear t  and lung weights. 

In both Wistar and Sprague-Dawley rats, the distribu- 
tion of LPL activity between tissues was similar (Table 2). 
However, gender affected LPL activity in tissues of Wistar 
but  not in tissues of Sprague-Dawley rats. Thus, in Wistar 
rats  LPL activity in WAT and brain was lower in females 
than  in males, but  the activity in hear t  and BAT was 
higher in females than in males. LPL activity was not de- 
tectable in liver and plasma of adult animals (data not 
shown). The lack of an effect of gender on LPL activity in 
Sprague-Dawley rats has already been reported (27). 

We studied HL activity in liver, plasma and adrenals 
(Table 3). As previously described (11,12), we found that  
HL activity was higher in liver than  in adrenals and that  
a substantial amount  could be detected in plasma. No ef- 
fect of gender was seen in Wistar rats (this agrees with 
previous results from our laboratory; see Ref. 28), but  in 
Sprague-Dawley rats HL activity was 35-55% higher in 
females than  in males, not only in the liver but  also in 
plasma and adrenals. 

As shown in Table 3, fasting caused a decrease in the 
HL activity not only in liver but also in plasma of Wistar 
and Sprague-Dawley rats. No significant differences were 
found between female and male animals in their response 
to fasting. In adrenals, fasting also produced a decrease in 
HL activity, but  the differences were only significant in 
male Wistar and in female Sprague-Dawley rats. 

DISCUSSION 

Several studies have demonstrated differences in both 
adipose tissue (29-31) and postheparin plasma (32) LPL 

activity between men and women. For rodents, scarce and 
conflicting results have been reported (27,33,34). Our data 
indicate tha t  the effect of gender on both tissue LPL and 
HL very much depends on the rat  strain used. 

The effect of gender on LPL activity is likely to be re- 
lated to the role of estrogens. It is well established that,  in 
female rats, ovariectomy increases LPL activity in WAT 
(33), and estrogen t reatment  restores the lower LPL ac- 
tivity in this tissue (33,5). In the heart,  LPL activity is in- 
creased by estrogen t rea tment  (27). Androgens may not be 
directly involved in the effect of gender on LPL, as castra- 
tion of male rats  did not produce any alteration in adipose 
tissue LPL activity (27). In humans,  where LPL activity in 
WAT is higher in women than  in men, estrogen t reatment  
increases LPL activity (see Ref. 17 for review). The role of 
estrogen in the effect of gender on HL is not clear for the 
rat. Malendowicz and Paluszak (36) found that  ovariec- 
tomy had no effect on HL-like activity in adrenals, and 
Staels et al. (37) described that  the increase in both he- 
patic lipase activity and mRNA relative content in the 
liver of ovariectomized rats was not observed in pair-fed 
animals. They also found no differences between female 
and male Wistar rats in HL mRNA relative content in the 
liver (37). Androgens are more likely involved in the effect 
of gender on hepatic lipase, as it was reported that  or- 
chiectomy resulted in an increase in the HL-like activity 
in adrenals, and that  testosterone-replacement therapy 
restored normal values (36). In humans,  the relationship 
between estrogens and hepatic lipase is well established 
(38). Estrogen administration to postmenopausal women 
decreased postheparin plasma I lL activity (39), even in 
diet-controlled trials (40). Furthermore,  changes in post- 
heparin plasma HL activity were countercurrent to those 
of 15-~-estradiol in the course of the estral cycle (41). In 
addition, HL activity in postheparin plasma was shown to 
be higher in men than in women (42). Therefore, profound 
differences between rats and humans appear to exist in 
the effect of sex hormones on both LPL and HL. Our re- 
sults further  suggest tha t  differences between rat  strains 
may exist in the effects of these hormones. 

T A B L E  1 

B o d y  a n d  T i s s u e  W e i g h t  o f  W i s t a r  a n d  S p r a g u e - D a w l e y  R a t s  a 

Wistar Sprague-Dawley 
Male Female P vs. male Male Female P vs. male 

Body weight 
(g) 

Tissue weight 
(g) 
WAT 
BAT 
Heart 
Lung 
Brain 
Liver 
Adrenals 

318 • 4 188 • 1 <0.001 370 • 4 238 • 1 <0.001 

1.85 • 0.17 2.06 • 0.10 N S  3.22 • 0.41 2.89 • 0.14 N S  
0.18 • 0.02 0.14 • 0.03 N S  0.39 • 0.02 0.29 • 0.03 N S  
0.85 • 0.01 0.59 • 0.02 <0.001 0.99 • 0.03 0.76 • 0.01 <0.01 
1.40 • 0.04 1.01 • 0.01 <0.001 1.37 • 0.03 1.17 • 0.03 <0.01 
1.38 _+ 0.03 1.31 • 0.03 N S  1.41 • 0.02 1.33 • 0.04 N S  

13.96 • 0.09 7.78 • 0.44 <0.001 15.59 • 0.42 9.55 • 0.19 <0.001 
0.058 • 0.008 0.068 • 0.004 N S  0.062 • 0.003 0.064 • 0.007 N S  

aResults are the means • SE of 5-6 animals per group. Statistical comparisons were made by 
Student's t-test. NS, nonsignificant differences; WAT, white adipose tissue (gonadal); BAT, brown adi- 
pose tissue (interscapular). 
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LPL AND HL A C T M T I E S  IN RAT TISSUES 

TABLE 2 

Lipoprotein Lipase Activity  in  Tissues o f  Wistar and Sprague-Dawley Rats a 

Wistar  Spragne-Dawley 

Fed Fasted P vs. fed Fed Fas ted  P vs. fed 

White adipose 
t issue 

Male 78 • 5 15 • 5 <0.001 69 • 10 14 • 1 <0.001 
Female 53 • 5 11 • 1 <0.001 69 • 11 15 • 1 <0.001 
P vs. male <0.05 NS 

Brown adipose 
t issue 

Male 42 _+ 7 31 • 6 NS 30 • 3 26 • 3 NS 
Female 68 • 5 19 • 4 <0.001 27 • 8 26 • 8 NS 
P vs. male <0.05 NS 

Hear t  
Male 137 • 9 140 • 11 NS 129 • 8 334 • 34 <0.01 
Female 162 • 6 189 • 5 <0.05 130 • 14 200 • 13 <0.01 
P vs. male <0.05 NS 

Lung 
Male 44 • 8 59 • 10 NS 55 • 4 63 • 6 NS 
Female 51 • 4 69 • 2 <0.01 66 • 4 63 • 12 NS 
P vs. male NS NS 

Bra in  
Male 4.3 • 0,6 3.6 • 0.4 NS 3.3 • 0.3 2.5 • 0.2 NS 
Female 2.9 • 0,1 3.1 • 0.3 NS 3.1 • 0.2 2.4 _+ 0.3 NS 
P vs. male <0.05 NS 

aWissues were obtained from 60-day-old ra ts  e i ther  fed or fasted and processed to determine lipopro- 
tein lipase activity. Results are expressed in mU/g t issue and  are means • SE of 5-6  animals  per  
group. Stat ist ical  comparisons were made by Student 's  t-test. NS, nonsignificant  differences. 

335 

T h e r e  is  a g e n e r a l  a g r e e m e n t  i n  t h e  l i t e r a t u r e  c o n c e r n -  
i n g  t h e  e f fec t  o f  f a s t i n g  o n  P L  a c t i v i t y  i n  WA T  ( see  Ref.  17 
for  r ev i ew) ,  a n d  w e  h a v e  f o u n d  t h a t  L P L  a c t i v i t y  i n  t h i s  
t i s s u e  w a s  d e c r e a s e d  b y  f a s t i n g  i n  a l l  a n i m a l s  s t u d i e d .  F o r  
t h e  h e a r t ,  t h e r e  e x i s t s  s o m e  c o n s e n s u s  t h a t  f a s t i n g  in -  
c r e a s e s  L P L  ac t iv i ty ,  b u t  s o m e  s t u d i e s  f a i l e d  to  s h o w  s u c h  
a n  e f fec t  ( see  Ref .  18 for  r ev i ew) .  O u r  r e s u l t s  i n d i c a t e  t h a t  
t h i s  a p p a r e n t  c o n t r a d i c t i o n  m a y  b e  d u e ,  a t  l e a s t  i n  p a r t ,  to  
t h e  g e n d e r  or  t h e  s t r a i n  o f  r a t s  u s e d  i n  t h e s e  s t u d i e s ,  a s  
w e  f o u n d  t h a t  f a s t i n g  p r o d u c e d  a s t r o n g e r  e f fec t  i n  t h e  

h e a r t  o f  S p r a g u e - D a w l e y  r a t s  ( a b o u t  a 2-fold  i n c r e a s e )  
t h a n  i n  t h e  h e a r t  of  W i s t a r  r a t s  (1 .2-fold  i n c r e a s e  i n  fe- 
m a l e s  a n d  n o  e f fec t  i n  m a l e s ) .  

L P L  a c t i v i t y  i n  r a t  b r a i n  i s  k n o w n  to  b e  d e c r e a s e d  b y  ex- 
t e n d e d  ( t h r e e  d a y s )  f a s t i n g  (43,44) .  O u r  r e s u l t s ,  i n d i c a t i n g  
n o  e f fec t  o f  2 4 - h  f a s t i n g ,  a r e  i n  a g r e e m e n t  w i t h  t h o s e  re -  
p o r t e d  b y  G a v i n  et al. (44). L i t t l e  is  k n o w n  a b o u t  t h e  e f fec t  
o f  t h e  n u t r i t i o n a l  s t a t u s  o n  L P L  a c t i v i t y  i n  B A T  a n d  l u n g .  
V e r y  e a r l y  s t u d i e s  b y  H a m o s h  a n d  H a m o s h  (45)  o n  t h e  ef- 
fec t  o f  f a s t i n g  i n  S p r a g u e - D a w l e y  r a t s  s h o w e d  n o  e f fec t  o n  

TABLE 3 

Hepatic  Lipase A c t i v i t y  i n  Tissues o f  Wistar and Sprague-Dawley Rats a 

Wistar  

Fed Fas ted  P vs. fed Fed 

Spragne-Dawley 

Fasted P vs. fed 

Liver (mU/g) 
Male 633 • 33 433 • 21 <0.001 546 • 18 
Female 627 • 31 494 • 36 <0.05 739 • 29 
P vs. male NS <0.05 

Plasma (mU/mL) 
Male 6.6 • 0.4 3.9 • 0.2 <0.001 5.9 • 0.4 
Female 6.2 • 0.2 4.9 • 0.5 <0.05 8.1 • 0.5 
P vs. male NS <0.05 

Adrenals  (mU/g) 
Male 119 • 5 77 • 5 <0.01 233 • 18 
Female 97 • 11 79 • 5 NS 360 • 37 
P vs. male NS <0.05 

372 • 22 <0.001 
473 • 32 <0.001 

3.9 • 0.2 <0.01 
4.7 • 0.4 <0.001 

196 • 13 NS 
209 • 50 <0.05 

aHepatic lipase activity was determined in the  liver, p lasma and  adrenals  of Wistar  and  Sprague-Dawley 
rats, fed or fasted (24 h). Results  are means  _+ SE of five animals  per  group. Stat ist ical  differences were 
determined by Student 's  t-test. NS, nonsignificant  differences. 

LIPIDS, Vol. 29, no. 5 (1994) 



336 

X. GALAN ET AL. 

LPL activity in lungs. In BAT of male Wistar rats, it was 
shown that  a l ~ r  three days of fasting, LPL activity in this 
tissue was decreased (46). Our results showing that  fast- 
ing affected LPL activity in beth BAT and lung only in fe- 
male Wistar rats are consistent with these reports. 

The results indicate that  in Wistar rats differences exist 
between females and males not only in the LPL activity in 
several tissues, but also in their response to fasting. This 
suggests that  sex hormones may affect the action of hor- 
mones directly responsible for the effect of fasting. Differ- 
ences between female and male rats in their response to 
hormones have been described. For example, the sensitiv- 
ity of hepatocytes to the stimulation of glycogen phospho- 
rylase by adrenaline is an order of magnitude higher in 
male than in female rats (47). This is known to be due to 
the different mechanism of action of catecholamines in the 
liver, i.e., the aFreceptor-mediated calcium mobilization 
in males and the B-receptor-mediated cAMP increase in 
females (48). Also, the sensitivity of adipocytes to stimula- 
tion of glucose metabelism by insulin is greater in female 
than in male rats (49). Furthermore, while in hepatocytes 
from male rats prostaglandins of the E series inhibit hor- 
mone-stimulated glycogenolysis, in hepatocytes from fe- 
male rats they do not (50). The mechanisms by which sex 
hormones produce these differences are largely unknown. 
The relationship between sex and other hormones in the 
regulation of LPL in rat  tissues has not yet been explored. 
To address this question and to elucidate the reasons for 
the differences in the response of LPL to fasting between 
rat  strains will give new insights into how this important 
enzyme of lipoprotein metabelism is regulated. 
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Diets  r ich in m e a t  are  c l a i m e d  to  contr ibute  to the  h igh  
t i s sue  arach idon ic  ac id  (2~.4(06) con ten t  in  peop le  in 
Wes tern ized  soc ie t i e s ,  but  there  are  v e r y  f ew  direct  data  
to  subs tant ia te  this  assert ion .  B e c a u s e  m e a t  contaln~ a 
var i e ty  of  long-chain  p o l y u n s a t u r a t e d  fat ty  ac ids  (PUFA) 
that  are  suscept ib l e  to  oxidat ion,  w e  in i t ia l ly  e ~ a m l n e d  
the  ef fect  o f  c o o k i n g  on the  long-chain  PUFA content  of  
beef,  and  t h e n  d e t e r m i n e d  the  ef fect  o f  inges t ion  o f  l ean  
b e e f  on  the  c o n c e n t r a t i o n  o f  long-cha in  PUFA in  p l a s m a  
phospho l ip ids  (PL). First ,  w e  e x a m i n e d  the  ef fect  of  
gri l l ing (5-15 ~nin) and fry ing  (10 rain) di f ferent  cut s  o f  
fa t - t r lmmed lean  bee f  on  the  long-chain  PUFA content .  
Second,  w e  inves t iga ted  the  ef fect  of  inc lud ing  500 g l ean  
b e e f  dai ly  (raw we ight )  for 4 w k  on  the  fat ty  ac id  conten t  
and c o m p o s i t i o n  of  p l a s m a  PL in 33 hea l thy  vo lunteers .  
This  s tudy  w a s  part  o f  a larger  tr ial  inves t iga t ing  the  ef- 
fect  o f  lean b e e f  on  p la sma  cho le s tero l  leve ls .  In the  f irst  
t w o  w e e k s ,  the  subjec t s  ate  a very  low-fat  d ie t  (10% en- 
ergy)  fo l lowed  by  an increase  in the  d ie tary  fat  by  10% 
each  w e e k  for the  n e x t  2 wl~  The  added fat c o n s i s t e d  of  
b e e f  fat, or  o l ive  oi l  (as the  oi l  or a margar ine )  or  saf- 
f l ower  oil  (as the  oi l  or  a margar ine) .  This  q , ,ant i ty  of  
b e e f  prov ided  60, 230, 125, 140 and 20 mg/d,  r e s p e c t i v e l ~  
of  e i cosa tr i eno ic  ac id  (20"~0)6), 20:40)6, e i c o s a p e n t a e n o i c  
ac id  (20:5(03), d o c o s a p e n t a e n o i c  acid (22.'5(o3) and docosa-  
h e x a e n o i c  ac id  (22.~03). Gri l l ing for 10-15 mln+ but  no t  
frying,  of  the  fa t - t r immed lean  bee f  r e s u l t e d  in 20-30% 
losses  o f  the  20 and 22 carbon PUFJL The  c o n s u m p t i o n  of  
the  lean b e e f  dur ing  the  f irst  t w o - w e e k  period,  w h e n  
there  w a s  a v e r y  l o w  leve l  o f  d ie tary  fat, w a s  a s soc ia ted  
w i t h  s igni f icant  i n c r e a s e s  in the  proport ion  and concen-  
trat ion  of  2 0 " ~ ,  20:4(~6, 20:5(o3 and 22~(03 in the  p l a s m a  
PL and a s igni f icant  d e c r e a s e  in the  proport ion  and con- 
t ent  of  18:20)6. The addi t ion  o f  bee f  fat or  o l ive  oil  to  the  
d ie t s  con ta in in g  lean bee f  d id  not  a l ter  the  p la sma  PL 
fatty  ac id  prof i le  c o m p a r e d  w i t h  the  v e r y  low-fat  diet ,  
w h e r e a s  the  addi t ion  of  saf f lower  oil  m a i n t a i n e d  the  sig- 
n i f icant  i n c r e a s e s  in 20:4(06 and 22".50)3 but  led  to de- 
c rease s  in 18-~m3 and 20:50~ c o m p a r e d  w i t h  the  v e r y  low- 
fat  diet .  The  resu l t s  s h o w e d  that  d iets  r ich  in l ean  b e e f  in- 
c r e a s e d  the  20"~m6, 20:4c06 and  the  long-chain  0~3 PUFA 
l eve l s  in the  p l a s m a  PL. A h igh  leve l  o f  l ino le ic  ac id  in  
d ie ts  r ich in  l ean  b e e f  p r e v e n t e d  the  r ise  in the  p l a s m a  
l eve l  of  20"~m6 and 20.'50)3, t w o  fatty ac ids  k n o w n  to  an- 
tagon ize  the  ef fects  of  20:4(06 on  p late le t  aggregat ion.  
Lipids 29, 337-343 (1994). 

*To whom correspondence should be addressed at Department of 
Medical Laboratory Science RMIT, Melbourne, Victoria 3001, Aus- 
tralia. 
Abbreviations: PGE 1, prostaglandin El; PL, phospholipids; P/S, 
polyunsaturated fatty acid/saturated fatty acid ratio; PUFA, 
polyunsaturated fatty acids; TXA2, thromboxane A 2. 

Following the intensive research in the 1980s on the role 
of r and 0~3 polyunsaturated fatty acids (PUFA) in 
human nutrition,.there is now general agreement that the 
ratio of the m6 to e~3 PUFA is too high in the current West- 
ern diet (1). This dietary imbalance is known to cause an 
imbalance in the ratio of (06 to (03 PUFA in tissues and a 
consequent exaggerated metabolism of arachidonic acid 
(20:4a)6) to eicosanoids (2). 

The main PUFA in the Western diet is linoleic acid 
(18:2m6), with lesser proportions of other PUFA such as a- 
linolenic acid (18:3e~3), arachidonic acid (20:40~), eicos- 
apentaenoic acid (20:5ex3) and docosahexaenoic acid 
(22:6(o3). The intake of 18:2r is of the order of 10-20 g/d, 
and this constitutes more than 85% of total PUFA intake 
(3,4). The high level of o)6 PUFA in tissues is a result of the 
dominance of the current food supply by 18:2r which is 
the precursor of 20:4e}6, which, in turn, is the substrate 
for the eicosanoids. The fatty acid 18:30x3 can compete 
with 18:2a)6 for metabolism v/a the desaturation and 
chain elongation enzymes (5), but because the dietary in- 
take of this PUFA is low there is little restraint on the pro- 
duction of 20:40)6. 

Another source of tissue 20:4a~6 is that which originates 
directly from the diet, from foods such as meat, organ 
meats, eggs and fish (6). It is known that dietary 20:40~6 
is efficiently incorporated into tissue lipids in animals and 
humans (7-10), although there are very low levels of 
20:40~6 in the diet relative to linoleic acid. 

There is little information on the average daily intake of 
20:4e06 in typical Western diets, and data for the content 
of this fatty acid in specific foods are incomplete. Phinney 
et al. (11) have suggested that, for U.S. adults eating eggs 
and meat, the intake is probably in the range 200-1000 
mg/d. This agrees with the figure of about 500 mg/d de- 
termined on a mixed food omnivorous diet by Garg et al. 
(12). The 1985 Victorian Nutrition Survey reported 20:4e~6 
intakes of 0.4--0.5 g/d based on a semi-quantitative food 
frequency questionnaire that used the British food tables 
as the nutrient data base, with additional data for some 
Australian foods (4). Based on a 24-hour dietary recall 
method and using Food Tables from the University of 
Minnesota, Dolecek (3) estimated the 20:40~ level in the 
MRFIT study at about 200 mg/d. 

Diets rich in meat are claimed to contribute to the high 
tissue 20:40}6 content in people in Westernized societies 
(13,14), but there are very few direct data to substantiate 
this assertion. Phinney et al. (11) have reported that om- 
nivores with a relatively high intake of meat had a higher 
plasma 20:4e)6 level than did vegetarians. Sinclair et al. 
(10) reported that diets rich in kangaroo meat (100 mg 
20:4e~/100 g meat) induced higher plasma 20:4e}6 levels 
than did vegetarian diets. 
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The present study was designed to test whether  diets 
rich in lean beef were associated with increases in plasma 
20:4r levels. This study is part  of a larger trial investi- 
gating the effect of lean beef on plasma cholesterol levels, 
the results of which have been reported previously (15,16). 
Because meat  contains a variety of long-chain PUFA that  
are susceptible to oxidation, we initially examined the ef- 
fect of cooking on the long-chain PUFA content of beef, 
and then determined the effect of ingestion of lean beef 
(500 g/d) on the concentration of long-chain PUFA in 
plasma phospholipids (PL) using capillary gas chromatog- 
raphy. 

MATERIALS AND METHODS 

The meat  for the dietary study and the fatty acid analyses 
was obtained from commercial butcher shops at the 
Queen Victoria Market, Melbourne, Australia and from 
retail outlets in Geelong, Australia. The subjects for the 
study were recruited through the Department  of Medi- 
cine, Royal Melbourne Hospital and the Department  of 
Human  Nutrition, Deakin University, Geelong, as de- 
scribed previously (15,16). The protocols for the beef plus 
beef fat study and the beef plus olive oil or safflower oil 
studies were approved by the Ethics Committees of the 
Royal Melbourne Hospital and Deakin University, respec- 
tively. 

Subjects. Volunteers for these studies were thirty-three 
free living, weight stable subjects (16 men, 17 women) 
with plasma cholesterol levels below 6 mM. In Study 1 
(lean beef plus beef fat), the mean age and body weight of 
the 11 subjects (5 males and 6 females) were 25 _ 2 yr  and 
70 _+ 3 kg (mean _+ SD), respectively. In Study 2 (lean beef 
plus olive oil), the mean age and weight of the 11 subjects 
were 47 _+ 14 yr  and 71 _* 9 kg, respectively (for 5 males 
and 6 females), and in Study 3 (lean beef plus safflower 
oil), the mean age and weight of the 11 subjects were 38 _+ 
11 yr and 73 ___ 15 kg, respectively (for 6 males and 5 
females). 

Diets. The details of the diets have been published pre- 
viously together with the results on the effect of the diets 
on the plasma lipoprotein cholesterol and triglyceride 
composition (15,16). There were three studies, each last- 
ing 5 wk with subjects acting as their  own controls. The 
subjects weighed and recorded all food and liquid intake 
for the duration of the study. The first week was a base- 
line period in which subjects consumed their  habitual 
diets containing their usual intake of 30-100 g beef per 
day. In the second and third weeks, the subjects consumed 
a very low-fat diet (10% energy) derived from vegetables, 
fruit, cereals, and nonfat dairy products, together with 
500 g per day (raw weight) of fat-trimmed lean beef. If  the 
subject's usual daily energy intake was less than 1800 
kcal, the daily beef allowance was reduced to 400 g. The 
lean beef was supplied to the subjects in fat-trimmed pre- 
weighed packages daily, and it consisted of topside, rump, 
minced topside and diced steak. Samples were taken reg- 
ularly for total fat analysis with the mean (_+SD) fat con- 
tent  being 4.9 _+ 0.9 g/100 g wet weight (n = 24). In the 
fourth and fifLh weeks, the subjects continued to consume 
the lean beef, but  the fat content of the diet was increased 

10% energy per week so that  in week 4 the total fat con- 
tent  was 20% of energy, and in week 5 it was 30% of en- 
ergy. In Study 1, the fat was provided in the form of beef 
fat, in Study 2 the fat was olive oil or an olive oil-based 
margarine and in Study 3 the fat was safflower oil or a saf- 
flower oil-based margarine. The energy intake was main- 
tained constant throughout each study. Because of the 
low-energy density and high bulk of the diet in weeks 2 
and 3, the subjects were provided with a carbohydrate 
supplement (a glucose polymer; Polycose, Ross Laborato- 
ries, Columbus, OH) that  was equivalent to 20% of energy 
in weeks 2 and 3. In weeks 4 and 5, the intake of the car- 
bohydrate supplement was reduced as the fat was in- 
creased, thus ensuring a constant energy intake. As re- 
ported previously (15,16), the fat intake of all 33 subjects 
on their usual diets was 36.6% of total energy with a ratio 
of polyunsaturated to saturated fatty acids (P/S) of 0.38. 
On the very low-fat diet containing lean beef, the dietary 
fat contributed 9.3% dietary energy with a P/S ratio of 
0.49. A i~ r  two weeks on the lean beef plus beef fat diet 
(week 5 of Study 1), the dietary fat level was 29.1% dietary 
energy with a P/S of 0.21. On the lean beef plus olive oil 
diet, the total fat  intake was 29.6% energy with a P/S of 
0.63, and on the lean beef plus safflower oil diet the fat in- 
take was 27.9% energy with a P/S of 2.89. The long-chain 
PUFA content of the beef was based on the analysis of 
samples of lean beef collected from the same outlets used 
to supply the beef consumed during the studies. The ana- 
lytical procedures used are described below. The 500 g 
lean beef contained the following amounts of 20:3r 
20:4a~6, 20:5r 22:5a~3 and 22:6a~3 (in mg): 60, 230, 125, 
140, 20, respectively. There were no other dietary sources 
of these fat ty acids during the 4-week period of beef con- 
sumption. 

Analytical methods. To determine the effect of cooking 
on the fatty acid content of lean beef, five pieces of rump 
steak (approx. 800 g) were purchased from five separate 
commercial outlets. The visible fat was tr immed from the 
steak, and it was then divided into six portions each of 
about 100 g. One portion of steak from each of the five 
pieces was grilled in a gas stove for 15 rain (well-done), 
one for 10 min (medium), one for 5 min (rare) and one lefL 
uncooked. An additional piece was fried without added fat 
or oil in a Teflon-coated frying pan for 10 min, and the re- 
maining piece was minced and then fried as above for 5 
rain. After cooking, the steaks were allowed to cool on a 
piece of absorbent paper towel, the meat  was minced and 
a 10 g sample was extracted in chloroform/methanol (2:1, 
vol/vol) containing antioxidant as previously described 
(17). The moisture content was determined on a 2 g sam- 
ple by heating in an oven at 105~ for 24 h. The total lipid 
content was determined gravimetrically, and on a sepa- 
rate aliquot the methyl esters of the total fat ty acids were 
formed by saponification in KOH in methanol followed by 
esterification with BF 3 in methanol (17). The fatty acid 
methyl esters were separated by capillary gas-liquid 
chromatography using a 50-m • 0.32-ram i.d. fused silica 
column coated with CP Sil 88 (Chrompak, Middleburg, 
The Netherlands), and the amounts were quantified using 
heptadecanoic acid as an internal s tandard (17). The cho- 
lesterol content was determined by capillary gas-liquid 
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c h r o m a t o g r a p h y  us ing  a 25-m x 0 .22-mm i.d. fused si l ica 
bonded -phase  co lumn (BP-1) (S.G.E.,  Melbourne ,  Aus-  
t ra l ia) .  Dihydrocholes te ro l  (5a-choles tanol)  was  used  as  
a n  i n t e r n a l  s t anda rd .  Al iquots  of  t he  to ta l  l ip id  p lus  5a-  
choles tanol  were  saponif ied,  ex t r ac t ed  and  t h e n  der iva-  
t ized  wi th  bis(trimethylsilyl)trifluoroacetamide in pyri- 
dine  (Pierce Chemica l  Company,  Rockford, IL) for 30 min  
a t  room t e m p e r a t u r e .  

F a s t i n g  blood s a m p l e s  (10 m L  into  h e p a r i n i z e d  tubes)  
were  ob ta ined  from the  subjects  a t  week ly  in t e rva l s  
t h r o u g h o u t  t he  study. The  p l a s m a  was  s tored  a t - - 2 0 ~  
un t i l  ana lyzed .  L ip ids  were  ex t r ac t ed  f rom the  p l a s m a  
us ing  ch loroform/methanol  (2:1, vol/vol), and  the  phospho-  
l ip ids  were  s e p a r a t e d  f rom the  n e u t r a l  l ip ids  by  t h in - l aye r  
c h r o m a t o g r a p h y  (10). A k n o w n  a m o u n t  of  d ihep tade -  
canoyl  phospha t idy lcho l ine  ( in t e rna l  s t a n d a r d )  was  a d d e d  
to the  p l a s m a  pr io r  to ext rac t ion .  The  m e t h y l  e s t e r s  of  t he  
P L  f a t t y  acids  were  fo rmed  by  a saponi f ica t ion  s tep  fol- 
lowed by  t r anses t e r i f i ca t ion  in  B F  3 in  m e t h a n o l  (17), a n d  
the  f a t t y  acid  m e t h y l  e s t e r s  were  s e p a r a t e d  by  cap i l l a ry  
g a s - l i q u i d  c h r o m a t o g r a p h y  as  descr ibed  above. 

Statistics. The p a i r e d  t - tes t  was  used  to compare  r e su l t s  
w i th in  groups.  Resu l t s  a r e  expres sed  as  m e a n  _ SEM; sig- 
nif icance was  t a k e n  as  P < 0.05. 

RESULTS 

The lean,  f a t - t r i m m e d  r a w  bee f  con ta ined  abou t  4.3 g of 
to ta l  l ipid,  inc lud ing  49 m g  cholesterol ,  a n d  74.3 g of  w a t e r  
pe r  100 g f resh  weight .  Cooking decreased  the  moi s tu re  
conten t  of  a l l  samples .  W h e n  th i s  loss of  mo i s tu re  was  con- 
s idered,  t h e r e  was  no s igni f icant  dec rease  in  e i t he r  to ta l  
l ip id  or  choles terol  (Table 1). The  m a i n  P U F A  in t he  sam-  
ples  were  (in dec reas ing  o rde r  of  concentra t ion) :  18:2a~6, 
20:4~6, 20:5r 22:5r 18:30~, 20:3o~6 and  22:6r The  
20:4a~6 a n d  20:5~3 concen t ra t ions  of  t he  f a t - t r i m m e d  l ean  
bee f  were  37 a n d  23 mg/100 g we t  weight ,  respectively.  
The re  were  s igni f icant  (P < 0.05) dec reases  in  t he  conten ts  
of al l  t he  20 a n d  22 carbon  P U F A  in  t he  gr i l led  bee f  com- 
p a r e d  wi th  t he  r a w  samples ,  a l t hough  the re  was  no con- 
s i s t en t  loss of  a specific P U F A  as  t he  l eng th  of cooking in- 
creased.  F r y i n g  minced  o r  whole  s t e a k s  d id  not  l ead  to sig- 
n i f ican t  losses  of t he  PUFA,  a p a r t  f rom a s igni f icant  
decrease  in  22:5a~3 in t he  minced  s t e a k  (Table 2). The re  

TABLE 1 

T h e  E f f e c t  o f  C o o k i n g  o n  t h e  Tota l  L i p i d  a n d  C h o l e s t e r o l  
C o n t e n t  o f  L e a n  B e e f :  

Beef sample Cooking technique Total lipid (g) Cholesterol (mg) 

Raw 4.3 • 0.7 49 • 2 
Rare Grilled 3.3 • 0.3 50 • 2 
Medium 3.6 • 0.4 52 • 2 
Well-done 3.6 • 0.2 51 • 1 

Mined  3.5• 50 •  
Pan-fried 

Fried 3.4 • 0.2 50 • 1 

aResults are expressed per 100 g equivalent fresh weight, mean -+ 
SEM. There were five samples analyzed for each cooking method. 
The results for the cooked samples are expressed per 100 g equiv- 
alent raw sample, i.e., adjusted for the moisture loss on cooking 
(see Materials and Methods). There were no significant differences 
between the cooked samples and the raw sample. 

were  no s igni f icant  changes  in  the  concen t ra t ion  of  the  
m a j o r  s a t u r a t e d  or m o n o u n s a t u r a t e d  fa t ty  acids  fol lowing 
cooking. 

S igni f ican t  changes  in  the  p l a s m a  P L  f a t t y  acid  compo- 
s i t ion  of  t he  t h i r t y - t h r e e  subjec ts  occurred a f t e r  t hey  h a d  
consumed  a ve ry  low-fat  d ie t  con ta in ing  500 g/d of  fat-  
t r i m m e d  l ean  bee f  for 2 wk. The  effect of th is  d i e t a ry  
change  on the  f a t t y  acid  composi t ion  of  t he  p l a s m a  P L  is 
shown in Table  3 a n d  F igu re  1. The  propor t ion  of  18:20}6 
dec reased  (P < 0.001), whi le  t h a t  of  t he  o the r  (o6 P U F A  in- 
c reased  signif icantly,  n a m e l y  20:3r (P < 0.001), 2 0 : 4 ~  
(P < 0.001), 22:4a~6 (P < 0.001) a n d  22:5r (P < 0.001). The  
propor t ions  of  20:5a)3 (P < 0.001) a n d  22:5r (P < 0.001) 
a lso  i nc r e a se d .  The  p r o p o r t i o n  of  18:0 d e c r e a s e d  
P < 0.05) whi le  t h a t  of 16:0, 16:1 a n d  18:1 i nc reased  (P < 
0.001). The re  were  also s igni f icant  e levat ions ,  in  p l a s m a  
PL, in  al l  20 a n d  22 carbon  P U F A  levels  except  22:6r 
The  inc reases  in  the  long-cha in  P U F A  were  11 mg/L for 
20:30}3 (P < 0.001), 28 mg/L for 20:4a~6 (P < 0.001), 5 mg/L  
for 20:5r (P < 0.001) a n d  7 mg/L for 22:5o}3 (P < 0.001). 
T h e r e  were  also s t a t i s t i ca l ly  s igni f icant  changes  in  t he  
propor t ions  of t he  p l a s m a  P L  P U F A  one week  af te r  com- 
menc ing  the  ve ry  low-fat  d ie t  (da t a  no t  shown). 

TABLE 2 

T h e  E f f e c t  o f  C o o k i n g  o n  t h e  M e a n  C o n t e n t  o f  P o l y u n s a t u r a t e d  F a t t y  A c i d s  i n  F a t - T r l m m e d  L e a n  B e e i  ~ 

Sample Treatment 18:2{o6 18:3a)3 20:3{06 20:4a~ 20:5a~3 22:5a~3 22:6a~3 

Raw - -  61 • 9 17 • 2 10 • 1 37 • 5 23 • 2 23 • 0.4 3 • 0.4 
Rare Grilled 60 • 6 18 • 2 8 • 1 b 32 • 3 20 • 2 21 • 0.4 c 3 • 0.3 
Medium Grilled 54 • 5 16 • 1 8 -+ 1 b 30 • 3 c 18 • 2 d 18 • 2 ~ 2 • 0.3 c 
Well-done Grilled 57 • 6 17 • 1 8 • 1 b 29 • 3 ~ 18 • 1 r 19 • 1 ~ 2 • 0.2 b 

Minced Fried 63 • 7 19 • 2 8 • 1 b 32 • 4 21 • 2 21 • 1 b 3 • 0.4 
Medium Fried 54 • 7 16 • 2 9 • 1 32 • 3 22 • 2 22 • 2 3 • 0.4 

aThe results for the five samples are expressed as mg per 100 g raw sample, mean • SEM. For the cooked 
given per 100 g equivalent raw sample (i.e., adjusted for the moisture loss on cooking). 
b~Significantly different from raw sample (paired t-test), bp < 0.05, cp < 0.01, dp < 0.001. 

samples, the results are 
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TABLE 3 

F a t t y  Ac id  C o m p o s i t i o n  o f  P l a s m a  P h o s p h o l i p i d s  o v e r  t h e  F ive-Week I n t e r v e n t i o n  in  S u b j e c t s  F e d  a Very  L o w - F a t  Die t  
R i c h  in  L e a n  B e e f  in  Weeks  2-3 a n d  T h e n  S u p p l e m e n t e d  w i t h  B e e f  Fa t .  Ol ive Oil o r  S a f f l o w e r  Oil in  Weeks  4-5 = 

Week 1 Week 3 Week 1 Week 5 Week 1 Week 5 Week 1 Week 5 
(usual diet) (very low-fat) (usual diet) (+beef fat) (usual  diet) (+olive oil) (usual diet) (+safflower oil) 

Fat ty acid (n = 33) (n = 33) (n = 11) (n = 11) (n = 11) (n = 11) (n = 11) (n = 11) 

(g/lO0 g fatty acids) 

14:0 0.41 • 0.02 0.37 • 0.03 0.38 • 0.03 0.32 • 0.02 0.42 • 0.04 0.31 • 0.03 b 0.44 • 0.05 0.35 • 0.05 
16:0 27.56_+ 0.42 29.06 • 0.43 d 26.22 • 0.58 27.14 • 0.98 28.63 • 0.64 27.15 • 0.94 c 27.84 • 0.86 26.60 • 0.89 
18:0 11.89 _+ 0.27 11.21 • 0.32 b 12.57 • 0.42 11.99 • 0.65 11.68 • 0.57 10.51 • 0.70 11.41 • 0.40 10.02 • 0.88 b 
16:1 1.69 • 0.27 1.83 • 0.09 d 2.17 • 0.82 1.86 • 0.09 d 1.44 • 0.10 1.41 • 0.09 1.47 • 0.15 1.31 • 0.16 
18:1 11.75 • 0.29 13.16 • 0.25 d 12.80 • 0.48 15.69 • 0.77 c 10.77 • 0.39 13.75 • 0.39 c 11.68 • 0.50 8.06 • 0.36 d 
18:2o)6 24.61 • 0.57 16.53 • 0.47 d 24.44 • 0.84 18.92 • 1.15 d 24.55 • 1.29 20.07 • 8.93 c 24.85 • 0.94 28.29 • 1.04 d 
20:2r 0.32 • 0.02 0.34 • 0.02 0.37 • 0.04 0.46 • 0.06 0.30 • 0.02 0.26 • 0.02 0.29 • 0.03 0.36 • 0.03 
20:3co6 3.05 • 0.12 4.14 • 0.13 d 3.29 • 0.25 3.80 • 0.23 b 2.83 • 0.22 3.33 • 0.21 c 3.05 • 0.19 3.16 • 0.28 
20:4to6 11.28 • 0.36 14.08 • 0.41 d 10.56 • 0.61 13.34 • 0.90 c 11.97 • 0.52 14.61 • 0.67 d 11.30 • 0.78 14.80 • 1.12 d 
22:4r 0.33 • 0.02 0.45 • 0.02 d 0.39 • 0.04 0.45 _+ 0.04 0.32 • 0.02 0.31 • 0.02 0.29 • 0.04 0.35 • 0.04 d 
22:5c06 0.27 • 0.02 0.34 • 0.02 d 0.33 • 0.04 0.37 • 0.33 0.25 • 0.02 0.25 • 0.02 0.25 • 0.03 0.25 • 0.03 
Total o}6 39.87 • 0.53 35.88 • 0.47 d 39.38 • 0.62 37.34 • 1.80 40.22 • 1.16 38.83 • 1.19 40.02 • 1.04 47.23 • 1.33 d 
18:3m3 0.28 • 0.02 0.26 • 0.02 0.34 • 0.04 0.33 • 0.04 0.23 • 0.02 0.19 • 0.02 0.26 • 0.03 0.15 • 0.02 c 
20:5~3 1.35 • 0.10 1.76 • 0.10 d 1.39 • 0.18 1.98 • 0.15 c 1.16 • 0.15 1.73 • 0.24 d 1.50 • 0.22 1.06 • 0.12 b 
22:5{o3 1.20 • 0.06 1.80 • 0.08 d 1.47 • 0.11 1.91 • 0.13 d 1.03 • 0.08 1.47 • 0.09 d 1.09 • 0.11 1.34 • 0.10 d 
22:6{o3 4.53 • 0.22 4.88 • 0.02 4.93 • 0.30 5.07 • 0.47 4.35 • 0.32 4.45 �9 0.30 4.31 • 0.52 3.91 • 0.38 
Total (o3 7.35 • 0.33 8.70 • 0.26 c 8.13 • 0.40 9.29 _* 0.53 d 6.77 • 0.48 7.85 • 0.47 7.17 • 0.77 6.46 • 0.53 

"Mean _+ SEM. b-dSignificantly different from week 1: bp < 0.05, cp < 0.01, dp < 0.001. 
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20:2~6 
20:3r 
20:4~6 
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22:5~6 
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+ VERY LOW-FAT DIET vs. DAY 0 PLASMA PL 
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FIG. 1. P l a s m a  p h o s p h o H p i d  (PL) f a t t y  ac id  p ro f i l e  ex- 
p r e s s e d  as  a n o r m a l c y  r a t i o  fo r  s u b j e c t s  on  v e r y  low-fa t  d i e t  
r i c h  in  l e a n  b e e f  c o m p a r e d  w i t h  t h e  f a t t y  a c i d  p ro f i l e  on  t h e  
sub j ec t ' s  u s u a l  h igh - f a t  d ie t .  The  n o r m a l c y  r a t i o  is t h e  
va lue  fo r  a f a t t y  ac id  on  t h e  v e r y  low-fa t  d i e t  d i v i d e d  by  t h e  
v a l u e  o n  t h e  u s u a l  d i e t  (see Ref.  31). The  b l a c k  b a r s  i n d i c a t e  
p < 0.001; c lose ly  s t r i a t e d  b a r s ,  P < 0.01; w ide ly  s t r i a t e d  
b a r s ,  P < 0.05; a n d  o p e n  b a r s  n o n s i g n i f i c a n t  c h a n g e .  PUFA, 
p o l y u n s a t u r a t e d  f a t t y  ac ids ;  SAT, s a t u r a t e d ;  MONO, mo-  
n o u n s a t u r a t e d .  

T h e  a d d i t i o n  o f  f a t  to  t h e  v e r y  low- fa t  d i e t  c o n t a i n i n g  
l e a n  b e e f  w a s  a s s o c i a t e d  w i t h  s i g n i f i c a n t  c h a n g e s  i n  t h e  

p l a s m a  P L  f a t t y  a c i d s  t h a t  w e r e  d e p e n d e n t  u p o n  t h e  n a -  
t u r e  o f  t h e  f a t  i n c l u d e d  in  t h e  d i e t  (Table  3 a n d  F igs .  2 -4 ) .  

BEEF + BEEF FAT DIET vs. DAY 0 

18:2~6 
18:3=6 
20:2z~6 
20:3,~6 
20:4Q6 
22:4~6 
22:5~6 
s ~6 

18:3&3 

n = 1 1  
PUFA 

! 14:0 
16:0 
18:0 
20:0 
22:0 
24:0 
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16:1r 
18:1/D9 

PLASMA PL 

non-PUFA 

20:5=3 i 20:1 =9 
22:5~3 / 22:1 =9 
22:6~3 24:1 ~9 
r ~ 3  T_ MONO | 

I i I l I I . . . . . . . .  I I i i i i i i  . . . . . . . .  i 

0.1 10 0.1 10 

NORMALCY RATIO = Z SCORE 

FIG. 2. P l a s m a  P L  f a t t y  a c i d  p ro f i l e  e x p r e s s e d  as  n o r m a l c y  
r a t i o  fo r  s u b j e c t s  o n  a h igh - fa t  d i e t  r i c h  in  b e e f  fa t  p lu s  l e a n  
b e e f  c o m p a r e d  w i t h  t h e  f a t t y  ac id  p ro f i l e  on  t h e  sub jec t ' s  
u s u a l  h i g h - f a t  d ie t .  S i g n i f i c a n t  d i f f e r e n c e s  a n d  a b b r e v i a -  
t i o u s  as  in  F i g u r e  1. 

B e e f  f a t  p l u s  l e a n  beef ,  a n d  ol ive oil p l u s  l e a n  beef ,  w e r e  
a s s o c i a t e d  w i t h  s i g n i f i c a n t  i n c r e a s e s  i n  t h e  p e r c e n t a g e  of  
18:1, 20:3r 20:4o)6, 20:5o)3 a n d  22:5r a n d  a s i g n i f i c a n t  
d e c r e a s e  in  18:2r c o m p a r e d  w i t h  t h e  v a l u e s  o b t a i n e d  
w h e n  t h e  s u b j e c t s  w e r e  on  t h e i r  u s u a l  d ie t s .  I n  c o n t r a s t ,  
s a f f l o w e r  oil p l u s  l e a n  b e e f  l ed  to  a s i g n i f i c a n t  d e c r e a s e  in  

oleic acid ,  18:3o)3 a n d  20:5r a n d  a n  i n c r e a s e  i n  18:2a)6, 

20:2r 20:4r 22:4r a n d  22:5m3. 
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BEEF + OLIVE OIL DIET vs. 

PUFA 

18:2/06 
18:3/06 
20:2/06 

20:3/06 I 
20:4/06 
22:4/06 
22:5/06 
~" /06 

1 8 : 3 / 0 3 ~  
20:5/03 
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11 
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20:1/09 
22:1/09 
24:1/09 
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NORMALCY RATIO = Z SCORE 

FIG. 3. Plasma PL fatty acid profi le  expressed as normalcy 
ratio for subjects on a high-fat  diet  rich in olive oil  p lus  lean 
b e e f  compared wi th  the fatty acid profi le on the subject's 
usual high-fat diet. Signif icant  differences and abbrevia- 
t ions as in Figure 1. 

BEEF + SAFFLOWER OIL DIET vs. DAY 0 
n = 1 1  

PUFA non-PUFA 

18:2/06 14:0 [" 
18:3/06 16:0 

18:0 i 20:2/06 
20:3/06 20:0 
20:4/06 22:0 
22:4/06 24:0 
22:5/06 r~ SAT 

s /06 16:1/07 I 
18:3/03 B 18:1/09 BB 

I 

20:5/03 ~ 20:1/09 
22:5/03 22:1/09 
22:6/03 24:1/09 
s ~ MONO I I  

I . . . . . . . . . . . . . .  I I . . . . . . . . . . . . . .  J 

0.1 10 0.1 10 
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FIG. 4. P lasma PL fatty acid profile expressed as normalcy 
ratio for subjects on  a high-fat diet rich in saff lower oi l  p lus  
lean bee f  compared wi th  the  fatty acid profi le  on the  sub- 
ject's usual  high-fat diet. S ignif icant  dif ferences  and abbre- 
v iat ions  as in Figure 1. 

PLASMA PL 

This dietary study was also designed to determine the 
effect of inclusion of lean beef on plasma lipoprotein lipid 
concentrations. The results have been reported previously 
(15,16), and they indicated that the inclusion of 500 g lean 
beef daily in the very low-fat diet was associated with a 
significant decline in total plasma cholesterol concentra- 
tion (P < 0.001) compared with the subject's usual diet. 
This effect was maintained when either olive or safflower 

oils were added back to this diet (P < 0.001); however, the 
addition of beef fat was associated with a significant ele- 
vation in the total plasma cholesterol level (P < 0.01). 

DlSCUSS~N 

The first purpose of this study was to determine the effect 
of cooking on the long-chain PUFA content of beef. Al- 
though the USDA Handbook on the composition of meat 
lists 20:4eo6 as the only long-chain PUFA in a variety of 
beef cuts (18), there have beenrecent  reports from the 
United States and Australia, based on analyses conducted 
using capillary gas-chromatographic columns, of signifi- 
cant levels of 20:3r 20:4co6, 20:5(o3 and 22:5o)3 in pas- 
ture and grain-fed beef (17,19). There were significant 
losses of some PUFA with increasing time of grilling, par- 
ticularly the 20 and 22 carbon PUFA, in which case the 
losses amounted to 20-33%. Previous studies on the effect 
of cooking on the fatty acid composition of the intramus- 
cular PL or total lipids found no difference between the 
proportion of 18-carbon PUFA in raw and cooked samples 
of beef, although the most highly unsaturated fatty acids 
(20 and 22 carbon r PUFA) were not determined in those 
studies (20-22). The losses of the more highly unsaturated 
fatty acids are not surprising since they are more suscep- 
tible to oxidation than the 18-carbon PUFA (23). 

The second purpose of this study was to learn whether 
long-chain PUFA in beef can make a significant contribu- 
tion to plasma PL fatty acids of subjects consuming 500 
g/d of lean beef. The inclusion of lean beef in the diet of the 
subjects was associated with significant rises in the pro- 
portion and concentration of 20:3o)6, 20:4a~, 20:5r and 
22:5o)3 and a significant decline in 18:2~6 in the plasma 
PL. We ascribe these changes to the meat in the diet 
rather than the change to the very low-fat diet because 
these fatty acids were present in the lean beef, and we 
have previously shown that similar very low-fat vegetar- 
ian diets did not lead to increases in these PUFA in 
plasma PL (10). These fatty acids were all present in the 
lean beef, even though the levels were as low as 50 mg/d 
(from 500 g raw beef) in the case of the 20:3a~6. There was 
no increase in either 18:3e)3 or 22:6~3 in the plasma PL 
although these two fatty acids were also present in the 
beef. The 22:6al3 was found in the lowest concentration 
(20 mg/500 g beef), whereas the 18:3ak3 was present at a 
higher level (85 rag/500 g beef). The 18:3e)3 may have par- 
titioned into the plasma triglyceride fraction, or it may 
have been preferentially metabolized v/a oxidation or con- 
version to 20:5c03. The former two possibilities may be 
more likely explanations (24). 

The addition of dietary fat to the very low-fat beef diet 
was associated with fat-specific changes in the plasma PL 
fatty acid profile. Both beef fat and olive oil added at a 
level of 20% energy led to increases in 20:3o~6, 20:4a)6, 
20:5a~3 and 22:5~3. The same changes were observed in 
the plasma PL on the very low-fat diet. In contrast, the ad- 
dition of 20% energy from safflower oil was associated 
with rises in all the o~6 PUFA (except 20:3~6) and in 
22:5r and significant decreases in 18:3(~3 and 20:5r in 
the plasma P L  These results show that the three diets 
with the lowest 18:2e06 levels (very low-fat diet, beef plus 
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beef fat diet and beef plus olive oil diet; all less than 5% 
energy as 18:2o)6) had similar effects on the fatty acid pro- 
file of the plasma PL. This suggests that  at very high 
I8:2s levels (beef plus safflower oil >14% of energy), the 
18:2r reduces the metabolism of 18:3r to 20:5o)3 and/or 
competes more effectively with 18:30)3 and 20:5o)3 in the 
acylation into PL. High dietary 18:2o)6 levels have previ- 
ously been reported to result in low 20:5r levels in the 
serum PL fraction in a five-month dietary study (25). 

The results from this study show that  a variety of long- 
chain r and r PUFA found in lean beef, not just  20:4r 
contribute to the pool of these PUFA found in plasma PL. 
However, the effects of beef on the plasma PL of humans 
are modulated by the level of 18:2o~6 in the diet. I f  the diet 
contains lean beef and a modest to low 18:2(o6 level, the ef- 
fect on the plasma PUFA profile is an increase in 20:3o)6, 
20:4to6 and 20:5o)3. In contrast, if  the diet containing lean 
beef is also rich in 18:2r only increases in 18:2(o6 and 
20:4o)6 in plasma PL are observed. We recognize that  the 
amount  of lean beef consumed in this study was high rel- 
ative to the usual intakes of lean meat  in this country (4). 
However, we have preliminary evidence that  lower in- 
takes of lean beef (300 g/d) also result in significant in- 
creases in the proportion of long-chain PUFA in plasma 
PL in human subjects (Sinclair, A.J., and Morgan, S.A., 
unpublished data). 

There is a concern that  diets that  raise 20:4r might be 
prothrombotic (13,14,26), and meat  has been viewed as a 
major source of dietary 20:4s The present results show 
that  this view may be too simplistic. We acknowledge that  
the changes described in the proportion of plasma PL 
PUFA in this study were quite small. However, we have 
preliminary evidence that  diets rich in lean red meat, 
which induced similar changes in 20 carbon PUFA in the 
plasma PL of seven subjects, were associated with signifi- 
cant reductions in the in vivo production of prostacyclin 
(as measured by gas chromatography/mass spectrometry 
of the main ur inary metabolite; Mann, N.J., and Sinclair, 
A.J., unpublished data). We have not yet  determined the 
effect of this diet on thromboxane production. 

We propose that  diets that  increase the proportion of 
20:3o~6, 20:4(o6 and 20:50)3 in plasma (and presumably 
tissue) PL might not have the same effect on thrombosis 
as diets tha t  raise 20:4r alone, for the following reasons. 
Increased levels of plasma 20:4o~6 may lead to increases in 
platelet 20:4o)6 that  upon appropriate stimulation could 
lead to the production of thromboxane A 2 (TXA 2) with re- 
sultant platelet aggregation (9). Increased levels of 20:3r 
and 20:5o)3 might be potentially antithrombotic since the 
former is a precursor of prostaglandin E t (PGE 1) that  pre- 
vents platelet aggregation (27), and the latter (20:5o)3) has 
been shown to effectively reduce production of TXA 2 by 
platelets and platelet aggregation (28). Thus, raised levels 
of all three eicosanoid precursors (20:3r 20:4(o6 and 
20:5o)3) may result  in a different outcome in terms of 
eicosanoid production and platelet aggregation. It  may be 
possible to substantiate this hypothesis by determining 
the effect of diets rich in lean beef on platelet fatty acid 
composition, platelet aggregation and the analysis of the 
main ur inary metabolites of thromboxane and prostacy- 
clin (29) in humans. 

The importance of a balance of dietary o}3 to o)6 fatty 
acids is becoming recognized gradually, although the com- 
petition between these two families of PUFA has been 
known for decades (5). The cholesterol-lowering properties 
of linoleic acid-containing oils have been known even 
longer, and the modern food industry has developed and 
now produces several stable linoleate-rich oils. Linolenic 
acid oils have been avoided as food fats, largely because of 
the unsavory oxidation products of linolenic acid. The re- 
sult of these developments has been to induce a very low 
ratio of o)3/o)6 fatty acids in the Western diet on a wide 
scale. The extreme situation of 0)3 deficiency has been ob- 
served in a child with accompanying neurological distur- 
bances (30). Recent studies of the PUFA profile in plasma 
have revealed that  many diseases of the modern Western 
world are accompanied by suppression of total r PUFA 
and total r PUFA when compared with healthy controls, 
as well as a lessened fluidity of the plasma PL (31). 

It is tempting to correct the low 0)3 profiles by supple- 
ments of fish oils rich in long-chain 0)3 PUFA, but  this 
strategy, imposed in the context of a typical Western diet 
rich in 18:2r can lead to profiles rich in 18:2r and the 
long-chain ~ PUFA and a suppression of the long-chain 
oJ6 PUFA such as 20:3o~6, 20:4o~6 and 22:4to6. The benefi- 
cial effects of lean beef in enhancing the plasma PL status 
of these PUFA should be emphasized and could be utilized 
without concern of hypercholesterolemia, since the diets 
low in saturated fat and rich in lean beef used in this 
s tudy actually lowered circulating cholesterol levels 
(15,16). 
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Malondialdehyde (MDA) production and cytosolic alde- 
hyde dehydrogenase (ALDH) response were e~amined in 
rat liver tissues after feeding different levels of  dietary 
vitx~min E and/or selenium and poly~m~aturated fat for 
12-38 wk. MDA production was significantly increased by 
vitamin E deficiency or by high levels of polyun~taturated 
fat intake, but not by selenium deficiency. The activity of 
eytosolic ALDH increased upon increased product /on of  
MDA after  12-16 wk of  feeding the Hpid peroxidation-in- 
ducing diets. However, ALDH activity was suppressed 
after 38 wk of  feeding the vitamin E-deficient diet. The 
results indicate that the hepatic cytosolic AI.I~H may be 
involved in the metabolism of MDA during a relatively 
short-term increase in in vivo lipid peroxidation, but that 
ALDH activity becomes suppressed after more severe 
in vivo lipid peroxidation has been produced. Hepatic 
and plasma a-tocopherol levels and lipid peroxidation 
products were measured for the various dietary groups. 
Lipids 29, 345-350 (1994). 

Malondialdehyde (MDA) is a highly reactive and cytotoxic 
aldehyde and is one of the major products formed in the 
course of peroxidative degradation of membrane lipids. It 
has been assumed that  the MDA released from mitochon- 
drial and microsomal membranes during polyunsaturated 
fatty acid (PUFA) peroxidation is metabolized by hepa- 
tocytes. Mammalian liver contains a variety of pyridine 
nucleotide-linked aldehyde dehydrogenases (ALDH; 
EC 1.2.1.3) tha t  possess wide substrate specificities and 
are widely distributed among the mitochondrial, microso- 
mal and cytosolic fractions (1-3). 

Early investigators (4-6) had concluded tha t  MDA is 
predominantly oxidized by the mitochondrial fraction of 
ra t  liver. By contrast, Hjelle and Petersen (7) more re- 
cently suggested that  the capacity to metabolize MDA is 
greatest  in ra t  liver cytosol ra ther  than  in mitochondria. 
Fur ther  work by Hjelle and Petersen (8) provided evi- 
dence, based on in vitro kinetic properties, tha t  the cy- 
tosolic AI,DH isozyme may in fact predominate in MDA 
metabolism. This concept is also consistent with the find- 
ings of Pirozhkov and Panchenko (9), Marselos and 
Vasiliou (10) and Vasiliou and Marselos (11). However, be- 
cause these studies were done on isolated tissues and tis- 

tPresent address: Department of Food Science and Nutrition, Col- 
lege of Human Ecology, Kyungpook National University, Taegu, 
702-701, South Korea. 
*To whom correspondence should be addressed. 
Abbreviations: ALDH, aldehyde dehydrogenase; -E, basal vitamin 
E-deficient diet; HP, high PUFA diet; LP, low PUFA diet; MDA, 
malondialdehyde; MP, medium PUFA diet; NE, diet supplemented 
with 30 ppm vitamin E; PUFA, polyunsaturated fatty acids; Se, se- 
lenium; -SEE, Se- and vitamin E-deficient basal diet; -Se+E, diet 
supplemented with 30 ppm vitamin E as RRR-a-t~.opheryl acetate 
for the Se-deficient group; +Se-E, diet supplemented with 0.2 ppm 
Se as sodium selenite for the vitamin E-deficient group; +SC+E, 
diet supplemented with 30 ppm vitamin E as RRR-a-tocopheryl ac- 
etate and 0.2 ppm Se; TBA, thiobarbituric acid; TBARS, thiobarbi- 
turic acid reactive substances. 

sue subfractions, direct information concerning the in- 
volvement of cytosolic AI.DH in the in vivo metabolism of 
MDA could not be obtained. 

In the present  study, in vivo lipid peroxidation was ex- 
perimentally induced by administering diets deficient in 
vi tamin E or selenium (Se), or both, and by diets high in 
PUFA. The objective of the study was to determine the 
extent  of hepatic MDA accumulation induced by the 
treatments.  In addition, hepatic and plasma a-toco- 
pherol levels and lipid peroxidation products were deter- 
mined. Because hepatic ALDH may play a role in MDA 
metabolism, changes in the activity of the low affinity cy- 
tosolic form of this enzyme induced by the various diets 
were also measured. 

MATERIALS AND METHODS 

Induction of in vivo lipid peroxidation. Three different an- 
imal feeding protocols were used to induce in vivo lipid 
peroxidation. 

Experiment 1. In vivo lipid peroxidation was induced by 
long-term vitamin E deficiency. For 38 wk, one group of 10 
female weanling Sprague-Dawley rats was fed a modified 
basal vitamin E-deficient diet containing 0.05 ppm Se, as 
described by Draper et al. (12), which was adequate in all 
respects except for vitamin E (-E), while a second group 
was fed a basal diet supplemented with 30 ppm vitamin E 
(as RRR-a-tocopheryl acetate; 1.36 IU/mg, Type 3; Sigma 
Chemical Company, St. Louis, MO) (NE). Diet and water  
were provided ad  libitum. 

Experiment 2. In vivo lipid peroxidation was modulated 
by administering three levels of dietary PUFA. Groups of 
10 female weanling Sprague-Dawley rats were fed either 
a low- (LP), medium- (MP) or high- (HP) PUFA diet con- 
taining 30 ppm vitamin E for 16 wk. The composition of 
the diets is shown in Table 1. The content of dietary fat 
was 15%, and the degree of unsaturat ion of dietary fat 
was adjusted by using combinations of lard, corn oil and 
cod liver oil. 

Experiment 3. In vivo lipid peroxidation was induced by 
deficiencies in Se, vitamin E, or both. Four groups of 10 fe- 
male weanling Sprague-Dawley rats were fed one of the 
following diets for 12 wk: (i) a Torula yeast-based Se- and 
vitamin E-deficient basal diet, as described by Schwartz 
and Fredga (13) (see Table 2), for the double deficient 
group (-Se-E); (ii) a basal diet supplemented with 30 ppm 
vitamin E as RRR-a-tocopheryl acetate for the Se-defi- 
cient group (-Se+E); (iii) a basal diet supplemented with 
0.2 ppm Se as sodium selenite for the vitamin E-deficient 
group (+SEE);  or (iv) a basal diet supplemented with 
30 ppm vitamin E and 0.2 ppm Se for the control group 
(+Se+E). 

Measurement of hepatic MDA production. The extent of 
hepatic lipid peroxidation was measured by the thiobarbi- 
turic acid (TBA) test  and by a high-performance liquid 
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TABLE 1 

Composi t ion of  Diets  w i th  Different  Levels  o f  Polyunsaturated Fatty Acids 

Ingredients Low PUFA (%) Medium PUFA (%) High PUFA (%) 

Anhydrous d(+)-dextrose a 60.4 60.4 60.4 
Vitamin-free casein a 20.0 20.0 20.0 
Lard (stripped) b 15.0 10.0 
Corn oil (stripped) b 5.0 10.0 
Cod liver oil a 5.0 
Salt mix c 4.0 4.0 4.0 
Vitamin mix d 0.5 0.5 0.5 
Choline chloride e 0.1 0.1 0.1 
Vitamin A f 10,000 IU/kg diet 10,000 IU 10,000 IU 
Vitamin D2g 1,000 IU/kg diet 1,000 IU 1,000 IU 
Vitamin E h 30 mg/kg diet 30 mg 26.47 mg i 

auuited States Biochemical Corp., Cleveland, OH. 
bEastman Kodak Co., Rochester, NY. 
CSalt mix 4164 (ICN Nutritional Biochemicals, Cleveland, OH). 
dVitamin Mix composition (g/kg mix); riboflavin 1.0, thiamine hydrochloride 2.0, nicotinic acid 5.0, 
pyridoxine hydrochloride 1.0, pantothenic acid (hemi-calcium salt) 2.0, menadione 0.2, folic acid 0.2, 
biotin 0.02 (all from Sigma Chemical Co., St. Louis, MO). Vitamin B12 (0.1% trituration with manni- 
tol) 20.0 (ICN Nutritional Biochemicals), and d(+)-dextrose 968.58. 
eSigma Chemical Co. 
~rltamin A palmitate water dispersible (250,000 IU/g) (General Drug and Chemical Co., N. Kansas 
City, MO). 
gVitamin D 2 water dispersible (500,000 IU/g) from ICN Nutritional Biochemicals. 
hRRR-a-tocopheryl acetate (Sigma Chemical Co.). 
~From high-performance liquid chromatography analysis, 50 g cod liver oil/kg diet contained 2.52 mg 
of a-tocopherol which corresponds to 3.53 mg of a-tocopheryl acetate based on the biological activity. 
For this reason, the amount of a-tocopheryl acetate supplemented for the high polyunsaturated fatty 
acid (PUFA) diet was adjusted accordingly. 

chromatography (HPLC) method. TBA reactive sub- 
stances (TBARS) in liver tissues were measured by a mod- 
ification of the method by Uchiyama and Mihara (14). 
TBARS in the samples were expressed as MDA equiva- 
lents. The amounts of free MDA produced in hepatic tis- 
sues were measured by the HPLC method developed by 
Csallany et al. (15). Details of the procedures have been 
described in a previous paper (16). MDA was prepared by 
hydrolysis of MDA tetramethyl acetal (Eastman Kodak, 
Rochester, NY) in 0.01N HC1 for 1 h at  50aC. The hy- 

TABLE 2 

Composi t ion  of  Se len ium and Vitamin E-Deficient 
Basal Diets  

Ingredie~s % 

Torula yeast a 30 
Sucrose b 59 
Stripped corn oil c 5 
Sal t  mix  b'd 5 
V i t a m i n  m i x  b'e 1 

aUnited States Biochemical Corp., Cleveland, OH. 
bICN Nutritional Biochemicals, Cleveland, OH. 
CEastman Kodak Co., Rochester, NY. 
dHubbel, Mendel and Wakeman Salt mix. 
eVitamin mix composition (g/kg mix); Vitamin A acetate (500,000 
IU/g) Vitamin D concentrate (850,000 IU/g) 0.125, ascorbic acid 
45.0, inositol 5.0, niacin 4.25, riboflavin 1.0, pyridoxine hydrochlo- 
ride 1.0, thiamine hydrochloride 1.0, calcium pantothenate 3.0, 
biotin 0.02, folic acid 0.090, vitamin B12 0.00135, dextrose 
855.46365. 

drolyzed solution was titrated to pH 7.4 with 1N NaOH 
and then diluted with ice-cold 50 mM phosphate buffer 
(pH 7.4) to produce a 50 mM concentration of MDA. The 
concentration of MDA was then calculated from ab- 
sorbance measurements at  267 nm based on the molar ex- 
tinction coefficient of MDA (3.18 x 104 M -1 cm-1). 

Hepatic A L D H  assay. Rats were deprived of food but 
had access to water ad  libitum for 12 h before sacrifice. 
The rats were killed by decapitation, and the livers were 
removed immediately and rinsed thoroughly with ice-cold 
physiological saline. The fresh tissues were then homoge- 
nized Lu five volumes of ice-cold 1.15% KC1 10 mM phos- 
phate buffer with 5 mM ethylenediamine tetraacetic acid 
tetrasodium salt (EDTA) (pH 7.4) using a Brinkman Poly- 
tron (Brinkman Instruments,  Westbury, NY). The ho- 
mogenates were centrifuged at 600 x g for 10 min and 
then at 9000 x g for 15 rain in a Sorvall RC-5B refriger- 
ated centrifuge (DuPont Instruments,  Des Plaines, IL). 
The supernatants were subjected to further centrifugation 
on a Beckman L2-65B Ultracentrifuge (Beckman Instru- 
ments, Fullerton, CA) for 60 min at 105,000 x g. The re- 
sultant supernatant  (cytosolic fraction) was used for the 
enzyme assay. 

The enzyme activity was determined spectrophotomet- 
rically by monitoring absorbance increases at 340 um 
caused by the reduction of NAD § to NADH. The molar ex- 
tinction coefficient of NADH (6.3 x 103 M -1 cm -1) was used 
to calculate the concentration of NADH (17). Reaction 
mixtures contained NAD (1 mM), pyrazole (2 mM), 
substrate (MDA, 5 mM), and enzyme in 50 mM phosphate 
buffer (pH 7.4). The absorbance changes were monitored 
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at  34~ for the initial 10 min using a Beckman DU-8 
spectrophotometer (Beckman Inst rument  Co., Berkeley, 
CA) equipped with a Kinetics Compuset and were cor- 
rected for the absorbance changes of the blank (minus 
substrate). Because methanol is produced during the hy- 
drolysis ofMDA tetramethyl  acetal, pyrazole was added to 
the reaction mixture to inhibit possible alcohol dehydro- 
genase-mediated NADH production. 

The amount  of protein in the cytosolic fraction was mea- 
sured by the Lowry method (18) using bovine serum albu- 
min as the standard. 

Hepatic a-tocopherol determination. The concentrations 
of a-tocopherol in liver tissues were measured by the 
HPLC method developed by Zaspel and Csallany (19). 

Measurement of plasma TBARS. Blood samples from 
the carotid ar tery of the rats were collected into 15-mL 
centrifuge tubes containing heparin. Plasma was sepa- 
rated by centrifuging blood samples at 478 x g for 15 min. 
Plasma TBARS were analyzed by a modified filtration 
procedure of Tarladgis et al. (20). Duplicate samples of 
0.5 mL plasma were mixed thoroughly with 3 mL of 5% 
trichloroacetic acid and 1 mL of 0.06 M TBA solution in a 
screw-capped culture tube. The mixture was heated in an 
80~ water  bath for 90 minl cooled to room temperature,  
and then centrifuged at 478 x g for 15 min to remove the 
f ine precipitate. The absorbance of the supernatant  was 
read at 535 nm. Known amounts of s tandard MDA were 
t reated in the same way. The amounts of plasma TBARS 
were expressed as MDA equivalents. 

Statistical data analysis. The results were analyzed for 
their  significance by Student's t-test in the comparison of 
two means, or by one-way analysis of variance followed by 
Tukey's multiple comparison test  (21) in the comparisons 
of more than two means. Differences were considered sig- 
nificant when the P value was less than 0.05. 

RESULTS AND DISCUSSION 

Effect of dietary vitamin E on in vivo lipid peroxidation. 
The production of TBARS and free MDA and the specific 
activity of cytosolic ALDH in the long-term (38 wk) vitamin 
E-deficient and control rat  liver tissues are shown in Fig- 
ure 1. The extent of hepatic lipid peroxidation measured by 
TBARS and free MDA concentration was significantly 
higher in the vitamin E-deficient animals than in the con- 
trols. A greater difference between the two groups was ob- 
served in the free MDA levels. ALDH activity did not re- 
spond to the increased lipid peroxidation resulting from 
long-term vitamin E deficiency. The activity of the enzyme 
seemed slightly suppressed in vitamin E-deficient tissues 
as compared to vitamin E-supplemented tissues, although 
the difference was not statistically significant. The results 
suggest that  hepatic cytosolic ALDH is not induced by in- 
creased substrate MDA and may not be actively involved 
in the metabolism of MDA in liver tissues in the chronic 
state of vitamin E deficiency. Accordingly, high levels of 
TBARS and free MDA in the vitamin E-deficient liver tis- 
sues seem to be the consequence of increased membrane 
lipid peroxidation and decreased rate of MDA metabolism. 

A severe depletion of a-tocopherol in hepatic tissue was 
seen in the vitamin E-deficient group, whereas the control 

~ - E  
mNE 
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O/ 

TBARS FREE MDA ALDH 

FIG. 1. The levels  o f  thiobarbituric  acid reactive substance 
(TBARS), free malondia ldehyde  (MDA) and cytosol ic  alde- 
hyde dehydrogenase  (ALDH) act ivit ies  of  l iver t issues from 
rats fed v i t~min E-deficient (-E) or v i tamin  E-supplemented 
(NE) diets  for 38 wk.  The levels  of  TBARS are represented 
as MDA equivalents .  E n z y m e  act ivi t ies  are expressed as 
nmol  o f  NADH produced per rain per mg  protein.  Values 
represent  means  • SEM of  ten samples  per treatment.  Dif- 
ferent letters on the top of  the bars indicate  s ignif icant  dif- 
ferences be tween  two groups (P < 0.05). 

group showed hepatic a-tocopherot concentration of 
35 ~o/g tissue (Table 3). Plasma TBARS levels were mea- 
sured to quantitate lipid peroxidation products present in 
the circulatory system. The level of plasma TBARS 
(Table 3) was significantly higher in the vitamin E-deft- 
cient condition as compared to the normal condition. The 
magnitude of this difference was as great as tha t  observed 
in the liver tissues. Such increased plasma TBARS may be 
due to peroxidation of erythrocyte membrane lipids and 
other blood lipids or the mobilization of peroxidation prod- 
ucts from other tissues as well. There are two possible 
ways whereby TBARS in the circulatory system could be 
eliminated. One is diffusion into the hepatic tissue to be 
metabolized, because liver is the major site of aldehyde ox- 
idation and detexiftcation (22). The other way is excretion 
through urine. 

Effect of dietary PUFA on m vivo lipid peroxidation. The 
TBARS, free MDA production and AI,DH activity in the 
liver of rats fed different levels of dietary PUFA for 16 wk 
are shown in Figure 2. The levels of hepatic TBARS and 
free MDA were significantly higher in the HP group than 
in the LP and MP groups. This result is in agreement with 
the work done byHafeman and Hoekstra (23), who demon- 
strated tha t  the substitution of dietary cod liver oil for di- 
etary lard caused a large increase in ethane evolution. 

TABLE 3 

Effect of  Dietary Vilmmin E on the Levels  o f  Plasma 
TBARS and Liver a-Tecopherol of  Rats 

a-Tocopherol Plasma TBARS a 
Group (0g/g liver) (ng/mL plasma) 

-E 1.43 __. 0.21 b 125.96 • 15.63 b 
NE 34.74 • 3.06 c 34.84 • 4.30 c 

aTBARS, thiobarbituric acid reactive substances; -E, vitamin E- 
deficient diet; NE, diet supplemented with 30 ppm vitamin E. 
b'CValues within each column not sharing a common superscript 
letter are significantly different (P < 0.05) by Student's t-test. 
Means • SEM for ten rats per treatment. 
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TABLE 4 

FIG. 2. T h e  l e v e l s  o f  TBARS,  f ree  M D A  a n d  c y t o s o l i c  A L D H  
a c t i v i t i e s  o f  l i v e r  t i s s u e s  f r o m  ra t s  f ed  d i e t s  w i t h  d i f f e r e n t  
l e v e l s  o f  p o l y u n s a t u r a t e d  fa t ty  a c i d  (PUFA) for  16 wiL T h e  
l e v e l s  o f  TBARS are  r e p r e s e n t e d  as  M D A  e q u i v a l e n t s .  En- 
z y m e  a c t i v i t i e s  are  e x p r e s s e d  as  n m o l  o f  N A D H  p r o d u c e d  
p e r  rain p e r  m g  pro te in .  V a l u e s  r e p r e s e n t  m e a n s  ffi S E M  o f  
t e n  s a m p l e s  p e r  group .  D i f f e r e n t  l e t t e r s  o n  t h e  top  o f  th e  
b a r s  i n d i c a t e  s i g n i f i c a n t  d i f f e r e n c e s  b e t w e e n  g r o u p s  b y  a 
m u l t i p l e  c o m p a r i s o n  t e s t  (P < 0.05). A b b r e v i a t i o n s  as  in  Fig-  
u r e l .  

Cod liver oil, which comprised 5% of the H P  diet in this 
study, is a rich source of n-3 unsatura ted  fat ty  acids. Con- 
sumption of cod liver oil by animals  is known to increase 
the levels of these fat ty acids in both adipose fat and mem- 
brane phospholipids (24). Draper  et al. (25) confirmed the 
enrichment  of liver tissue and epididymal fat  pads with 
eicosapentaenoic (20:5n-3) and docosahexaenoic acid 
(22:6n-3) in rats  fed an HP  diet containing cod liver oil. 
Therefore, lipid peroxidation in tissues of ra ts  fed an HP 
diet containing cod liver oil is expected to increase because 
these highly unsa tura ted  n-3 fat ty  acids are good sub- 
s trates  for lipid peroxidation. 

The activity of hepatic ALDH was significantly in- 
creased in the HP group as compared to the LP group. 
However, no significant difference was observed between 
the LP and MP groups. In  the present  experiment,  hepatic 
ALDH appears  to respond to the increased tissue lipid 
peroxidation and may  be involved in the metabolism of 
MDA in the animals  fed an  HP diet with normal  levels of 
v i tamin E supplementation. However, this finding is in 
contrast  to previous result  showing suppressed AI,DH ac- 
tivity in spite of increased tissue lipid peroxidation in 
long-term vi tamin E deficiency. 

Tocopherol concentrations in liver t issues of ra ts  fed dif- 
ferent levels of dietary PUFA are shown in Table 4. Over- 
all, t issue tocopherol levels were 30% lower than  the value 
(35 l~/g tissue) found in a group fed the same amount  of 
dietary v i tamin  E and 8% corn oil (Exper iment  1) 
(Table 3). This difference mus t  be due to the increased con- 
sumption of dietary f a t  (15%) by the animals. However, 
the HP  group had 20% less hepatic vi tamin E storage 
than  the other two groups, but  the difference was not sta- 
tistically significant in the LP, MP and HP groups. 

P lasma TBARS levels also showed a positive correlation 
with the amounts of dietary PUFA (Table 4). The differ- 
ences in plasma TBARS levels among the dietary groups 
showed the same pat tern as those in hepatic TBARS levels. 

Effects of  dietary Se and vitamin E on in vivo lipid per- 
oxidation. The effects of Se and vi tamin E on liver TBARS, 

E f f e c t  o f  D i f f e r e n t  L e v e l s  o f  D i e t a r y  P U F A  o n  th e  L e v e l s  
o f  P l a s m a  T B A R S  a n d  L i v e r  a - T o c o p h e r o l  o f  R a t s  a 

a-Tocopherol Plasma TBARS 
Group (pg/g liver) (ng/mL plasma) 

LP 24.95 _+ 2.145 75.52 • 2.21 b 
MP 24.24 • 2.30 b 81.60 _+ 3.72 b 
HP 19.55 • 1.94 b 107.00 _+ 4.68 c 
aAbbreviations as in Tables 1 and 3; LP, low-PUFA diet; MP, 
medium-PUFA diet; HP, high-PUFA diet. 
b'CValues within each column not sharing a common superscript let- 
ter are significantly different (P < 0.05) by Tukey's multiple com- 
parison test. Means _+ SEM for ten rats per treatment. 

free MDA levels and ALDH activity are shown in Fig- 
ure 3. The doubly-deficient group produced the highest 
amounts  of TBARS and free MDA in liver tissues, fol- 
lowed by the vi tamin E-deficient group. Notably, the pro- 
duction of free MDA in liver t issues of these two groups 
was significantly higher than  tha t  of the control group. 
The increase in tissue lipid peroxidation caused by Se de- 
ficiency alone was not statistically significant, nor  was an 
apparent  additive effect of v i tamin E and Se on the induc- 
tion of in vivo lipid peroxidation seen in this experiment. 
I t  has  been generally assumed tha t  if Se deficiency were 
to exist, in vivo peroxidation would be increased because 
of an inability of the cells to scavenge H20 2 and a de- 
creased ability to handle lipid hydroperoxides. However, 
the influence of Se deficiency on the extent of lipid perox- 
idation in isolated organs or in the intact animal  is not yet 
conclusive. Although a vital role of Se was established for 
the seleno-enzyme, glutathione peroxidase, in the reduc- 
tion of hydroperoxides in vitro (26), significant lipid 

FIG. 3. T h e  l e v e l s  o f  TBARS,  f r e e  M D A  a n d  c y t o s o l i c  AI ,DH 
a c t i v i t i e s  o f  l i v e r  t i s s u e s  f rom r a t s  f e d  d i e t s  d e f i c i e n t  i n  o r  
s u p p l e m e n t e d  w i t h  s e l e n i u m  o r  v i t a m i n  E for  12 wk.  T h e  
l e v e l s  o f  T B A R S  a r e  r e p r e s e n t e d  as  M D A  e q u i v a l e n t s .  En-  
z y m e  a c t i v i t i e s  a r e  e x p r e s s e d  as  n m o l  o f  N A D H  p r o d u c e d  
p e r  m i n  p e r  m g  p r o t e i n .  V a l u e s  r e p r e s e n t  m e a n  = S E M  o f  
t e n s a m p l e s  p e r  t r e a t m e n t .  D i f f e r e n t  l e t t e r s  o n  t h e  top  o f  t h e  
b a r s  i n d i c a t e  s i g n i f i c a n t  d i f f e r e n c e s  b e t w e e n  g r o u p s  b y  
m u l t i p l e  c o m p a r i s o n  t e s t  (P  < 0.05). - S E E ,  s e l e n i u m -  a n d  vi-  
t a m i n  E - d e f i c i e n t  d ie t ;  - S e + E ,  d i e t  s u p p l e m e n t e d  w i t h  
30 p p m  vit~amln E as  R R R - ~ - t o e o p h e r y l  a c e t a t e ;  + S E E ,  d i e t  
s u p p l e m e n t e d  w i t h  0.2 p p m  s e l e n i u m  as  s o d i u m  s e l e n i t e  for  
t h e  v i t a m i n  E - d e f i c i e n t  group;  +Se+E,  d i e t  s u p p l e m e n t e d  
w i t h  30  p p m  v i t a m i n  E as  R R R - a - t o c o p h e r y l  a c e t a t e  a n d  
0.2 p p m  s e l e n i u m .  O t h e r  a b b r e v i a t i o n s  in  F i g u r e  1. 
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peroxidation could not be detected in Se-deficient, v i tamin 
E-supplemented ra ts  as measured by the alkane produc- 
tion in exhaled air (23). In  contrast, Doni et al. (27) re- 
ported tha t  after  a three-month feeding, hear t  and kidney 
MDA, as measured  by the TBA tests, were significantly 
higher both in vi tamin E-deficient and Se-deficient ra ts  
than  in control rats. I t  was found in the present  s tudy tha t  
in  vivo lipid peroxidation is more dependent on vi tamin E 
deficiency than  on the Se deficiency. This is in agreement  
with the results of Hafeman  and Hoeks t ra  (28), who re- 
ported tha t  v i tamin E had  a greater  effect than  Se in re- 
ducing ethane evolution after  CC14 administrat ion to rats,  
suggesting tha t  vi tamin E is a more potent  biological an- 
tioxidant than  Se. The failure of MDA to accumulate in Se 
deficiency may  be explained by the fact tha t  the pr imary  
subst ra te  for Se-dependent glutathione peroxidase is 
H20 2 ra ther  than  fat ty  acyl peroxides (29). A fur ther  ex- 
planation may  be tha t  Se-independent glutathione perox- 
idase is present  in tissues (30). 

Hepa t i c /~ I ,DH activity increased significantly in the 
Se- or v i tamin E-deficient groups, as well as in the double- 
deficient group compared to the control group. In the vit, 
amin  E and doubly-deficient groups, the enzyme activity 
appears  to increase in response to the increased hepatic 
lipid peroxidation; however, ALDH is activated in Se deft- 
ciency in spite of low lipid peroxidation in liver tissue. 
Such an increase in the activity of AI,DH may  be ex- 
plained as a compensatory action of the enzyme for the de- 
creased glutathione peroxidase activity usually observed 
in Se deficiency (31). Other  antioxidant enzymes, such as 
catalase and superoxide dismutase,  were also reported to 
increase their  activities in liver and brain of chicks during 
Se deficiency (32). 

The a-tocopherol content of liver tissue showed a corre- 
lation with dietary tocopherol levels (Table 5). The control 
and Se-deficient groups had significantly higher storage 
levels of liver a-tocopherol than  the v i tamin E-deficient 
and the doubly-deficient groups. The decrease in tissue a-  
tocopherol level produced by Se deficiency was not statis- 
tically significant. Observations by several investigators 
have indicated tha t  Se deficiency can affect a-tocopherol 

TABLE 5 

Effect o f  Dietary Se and Vitamin E on the Levels  of  P lasma 
TBARS and Liver a.Tocopherol o f  Rats 

a-Tocopherol Plasma TBARS 
Group a (~g/g liver) (ng/mL plasma) 

- S e E  1.96 • 0.06 b 75.80 • 4.32 b 
-Se+E 32.48 _+ 1.99 ~ 55.27 • 2.95 c 
+SeE 2.07 _+ 0.05 b 74.81 • 3.36 b 
+Se+E 34.18 • 2.47 c 52.08 • 4.91 c 

a-Se-E, selenium- and vitamin E-deficient diet; -Se+E, diet supple- 
mented with 30 ppm vitamin E as RRR-a-tocopheryl acetate; +Se- 
E, diet supplemented with 0.2 ppm selenium as sodium selenite for 
the vitamin E-deficient group; +Se+E, diet supplemented with 30 
ppm vitamin E as RRR-a-tocopheryl acetate and 0.2 ppm sele- 
nium. Other abbreviation in Table 3. 
b'CValues within each column not sharing a common superscript 
letter are significantly different (P < 0.05) by Tukey's multiple 
comparison test. Means • SEM for ten rats per treatment. 

metabolism. Fisher and Whanger  (33) showed a grea ter  
rate  of t r i t ium excretion in the urine of Se-deficient ra ts  
than  tha t  of controls after administrat ion of tr i t iated a-to- 
copherol. They concluded tha t  v i tamin E is metabolized 
more rapidly in Se-deficient ra ts  than  in controls. This 
finding is consistent with the report  tha t  Se deficiency in 
rats  depressed hepatic microsomal a-tocopherol content 
(34). Thus, Se deficiency appears  to favor an increased 
rate  of loss of a a-tocopherol from the body. The cause of 
this loss most  likely relates to increased ct-toc0pherol oxi- 
dation under  conditions where Se-dependent antioxidant 
mechanisms are impaired. 

P lasma TBARS levels showed the same trend as liver 
tissue TBARS levels (Table 5), demonstrat ing tha t  p lasma 
TBARS levels can be as useful an index of  in  vivo lipid per- 
oxidation as are liver tissue TBARS levels. 

The extent of hepatic lipid peroxidation was determined 
by measur ing the accumulation of free MDA and TBARS 
in the presence or absence of dietary vi tamin E and/or Se 
and at  various levels of PUFA administration. The re- 
spouse of hepatic cytosolic ALDH to the tissue lipid per- 
oxidation state was examined. Hepatic lipid peroxidation 
was significantly increased by vi tamin E deficiency and by 
high levels of PUFA intake. The increase of hepatic lipid 
peroxidation by Se deficiency was not statistically signifi- 
cant. The hepatic cytosolic ALDH responded to the in- 
creased tissue lipid peroxidation after  12 or 16 wk of feed- 
ing diets deficient in vi tamin E, diets deficient in both vi- 
t amin  E and Se, or diets with high levels of PUFA. 
However, hepatic AI,DH activity was found to be sup- 
pressed a i ~ r  38 wk of feeding diets deficient in vi tamin E. 
These results indicate tha t  liver cytosolic ALDH may  be 
involved in the metabolism of MDA during in vivo lipid 
peroxidation induced by relatively short- term feeding, but  
the enzyme activation does not persist  during severe 
in vivo lipid peroxidation caused by long-term vi tamin E 
deficiency. 

Liver a-tocopherol levels showed an inverse relation- 
ship with the extent of tissue lipid peroxidation. However, 
the decreases in t issue a-tocopherol levels at  high levels of 
PUFA administrat ion and Se deficiency were not signifi- 
cant. Levels of p lasma TBARS showed exactly the same 
pat terns  as those of the hepatic tissues, indicating tha t  
the measurement  of p lasma TBARS can be used as an 
index for in vivo lipid peroxidation. 
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We Rnling male  Sprague-Dawley rats were  fed diets  for 
four w e e k s  which  differed in their  content  of  n-6 (corn 
oil; CO) and n-3 fatty acids (fish oil; FO), but were  s |ml]ar 
in their  content  of saturated and monounsaturated fatty 
acids and vif~mln E. At the end of the four-week feeding 
period, each dietary group was  subdivided into two  
groups. One group rece ived a single placebo injection of 
a-tocopherol-stripped corn oil  (TSCO); the other group 
rece ived a single injection of  the free radical generator, 
methyl  ethyl  ke tone  peroxide (MEKP), in TSCO. Twenty- 
four hours after injection, the effect of dietary oil and 
MEKP treatment  on endogenous  lipid peroxide (LPO) 
production (measured as methylene  blue formed by the 
"Determiner LPO" assay), glutathione (GSH) and vitamin 
E content,  and fatty acid composi t ion of  phosphatidyl- 
choline and phosphatidy|ethanolAmine in heart  and l iver  
from unfasted animals  were  measured.  FO-fed rats had 
significantly heavier  hearts  and livers, increased levels  
of  n-3 fatty acids in membrane  phospholipids,  and higher 
l iver LPO levels  than CO-fed rats. MEKP treatment  re- 
suited in significantly lower  body weights  and l iver GSH 
levels.  The data indicate that dietary n-3 fatty acids in- 
crease  l ipid peroxidation in l iver  somewhat  more  than in 
heart. The study also demonstrates  that the effect of in- 
duced oxidative stress due to a single dose of  MEKP on 
lipid peroxide formation and antioxidnnt status in tis- 
sues  from unfasted anim~lA was  independent  of  the di- 
etary oils. 
Lipids 29, 351-357 (1994). 

Dietary supplementation with highly polyunsaturated 
fats, such as those containing the n-3 fatty acids found in 
fish oil, is associated with an increased tendency for lipid 
peroxide formation in certain tissues (1-3). Lipid peroxi- 
dation mediated by free radicals is considered to be a 
prevalent mechanism of cell membrane destruction and 
cell damage and has been suggested to be associated with 
the initiation and development of atherosc]erosis (4). Lit- 
tle is known about how the organism responds to an in- 
crease in oxidative stress (i.e., activation of free-radical re- 
actions), such as lipid peroxidation. In view of the sus- 
pected role of oxidative degradation of lipids in the 
etiology of atherogenesis, such information is useful. 

Dietary fatty acids influence the composition of mem- 
brane phospholipids in heart and liver (5,6). Indeed, mem- 
brane phospholipids with a high level of polyunsaturated 

*To whom correspondence should be addressed at Science Insti- 
tute, University of Iceland, Dunhaga 3, IS-107 Reykjaw'k, Iceland. 
Abbreviations: CO, corn oil; FO, fish oil; GSH, glutathione; GSSH, 
oxidized GSH; HPLC, high-performance liquid chromatography; 
i.p., intraperitoneal; LPO, lipid peroxide; LSD, least significant dif- 
ference; MEKP, methyl ethyl ketone peroxide; PC, phosphatidyl- 
choline; PE, phosphatidylethanolamine; PI, peroxidizability index; 
PUFA, polyunsaturated fatty acids; TBARS, thiobarbituric acid re- 
active substances; TBHQ, tertiary butylhydroquinone; TSCO, a-to- 
eopherol stripped corn oil. 

fatty acids (PUFA) are more sensitive to hydroxy radicals 
(7,8). Susceptibility to peroxidation is also influenced by 
free radical scavengers and antioxidants such as vitamin 
E and glutathione (GSH) (9). Induced oxidative stress is 
accompanied by a decrease in the content of the antioxi- 
dants vitamin E and/or GSH (10). Further, increased lipid 
peroxidation is associated with a decrease in liver GSH 
(11-13). 

In the above experiments, animals were fasted over- 
night prior to sampling. The standard practice to fast an- 
imals overnight before drug administration in experimen- 
tal research is to ensure uniform absorption of the test 
compound. However, deprivation of food and/or water is a 
powerful stressor. Experiments in rats have shown that 
food deprivation induces alterations in free radical-scav- 
enging systems that differ from tissue to tissue (14). Ele- 
vated turnover rates of liver GSH have been reported dur- 
ing fasting in rats (15). Furthermore, fasting in rats low- 
ere the GSH level of the liver without changing its level in 
the heart (15-17). 

Data that indicate that feeding fish oil (FO) induces 
higher lipid peroxidation in tissues has been based on the 
thiobarbituric acid reactive substances (TBARS) test. This 
method measures the end product, malondialdehyde, 
which results from the breakdown of lipid peroxides 
(LPOs) and nonlipid compounds. Several investigators 
have criticized the use of the TBARS test since the test is 
not a reliable index of lipid peroxidation in organ systems 
(18-20). A preferable procedure is to measure LPO levels, 
using the Determiner LPO assay, a colorimetric method 
that specifically detects hydroperoxides, endoperoxides 
and peroxy radicals (20,21). 

The present study was undertaken to investigate the ef- 
fects of dietary n-6 and n-3 PUFA and free radicals gener- 
ated by methyl ethyl ketone peroxide (MEKP) on the ex- 
tent of lipid peroxidation and on antioxidant status, i.e., 
vitamin E and GSH content, in heart and liver tissues of 
rats. MEKP is a toxic, lipid-soluble peroxide that has been 
shown to rapidly initiate lipid peroxidation in vivo and 
in vitro (22,23). To avoid the possible potentiating effect of 
fasting on detoxification systems, the effect of MEKP on 
in vivo oxidation processes was studied in unfasted nor- 
mal animals. The lipid peroxidation was measured by a 
new method, the Determiner LPO assay (20,21). 

MATERIALS AND METHODS 

Animals  and diets. Forty-one male weanling S.prague- 
Dawley rats were obtained from Simonson Laboratories 
(Los Angeles, CA). The rats were housed individually in 
wire cages under standard conditions of 22~ 45% rela- 
tive humidity, using a 12-h light-dark cycle. The animal 
care procedures used in this study were approved by the 
Animal Care and Use Committee at Oregon State 
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University (Corvallis, OR). Following a one-week acclima- 
tion period, the rats were randomized into two dietary 
groups and maintained for four weeks on diets tha t  dif- 
fered in their  polyunsaturated n-6 (corn oil diet; CO diet) 
and n-3 (FO diet) fat ty acid contents. The compositions of 
the diets were based on the AIN-76 diet for rats (24) with 
part  of the carbohydrate replaced with fat so that  both 
diets were 20% fat by weight. The base diet was a fat-free, 
vitamin E-deficient diet (Teklad, Madison, WI). The CO 
diet contained 15% vitamin E-stripped corn oil (TSCO; 
Teklad), 4.5% cocoa butter  and 0.5% coconut oil. The FO 
diet contained 16.75% FO, 2.0% TSCO and 1.25% olive oil. 
Small amounts of hydrogenated coconut oil (Teklad), olive 
oil (Teklad), and/or cocoa butter  (Teklad) were added to the 
diets to equalize the contents of monounsaturated and 
saturated fatty acids. In addition, the diets contained the 
following (g/kg): casein 200, methionine 3, sucrose 350, 
cornstarch 150, cellulose 50, mineral mix 35, vitamin mix 
10 and choline bitartrate 2. The cholesterol content of the 
diets was matched at 0.34 g/kg by adjusting the CO diet. 
dl-a-Tocopheryl acetate (a generous gift from Eastman 
Kodak, Kingsport, TN) was added to the diets at  a level of 
50 IU per kg diet. FO was obtained from the National In- 
stitutes of Health Fish Oil Test Material Program with 
ter t iary butylhydroquinone (TBHQ) (0.2 g/kg off) added as 
an antioxidant. TBHQ was added to the CO diet in an 
amount  equal to tha t  of the FO diet. Twenty-four hour 
food intake was measured each week, and there were no 
significant differences observed between the two dietary 
groups. 

The fatty acid composition (g/100 g) of the diets is shown 
in Table 1. To minimize oxidation, diets were prepared bi- 
weekly, aliquoted into daily portions and stored frozen 
under nitrogen. The diets given to the rats were changed 
daily, and unused portions were discarded. The rats  re- 
ceived their  respective diets and water  ad libitum 
throughout the study. 

At the end of the four-week feeding period, each diet 
group was subdivided into two groups. One group received 
a single intraperitoneally (i.p.) placebo injection of a-toco- 
pherol-stripped corn oil (TSCO); the other group received 
(i.p.) a single dose (40 mg/kg body wt) of MEKP in TSCO. 
The same volume (0.7 ~ / g  animal) of placebo and MEKP 
was injected. The body weight was recorded once each 
week, immediately before and 24 h after TSCO or MEKP 
administration. The unfasted rats were anesthetized with 
a mixture of ketamine (60 mg/kg) and xylazine (10 mg/kg) 
24 h a f a r  TSCO or MEKP administration. Beginning at 
08:00 h every day, for five days, one animal was anes- 
thetized each 1/2 h until 12:00 h. This was done to cir- 
cumvent diurnal variation of liver GSH levels. The ab- 
domen was opened to provide access to the vena cava. 
Hear t  and liver were thoroughly perfused with isotonic 
saline solution, rapidly excised, weighed, quickly frozen in 
liquid nitrogen and pulverized at liquid nitrogen temper- 
ature, then stored at  -70~ until analyzed. 

Analysis of fatty acids. Hear t  and liver lipids were ex- 
tracted by the method of Bligh and Dyer (25). A portion of 
this extract was used for measuring LPOs. The antioxi- 
dant  butylated hydroxytoluene was added to the extrac- 
tion medium at  5 mg/100 mL. Phospholipids were sepa- 

TABLE 1 

Fatty Acid Composi t ion  (g/100 g) o f  the Diets  = 

Diet Corn oil Fish oil 

Fatty acids 
14:0 0.11 1.55 
16:0 2.96 3.02 
16:1n-7 2.01 
18:0 2.06 0.54 
18:1n-9 5.47 2.69 
18:1n-7 0.12 0.54 
18:2n-6t 0.29 
18:2n-6c 9.55 1.60 
18:3n-3 0.18 0.21 
18:4n-3 0.55 
20:1n-9 0.19 
20:4n-6 0.14 
20:5n-3 2.40 
22:4n-6 0.15 
22:5n-3 0.36 
22:6n-3 1.49 
Others b 0.13 2.56 

Total saturated 5.26 5.46 
Total monoenoic 5.64 5.55 

Total (n-6) 9.55 2.25 
Total (n-3) 0.18 5.01 
aValtle8 represent the average of three determinations. Dietary fat 
was 20% by weight of the diet. 
bMinor components (percent at less than 1% when expressed as 
weight percent of the total fatty acids). 

rated on thin-layer plates (Adsorbosil H; Alltech, Deer- 
field, IL) developed in a solvent system consisting of chlo- 
roforra/methanol/acetic acid/water (75:40:12:5, by vol). 
The phospholipid fatty acids were t ransmethylated for 90 
min at  95~ using 14% boron trichloride/methanol (Sigma 
Chemical Co., St. Louis, MO). The methyl esters were an- 
alyzed using a gas chromatograph (Hewlett-Packard 
5890; Hewlett-Packard, Palo Alto, CA) equipped with a 
capillary column, 30 m x 0.25 mm i.d., coated with a 
0.25-~m film of SP2330 (Supelco, Bellefonte, PA). The 
oven temperature  was programmed to maintain 170~ for 
4 min, then was increased at  2~ to 200~ and then 
at 3~ to 218~ The carrier gas was helium at a flow 
rate of 0.6 mL/min. The fatty acid methyl ester  peaks were 
calibrated against those of commercial standards (Sigma; 
Nu-Chek-Prep, Elysian, MN). The peroxidizability index 
(PI) was calculated as follows: PI = (% dienoic x 1) + (% tri- 
enoic x 2) + (% tetraenoic x 3) + (% pentaenoic x 4)+ 
(% hexaenoic x 5). 

Quantitative analysis of LPO. LPOs were quantitatively 
determined by measuring colorimetrically the methylene 
blue formed using a Determiner LPO assay kit  (Kamiya 
Biomedical Company, Thousand Oaks, CA), modified as 
discussed by Turini et al. (20). One-half milliliter of the 
first reagent (275 U/mL ascorbic oxidase, 35 U/mL 
lipoprotein lipase, stabilizer, 50 mM Good's buffer and sur- 
factants) was added to 100 ~L of hear t  or liver lipid extract 
in methanol, which contained approximately 10 mg pro- 
tein. Tubes were mixed and incubated in a shAkiug water  
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bath at 30~ for 5 min. One milliliter of the second reagent 
(2.2 ~mol MCDP, i.e., 10-N-methyl-carbamoyl-3,7-di- 
methylamino-10H-phenothiazine, plus 50 mM Good's 
buffer, 33.8 ~g/mL hemoglobin and surfactants) was 
added to the tubes. The contents were then mixed and in- 
cubated at 30~ for 10 min. The absorbance was mea- 
sured at 675 nm in a Gilford Model 252 spectrophotome- 
ter (Gilford Instrument  Laboratories Inc., Oberlin, OH). 
Sample concentrations were calculated using a standard 
solution of 50 nmol/mL cumene hydroperoxide. LPO val- 
ues are expressed as nmole equivalents of cumene hy- 
droperoxides per mg tissue protein. Protein was measured 
by the method of Lowry et al. (26) on the heart  and liver 
homogenates. 

Quantitative analysis of GSH and vitamin E. The pro- 
cedures for the measurement of reduced GSH and for the 
extraction and analysis of vitamin E from heart  and liver 
were those by Warren and Reed (10). Care was taken to 
avoid substantial exposure of samples to light and air. 
Briefly, an internal standard of 5-tocopherol and water 
were added to a portion (approximately 300 mg) of frozen, 
pulverized heart  or liver tissue that  was then thoroughly 
mixed by sonication on ice. Portions of the heart  and liver 
homogenates were removed for measurement of protein, 
GSH and vitamin E. GSH levels were measured by high- 
performance liquid chromatography (I-IPLC) (27). Vitamin 
E was extracted with heptane and quantitated by reverse- 
phase HPLC using fluorimetric detection (10,28). Values 
for GSH and vitamin E are expressed as nmol/mg tissue 
protein. 

Statistical analysis. The effect of dietary oil and treat- 
ment  was examined by two-way analysis of variance using 
SAS (29) general linear model procedures. Where signifi- 
cant interactions were found, comparisons of different 
treatments in rats receiving either FO- or CO-enriched 
diet were performed with the Fisher's least significant dif- 
ference (LSD) test (30). Differences were considered sig- 
nificant at P < 0.05. 

RESULTS 

The weights of the animals at  the end of the feeding trial 
before the injection of TSCO or MEKP were not signifi- 
cantly different (Table 2). By 24 h, injection of MEKP de- 
creased the weight of rats in both dietary groups (P < 

10 

~r 0 c~ 

-10  

CO- fed  a n i m a l s  

TSCO MEKP 

FO- fed  a n i m a l s  

TSCO MEKP 

FIG. 1. Average weight  gain (g) per 24 h over the four-week 
feeding period (open bars); weight  gain (g) wi th in  24 h fol- 
l owing  TSCO (tocopherol-str ipped corn oil) t reatment  
(hatched bars); and weight  loss (g) wi th in  24 h fol lowing 
MEKP (methyl ethyl  ketone peroxide) treatment (full bars). 
CO, corn oil; FO, fish oil. 

0.01). Figure I shows the change in body weight 24 h after 
TSCO or MEKP treatment, compared to the average 
weight gain per 24 h over the four-week feeding period in 
both dietary groups. There was no significant difference in 
body weight gains per 24 h between the four groups over 
the four-week feeding period. However, a single injection 
of TSCO led to a slightly smaller increase in weight in the 
24 h interval following the injection compared to the gain 
previously experienced in both dietary groups (4.6 _+ 1.2 g 
in CO-fed group, 3.5 -+ 1.8 g in FO-fed group vs. 6.4 _+ 0.2 
g and 6.5 _ 0.03 g, respectively). A single injection of MEKP 
caused a body weight loss within 24 h in both dietary 
groups that  was more pronounced in the CO-fed rats (-6.0 
+_ 1.7 g in CO-fed group and -2.2 _+ 1.4 g in FO-fed group). 

Body, heart  and liver weights of rats fed CO- or FO-rich 
diets and treated either with TSCO or MEKP are shown 
in Table 2. The two diets led to significant differences 
(P < 0.05) in the mean and relative mean weights of hearts 
and livers. Rats fed the FO-rich diet had significantly 

TABLE 2 

Effect of  Dietary Oil and MEKP Treatment on Body, Heart and Liver Weights a 

Corn oil Fish oil P-value b 

TSCO MEKP TSCO MEKP 0 T OxT 

Body weight at injection (g) 
Body weight at kill (g) 
Heart weight (g) 
Relative heart weight (%)c 
Liver weight (g) 
Relative liver weight (%)c 

255.5 -+ 5.4 250.7 • 6.2 261.6 • 5.4 251.1 • 5.5 
260.1 _+ 5.7 244.7 _+ 6.6 265.1 • 5.5 248.9 -+ 5.4 

1.08 _+ 0.03 1.03 -+ 0.04 1.16 _+ 0.03 1.12 _+ 0.03 
0.41 _+ 0.01 0.42 _+ 0.01 0.45 _+ 0.01 0.45 • 0.01 

11.92 _+ 0.48 11.20 _+ 0.36 14.11 • 0.54 11.80 -+ 0.69 
4.59 +- 0.19 4.59 • 0.15 5.35 • 0.25 4.74 • 0.26 

NS NS NS 
NS 0.01 NS 
0.02 NS NS 
0.03 NS NS 
0.01 0.007 NS 
0.04 NS NS 

aValues are mean _+ SEM for 10-11 rats. TSCO, a-tocopherol-stripped corn oil; MEKP, methyl ethyl ketone peroxide. 
bNS, not significant at P < 0.05; O, effect of dietary oil; T, effect of MEKP treatment. 
CExpressed as percent, g tissue per g body weight x 100. 
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heavier hearts and livers than those fed the CO-rich diet. 
These differences prevailed when the data were expressed 
on a relative weight basis. The livers of the MEKP-treated 
rats were lighter than those that  did not receive the injec- 
tion, when the data were expressed on a absolute basis 
but not on a relative basis. 

The highly polyunsaturated n-6 and n-3 fatty acids in 
the diets were efficiently incorporated into the major 
classes of membrane phospholipids, phosphatidylcholine 
(PC) and phosphat idylethanolamine (PE; data  not 
shown), of heart  and liver. The fatty acid levels of phos- 
pholipids in heart  and liver were significantly different be- 
tween the two dietary groups with respect to most of the 
fatty acids analyzed. Pronounced increases in n-3 fatty 
acids in heart  and liver membrane phospholipids have 
been shown repeatedly, and since the effect of the treat- 
ment  and the interaction between the effects of dietary oil 
and treatment  caused minimal changes in the fatty acid 
levels of heart  and liver PE, the data from PE are not  
given here. The interaction between dietary oil and treat- 
ment  was significant in six fatty acids and in the PI  of 
heart  PC (Table 3) and in two fatty acids of liver PC (Table 
4). Within the CO group, MEKP treatment  significantly 
decreased the level of 18:2n-6. Within the FO group, the 
level of 16:0 was significantly increased, and the levels of 
20:4n-6, 22:5n-3, 22:6n-3 and the PI  were significantly de- 
creased after a single MEKP injection. MEKP treatment  
changed the fatty acid levels of liver PC only within the 
CO group, where the levels of 18:1n-9 and 18:2n-6 were 
decreased. In heart  PE, there was one interaction where 
the PI  values decreased in MEKP-injected FO-fed rats 
from 239.2 +- 3.3% to 221.3 _+ 4.3% but remained virtually 
unchanged in CO-fed rats (148.8 _+ 2.0% to 146.6 +_ 4.5%). 

The effects of the dietary oils and MEKP treatment on 
GSH, vitamin E and LPO levels are shown in Table 5. 
Liver GSH was significantly reduced (P < 0.003) by MEKP 
treatment  while dietary oils had no effect. Heart  GSH was 
unaffected by dietary oil or MEKP treatment. Liver GSH 
was  roughly three times that  of the heart. Vitamin E in 
heart  and liver was unaffected by dietary oil or MEKP 
treatment. However, heart  vitamin E was roughly twice 
that  in the liver (2 nmol/mg protein vs. 1, respectively). 
Liver LPO was significantly higher (P < 0.05) in the FO- 
fed group compared to the CO-fed group, while heart  LPO 
was unaffected. MEKP treatment  did not affect the LPO 
levels in heart  or liver in either of the dietary groups. 

Figure 2 shows the relationship between PI in heart  PC, 
vitamin E and LPO levels from rats on the FO-diet and 
being MEKP-treated. The PI  was positively correlated 
with vitamin E levels and negatively correlated with LPO 
levels. 

VtSC0SSg~ 

The present study has shown that  rats fed n-3 enriched 
diets do not respond differently to induced oxidative stress 
from a single dose of MEKP as evidenced by LPO forma- 
tion and antioxidant status, compared to rats fed n-6 en- 
riched diets. As anticipated, the injection of MEKP 
stressed the animals, as evidenced by their weight loss 
within 24 h a i t e r  injection (Fig. 1). The changes in body 
weight effected by MEKP might be due to loss of appetite 
and lower food intake in addition to metabolic changes. 
The injection of TSCO or the handling associated with the 
injection was also a stressor, as evidenced by the smaller 
weight gain experienced by the rats after this injection. 

TABLE 3 

Effect o f  Dietary Oil and MEKP Treatment on  the  Fatty Acid Composi t ion  o f  Heart  Phosphat idy lchol ine  a 

Corn oil Fish oil P-value b 

TSCO MEKP TSCO MEKP O T OxT 

Fatty acids 
14:0 0.11 _+ 0.11 0.06 • 0.06 0.22 • 0.14 0.41 • 0.32 NS NS 
16:0 14.64 • 0.52 13.65 • 0.50 16.36 • 0.33 20.29 • 2.12 d 0.002 NS 
16:1n-7 
18:0 30.26 • 0.44 31.73 • 0.86 27.42 • 0.45 28.21 • 2.45 0.03 INS 
18:1n-9 4.43 • 0.16 3.94 • 0.I0 2.64 • 0.11 3.14 • 0 . 2 6  <0.0001 INS 
18:1n-7 2.51 _+ 0.17 2.42 • 0.08 3.02 • 0.14 3.47 • 0.51 0.01 NS 
18:2n-6 13.24 • 0.59 9.87 • 1.01 e 2.64 • 0.13 2.62 -+ 0.25 <0.0001 0.01 
20:4n-6 28.04 _+ 1.05 30.08 • 1.30 21.35 • 0.34 17.81 • 1 .44 d <0.0001 NS 
20:5n-3 4.16 • 0.25 3.43 • 0.20 0.02 
22:4n-6 1.52 • 0.21 0.87 • 0.55 NS 
22:5n-3 1.04 • 0.10 1.37 • 0.39 3.65 • 0.13 2.87 • 0.28 d 0.0001 NS 
22:6n-3 2.31 • 0.15 3.28 • 0.60 17.48 • 0.20 13.66 -+ 1.68 ~ 0.0001 NS 

n-6/n-3 12.83 • 1.19 10.23 _+ 1.79 0.95 • 0.01 1.05 • 0.11 0.0001 NS 

PF 118.21 • 2.93 124.75 _+ 6.73 184.88 • 2.09 149.58 • 13.31 e 0.0001 NS 

NS 
0.05 

NS 
0.01 
NS 
0.01 
0.02 

0.04 
0.02 

NS 

0.02 

aData are expressed as relative weight percent of total fatty acids. Values are means • SEM for five rats. See Table 2 for other abbrevi- 
ations. 
bINS, not significant at P < 0.05, analysis of variance. 
cpI, peroxidizability index, (% dienoic x 1) + (% trienoic x 2) + (% tetraenoic x 3) + (% pentaenoic x 4) + (% hexaenoic x 5). 
dp < 0.05, ep < 0.01, compared to TSCO-treated rats, Fischer's least significant difference. 
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TABLE 4 

Effect o f  Dietary Oil and MEKP Treatment on the Fatty Acid Composi t ion  of  Liver Phosphat idy lchol ine  = 

355 

Corn oil Fish oil P-value b 

TSCO MEKP TSCO MEKP O T OxT 

Fatty acids 
14:0 0.35 • 0.09 0.30 • 0.08 0.86 • 0.08 0.85 • 0.11 0.0001 NS 
16:0 19.33 • 0.60 21.13 • 1.24 28.26 • 0.88 30.08 • 2.05 0.0001 NS 
16:1n-7 2.24 • 0.16 1.70 • 0.45 NS 
18:0 22.04 • 0.60 24.10 • 0.37 14.08 • 0.30 14.54 • 0.40 0.0001 0.010 
18:1n-9 4.73 • 0.07 3.65 • 0.22 d 6.14 • 0.28 6.40 • 0.44 0.0001 NS 
18:1n-7 1.33 • 0.14 1.18 • 0.09 2.60 • 0.15 2.73 • 0.16 0.0001 NS 
18:2n-6 16.14 • 0.29 13.99 • 0.30 e 7.95 • 0.22 8.51 • 0.41 0.0001 0.02 
20:4n-6 27.70 • 0.46 27.71 • 0.64 11.25 • 0.98 9.93 • 0.60 0.0001 NS' 
20:5n-3 10.29 • 1.17 9.08 • 1.06 NS 
22:4n-6 0.65 • 0.18 0.54 • 0.22 NS 
22:5n-3 0.46 _+ 0.23 0.67 • 0.07 1.93 • 0.18 1.70 • 0.20 0.0001 NS 
22:6n-3 3.17 • 0.19 3.61 +_ 0.26 11.98 • 0.45 10.87 _+ 1.27 0.0001 NS 

n-6/n-3 12.92 • 0.94 10.26 • 0.81 0.87 • 0.11 0.91 • 0.08 0.0001 NS 

PI c 121.19 • 1.13 120.38 • 2.46 152.60 • 4.07 136.99 • 12.03 0.002 NS 

NS 
NS 

NS 
0.03 
NS 
0.001 
NS 

NS 
NS 

NS 

NS 

aData are expressed as relative weight percent of total fatty acids. Values are means • SEM for five rats. See Table 2 for other abbrevi- 
ations. 

bNS, not significant at P < 0.05, analysis of variance. 

cpI, peroxidizability index, (% dienoie x 1) + (% trienoic x 2) + (% tetraenoic x 3) + (% pentaenoic x 4) + (% hexaenoic • 5). 

dp < 0.05, ep < 0.001, compared to TSCO-treated rats, Fischer's least significant difference. 

T h i s  o c c u r r e d  de sp i t e  t h e  f ac t  t h a t  t h e  r a t s  w e r e  h a n d l e d  
f r e q u e n t l y  a n d  t h a t  g r e a t  c a r e  w a s  t a k e n  to  a s s u r e  t h a t  
t h e  i n j ec t i on  w a s  m a d e  c a u s i n g  a m i n i m u m  of  d i scomfor t .  
T h e  d a t a  s u g g e s t  t h a t  s t r e s s  c a n  c o n f o u n d  r e s u l t s  f r o m  
s t u d i e s  in  w h i c h  a n i m a l s  a r e  s u b j e c t e d  to p r o c e d u r e s  s u c h  
a s  a n  in jec t ion .  

T h e  h i g h l y  p o l y u n s a t u r a t e d  n -6  f a t t y  ac ids  in  C O  a n d  
n-3  f a t t y  ac ids  i n  F O  w e r e  e f f i c ien t ly  i n c o r p o r a t e d  i n t o  t h e  
m a j o r  c l a s se s  o f  phosphoh 'p ids ,  i.e., P C  a n d  P E ,  o f  h e a r t  
a n d  l iver ,  w h i c h  is  in  a g r e e m e n t  w i t h  p r e v i o u s  s t u d i e s  
(5,6). T h e  c o n t r i b u t i o n  o f  i n d i v i d u a l  f a t t y  ac ids  to  l ip id  
p e r o x i d a t i o n  h a s  b e e n  s h o w n  to  r e f l e c t  t h e  d e g r e e  o f  u n -  

s a t u r a t i o n  o f  n-3  f a t t y  ac ids  m o r e  t h a n  t h a t  o f  t h e  n -6  t y p e  
(31). I n  o u r  s tudy,  a s ing le  M E K P  in j ec t i on  c a u s e d  s ignif i -  
c a n t  r e d u c t i o n  i n  t h e  l eve l s  o f  P U F A ,  20:4n-6,  22:5n-3  a n d  
22:6n-3  o f  h e a r t  P C  f r o m  F O - f e d  r a t s .  T h e  i n t e r a c t i o n  be-  
t w e e n  d i e t a r y  F O  a n d  M E K P  t r e a t m e n t  on  f a t t y  ac id  lev-  
e l s  w a s  e v i d e n t  to  a l e s s e r  e x t e n t  i n  h e a r t  P E  ( d a t a  n o t  
s h o w n )  a n d  l i v e r  PC.  T h e  f a t t y  ac id  l e v e l s  o f  l i v e r  P E  ( d a t a  
n o t  s h o w n )  w e r e  u n a f f e c t e d  by  M E K P  in  e a c h  o f  t h e  
d i e t a r y  g roups .  I n  s a r c o l e m m a  of  m y o c a r d i a l  cel ls ,  P C  is  
p r e f e r e n t i a l l y  p r e s e n t  in  t h e  o u t e r  m o n o l a y e r ,  a n d  P E  in  
t h e  i n n e r  (32). T h e  o b s e r v e d  r e d u c t i o n  in  t h e  l e v e l s  o f  
h i g h l y  P U F A  in  h e a r t  P C  cou ld  i n d i c a t e  t h a t  P C  i s  l e s s  

TABLE 5 

Effect  o f  Dietary Oil  and MEKP Treatment  on Glutathione (GSH), Vit~mir, E and Lipid  Peroxide  (LPO) Content  o f  Heart  
and Liver  a 

Corn oil Fish oil P-value b 

TSCO MEKP TSCO MEKP O T O x T 

Heart  
GSH 9.6 • 0.5 8.9 • 0.8 9:2 • 0.6 9.4 • 0.6 NS NS NS 
Vitamin E 2.09 • 0.10 2.03 • 0.14 1.85 • 0.11 2.17 • 0.15 NS NS NS 
LPO 0.040 • 0.006 0.029 • 0.004 0.033 • 0.007 0.024 • 0.005 NS NS NS 

Liver 
GSH 31.2 • 2.1 19.8 • 2.6 28.0 • 2.1 24.5 • 2.5 NS 0.003 NS 
Vitamin E 1.15 • 0.13 0.90 • 0.12 0.90 • 0.04 0.88 • 0.07 NS NS NS 
LPO 0.053 • 0.008 0.043 • 0.007 0.066 • 0.10 0.074 • 0.014 0.05 NS NS 

aValues are reported as nmoYmg protein and are means • SEM for 10-I1 rats. See Table 2 for other abbreviations. 

bNS, not significant at P < 0.05. 
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FIG. 2. Relationship between peroxidizability index (PI) in 
phosphatidylcholine, vi tamin  E (open symbols) and lipid 
peroxide  (LPO, closed symbols) levels in hear t  f rom rats  on 
fish oil-~ch diet being methyl ethyl ketone peroxide 
treated. 

protected from oxidation induced by MEKP. The observed 
changes in fatty acid composition of hear t  phospholipids 
did not resemble changes induced by stress, i.e., exoge- 
nous epinephrine (5). Repeated administration of epi- 
nephrine caused increased levels of 20:4n-6 and 22:6n-3 in 
PC, decreased or unaltered 20:4n-6 and increased 22:6n-3 
in PE and decreased level of 18:2n-6 in PC and PE. These 
changes were qualitatively similar although different di- 
etary fats were used, i.e., butter, corn oil or cod liver oil (5). 

The phospholipids of hear t  and liver from the FO-fed 
rats contain high levels of the highly peroxidizable polyun- 
saturated n-3 fatty acids (Tables 3 and 4) causing the 
higher PI values. Even though the PI of the phospholipids 
was higher in hear t  than in liver of FO-fed rats, lipid per- 
oxidation was higher in the liver, i.e., the LPO levels were 
higher in liver than  in hear t  of FO-fed rats (Table 5). Vit- 
amin E is thought to act as one of the most important  an- 
tioxidants in vivo because of its role in blocking the prop- 
agation of LPO in the membrane. Vitamin E levels in the 
hear t  were twice those in the liver, and LPO levels were 
lower in hear t  than in liver. The insensitivity of hear t  from 
FO-fed rats to lipid peroxidation could be explained by the 
high vitamin E level, which seems to be sufficient to sup- 
press the in vivo peroxidation of n-3 fatty acids in hear t  
phospholipids of normal rats. 

Mouri et al. (3) and Chautan et al. (33) showed that  the 
hear t  vitamin E content dramatically increased as the 
membranes became enriched in n-3 PUFA, whereas liver 
became depleted of vitamin E. However, in our study, no 
differences in the level of vitamin E in hear t  or liver were 
found between FO-fed and CO-fed rats (Table 5). The role 
of vitamin E in preventing the oxidative destruction of 
PUFA in cell membranes has been elusive (34). It has 
been suggested that  vitamin E stabilizes the cell mem- 
brane through interaction of its phytyl side chains with 
the polyunsaturated fatty acyl groups of phospholipids 
(35). Vitamin E levels and PUFA contents were shown to 
influence membrane susceptibility to lipid peroxidation, 
and below a certain vitamin E threshold, differences in 
membrane susceptibility to peroxidation could be reason- 

ably predicted based on the content of individual peroxi- 
dizable fatty acids only (31). Furthermore,  a strong posi- 
tive correlation was found between hear t  vitamin E and 
n-3 fatty acids of total lipids in hear t  membranes of rats, 
which suggests that  n-3 PUFA in cell membranes are effi- 
ciently protected against lipid peroxidation (33). Individ- 
ual data from this study showed that  only after an in- 
duced peroxidative stress, i.e., a single MEKP injection, 
was there a positive correlation between vitamin E levels 
and PI values and a negative correlation between LPO 
levels and PI values in hearts from FO-fed rats (Fig. 2). No 
such correlation was found in hearts  from TSCO-treated 
rats in either of the dietary groups. 

The products of lipid peroxidation are mainly the hy- 
droperoxides of fatty acyl moieties. In the present study, 
the lower levels of highly PUFA of hear t  PC induced by 
MEKP are not reflected in higher levels of LPO in heart.  
It is suggested that  membrane-bound phospholipase A 2 
produces an "antioxidant" effect by excising LPOs from 
the membrane, thereby preventing them from participat- 
ing in free radical propagation reactions (36). The mem- 
brane-bound phospholipase A 2 is hence considered as one 
of the scavenger and antioxidant enzymes that  act to pre- 
serve cellular structure and function. 

GSH in liver is thought to be used as a cysteine reser- 
voir for GSH synthesis in peripheral organs during peri- 
ods of enhanced consumption or limited supply (37,38) 
and as a defense mechanism against oxidative stress (39). 
It has been shown that  the reduction of GSH levels in liver 
as a consequence of oxidative stress was more pronounced 
in livers from fasted than from fed rats (40). A significant 
reduction in liver GSH levels was only observed in un- 
fasted rats 24 h after an MEKP injection (Table 5). The re- 
duced level of liver GSH was not reflected in an increased 
oxidized level of GSH (GSSG). The liver and heart  GSSG 
levels were less than 1 nmol/mg protein in both dietary 
groups (data not shown). 

In summary, the effect of MEKP t rea tment  on GSH lev- 
els on the levels of PUFA of membrane phospholipids and 
on tissue weights differed between hear t  and liver. One 
should therefore be cautious in extrapolating results from 
one tissue to another. The present results also support the 
idea that  in studies on lipid peroxidation and radical-scav- 
enging defense mechanisms, attention must  be paid to the 
biochemical changes that  are associated with fasting 
(14,41). In the present study, no deleterious effect of in- 
creased susceptibility to lipid peroxidation due to the n-3 
fatty acid-enriched dietary intake was seen in hear t  and 
liver of unfasted animals. The reduced levels of highly 
PUFA in hear t  PC induced by MEKP were not reflected in 
higher levels of LPO in hear t  from FO-fed rats. The fate of 
the peroxidized PUFA will require further  study. 
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Fourteen cases  of  intracr~nlal meningioma were  char- 
acterized after chloroform/methanol extraction by 31p 
nuclear  magnet ic  resonance  (NMR) spectroscopy  at 
202.4 MHz. Each phosphoHpid class detected in the ex- 
tracts  was  identified and quantitated in terms of  its 
molar percentage relative to the total phospholipids 
measured.  The fol lowing phospholipids were  assayed by 
31p NMR: phosphatidylglycerol ,  phosphatidic acid, di- 
phosphatidylglycerol ,  e thanolamine plasmalogen,  phos- 
phat idy le thanolamine  (PE), lysophosphat idyl inos i to l ,  
phosphat idylser ine ,  sphingomyel in ,  lysophosphatidyl-  
chol ine  (LPC), phosphat idyl inos i to l  (PI), sphingosyl-  
phosphorylchol ine and phosphatidylcholine.  In addition, 
two  unidentif ied phospholipids were  detected with  reso- 
nances  at 0.13 and -0.78 ppm, respectively. Three distinct 
types of  spectra were  obtained on the extracts and 
grouped accordingly for comparison purposes.  Type I tu- 
mors  showed unus sx N"MR - - "  ual P promes  with  low levels  of  
PE and PI and elevated levels  of LPC; type 2 tttmors were  
characterized by low levels  of the ethanolamine phos- 
pholipids and near equivalent levels  of  PI and LPC. The 
spectra of type 1 and type 2 tumors  were  characteristic of  
degenerative cells that lacked membrane  permeabil i ty  
associated with loss of  ethanolamlne plasmalogen in the 
presence  of  significant phospholipid turnover. Menln- 
g iomas belonging to the third spectral  type showed char- 
acterist ics  similar to those of  normal t issues  with normal 
levels  of PE and ethanolamlne plasmalogen,  as wel l  as 
very  low levels  of LPC relative to PI. Type 3 tumors  
lacked the characterist ic  s igns of  degenerat ion noted in 
type I and type 2 tumors.  The data corroborate and aug- 
ment  in vivo spectroscopic  findings reported earlier and 
demonstrate  the value of  31p ~ spectroscopic  phos- 
pholipid analysis  on lipid extracts for the characteriza- 
t ion of  meninglomas.  
Lipids 29, 359-364 (1994). 

Meningiomas and other types of intracranial tumors have 
been characterized and differentiated in vivo using mag- 
netic resonance spectroscopy and magnetic resonance 
imaging (1-11). When 31p nuclear magnetic resonance 
(NMR) is performed in vivo, spectral differences are often 

*To whom correspondence should be addressed at the Department 
of Radiation Oncology, Memorial Sloan-Kettering Cancer Center, 
1275 York Avenue, New York, NY 10021. 
Abbreviations: ATP, adenosine triphosphate; CPLAS, choline plas- 
malogen; CPLIP, choline phospholipid; DPG, diphosphatidyl- 
glycerol, cardiolipin; EDTA, (ethylenedinitrilo)tetraacetic acid; 
EPLAS, ethanolamine plasmalogen; LPC, lysophosphatidyl- 
choline; LPI, lysophosphatidylinositol; NMR, nuclear magnetic res- 
onance; PA, phosphatidic acid; PC, phosphatidylcholine; PE, phos- 
phatidylethanolamine; PG, phosphatidylglycerol; PI, phospha- 
tidylinositol; PS, phosphatidylserine; SM, sphingomyelin; SPC, 
sphingosylphosphorylcholine; U, unidentified phospholipid. 

attributed to perturbations in phospholipid metabolism 
(3,7-9,11-17) as the integrated phosphomonoester and 
phosphodiester resonance signals, which arise from low- 
molecular weight, water-soluble phosphorylated phospho- 
lipid precursors, differ when comparing different tissue 
types. 

The phosphomonoester resonance band, detected by 
in vivo methods, represents the membrane phospholipid 
precursors phosphocholine (PC) and phosphoethanol- 
Amine (PE), while the phosphodiester resonance band ac- 
counts for the phospholipid metabolic intermediates 
glycerol 3-phosphocholine and glycerol 3-phospho- 
ethanolamine. Although it is generally true that these 
metabolites contribute substantially to the signal inten- 
sity of the respective resonance bands, to describe spec- 
tral changes in precursor metabolic profiles only in terms 
of phospholipid metabolism is often simplistic because 
these phospholipid precursors and products are known to 
play roles other than metabolic ones (18-21). 

Tissue phospholipids can be extracted from surgical tis- 
sue specimens with chloroform/methanol and can be iden- 
tiffed and quantitated by 31p NMR (22). The spectroscopic 
phospholipid profiles thus obtained are characteristic of 
the disease state and can be used for classification pur- 
poses. In the present study, meningioma surgical tissue 
specimens were acquired from fourteen patients undergo- 
ing craniotomy and were analyzed to obtain quantitative 
spectral profiles. Statistical analysis of the spectral pro- 
files permitted subclassification of the tumors into three 
groups thus allowing for a more refined biochemical dif- 
ferentiation of the disease states. Because 3]p NMR de- 
tects and resolves most phospholipids in the extract, novel 
and uncharacterized phospholipids can also be detected 
and quantified. 

M A T E R I A L S  A N D  M E T H O D S  

Surgery. Human meningioma surgical tissue specimens 
were obtained from patients undergoing scheduled cran- 
iotomy. The unfixed tissue specimens were partitioned 
within five minutes into separate portions for histepatho- 
logic examination and NMR spectroscopic analysis. The 
portion taken for analysis was promptly submerged in 
liquid nitrogen for storage. Specimens ranged from 0.5 to 
1.5 g. The remaining surgical tissue specimens were sec- 
tioned and examined microscopically for histologic diagno- 
sis after staining with hematoxylin and eosin or other 
stains as required. Brains were also obtained from two 
C3H/He mice, which were euthanized by lethal injection of 
euthanasia-5 solution containing pentobarbital; the brains 
were dissected, removed and rinsed with physiologic saline 
to remove extraneous blood, and then were immediately 
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frozen in liquid nitrogen. The material was used to obtain 
reference spectra to confirm spectral assignments. 

Phospholipid extraction. A simple, modified Folch ex- 
traction (23) for meningioma phospholipids was used in 
which the backwashing step utilized potassium salt of 
(ethylenedinitrilo)tetraacetic acid (EDTA), 0.2 M, in 
EDTA, pH 6.0 (24). Meningioma tissue specimens, frozen 
in liquid nitrogen, were pulverized to a fine powder using 
a stainless-steel mortar and pestle that had been chilled 
with liquid nitrogen. The tissue powder (0.5-1.5 g/tissue 
sample) was then added to 20 mL of chloroform/methanol 
(2:1, vol/vol). The homogenate, consisting of a single liquid 
phase, was filtered into a separatory funnel. The extract 
was washed with 4 mL of 0.2 M potassium EDTA and al- 
lowed to separate thoroughly for 24 h in a separatory fun- 
nel. The chloroform phase was recovered and evaporated 
using a rotary evaporator at 37~ 

Phospholipid solvent for 31p NMR. The solvent for phos- 
pholipid analysis by 31p NMR was hydrated chloro- 
form/methanol (25,26) designed to permit the quantitative 
determination of phospholipids (22,24,25,27). The solvent 
consists of two parts: (A) Reagent-grade chloroform, con- 
taining 5% benzene-d 6 and an appropriate concentration 
of trimethylphosphate; and (B) Reagent-grade methanol 
containing 0.2 M aqueous Cs EDTA, pH 6 (4:1, vol/vol). 
The final methanol reagent is prepared by dissolving 1 mL 
of the aqueous Cs EDTA solution in 4 mL methanol. Ben- 
zene-d 6 is used to serve as internal field-frequency lock. 
The concentration of the trimethylphosphate chemical- 
shift and quantitation reference (7) can be varied depend- 
ing on the phospholipid concentration. The Cs EDTA used 
is generated by titrating an aqueous suspension of EDTA 
with CsOH to pH 6, at which point a solution is obtained. 
For 31p NMR analysis, a lipid sample (0.01-100 rag) is dis- 
solved in 2 mL of Reagent A and transferred into an NMR 
sample tube; 1 mL Reagent B is added, and the sample is 
mixed thoroughly. A small amount of aqueous phase 
which separates is allowed to rise to the top of the sample 
(1 min). Ordinarily, there is no need to remove this small 
amount of aqueous phase, which contains no detectable 
amounts of phospholipids; its presence above the sample 
ensures that proper equilibria are maintained and that or- 
ganic solvent loss during analysis is minimized. 

31p Magnetic resonance spectroscopy. The NMR spec- 
trometer used was a GE 500NB system (General Electric, 
Fremont, CA) operating at 202.4 MHz for 31p. The spec- 
trometer was equipped with an Oxford Instruments (Ox- 
ford, United Kingdom) 500/52 magnet having an operat- 
ing magnetic field of 11.75 Tesla and deuterium field-fre- 
quency locking capability. Tissue extracts were placed in 
standard 10-mm N-MR sample tubes, and spun at 8 Hz 
during data acquisition. Proton broadband decoupling 
was used throughout. Chemical shi~ data are reported 
relative to 85% inorganic orthophosphoric acid (28); how- 
ever, the primary internal reference standard was PC 
(chemical shift, -0.84 ppm) or trimethylphosphate. Spec- 
trometer conditions were as follows: pulse sequence, one 
pulse; pulse width, 18 lXS (45 ~ flip angle); acquisition delay, 
500 lxs; cycling delay 500 ms; number of acquisitions, 
12,000; number of points per free induction decay, 4096; 
acquisition time 1.02 s; sweep width _+ 1000 Hz. The total 

average acquisition time per sample was 6 h. The free in- 
duction decay was Fourier transformed and filtered using 
a line broadening factor of 0.6 Hz. 

Assignment of phospholipid resonances. Phospholipid 
signals in the 31p NMR spectra were sequentially identi- 
fied by adding known quantities of individual phospho- 
lipid standards (29,30). Phospholipid standards were ob- 
tained from the Sigma Chemical Company (St. Louis, MO) 
and Life Sciences, Inc. (Milwaukee, WI). In those in- 
stances where resonance signals were not fully resolved, 
spectral deconvolution was used. In the more concen- 
trated samples, overlap between the phosphatidylseiq_ne 
(PS) and sphingomyelin (SM) resonances was significant 
enough to introduce substantial errors in the analysis. In 
such instances, the samples were further diluted with ad- 
ditional solvent mixture (25). Dilution caused a downfield 
chemical shift of PS while having little effect on the chem- 
ical shift of SM. This permitted resolution of the PS and 
SM signals and their quantitation by integration. 

A spectrum of mouse brain (C3H/He) obtained using the 
same procedures is presented in Figure 1 to illustrate the 
resolving power of the method under optimal conditions. 
In the figure, the prominent PC resonance is off-scale so 
that the minor phospholipid resonances can be observed. 
The bottom spectrum illustrates the identification of the 
lysophosphatidylcholine (LPC) signal through addition of 
1-stearoyl-sn-glycero-3-phosphocholine (0.4 mg; Sigma), 
which was introduced by microsyringe as chloroform solu- 
tion. Alternative methods for obtaining rat brain NMR 
phospholipid spectra have been described (31). 

Data analyses. Phospholipid concentrations in relative 
mole percentages were computed for all phospholipid res- 
onances in the tumors analyzed. For each phospholipid, 
mean phospholipid concentrations were calculated and 
compared for the three spectral types using an analysis of 
variance. For those resonances for which significance was 
shown to exist (F probability, P < 0.05), a post-hoc Scheff~ 
comparison procedure was applied with significance de- 
termined at the P < 0.05 level. Under most conditions, 
analysis of variance requires the assumption that the un- 
derlying variances between tested means be equal; there- 
fore, for those resonances for which significance was es- 
tablished, homogeneity of variance was confirmed using 
Cochran's C and the Bartlett-Box F tests. 

RESULTS 

The fourteen meningioma spectra obtained in this study 
were qualitatively divided into three groups--type 1, type 
2 and type 3. Representative meningioma spectra are 
shown in Figure 2. Starting downfield, the following phos- 
pholipids were identified: phosphatidylglyeerol (PG), 
phosphatidic acid (PA), diphosphatidylglycerol (cardi- 
olipin; DPG), ethanolamine plasmalogen (EPLAS), PE, 
lysophosphatidylinositol (LPI), PS, SM, LPC, phospha- 
tidylinositol (PI), sphingosylphosphorylcholine (SPC) and 
PC. Two unidentified phospholipids, U and choline phos- 
pholipid (CPLIP), were also detected with signals at 0.13 
and -0.78 ppm. 

Type 1 spectra (Table 1) are characterized by low levels 
of the ethanolamine phospholipids and PI, and elevated 
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FIG. 1. Sip nuclear magnetic resonance phospholipid spec- 
trum of normal mouse cerebrum: PA, phosphatidic acid; 
DPG, diphosphatidylglycerol; U, an unidentified phospho- 
lipid; EPLAS, ethanolamine plasmalogen; PE, phos- 
phatidylethanolamine; PS, phosphatidylsorine; SIVl, sphin- 
gomyelin; LPC, lysophosphatidyleholine; PI, phosphatidyli- 
nositol; SPC, sphingosylphosphorylcholine; CPLIP, choline 
phospholipid; and PC, phosphatidylcholine. The bottom 
spectrum shows the effect of adding the equivalent of 0.4 
mg of LPC standard in chloroform to the sample, giving the 
top spectrum. 

levels of LPC. All of these tumors were located in the 
vicinity of the frontal lobes, including one olfactory nerve 
meningioma. Three of the five tumors included in this 
category were considered transitional meningiomas as 
judged by histological analysis, while the remaining two 
specimens were defined as syncytial. 

Type 2 spectra are unique because they contain near 
equivalent levels of LPC and PI and little or no ethanol- 
amine phospholipids. Two of the three tumors were histo- 
logically syncytial, one transitional, and two out of the 
three were obtained from patients with recurrent disease. 

Type 3 spectra include six samples that have the ap- 
pearance of typical neural and nonneural tissue spectra. 
These tumors have very low levels of LPC relative to PI, 
while the presence of the ethanolamine phospholipids is 
noted to be within the normal range of concentrations that 
exists in most human tumors. This group of tumors was 

Type I 

SPC 

Type 2 

I 
x.,. 

Type 3 

PS + SM 

P, \ 
PG PA ~ \ \ ~  I[ LPC / CPLIP 
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0.6 0.4 0.2 0.0 -0.2 -0.4 -0.6 -0.8 -1.0 ppm 

FIG. 2. Characteristic 31p nuclear magnetic resonance phos- 
phoHpid spectral profiles of human intracranial menin~ 
giomas. The resonRnee signals starting from downfield t0.6 
to -1.0 ppm) are as follows: PG, phosphatidylglycerol; PA; 
DPG; U; EPLAS; PE; PS; SM; LPC; PI; SPC; CPLIP, choline 
phospholipid; and PC. Abbreviations as in Figure 1. 

comprised evenly of transitional and syncytial histological 
types and lacked a prevalent site of origin. Temporal, 
frontal and parietal lobe tumors are included in this spec- 
tral type. 

The relative concentration of the individual phospho- 
lipids was determined for each of the samples analyzed in 
this study. Subsequently, the mean relative mole percent- 
age of the phospholipids was determined for each tissue 
type (Table 1). This analysis provided a basis for compari- 
son of the three tumor types based on their phospholipid 
class composition. The tissue spectra all share some com- 
mon features, such as the presence of PG, PA, DPG, U 
(0.13 ppm), PS, LPC, PI, CPLIP (-0.78 ppm) and PC. In 
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TABLE 1 

Phospholipid Profiles of Intracranial Menlngioma 
as Measured by Sip Nuclear Magnetic Resonance a 

Relative mol% of phosphorus _+ SE 
Phospholipid Type 1 Type 2 Type 3 

Phosphatidylglycerol 3.63 0.42 3.84 1.39 3.40 0.46 
Phosphatidicacid 4.47 0.76 4.31 0.46 2.04 0.33 
Diphosphatidyl- 

glycerol 2.68 0.67 2.47 0.27 2.97 0.37 
Sphingomyelin 3.42 0.55 3.04 0.50 2.58 0.32 
Ethanolamine 

plasmalogen 2.50 9.29 1.01 
Phosphatidylethanol- 

amine 4.79 0.58 6.06 1.16 9.62 0.45 
Lysophosphatidyl- 

inositol 3.18 0.32 2.30 0.005 
Phosphatidylserine 24.79 1 .54  18.71 4.96 24.62 1.70 
Lysophosphatidyl- 

choline 6.80 0.68 3.49 0.84 0.82 0.09 
Phosphatidylinositol 2.15 0.36 4.62 0.52 3.81 0.24 
Sphingosylphos- 

phorylcholine 2.14 0.19 1.22 0.21 0.75 0.12 
Choline phospholipid 0.69 0.12 0.54 0.10 0.93 0.21 
Phosphatidylcholine 41.99 0.50 48.34 6.30 39.51 1.29 

aWhe profiles have been grouped into three .categories based upon 
qualitative spectral characteristics. 

TABLE 2 

Statistically Significant Differences Observed Between 
Meulnoioma Phospholipid Profiles Grouped According to 
31p Nuclear Magnetic Resonance Spectral Characteristics 

Type 1 Type 1 Type 2 
VS. VS. VS. 

Phospholipid type 2 type 3 type 3 

Phosphatidic acid n.s. a 0.05 n.s. 
Phosphatidylethanolamine n.s 0.001 n.s. 
Lysophosphatidylcholine 0.01 0.001 0.05 
Phosphatidylinositol 0.01 0.05 0.05 
Sphingosylphosphorylcholine 0.05 0.001 0.05 

an.s, Not significant. 

all spectra, the resonances of PC and PS dominate,  
whereas  variations in the relative concentrations of the 
other phospholipids make  it possible to differentiate the 
three meningioma groups. 

The spectra of the three groups were studied using an 
intergroup comparison procedure (Table 1, concentration; 
Table 2, statistical probability value). Type 1 spectra 
showed significantly diminished levels of PI and increased 
levels of LPC and SPC when compared with type 2 spec- 
tra. In addition, the spectra showed significantly de- 
pressed levels of PI and PE, and increased levels of PA, 
LPC and SPC relative to type 3 spectra. Type 2 spectra 
showed significantly lower levels of PE and increased lev- 
els of PI, LPC and SPC when compared to type 3 spectra. 
LPI  was absent  in type 3 spectra, and EPLAS was absent  
in type 1 spectra and present  in only 1 of 3 type 2 spectra. 

DISCUSSION 

In  this comparison of meningioma phospholipids, a num- 
ber  of observations can be made: (i) based on qualitative 
assessment  of spectral profiles, three tumor  subgroup 
types can be identified; (ii) all three tissue types show the 
presence of PA and of the lysophospholipids LPI  and LPC, 
compounds often associated with phospholipid catabolism; 
(iii) significant spectral differences tha t  make  i t  possible 
to distinguish between tissue types were noted for the 
minor phospholipids PA, LPC, PI and SPC; exceptions to 
this included the absence of EPLAS in type 1 and type 2 
tumors  and the significant differences in the levels of PE 
between type 1 and type 3 tumors;  and (iv) significant dif- 
ferences between the tissue types in the level of phospho- 
lipids typically associated with the inner leaflet of the 
p lasma membrane ,  such as the ethanolamine phospho- 
lipids. 

The very low level of EPLAS, found in two of the three 
meningioma types (type 1 and type 2), is an outstanding 
feature of these tumors,  as EPLAS can be a major  compo- 
nent  of human  tissue phospholipids. For example, in the 
h u m a n  brain myelin (27), EPLAS has  been shown to ac- 
count for 38% of total phospholipids, and thus exceeds 
even PC (24%). Most meningiomas arise from araehnoid 
cells and, therefore, differ from other intracranial  neo- 
plasms in their  gross appearance and histology. Menin- 
giomas are usually grossly nodular, encapsulated, and 
often show calcification. Histologically, the calcifications 
give rise to psammomateus  whorls tha t  are composed of 
concentrically laminated structures formed by the deposi- 
tion of calcium in degenerated tumor  cells. In type 3 
meningiomas,  the concentration of the e thanolamine 
phospholipids is within the expected range of other mam-  
mal ian tissue types. This may  reflect the profiles of those 
cells tha t  are, biologically, in the early stages of the neo- 
plastic process. Lammela r  structures may  be formed by 
degenerating cells, or by cells tha t  have a low concentra- 
tion of EPLAS. These cells are characterized by a marked  
decrease in membrane  permeabil i ty and reflect an altered 
membrane  messenger  t ranspor t  as well as poor perfusion 
capability. Such changes lead to a disruption of normal  in- 
t race l lu lar  communicat ion  and  represen t  end-s tage 
processes. In  meningiomas, the formation of p sammoma  
bodies results from the precipitation of accumulated in- 
tracellular calcium or from cellular processes tha t  allow 
calcium to exceed normal equilibrium concentrations. 
Heal thy cells have a balance of ethanolamine and choline 
phospholipids. The absence of ethanolamine phospho- 
lipids in type 1 and type 2 tissues indicates the presence 
of degenerative cells tha t  are no longer viable. Changes in 
phospholipid profiles m a y  presage  the degenerat ive 
processes tha t  are o t~n  identified histologically in menin- 
giomas. Precursors or products of these processes may  
serve as a means  of differentiating meningiomas from 
other neural  or non-neural tissue types. I f  such an inter- 
pretation were accurate, the appearance of LPI in the 
spectra of type 1 and type 2 meningiomas would appear  to 
be as significant as the absence of the ethanolamine phos- 
pholipids from the same tissue types and indicative of the 
aforementioned degenerative processes. 
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According to the 3tp NMR measurements of Cadoux- 
Hudson et al. (3), meningiomas are more alkaline (pH = 
7.19 _+ 0.02) than normal brain tissue (pH = 7.03 _+ 0.02). 
The elevated pH observed in tumor cells was ascribed to a 
potential alteration in Na+/H § antiport activity within 
these cells. Similarly, Heindel et al. (7) reported from their 
studies that meningiomas were generally not acidotic. 
They also reported that the phosphocreatine]adenosine 
triphosphate ratio was significantly lower compared to 
healthy brain tissue. Cadoux-Hudson et al.'s (3) study also 
showed elevated levels of phosphomonoester and phos- 
phomonoester/adenosine triphosphate that were accom- 
panied by reduced levels of phosphocreatine when com- 
pared to tissue spectra from seven controls (3). The reduc- 
tion in phosphocreatine was interpreted as resulting from 
extensive necrosis (>20%) that was observed histologi- 
cally. In this series, particularly low levels of phosphoere- 
atine were measured within the tumor center, and low to 
normal levels in the tumor periphery. In agreement with 
this finding, Hubesch et al. (9) reported a significantly de- 
creased phosphocreatine/inorganic orthophosphate ratio. 
These findings agree with our results that show the pres- 
ence of phospholipids commonly associated with catabolic 
processes, and support the idea that low-energy processes 
may predominate in meningiomas. 

In separate studies, beth Hubesch et al. (9) and Brenton 
et al. (32) reported that PE was a major component of the 
phosphomonoester resonance band, and, as had been pre- 
viously suggested, ribose-5-phosphate or adenosine 
monophosphate were not. This information, coupled with 
the results of a 1H NMR spectroscopic study by Bruhn 
et al. (5), whdch showed a prominent choline signal in the 
spectra of these tumors as well as diminished levels of 
phosphodiester, would suggest that the relative concentra- 
tions of phosphoethanolamine and phosphocholine should 
be elevated in tissue extracts. These in vivo findings cor- 
roborate the need for a more detailed and specific in vitro 
study of the phospholipid composition of meningiomas. 

Heindel et al. (7) compared 3tp NMR spectra of 13 
meningiomas with spectra from "healthy tissue." The 
former showed obvious changes, including decreased 
levels of phosphocreatine below those of both the ~/- and 
a-phosphates of adenosine triphosphate (ATP) but above 
that  of ~-ATP. The phosphodiester resonance was re- 
duced in these tumors relative to normal tissue while 
the phosphomonoester resonance was occasionally ele- 
vated. Changes in the phosphomonoester resonance 
were thought to indicate the presence of phospho- 
ethanolamine, a precursor and an indicator of active 
membrane biosynthesis within the tumor. Studies by 
Cerdan et al. (33) and Burt et al. (34) suggested that the 
phosphodiester resonance has substantial contributions 
from a small fraction of mobile phospholipids. It should 
be mentioned in this context that  the phospholipids in 
eggs are detectable as fairly narrow resonances in high- 
resolution alp NMR, and that  it is believed that  these 
signals arise because the lipids are contained in mobile 
lipoprotein particles (35) that are similar to circulating 
plasma lipoproteins (36). Even if the phospholipids were 
sufficiently mobile to allow for signals to contribute to 
the phosphodiester resonance band in  vivo, the 

ethanolamine phospholipids would not be substantial 
contributors to the phosphodiester band in menin- 
giomas. 

In human brain tumors examined by Horrocks and 
Sharma (37) for phospholipid and acyl group composition, 
the proportion of EPLAS as a percentage of total phos- 
pholipids was low and varied from 0.8 to 11.8%. The 
proportion of alkylacyl glycerophosphocholine was ele- 
vated in three out of five tumor types. The resonance at 
-0.78 ppm, which has been interpreted by Edzes et al. 
(27) to be due to alkylacyl glycerophosphocholine was 
only 0.1% in control specimens, but was elevated to 
0.8-3.4% in tumors. By comparison, in our study alkyl- 
acyl glycerophosphocholine (-0.78 ppm) measured less 
than 1% of all phospholipid components. Cultured cells, 
and both primary and metastatic tumors, generally con- 
tain 2-3% of this component and 1-13% of EPLAS (35). 

The phospholipids in malignant neural tumors have 
been studied using NMR and other analytical techniques. 
Many neoplastic tissues have been found to have 
markedly elevated levels of 1-alkyl-2,3-diacyl-sn-glycerols 
(38). This was proposed as pointing to a potential tumor 
marker; however, lower levels of this phospholipid found 
in hepatocellular carcinoma, and high levels induced by 
staph infections made this less tenable (38). In human 
brain tumors examined by Albert and Anderson (38) for 
phospholipid and acyl group composition, the proportions 
of EPLAS were found to be rather low, but varied from 0.8 
to 11.8%. The proportion of alkylacyl glycerophospho- 
choline was elevated in three out of five tumor types. 
Choline plasmalogen (CPLAS) was only 0.1% in the con- 
trol, but was elevated to 0.8--3.4% in the tumors. By com- 
parison, in our study the CPLAS measured less than 1% 
in all tissues, while it has been noted that cultured cells, 
both primary and malignant, generally have 2-3% 
CPLAS and 1-13% EPLAS. 

Ronen and Degani (39), using t3C NMR spectroscopy 
on isolated cells, reported an increase in phosphomo- 
noester metabolites in tumor cells when compared to the 
profiles of normal cells. Both phosphocholine and phos- 
phoethanolamine were elevated in cancerous tissues, 
and, subsequent to therapy, the concentration of both of 
these species diminished. Other investigators have re- 
ported similar findings (11,40). 

Daly and Cohen (11) found a consistent elevation of the 
choline and ethanolamine phosphomonoesters in a vari- 
ety of neoplasms, including prolactinomas and metastatic 
lymphomas within the central nervous system, lung, 
breast, skin, liver and bone. Hubesch et al. (9) reported 
that the phosphomonoester resonance signal was ele- 
vated in cancerous tissues relative to other metabolites 
detected in the profile; however, the absolute concentra- 
tion of beth the phosphomonoester and phosphodiesters 
was lower in the tumors. Such a finding is consistent with 
the pronounced edema and presence of extracellular de- 
bris ordinarily found in tumors with degenerative pro- 
cesses where the presence of these extracellular compo- 
nents decreases the relative volume of viable cells. None 
of the six meningiomas studied by Daly and Cohen (11) 
showed a statistically significant rise in the concentration 
of the phosphomonoester. This finding is consistent with 
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the data obtained in our study regarding type 3 tissue 
spectra, including the "normal" or "near-normal" concen- 
trations of ethanolamine phospholipids. Thomsen et al. 
(6) found no significant differences in phospholipid pre- 
cursors in central nervous system tumors when compared 
with normal brain. 

The identity of the unidentified phospholipids labeled 
CPLIP and U in Figure 2 is in question. CPLIP has been 
identified both as the choline plasmalogen (25), having an 
enol ether function at glycerol carbon-I, and as the corre- 
spending alkylacyl glycerophosphocholine (27). However, 
these assignments are not certain because of the inabil- 
ity, thus far, of producing chemically pure standard sam- 
ples. It  is suspected (27) tha t  the phospholipid labeled U 
is the corresponding alkylacyl glycerophosphoethanol- 
amine, but this assignment is even less certain than that  
for the corresponding choline phospholipids. It  should be 
noted, however, tha t  the assignment of resonance U to 
alkylacyl glycerophosphoethanolamine is consistent with 
data reported for the chemical and spectroscopic proper- 
ties of an unknown phospholipid at  0.13 ppm in eye tis- 
sues (41--45), as well as in other human tissues (46-48). 
The discovery of potentially new phospholipids is a sig- 
nificant advantage of the 31p NMR approach. 

In summary, in vitro 31p NMR on phospholipid extracts 
from human  intracranial meningiomas can provide phos- 
pholipid concentration profiles and can identify statisti- 
cally significant differences among tumors and thus can 
differentiate between meningioma subgroups. The data 
corroborate and supplement in vivo spectroscopic find- 
ings on phospholipid metabolites and demonstrate the 
value of 31p NMR phospholipid analyses on tissue ex- 
tracts in the characterization of meningiomas of the cen- 
tral nervous system. 
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A Rapid Method for the Preparation of Ganglioside G c2 (GD3) 
Richard Jennemann and Herbert Wiegandt* 
Physiologisch-Chemisches Institut, Philipps-Universit~.t, 3550 Marburg, Germany 

A method  is described for the preparat ion of  gangHoside 
Ghc2 [(H3(NeuAc)2-LacCer, GD3] from cream of  bovine  
milb us ing  l iquid-phase extract ion wi th  methano l  or  
e thanol  fo l lowed by anion  exchange  chromatography.  
The method  is rapid and inexpensive;  1 kg  cream, cen- 
trifuged from 14--15 L of bovine milk, yields approxi.  
mate ly  70 mg  of  pure  gangl ios ide  Glae2. The sialic acid 
const i tuent  of  gangl ios ide  Ghc2 isolated from bovine  
mi lk  cream consists  solely of  the N-acety lneuraminic  
acid derivative.  The major c o m p o n e n t s  of  its ceramide  
cons i s t  o f  octadecasphing-4-euine  and the  22.~ (behenic  
acid) and 2 3 ~  fatty acids. 
Lipids 29, 365-368 (1994). 

Early reports on the occurrence of ganglioside Glac2 
[II3(NeuAc)2-LacCer, GD 3) in the late sixties had sug- 
gested a wide distribution of this disialoglycosphin- 
golipid in various tissues of many different animal 
species (2-5). Glac2 is not only found cell-bound but is 
also contained in body fluids such as serum and milk, 
where it is probably conjugated to lipophilic carrier pro- 
teins (6,7) (see also Table 1). 

In spite of its disialogrouping, Glac2 has a simple 
structure as compared, for example, to the higher brain 
gangliosides. It may, therefore, be considered a develop- 
mental precursor of the latter, more complex sialoglycol- 
ipids. Ganglioside Glac2 , and cells binding the Glac2-spe- 
cific monoclonal antibody R24 have been found in cell 
types at later en~bryonic stages and in adult tissues and 
tumors that may indicate some neuroeetodermal associ- 
ation of this sialoglycolipid. A possible functional role of 
Glac2 was pointed out for epithelial-mesenchymal cell in- 
teractions (8). 

In a variety of cancers, ganglioside Grac2 and its 
9-O-acetyneuraminyl derivatives accumulate, possibly 
as a consequence of the cells' inability to synthesize the 
respective higher analogs (see Table 1). In addition, can- 
cer cells are believed to shed tumor-associated glycol- 
!pids, that  in turn may contribute to increased serum 
levels of ganglioside Glac2 as suggested for human 
melanoma (9), glioma (10) and, possibly, alteration of 
the immune status of melanoma patients (11-13). 

An involvement of ganglioside Glac2 in cell surface in- 
teractions and cell adhesion has recently been postu- 
lated (8,14,15). Ganglioside Glac2 together with its 
9-O-acetylneuraminyl or lactone derivatives is also 

*To whom correspondence should be addressed at Physiologisch- 
Chemisches Institut, Philipps-UniversiK4t, D-35043 Marburg-18, 
Lahnberge, Germany. 
Abbreviations: DEAE, diethylaminoethyl; I/H/W, isopropanol/n- 
hexane/water; TLC, thin-layer chromatography. 

Short hand notations for gangliosides are according to Wiegandt 
(Ref. 1). Glar (II~ is NeuAca,SNeuAca,- 

3 3Galfl,4Glcfl,lCer; Gtetl, (II NeuAc-Gg4Cer) is GalB,3GalNAcs 
4(NeuAca,3)Galfl,4GlcB,1Cer. 

suspected of playing a functional role in the develop- 
ment of the nervous system. 

In view of the putative roles of ganglioside Glac2 in var- 
ious tumor-associated phenomena as well as other bio- 
logical interactions, it appears likely that  a demand for- 
this glyco|ipid will arise in the future. We have therefore 
developed a simple and inexpensive method for the con- 
venient isolation of Glac2. The procedure we describe for 
the preparation of pure ganglioside Glac2 uses cream 
from bovine milk as a safe and readily available source 
and methanol or ethanol as a solvent for the liqnid-phase 
extraction of the sialoglycolipid. 

MATERtALS AND METHODS 

Extraction ofganglioside. To 1 kg of cream from fresh, 
nonhomogenized bovine milk is added two liters of 
methanol, and the mixture is stirred mechanically for 15 
rain at room temperature. After centrifugation for 30 
rain at 3,000 x g at 4*C, the clear supernatant is de- 
canted and the pellet residue reextracted twice, each 
time with 2 L of methanol. The three extracts obtained 
contain 32, 60 and 8% of the total extracted ganglioside 
Glar respectively. Further continuation of extraction 
did not significantly increase the yield of ganglioside. In- 
stead of methanol, ethanol may be used for extraction 
with similar efficiency. 

The three extracts are then sequentially passed over 
a DEAE-Sephadex A25 column (Pharmacia, Uppsala, 
Sweden; r = 1.75 cm, 1 = 25 cm, vol, 250 mL) that  had 
been prewashed with methanol. All gangliosides are 
thereby retained and can be eluted under standard con- 
ditions. The column is then eluted sequentially with 2 L 
of methanol (eluting neutral compounds) and 2 L of 
0.02 M methanolic ammonium acetate [eluting the pre- 
dominant portion of the monosialogangliosides with 
Glacl (GM3) as the major compound]. The ganglioside 
Glac2 is eluted from the column with 2 L of 0.2 M 
methanolic ammonium acetate. After reducing the sol- 
vent to approximately 100 mL by rotary evaporation, 
the fraction is then dialyzed for 48 h against 5 L of dis- 
tilled water with five changes of the dialysis medium. 
Finally, the fraction is evaporated to dryness by rotary 
evaporation. 

Final purification of ganglioside Glac2. The disialo- 
ganglioside fraction containing trace amounts of mono- 
sialoganglioside Glacl (see Fig. 2, fractions I/H]W 
55:37:8-2 and 55:36:9-1) besides 9-O-acetylated Glac2 
(see Fig. 2, fractions 55:36:9-2, 55:36:9-3 and 55:35:10-1) 
is dissolved in isopropanol/n-hexane/water (UH/W; 
55:40:5, by vol) and applied to a silica gel cohmm (Silica 
Gel 60; Merck, Darmstadt, Germany; r = 1.5 cm, 1 = 
28 cm; vol, 200 mL). For ganglioside separation a step- 
wise gradient of I/H/W containing 5 to 10% water is 
used. The gradient consisted of 800 mL each of I/H]W 
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(55:40:5 and 55:29:6, by vol); 400 mL each of I]H/W 
(55:38:7, 55:37:8 and 55:36:9, by vol), and 1200 mL of 
I/H/W (55:35:10, by vol). The fractions I/H/W 
(55:40:5-55:38:7, by vol) containing the major portion of 
the phospholipids are discarded. The eluate obtained Human 
with UH/W (55:37:8, by vol) is collected in two, the I/H/W 
(55:36:9, by vol) eluate in three and the I/H/W (55:35:10, 
by vol) eluate in six consecutive fractions. The latter six 
fractions were free of detectable phospholipids and con- 
tained pure ganglioside Glac2 (Figs. 1 and 2). 

Identification of ganglioside Glac2 sialic acid. Glac2 
(50 lag) in 200 pL 0.05 M aqueous HC1 is heated to 70~ 
for 60 min. After removal of HC1 by repeated evapora- 
tion with water, the hydrolysate is applied to a small col- 
umn of 200 ~L silica gel RP-18. Sialic acid is eluted with Bovine 
1 mL water. The eluate is then brought to dryness, and 
the sialic acid identified by chromatography on cellulose 
high performance thin-layer chromatography (TLC) 
plates (Merck). The plates are pre-run with 0.1 M HC1 
and dried overnight in a desiccator over potassium hy- Cat 
droxide/phosphorus pentoxide. The probes are then ap- Chick 
plied to the plates and chromatographed using n-bu- Mouse 
tanol/n-propanol/0.1 M aq. HC1 (1:2:1, by vol). Sialic acid 
is visualized with Ehrlichs reagent, i.e., spraying with Pig 
0.6% dimethylaminobenzaldehyde in ethanol/37% aq. 
HC1 (8:2, vol/vol), and heating to ll0~ for approxi- Rabbit 
mately 10 min beneath a preheated glass plate. 

Rat 

RESULTS AND DISCUSSION 

Ganglioside Glac2 is widely distributed in cells and body 
fluids of vertebrates. Among these, bovine milk has been 
reported to be particularly rich in this sialoglycosphin- 
golipid (Table 1). Ganglioside Glac2 has, therefore, been 
prepared previously by several workers from milk (7) or 
buttermilk (16-18). Bovine milk was shown to contain 
5.64 ~nol/L of ganglioside Glac2, of which 92.3 and 7.5% 
was present in the cream and the buttermilk, respec- 
tively (7). We therefore chose the cream fraction as 
starting material for the ganglioside Glac 2 preparation. 

The first step in the previously described ganglioside 
Glac2 isolation procedures (16-18) involved the evapora- 
tion of water from the starting material and the subse- 
quent extraction of the dry powder with organic sot- 
vents, tetrahydrofuran (16,19), or in all other cases chlo- 
roform/methanol. 

The innovation introduced in our present procedure 
avoids these steps, i.e., the drying-down of the starting 
material, the use of costly and potentially hazardous sot- 
vents, and a heterogeneous phase extraction. Instead, 
bovine milk cream is treated in homogeneous phase 
with dilute methanol, and the extraction residue formed 
thereby is separated by low-speed centrifugation or fil- 
tration. The gangliosides are isolated by simply passing 
the methanol extract over an anion-exchange column. 
The retained gangliosides are subsequently obtained by 
stepwise elution according to standard procedures. The 
final purification of the ganglioside Glac 2 involves silica 
gel column chromatography under standard conditions. 

Using this procedure, from 1 kg cream (prepared by 
centrifugation of 14-15 L fresh bovine milk, 30 rain, 

TABLE 1 

Distribution of  G~nflioside Glac2 

Species Source Cell type Reference 

Brain (20,21) 
Retina (2',22) 
Thyroid (23) 
Prostate tissue (24) 
Semen (25) 
Serum (6) 
Brain tumors (26,27) 
Melanoma (28-31) 
Glioblastoma (32) 
Meningioma (33) 
Leucocytes (34) 
Retina (2,22,35) 
Spleen (4) 
Liver (4,36) 
Udder (4,7) 
Buttermilk (16-18,37) 
Milk (7) 
Erythrocytes (5) 
Embryo (38) 
Brain (39) 
Neural crest Neurons (40) 

Erythrocytes (41) 
Lymphocytes (42) 

Retina (22) 
Thymus (43) 
Retina (44,45) 
Adrenals (46) 
Dorsal root ganglia (47) 

3,000 • g, 4~ 70 mg of pure ganglioside Glac 2 
(53.8 ~lmol = a yield of 3.8 pmol/L milk; Fig. 1) was iso- 
lated. Ganglioside yield determinations were by TLC 
and subsequent quantification by resorcinol/HC1 stain- 
ing and scanning at 580 nm with a Shimadzu TLC scan- 
ner CS-9000 (Tokyo, Japan). The compositional analysis 
of the Glac2 lipid moiety showed octadecasphing-4-enine 
(d18:l) and 23:0 fatty acid as well as behenic acid (22:0) 
to be the major ceramide constituents (Table 2). This 

FIG. 1. Thin-layer chromatogram of ganglioside Glae2 from bovine 
milk-cream. Running solvent, chloroform/methanol/0.2% CaC12, 
45:45:10 (by vol); Ghc2, 2 ~g were applied to the plate; St, standard 
brain gangliosides; O, orcinol/n2so 4 staining; R, resorcinol/I-IC1 
staining; I, iodine vapor staining. 
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FIG. 2. Thin-layer chromatographic  analysis  of  the frac- 
t ions obtained by si l ica gel  chromatography of  bovine mi lk  
cream dis ia logangl ios ides .  Abscissa: e lut ion  by /sopro- 
panol /n-hexane/water  (I/H/W) in the  proport ions  g iven  
(numbers 1 to 6, indicate consecut ive ly  col lected fractions); 
St I, standard brain gangHosides; ST 2, standard gnnglio- 
s ide Gtetl. Fractions I/H/W 5fi'~7:8/o2 and 55:36~/-1, G1acl; 
55:36:9/-2,3 and 55:35:10/-1, 9-O-acetyl-Giae2; 55:35:10/ 
-2,3,4,5,6, Gtae2. DeteCtion was  wi th  resorcinol/HCl spray 
reagent.  

f inding is in genera l  a g r e e m e n t  wi th  a prev ious  repor t  
(17). The  isolat ion requi res  approx ima te ly  n ine  one-per-  
son work ing  days.  

Gangl ioside Glac2 p repa red  f rom bovine mi lk  c r eam 
conta ined  exclusively N-ace ty lneu ramin i c  acid as  its 
sialic acid const i tuent .  N-g lyco ly lneuramin ic  acid, if  pre- 
sent ,  was  below detect ion limits. Even  though ,  in  addi- 
t ion to N-ace ty lneu ramin i c  acid, t he  presence  of  the  
N-glycolyl  der ivat ive  has  been  descr ibed for gangl iosides  
of  bovine  m a m m a r y  g land  and  mi lk  (7), our  f indings  
would  be cons is tent  wi th  the  not ion t h a t  only the  
N-ace ty l  v a r i a n t  is p resen t  in gangl iosides  of  bovine 
mi lk  (16,17). 

TABLE 2 

Sphingoid and Fatty Acid Composit ion of GangHoside 
Glae2 from Bovine Milk Cream a 

Fatty acid Sphingoid 

16:0 3.4 d16:l 10.9 
18:1 3.7 d16:0 5.3 
18:0 8.8 t16:0 7.7 
20:0 3.2 d18.1 52.6 
21:0 3.0 d18.0 6.5 
22:0 26.4 dlg:l  5.0 
23:0 28.8 d21:l 5.9 
24:1 3.2 t22.0 6.1 
24:0 16.7 
25:0 2.9 

aData are given in percentage of the total. Sphingoid was analyzed 
by gas chromatography/mass spectrometry after hydrolysis of Glac2 
(Ref. 48), isolation of the long-chain base (Ref. 49), and oxidation 
with lead tetraacetate of the aldehydes produced (Ref. 50). Fatty 
acids were determined as their methyl esters by gas chromatogra- 
phy. 
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When highly unsaturated fatty acids are added to cell 
cultures, it can become important to include anti- 
oxidants in the culture medium to prevent eytotoxic 
peroxidation. To find an optimal antioxidant for this pur- 
pose, the effect of 50 p.M a-tocopherol, T-tocopherol, a-to- 
copheryl acetate, a-tocopheryl acid succinate, or a-toco- 
pheryl phosphate,  or of  1 pM N,N'-diphenyl-l,4- 
phenylenedinmine, was investigated with respect to the 
agent's ability to prevent lactate dehydrogenase leakage 
in long-term rat hepatocyte cultures supplemented with 
0.5 mM highly unsaturated fatty acids. Formation of thio- 
barbituric acid reactive substances in the cultures was 
also measured, a-Tocopheryl acid succinAte was found to 
be the most effective cytoprotective compound, followed 
by Nj~r-diphenyl-l,4-phenylenediAmine, a-tocopherel, T- 
tocopherol and a-tocopheryl acetate, and a-tocopheryl 
phosphate was without effect. 
Lipids 29, 369-372 (1994). 

When studying the effect of various highly unsaturated 
fatty acids (HUFA) in cell cultures, it can become desir- 
able to prevent cytotoxic effects due to lipid peroxidation. 
a-Tocopherol (a-T) is the major lipid-soluble, chain-break- 
ing antioxidant in biological systems (1) and has been 
shown to protect membranes from polyunsaturated fatty 
acids and lysophospholipids (2). Esters of a-T are com- 
monly added to cell culture media, as these esters proba- 
bly are more readily taken up by the cells than is a-T, and 
are then hydrolyzed by esterases, thereby releasing the 
active a-T. The synthetic antioxidant N,N'-diphenyl-l,4- 
phenyl-enediamine (DPPD) has also been shown to have 
vitamin E-like activity (1). 

We have previously reported that supplementing rat he- 
patocytes in long-term culture with 0.5 mM HUFA re- 
sulted in leakage of intracellular lactate dehydrogenase 
(LDH) (3). This cytotoxic effect could be attenuated by 
supplementing the medium with 50 ~M a-tocopheryl acid 
succinate (TS) or a-tocopheryl phosphate (TP), the former 
being more effective than the latter (3). In the present 
study we have investigated a number of tocopherol deriv- 
atives as well as DPPD for their effect on LDH-leakage 
and formation of thiobarbituric acid reactive substances 
(TBARS) in long-term rat hepatocyte cultures supple- 
mented with 0.5 mM arachidonic acid. 

*To whom correspondence should be addressed at the Department 
of Biological Sciences, Royal Danish School of Pharmacy, Univer- 
sitetsparken 2, DK-2100 Copenhagen O, Denmark. 
Abbreviations: DMSO, dimethylsulfoxide; DPPD, N,N'-diphenyl- 
1,4-phenylenediamine; HUFA, highly unsaturated fatty acids; 
LDH, lactate dehydrogenase; MDA, malondialdehyde; a-T, a-toco- 
pherol; T-T, T-tocopherol; TA, a-tocopheryl acetate; TBARS, thio- 
barbituric acid reactive substances; TP, a-tocopheryl phosphate; 
TS, a-tocopheryl acid succinate. 

MATERIALS AND METHODS 

Reagents. Enzymes, coenzymes, collagen, horse serum, 
hormones and fatty acids were prepared or obtained as de- 
scribed previously (3). DPPD and ferric chloride hexahy- 
drate were obtained from Aldrich Chemie (Steinheim, 
Germany). All other chemicals were from Sigma Chemical 
Co. (St. Louis, MO). 

Cell culture. Hepatocytes were isolated from 48-h 
starved female Wistar rats, weighing 210-250 g before 
starvation, and the cells were cultured in a modified Way- 
mouth medium (4) as described earlier (3). A starvation 
period of 48 h was chosen as this increased the suscepti- 
bility of the cultured cells to the effects of HUFA as com- 
pared to cells from 16-h starved rats (3). The hepatocytes 
(approximately 45 $~g DNA per dish) were maintained in 
culture for 72 h, with the medium being changed every 
24 h. During the last 48 h, the medium was supplemented 
with 1% (wt/vol) fatty acid-free albumin, 0.1 ~ insulin, 
0.1 ~M dexamethasone, 0.5 mM fatty acid and antioxi- 
dants. The following antioxidants were used (final con- 
centration, solute): DPPD [1 pM, dimethylsulfoxide 
(DMSO)]; (+_)a-T (50 ~M, acetone); (+)-T-tocopherol (T-T) 
(50 ~M, acetone); (_+)~a-tocopheryl acetate (TA) (50 t~M, 
acetone); (_)-TP (50 ~Vl, water) and (+)-TS (50 pM, 
DMSO). The concentrations of DMSO and acetone added 
to the media, 0.46% (vol/vol) and 0.1% (vol/vol), respec- 
tively, had no effect on any of the parameters measured. 
Specific solvents were chosen to facilitate solubilization of 
the agents in the aqueous phase. The solubilization of the 
tocopherols was confirmed by measuring the absorbance 
between 284 and 292 nm in the culture media after ten- 
fold dilution. 

Peroxidation of arachidonic acid during the preparation 
and storage of fatty acid-containing media, even at 37~ 
was negligible as TBARS measurements in media with 
and without arachidonic acid gave similar values, i.e., 
about 1.7-2.0 ~ TBARS (n = 1). 

Determination of LDH leakage and DNA content. LDH- 
leakage and DNA content were measured as described 
earlier (3). In short, cells and medium were separated, the 
cells were homogenized by ultrasonication, and aliquots of 
cell homogenate and medium were analyzed for LDH ac- 
tivity by measuring NADH formation at 340 urn. The 
DNA content in the cell homogenate was measured fluori- 
metrically. Cell viability was measured as percentage of 
LDH released into the medium. 

Determination of TBARS. Lipid peroxidation.was ex- 
pressed as TBARS accumulated in the medium (5). 
TBARS were determined as described previously (3), in 
the presence of ferric chloride and butylated hydroxy- 
toluene while heating (6), and by measuring absorbance 
at 532 rim (7). After subtraction of the background, due to 
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the phenol red in the culture medium, absorbance was 
converted to TBARS and expressed in malondialdehyde 
(MDA) equivalents; a s tandard curve for MDA was gener- 
ated based on hydrolyzed 1,1,3,3-tetraethoxypropane. 
Lipid peroxidation was expressed as nmol TBARS (MDA 
equivalents)/mg DNA. 

Stat i s t ica l  evaluation. Statistical significance of differ- 
ences was assessed by analysis of variance; the Scheffe 
test was used for comparison of means. P < 0.05 was con- 
sidered statistically significant. 

RESULTS 

In this study, cytotoxicity was defined as the increase in 
LDH-leakage seen upon exposure of the cells to fat ty acid. 
The LDH in the culture medium originates from hepato- 
cytes that  have lost their  membrane barrier properties; 
the LDH that  leaks into the medium is typically not de- 
graded within 24 h (8). 

Figure 1 illustrates tha t  fat ty acids with more than 
three double bonds cause greater  LDH-leakage and 
TBARS formation than less unsaturated fatty acids. The 
addition of TS caused a significantly lower LDH leakage 
compared to TP, when the cells were incubated with 
linoleic acid, columbinic acid, arachidonic acid, eicosapen- 
taenoic acid or docosahexaenoic acid (Fig. 1A). A similar 
pat tern was seen for the production of TBARS with 
columbinic acid, arachidonic acid and eicosapentaenoic 
acid (Fig. 1B). Measurements of LDH-leakage 2 h a i ~ r  
fatty acid addition to the cultures indicated that  none of 
the fatty acids were cytotoxic by themselves in our exper- 
imental system (1-3% LDH-leakage, n = 7). 

The cytoprotective effect of 50 pM a-T, T-T, TA, TP, TS 
and 1 ~ DPPD in cultures supplemented with 0.5 mM 
arachidonic acid is shown in Figure 2. TS, a-T, T-T and 
DPPD had similar effects on LDH leakage, whereas a sig- 
nificantly smaller protective effect was seen with TA and 
TP. The production of TBARS showed a similar pattern, as 
did LDH-leakage (Fig. 3). 

The dose-response relationship between antioxidant 
concentration and LDH-leakage was tested in the pres- 
ence of 0.5 mM arachidonic acid in the range from 25 to 
200 I~M tocopherols and 1 to 50 p_M DPPD. Only TP 
showed a dose-response relationship, i.e., increasing con- 
centrations of TP gave an increase in LDHoleakage, sug- 
gesting a cytotoxic effect of TP at higher doses (data not 
shown, n = 3). Cultures incubated with antioxidants (to- 
copherols, 50 and 200 pM, DPPD, 1 and 50 I~V[) and with- 
out fatty acid showed that  none of the tocopherols were cy- 
totoxic at 50 ~Vl, whereas addition of 200 ~M TP or TS re- 
sulted in an LDH-leakage of 66 and 35%, respectively 
(mean, n = 3). DPPD showed no cytotoxic effects in the 
concentration range studied. 

DISCUSSION 

HUFA at 0.5 mM was found to be cytotoxic in our in vitro 
cell system, an effect tha t  was thought to be due to lipid 
peroxidation (3). A similar cytotoxic effect of exogenous 
HUFA has previously been seen in other cell culture sys- 
tems (9,10). 
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FIG. 1. The cytoprotective effect of a-tocopheryl acid sueci- 
nate (TS) and a-tocopheryl phosphate  (TP) in cultures sup- 
plemented with various polyunsaturated fatty acids. (A) % 
Lactate dehydrogenase  (LDH)-leakage; (B) formation of  
thiobarbituric acid reactive substances (TBARS). Hepato- 
cyte monolayers  were prepared from 48-h starved rats and 
maintained in culture for 48 h in the presence of  50 p~M TS 
(open bars) or 50 ~M TP (cross-hatched bars) and 0.5 mM 
oleic acid (OA), l inoleic  acid (LA), columbinic  acid (CA), 
arachidonic acid (AA), e icosapentaenoic  acid (EPA) or do- 
cosahexaenoic  acid (DHA). (A) C is the control without  fatty 
acid and antioxid~nt.  Each bar represents the mean • SE of 
four separate cultures.  (B) The control value  (134-177 nmo|  
TBARS/mg DNA) was subtracted. Each bar represents the 
mean • SE of  three separate cultures.  Values with different 
letters are s ignif icantly different. 

In the present study, the cell cultures were heavily 
loaded with tocopherols (50 p_M tocopherol derivative, or 
150 nmol per culture dish containing ca. 106 cells). Never- 
theless, none of the antioxidants tested could fully prevent 
HUFA-induced LDH-leakage. This, and the lack of a cor- 
relation between LDH-leakage and TBARS production 
(Figs. 1-3), would suggest that  HUFA cytotoxicity is 
partly caused by mechanisms that  are not related to toco- 
pherol-suppressible lipid peroxidation. It has been seen in 
many cases tha t  inhibition of lipid peroxidation does not 
prevent oxidative stress-induced cell injury (11). Fariss (5) 
and Carini  et al. (12) reported TS to be a better  antioxi- 
dant  than a-T in hepatocyte suspensions, where oxidative 
stress  was induced by an atmosphere of 95% 02, 5% CO 2 
and the presence of adenosine diphospbateJiron, cumene 
hydroperoxide or carbon tetrachloride. 
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FIG. 2. The cytoprotective effect o f  various ant ioxidants  in  
cultures  supplemented  w i t h  arachidonic  acid. Hepatocyte  
monolayers  were  prepared from 48-h starved rats and 
mainta ined  in culture for 48 h w i t h  0.5 mM arachidonic  acid 
and 50 ~M of  tocopherol  or I ~M DPPD added. C O is the con- 
trol wi thout  arachidonic  acid and wi thout  antioxidant; C is 
the control w i t h  arachidonic  acid and wi thout  antioxidant.  
Each bar represents  the m e a n  • SE of  three separate cul- 
tures. Values w i t h  different  letters are s ignif icant ly  differ- 
ent. DPPD, N,N'-diphenyl- l ,4-phenylenediamine;  a-T, a-to- 
copherol; T-T, T-tocopherol; TA, a-tocopheryl acetate. Other 
abbreviat ions  in  Figure 1. 
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FIG. 3. The effects o f  various azltioxid~nts on the  formation 
of  TBARS. Hepatocyte  monolayers  were  prepared from 
48-h starved rats and mainta ined  in culture for 48 h wi th  
0.5 mM arachidonic  acid and 50 pM of  tocopherol  or 1 p_M 
DPPD added* C is the control w i th  arachidonic  acid and 
wi thout  antioxidant.  The control  va lues  wi thout  arachi- 
donic  acid and ant ioxidant  (168-196 nmol  TBARS/mg DNA) 
were  subtracted. Each bar represents  the  m e a n  • SE of  
three separate cultures.  Values wi th  different  !etters are 
s ignif icantly  different.  Abbreviat ions as in  Figures 1 and 2. 

It is reasonable to suggest that the different tocopheryl 
esters need to be hydrolyzed by esterases and that the 
actual cytoprotective effect is exerted by a-T. TS has been 
suggested to act as a carrier of a-T enabling the release 
and accumulation of a-T at specific and critical cellular 
sites (12). The different effects of the tocopherols and their 
esters may thus reflect differences in transmembrane mo- 
bility and in the rates of ester hydrolysis by intracellular 
esterases, a-T may also have a lower rate of transmem- 
brane mobility than TS, as a-T may exist in micellar form 
in the medium (13). In addition, the tocopheryl esters are 
hydrolyzed at different rates by membrane-bound es- 
terases (14). The succinate moiety of TS may have an ad- 
ditional effect, consistent with the proposal by Maguire et  
al. (15), who showed that submitochondrial particles con- 
taining the succinate-ubiquinone reductase complex pro- 
tected a-T from consumption which may suggest the re- 
duction of the a-tocopheryl radical to a-T. 

In summary, we have shown that it is important to sup- 
plement culture media with antioxidant and to monitor 
cell viability when culturing cells with exogenous HUFA. 
The tocopherols we investigated differ significantly in 

their cytoprotective effect, with TS being the most effec- 
tive. 
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Thermal Adaptation Affects the Fatty Acid Composition of Plasma 
Phospholipids in Trout 
Charlotte WaUaert and Patrick J. Babin* 
Laboratoire de Physiologie Cellulalre et M~tabolique des Poissons, U.R.A. 1134 du CentTe National de la Recherche Scientifique, Universit(~ Paris- 
Sud, 91405 Orsay, France 

The adaptive changes in the fatty acid (FA) composition 
of  plasma phospholipids (PL) in response to alterations 
in environmental water temperature were investigated 
in juvenile rainbow trout (Oncorhynchus mykiss). The 
changes observed during thermal adaptation from 22~ 
in summer to 8~ in winter were reproduced by labora- 
tory cold acclimation (CA) at 6~ of  22~ 
mated animals. In cold-accllmated and winter-accli- 
mated trout, the increase in the unsaturation of PL fatty 
acids was mainly due to an enrichment of  approximately 
7% in the total weight percentage of 22.~n-3, while a con- 
comitant significant decrease in the levels of  18.~ and of 
the monoenoic n-9 FA was observed. A time course study 
revealed that the changes in PL fatty acids became sigo 
niRcant after 10 d of  CA and were complete after one 
month. These changes in the composition of  the fatty acyl 
elJRins of  plasma total PL indicate that the FA composi.  
tion of  plasma lipoprotein PL does not remain constant 
during thermal adaptation. This would suggest that 
plasma lipoproteins provide a rapid systemic supply of  
lipids containing more or less unsaturated FA during 
thermal adaptation of polkiiothermic anlmal~. 
Lipids 29, 373-376 (1994). 

The metabolic changes that  occur during thermal adap- 
tation of poikiIothermic animals cause alterations in 
membrane lipid composition that  assure the mainte- 
nance of normal membrane functions under thermal 
stress. This homeoviscous adaptation (1) to environmen- 
tal temperature is responsible for maintaining mem- 
brane fluidity and function at low temperatures. It in- 
volves restructuring of the polar headgroup composition 
of phospholipid (PL) classes, together with modification 
of the unsaturation of their fatty acyl chains (2-6). 

Salmonids are eurythermic fish that  undergo temper- 
ature variations in their natural environment (7). In 
these fish, PL have a complex fatty acid (FA) pattern 
characterized by a large proportion of polyunsaturated 
fatty acids (PUFA) (8). The renewal and restructuring of 
membrane lipids following thermal adaptation could in- 
volve plasma lipids and lipoproteins, since the capacities 
for lipogenesis and FA desaturation vary from one tissue 
to another. Numerous studies in different fish species 
(for a review, see Ref. 3, and also Refs. 9-11) have 
demonstrated structural and composition changes of 
membrane PL following thermal adaptation but there 

*To whom correspondence should be addressed at Laboratoire de 
Physiologie Cellulaire et Mdtabolique des Poissons, U.R.A. 1134 
CNRS, Universit~ Paris-Sud, B&t. 447, 91405 Orsay Cedex, 
France. 
Abbreviations: ANOVA, analysis of variance; CA, cold acclimation; 
FA, fatty acids; HDL, high density lipoproteins; PL, phospholipids; 
PUFA, polyunsaturated fatty acids; UI, unsaturation index; U/S, 
ratio of unsaturated to saturated fatty acids. 

are no data on the effect of temperature changes on the 
FA composition of plasma lipids in poikilotherms. A cir- 
cannual variation in the FA composition of plasma and 
high density lipoprotein PL have been recently demon- 
strated in rainbow trout (12), a teleost fish that  remains 
active at low temperatures. 

The objectives of the present study were to investigate 
in trout the effects of thermal adaptation in the labora- 
tory on the composition of plasma PL fatty acids and to 
compare the changes induced to those observed in re- 
sponse to seasonal temperature variations. 

MATERIALS AND METHODS 

Animals. Juvenile rainbow trout (Oncorhynchus mykiss) 
of both sexes were used. The animals were offsprings of a 
single male and female and were exposed to the natural 
photoperiod throughout the experiment. Before the ex- 
periments, the trout were nourished ad libitum three 
times a week with a standard commercial granule diet 
(Aqualim, Nersac, France) containing 11% lipids. The diet 
composition was held constant regardless of the water 
temperature at which the animals were kept. Trout were 
anesthetized with ethylenglycol monophenyl ether 
(0.3 mL/L). Blood was removed over ethylenediaminete- 
traacetic acid disodium salt and NaN 3 (3 and 0.15 mg/mL 
blood) dissolved in 0.15 M NaC1, final pH 7.4, by cardiac 
puncture with a fine catheter (diameter 0.58 mm) and 
kept at 4~ throughout the procedure. Plasma was ob- 
tained by centrifugation (3000 x g, 10 min). 

Experimental design. Juvenile trout, 1�89 ac- 
climated to 22~ in August, were randomly divided into 
two groups. Ten days after the first blood sampling, the 
first group was subjected to cold acclimation (CA) at 6~ 
by progressively decreasing water temperature from 22 
to 6~ within 20 h. The second group was subjected to 
summer variation of water temperature from 22 to 21~ 
Blood was drawn at an interval of 4 or 7 d between suc- 
cessive samples over a period of 41 d. Trout were given 
free access to food at least 4 h after each sampling and 
were left unfed until the next sampling. Furthermore, in 
order to determine the effects of seasonal thermal adap- 
tation on plasma PL fatty acids, marked juvenile trout 
were sampled in summer at 22~ and in winter at 8~ 

FA analysis. FA composition of plasma PL was deter- 
mined as previously described (13). Lipid standards or 
10 pL of plasma were applied directly to the preadsor- 
bent zones of thin-layer silica gel plates (G-1520, 20 x 
20 cm; Schleicher & Schuell, Dassel, Germany). The 
thin-layer chromatography plates were partially devel- 
oped with methanol followed by chloroform/methanol 
(1:1, vol/vol) to approximately 1.5 cm above the pread- 
sorbent border. The plates were then fully developed to 
15 cm above the adsorbent band in hexane/diethyl 
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ether/acetic acid (80:20:1, by vol) to separate the major 
lipid classes. The result ing bands were located by spray- 
ing the plate with rhodamine 6 G (0.07% in 95% ethanol) 
and viewing under  ultraviolet light. Fractions corre- 
sponding to PL were scraped into screw-capped tubes, 
and treated with boron trifluoride/methanol as previ- 
ously described (13). Heptadecanoic acid (17:0) and tri- 
cosanoic acid methyl ester (23:0 Me) were used as inter- 
nal standards.  FA methyl  esters were analyzed with a 
Carlo Erba  4100 gas chromatograph (Milan, Italy), 
equipped with a Ross needle type injector and a flame- 
ionization detector, coupled to an ENICA 10 integrator 
(Delsi, Suresnes, France). The silica capillary column 
(25 m x 0.32 mm i.d.) was coated with OV-1 (Chrompack, 
Middelburg, The Netherlands). The column tempera- 
ture was programmed from 150 to 180~ at 5~ per min 
after an initial 25 min at 150~ and was held at  180~ 
for 60 min. Hydrogen was used as carrier gas at  a pres- 
sure of 0.7 bar. FA methyl esters were identified by com- 
parison of their  relative retention times to those of 
known standards. A small amount  of arachidonic acid 
(20:4n-6) methyl  ester was present but  was not resolved 
from the eicosapentaenoic acid (20:5n-3) methyl ester on 
the OV-1 capillary column. The unsa tura ted  to satu- 
rated FA ratio (U/S) was calculated from the total 
weight  percentages of monoenoic FA + PUFA/total 
weight percentages of saturated FA. The unsaturat ion 
index (UI) of plasma PL FA, defined as the average 
number  of double bonds per FA, was calculated as the 
sum of the weight percentage multiplied by the number  
of double bonds for each FA in the mixtureJl00. 

Statistics.  Data are presented as means • SEM and 
were tested for statistical significance by analysis of 
variance (A_NOVA) followed by an evaluation employing 
Tukey-Kramer 's  multiple range test. For comparisons 
between FA weight percentages,  da ta  subjected to 
ANOVA were transformed (arcsin) prior to statistical 
analysis. Comparisons between summer- and winter-ac- 
climated trout  or summer-acclimated and cold-accli- 
mated t rout  were done by two-tailed Student 's  t-test. Re- 
sults were evaluated with the Statistical Analysis Sys- 
tem (SAS) computer programs (14). The P value chosen 
for statistical significance was 0.05. 

RESULTS 

Plasma PL of 8~ or 6~ 
trout  contained larger quantities of docosahexaenoic 
acid (22:6n-3) and smaller quantities of oleic acid (18: ln- 
9) and gondoic acid (20:1n-9) than  22~ - 
mated animals (Table 1). A significant reduction in the 
level of stearic acid (18:0), the saturated FA precursor of 
the n-9 family, also occurred during cold adaptat ion 
(Table 1). The time courses of the changes in the weight 
percentages of the two major unsa tura ted  FA of t rout  
plasma PL, 18:1n-9 and 22:6n-3, during CA are shown 
in Figure 1. After 6 d of CA, there was a significant de- 
crease in the percentage of 18:1n-9 in plasma PL (10.63 
• 0.24 vs. 13.75 • 0.64%, P < 0.05), which became highly 
significant after 10 d of CA (9.24 • 0.13%, P < 0.001). 
The proportion of 22:6n-3 evolved inversely to tha t  of 

TABLE 1 

Fatty Acid Composition of Plasma PhosphoHpids 
from Summer-Acclimated, Winte~Acclimated 
and Cold.Acclimated Juvenile Trout a 

Summer Winter Cold-acclimated 
Fatty acid (22~ (8~ (6~ 

14:0 1.66 - 0.15 1.84 • 0.07 2.15 • 0.23 
16:0 25.38 • 0.64 24.79 • 0.83 26.53 • 0.61 
18:0 10.31 • 0.50 6.46 • 0.71 d 5.89 • 0.18 e 
16:1n-7 3.38 • 0.18 3.12 _* 0.10 2.68 • 0.43 
18:1n-9 11.88 _+ 0.42 10.02 • 0.71 b 8.96 • 0.37 d 
20:1n-9 2.01 • 0.04 1.48 • 0.14 c 1.38 • 0.07 e 
18:2n-6 2.47 • 0.10 2.31 _+ 0.16 2.50 _+ 0.07 
20:3n-6 1.47 • 0.18 1.37 • 0.13 1.38 • 0.14 
20:5n-3 8.94 • 0.35 10.01 • 0.90 8.27 • 0.39 
22:5n-3 2.05 • 0.15 2.10 • 0.10 2.14 • 0.09 
22:6n-3 30.53 -+ 0.77 36.51 • 1.25 d 38.16 • 1.83 d 
U/S 1.65 -+ 0.01 1.99 • 0.04 e 1.89 _+ 0.05 d 
UI 2.61 -+ 0.04 2.99 • 0 .05  d 2.99 • 0.02 e 

aVatues are means • SEM, n = 5 in each group. Data are presented 
as weight percentages. Only the major fatty acids are listed (per- 
centage values >1%). Marked juvenile trout were blood sampled in 
summer at 22~ and in winter at 8~ In order to determine the ef- 
fects of low-temperature adaptation on plasma phospholipids fatty 
acids, trout acclimated to 22~ in summer were subjected to cold 
acclimation by decreasing water temperature from 22 to 6~ Trout 
were cold-acclimated to 6~ during 31 d before blood sampling. The 
significance for the differences between 2~ - and 8~ - 
ter-acclimated trout was tested with the paired two-tailed Stu- 
dent's t-test. Comparisons between 22~ and 
6~ trout were by unpaired two-tailed Student's 
t-test. U/S, ratio of unsaturated to saturated fatty acids; UI, un- 
saturation index. 
bp < 0.05; cp < 0.01; dR < 0.005; ep < 0.0001. 

18:1n-9. The increase in 22:6n-3 became very significant 
after 17 d of CA (37.06 • 1.34 vs. 31.41 • 0.63%, P < 
0.005) and was similar to tha t  of 8~ 
trout  (36.51 • 1.25%). The increase in the proportion of 
22:6n-3 during seasonal thermal  adaptat ion from 22 to 
8~ or during CA to 6~ corresponds to an enrichment  
of this PUFA in p lasma PL of approximately 7% 
(Table 1). 

The net result  of these compositional changes was a 
significant increase in the U/S ratio at  low temperatures  
(Table 1). The elevated proportion of 22:6n-3 during CA 
or during seasonal adaptat ion from summer  to winter 
resulted in an increase in the UI of FA at low tempera- 
tures (Table 1 and Fig. 2). This index increased very sig- 
nificantly after 10 d of CA (2.90 • 0.03 vs. 2.62 • 0.09, 
P < 0.005) and became identical to tha t  of winter-accli- 
mated trout  after 31 d of CA (Table 1 and Fig. 2). At tha t  
time, the UI of the acyl chains was very different from 
that  calculated for the PL of summer-acclimated trout 
(Table 1). 

DISCUSSION 

The maintenance of biomembrane functions in poikilo- 
therms, regardless of the environmental  temperature,  
involves changes in the lipid composition. At low tem- 
peratures,  the modifications involve changes that  result  
in an increase in the degree of FA unsatura t ion in dif- 
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FIG. I. Temporal ehRnges in the weight l~NBreenLage of 
9-2:6n-3 (circle) and 18:1n-9 (mluare) in p l ~ m a  phospholipid 
molecular species, in cold-acclimated (OJ )  a n d  in stammer- 
acclimated j u v e n i l e  t r o u t  ( O ~ ) .  For  details in e x p e r i m e n t a l  
d e s i g n ,  s e e  M a t e r i a l s  a n d  M e t h o d s .  V a l u e s  are  m e a n s  • 
SEM, n = 5 ( S E M  w i t h i n  d a t a  p o i n t s  a r e  n o t  s h o w n ) .  F o r  
e a c h  g r o u p  o f  ~n imal s ,  the  s i g n i f i c a n c e  o f  t h e  d i f f e r e n c e s  
b e t w e e n  t h e  Value  o b s e r v e d  o n  d a y  8 a n d  t h e  o t h e r  v a l u e s  
o b s e r v e d  w a s  t e s t e d  b y  ~ n n l y s i s  o f  v a r i a n c e  (ANOVA) a n d  
T u k e y - K r a m e r ' s  m u l t i p l e  r a n g e  tes t .  T h e  w e i g h t  p e r c e n t a g e  
o f  22.~n-3 a n d  18:1n-9 d e t e r m i n e d  in trout acclimated in 
winter at  8~ ( A , ~ )  or  i n  s u m m e r  a t  22~ (V,@) appears o n  
t h e  r i g h t - h a n d  s i d e  o f  t h e  f i g u r e  for  c o m p a r i s o n .  T h e  di f fer-  
e n c e  b e t w e e n  t h e  t w o  m e a n s  w a s  t e s t e d  b y  t h e  p a i r e d  t w o -  
t a i l e d  Student's t-test. CA, c o l d  a c c l i m a t i o n ,  s p  < 0.05; bp  < 
0.01; cP < 0.005; dP < 0.001. 
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FIG. 2. Changes in the Lm~turatien index (UI) of fatty acids 
o f  p l a s m a  p h o s p h o l i p i d s  d u r i n g  CA i n  j u v e n i l e  t rout .  F o r  
det~ i i~  i n  t h e  e x p e r i m e n t a l  d e s i g n ,  s e e  M a t e r i a l s  a n d  Meth-  
ods .  V a l u e s  a r e  m e a n s  z SEM, n ffi 5 (SEM w i t h i n  d a t a  p o i n t s  
a r e  n o t  s h o w n ) .  F o r  e a c h  g r o u p  o f  ~rdmals ,  c o l d - a c c l i m a t e d  
( 0 )  or  e m m m e r . a c c l i m a t e d  t r o u t  (O), t h e  s i g n i f i c a n c e  o f  t h e  
d i f f e r e n c e s  b e t w e e n  th e  v a l u e  o b s e r v e d  o n  d a y  8 a n d  t h e  
o t h e r  v a l u e s  o b s e r v e d  w a s  t e s t e d  b y  A N O V A  a n d  Tukey-  
K r a m e r ' s  m u l t i p l e  r a n g e  tes t .  T h e  UI  d e t e r m i n e d  in  t r o u t  
a c c l i m a t e d  i n  w i n t e r  a t  8~ (A)  o r  in  s u m m e r  at  22~ (V)  ap-  
p e a r s  o n  t h e  r i g h t - h a n d  s i d e  o f  t h e  f i g u r e  for  c o m p a r i s o m  
T h e  d i f f e r e n c e  b e t w e e n  t h e s e  t w o  m e a n s  w a s  t e s t e d  b y  t h e  
p a i r e d  t w o - t a i l e d  S t u d e n t ' s  t - test ,  ap < 0.005; bp < 0.001. S e e  
F i g u r e  1 for  a b b r e v i a t i o n s .  

ferent PL molecular species and in their proportion of 
unsaturated FA (3-5). The changes in the FA composi- 
tion of plasma PL that  can be induced by thermal adap- 
tation have not been investigated previously in poikilo- 
therms. Our data show that adaptive compositional 
changes occur in response to natural changes in envi- 
ronmental water temperature. The present study also 
demonstrates that  the changes in the FA composition of 
plasma PL observed during seasonal thermal adapta- 
tion can also be produced in juvenile trout by imposing 
controlled and rapid temperature changes in the labora- 
tory. The changes that  occur due to low temperature are 
consistent with the prior descriptions of CA effects in 
trout liver PL (11,15). The increase in the UI of plasma 
PL FA during CA, or during seasonal adaptation to low 
temperature in winter is primarily due to a very signifi- 
cant increase in the relative proportion of PUFA, e.g., 
22:6n-3. CA results in a decrease in the quantity of 
18:1n-9 in plasma PL as in hepatic PL (11,15). However, 
there is a decrease of 18:0 in plasma PL instead of 
palmitic acid (16:0) as it is observed in hepatic PL 
(11,15). A time course study revealed that  the changes in 
plasma PL FA became significant after 10 d of CA. A 
comparison between the UI of fatty acids of 6~ - 
climated and 8~ trout indicates that 
the process is complete after one month. This period has 

been previously shown to be adequate for thermal adap- 
tation of various physiological functions in fish (16). 

In fish, almost all plasma lipids are associated with 
lipoproteins (17), which, in turn, transport and distribute 
endogenous and exogenous lipids within the organism. In 
trout, high density [ipoproteins (HI)L) predominate in 
plasma lipoproteins (17-19). HDL lipids are rich in unsat- 
urated FA of the linolenic acid (n-3) family (20). Changes 
in the composition of the fatty acyl chains of plasma total 
PL observed in trout during CA or low-temperature sea- 
sonal adaptation indicate that the FA composition of 
plasma lipoprotein PL does not remain constant during 
thermal adaptation. These modifications may be due to 
changes in the molecular species composition of PL classes 
and/or in the proportion of each PL in plasma lipoproteins. 
We have recently demonstrated in trout that the weight 
percentage of 22:6n-3, the U/S ratio and the UI of FA of 
HDL PL are inversely correlated with water temperature 
{12). The rapid restructuring of PL in the liver at low tem- 
porature and the later increase in the proportion of un- 
saturated FA due to the stimulation of hepatic desatura- 
tion activities (for a review, see Ref. 4) would result in the 
release of lipoproteins whose FA composition has been 
adapted to environmental changes. Thus, the plasma 
lipoproteins can rapidly supply lipids with the degree of 
unsaturation required for thermal adaptation. 
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Alteration of Chain Length Selectivity of a Rhizopus delemar Lipase 
Through Site-Directed Mutagenesis 1 
Rolf D. Joerger 2 and Michael J. Haas* 
ERRC, ARS, USDA, Philadelphia, Pennsyk,ania 19118 

The coding sequences of  the Rhizopus delemar Hpase and 
prolipase were altered by oligonucleotide-directed muta- 
genesis to introduce amino acid substitutions. The re- 
suiting mutant enzymes, synthesized by the bacterial 
host Escherichia coli BL21 (DE3), were tested for their 
ability to hydrolyze the triglycerides triolein (TO), tri- 
caprylin (TC) and tributyrin (TB). Mutagenesis and H- 
pase gene expression were carried out using plasmid vec- 
tors derived fTom previously described recombinant 
plasmids [Joerger and Haas (1993) Lipids 28, 81-88] by in- 
troduction of the origin of  replication of  bacteriophage 
fl .  Substitution of threon|ne 83 (thr83), a residue thought 
to be involved in oxyanion binding, by alanine essentially 
eliminated lipolytic activity toward all substrates exam- 
ined (TB, TO and TC). Replacement of  thr83 with serine 
caused from two- to sevenfold reductions in the activity 
toward these substrates. Introduction of  tryptophan 
(trp) at position 89, where such a residue is found in 
closely related fungal lipases, reduced the specific activ- 
ity toward the three triglyceride substrates. For the mu- 
tagenesis of residues in the predicted acyl chain binding 
groove, mutagenic primers were designed to cause the 
replacement of  a specific codon within the prolipase 
gene with eodons for all other Am|no acids. Phenyl~! A- 
nine 95 (phe95), pheU2,  vallne 206 (va1206) and va1209, 
were targeted+ A phenotypic screen was successfully em- 
ployed to identify cells producing prolipase with altered 
preference for olive oil, TC or TB. In assays involving 
e q ,  lmolar mix~tur~ of the three triglycerides, a prolipase 
with a phe95 -~ aspartate mutation showed an almost 
twofold increase in the relative activity toward TC. Sub- 
stitution of  trp for phe112 caused an Almost threefold de- 
crease in the relative preference for TC, but elevated rel- 
ative TB hydrolysis. Replacement of va1209 with trp re- 
suited in an enzyme with a two- and fourfold enhanced 
preference for TC and TB, respectively. 
Lipids 29, 377-384 (1994). 

1Reference to a brand or firm name does not constitute endorse- 
ment by the U.S. Department of Agriculture over others of a simi- 
lar nature not mentioned. 
2present address: DuPont Central Research and Development, Ex- 
perimental Station, P.O. Box 80173, Wilmington, DE 19880-0173. 
*To whom correspondence should be addressed at ERRC, ARS, 
USDA, 600 East Mermaid Lane, Philadelphia, PA 19118. 
Abbreviations: aa, Amino acid; ala, alanine; asp, aspartate; cDNA, 
complementary deoxyribonucleic acid; gly, glycine; H1, Humicola 
lanuginosa; IPTG, isopropyl-~-D-thiogalactoside; leu, leucine; Pc, 
Penicillium camembertii; phe, phenylalanine; Rm, Rhizomucor 
miehei; Rd, Rhizopus delemar; ser, serine; TB, tributyrin; TC, tri- 
caprylin; TE buffer, Tris/ethylenediaminetetraacetic acid buffer; 
thr, threonine; TO, triolein; Tris, tris(hydroxymethyl)amino- 
methane; trp, tryptophan; val, valine. 

The fungus Rhizopus delemar [presently designated 
R. oryzae (1)] produces extracellular lipases tha t  have 
been used in research for many years. One of these lipases 
has been purified and characterized (2), and a comple- 
mentary  DNA (cDNA) encoding this lipase has been 
cloned and its nucleotide sequence has been determined 
(3). This lipase, like its closely related counterpart  pro- 
duced by the fungus Rhizornucor miehei (4), exhibits a 
strong preference for the hydrolysis of ester  bends at  the 
sn-1 and sn-3 positions of a triacylglycerol. As opposed to 
this pronounced positional selectivity, there is little selec- 
tivity for hydrolysis of substrates with different fat ty acid 
moieties. In assays with triglyceride mixtures, tr ibutyrin 
(TB) was the least preferred substrate. Triacylglycerols 
with longer chain fatty acids, both saturated and unsatu- 
rated, were hydrolyzed at only marginally different rates 
(5). In contrast, some lipases from Candida cylindracea 
exhibit little positional specificity (6), a lipase from Geot- 
richum candidurn has a strong preference for the hydrol- 
ysis of c/s-9 unsatura ted fatty acids (6,7) and a lipase from 
Penicilliurn camembertii (Pc) hydrolyzes only mono- and 
diglycerides (8). The molecular bases for these selectivities 
are either still completely unknown or are just  beginning 
to be revealed. Three-dimensional structures determined 
by X-ray crystallography are now available for several li- 
pases (9-12), and continued refinement and analyses will 
provide new insights into the phenomenon of selectivity. 

Rational mutagenesis provides another  route for inves- 
tigating the structure-function relationship of enzymes 
(13). Using this technique, it should be possible to gather 
useful information regarding the role of sequence and 
structure in determining the activity, selectivity and sta- 
bility of these enzymes. In order to facilitate studies on the 
R. de/emar (Rd) lipase, the cloned cDNA encoding this li- 
pase was used to construct expression plasmids for the 
high-level production of the proenzyme and mature form 
of the lipase in the bacterium Escherichia coli (14). 

We have now modified the expression plasmids to cre- 
ate plasmids that  permit site-directed mutagenesis and 
expression to be carried out with the same vector. This 
system was used to create mutations in the lipase and pro- 
lipase genes and to express these altered genes. The gene 
products were then tested for their  ability to hydrolyze 
TB, tricaprylin (TC) and triolein (TO). 

MATERIALS AND METHODS 

DNA manipulations. Plasmid DNA was isolated by an al- 
kaline lysis procedure (15) followed by phenol/chloroform 
extraction. Single-stranded DNA was isolated from cul- 
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ture fluids by precipitation with 1/4 vol of 20% polyethyl- 
ene glycol in 3.75 M ammonium acetate (NH4OAc). The 
precipitate was resuspended in Tris/ethylenediaminete- 
traacetic acid (TE) buffer (10 mM Tris-HC1, 1 mM ethyl- 
enediaminetetraacetic acid, pH 8) and extracted repeat- 
edly with phenol/chloroform. DNA was stored in TE 
buffer. Restriction enzyme digestions and ligations were 
performed as recommended by the suppliers. Plasmid 
DNA was introduced into E. coli cells either by transfor- 
mation of CaC12-treated cells (16) or by electroporation 
using a Gene Pulser TM (Bio-Rad Laboratories, Richmond, 
CA) according to the manufacturer ' s  directions. Sequenc- 
ing of DNA was carried out by the method of Sanger et al. 
(17) using the Sequenase TM Version 2.0 DNA Sequencing 
Kit (United States Biochemical, Cleveland, OH). 

Vector construction. The origin of replication of bacterio- 
phage f l  was introduced into the lipase expression plas- 
mid pETll-d-431 (14) in a procedure similar to tha t  de- 
scribed by Richardson and Richardson (18). The f l  origin 
of replication was isolated from plasmid pTZl8R (pur- 
chased from Pharmacia  LKB Biotechnology Inc., Piscat- 
away, NJ) as a 1060-bp ScaI-HindIII fragment.  Plasmid 
pET11-d-431 was cleaved with restriction enzyme ScaI 
and the linearized plasmid incubated with H ind I I I  under  
conditions favoring partial  digestion. The result ing frag- 
ments  were separated by agarose gel electrophoresis, and 
the band corresponding to a ScaI-HindIII f ragment  ap- 
proximately 6 kbp in size was excised from the gel, ex- 
tracted and purified. This f ragment  was ligated to the f l  
ori-containing ScaI-HindIII f ragment  from pTZl8R to 
yield a plasmid, pETll-d-f l -431,  tha t  retained the fea- 
tures required for lipase gene expression and also allowed 
production of single-stranded circular DNA for use in site- 
directed mutagenesis.  

Under  inducing conditions, cells harboring pETl l -d - f l -  
431 produce inactive lipase tha t  has  to be refolded into 
active enzyme. Direct production of active ma tu re  Rd 
lipase in E. coli is not possible due to the toxic nature  of 
this enzyme. However, a plasmid allowing expression of 
active prolipase in E. coli BL21 (DE3) (19) was con- 

structed. To achieve this, the EcoRI-XbaI f ragment  from 
pET11-d-fl-431, which contains the gene for mature  li- 
pase, was replaced with an EcoRI-XbaI f ragment  encoding 
prolipase. This f ragment  was isolated from plasmid 
pTM-N-1231, which consists of vector pTM-N (20) and the 
Rd prolipase gene fused to DNA encoding the OmpA sig- 
nal peptide. The new plasmid, pETll-d-f l-1231s,  was 
used for isolation of single-stranded DNA and for produc- 
tion of active prolipase. 

Plasmids for the production of mature  lipases carrying 
the amino acid substitutions found in previously charac- 
terized prolipases were constructed by replacement of the 
600-bp KpnI-EcoRI f ragment  in pETll-d-f1-431 with the 
corresponding f ragments  from the pETll -d-f l -1231s mu- 
t an t  plasmids. These pETll -d-f l -431 derivatives were 
used for the production of ma tu re  mutan t  lipases in inac- 
tive forms as inclusion bodies. Active enzyme was ob- 
tained aider refolding as described previously (14). 

Production of single-stranded DNA from pET11-d-f1- 
431 and pET11-d-f1-1231s. Single-stranded DNA was ob- 
tained by infecting plasmid-containing E. coli JM101 cells 
with helper phage M13KO7 as described by Viera and 
Messing (21). Packaged single-stranded DNA was precip- 
i tated with PEG/NH4OAc and purified by repeated phe- 
nol/chloroform extractions. For the production of single- 
stranded DNA for use in mutagenesis  experiments ac- 
cording to the methods of Kunkel (22), plasmids were first 
introduced into E. coli strain CJ236. Uracil-containing 
single-stranded DNA was prepared from the culture su- 
perna tan t  of M13KO7-infected cells as indicated above. 

Oligonucleotide-directed mutagenesis. Site-directed mu- 
tagenesis was carried out by the method of Kunkel (22) 
using the Muta-Gene M13 in vitro Mutagenesis Kit 
(Bio-Rad Laboratories). Mutagenic pr imers  were obtained 
from the Depar tment  of Chemistry, University of Penn- 
sylvania (Philadelphia, PA). The nucleotide sequences of 
the pr imers  used are listed in Table 1. Primer-mediated 
nucleotide sequence changes affecting restriction enzyme 
recognition sites were so chosen as not to alter the amino 
acid sequence of the lipases. 

TABLE 1 

Mutagenic Primers 

Amino acid change Other changes 
Primer nucleotide sequence a introduced b introduced c 

5"TCCGTGGTGCTAACTCCTTC3' 
5'TCCGTGGTTCCAACTCCTTC3' 
5'TCAGAAGTTGGATCACTGACATC GTC3"r C 3' 
5'CACTGATATTGTCNNXAACTTTTCT3' 
5'AGTTCATGCCGGCNNXCTTTCCTCT3' 
5'GAGAGATATTNNXCCTCACN 
NXCCTCCTCAA3' 

thr83- > ala 
thr83- > ser 
ala89- > trp 
phe95- > aa 
phe112- aa 
val206- aa, 
val209- aa 

removal of KpnI site at pos. 658 
removal of KpnI site at pos. 658 
removal of EcoRV site at pos. 688 
removal of EcoRV site at pos. 688 
introduction of NaeI site at pos. 742 

removal of EcoRV site at pos. 1024 

aDuring primer synthesis, an equimolar amount of A, C, G and T was used at the positions indicated by the 
letter N. Only equimolar amounts of C and G were used at the positions indicated by letter X. 
bAmino acids are numbered as in Reference 3i aa indicates that any one of the twenty possible amino acids 
could be present after mutagenesis. Abbreviations: thr, threonine; ala, alanine; ser, serine; trp, tryptophan; 
phe, phenylalanine. 
CThe pos. numbers are as in Reference 3 and denote the position of the first nucleotide of the restriction en- 
zyme recognition site. 
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Mutant screening. Mutated versions of pETll-d-fl-431 
were identified initially by acquisition or loss of a restric- 
tion enzyme site (see Table 1). DNA sequencing was then 
used to confirm the presence of the desired base changes. 
A phenotypic screening for cells carrying mutated ver- 
sions of pET l l-d-f l-  123 ls  consisted of replica-plating cells 
onto solid LB-agar medium (rhodamine B medium) con- 
taining dispersed triglyceride (25 mL/L), ampicillin 
(100 ~g/mL), isopropyl-~-D-thiogalactopyranoside (IPTG) 
(0.2 mM) and rhodamine B (0.0005%) (3). Fat ty  acids pro- 
duced by lipase activity cause the rhodamine B to acquire 
a bright pink color and to fluoresce under  ultraviolet light. 
Cells acquire a similar coloration and become surrounded 
by halos. Lipase negative cells remained cream-colored. 
Plasmid DNA was isolated from cells producing mutant  li- 
pases of interest for this study, and the nucleotide se- 
quence of the region expected to carry a mutation was de- 
termined. 

Induction of lipase gene expression. Escherichia coli 
BL21 (DE3) harboring recombinant plasmids were grown 
on solid LB medium (23) containing ampicillin 
(100 ~tg/mL). Cells containing pETl l -d-f l -43I  or its muta- 
genized derivatives were cultured in liquid medium and 
induced for lipase expression by the addition of IPTG to a 
final concentration of 1 mM as previously described (14). 
Cells containing pETll-d-fl-1231s or its mutant  forms 
were induced in liquid culture (2 to 10 mL of LB medium 
containing ampicillln) by the addition of IPTG to a final 
concentration of 0.2 mM when the optical density (at 
600 nm) of the culture reached 0.7 to 1.0. Cells were har- 
vested 3 to 4 h after the addition of inducer. 

Preparation of mature and prolipase samples. Wild-type 
and mutant  versions of mature  lipase were refolded and 
purified, and their  purity and specific activities were de- 
termined as previously described (14). Briefly, the lipase 
inclusion bodies were solubilized in 8 M urea, and refold- 
ing was initiated by dilution. The refolded lipase prepara- 
tion was purified to homogeneity by affinity and ion-ex- 
change chromatography. Puri ty was assessed visually by 
examination of acrylamide electrophoresis gels stained 
with Coomassie Blue. 

Cells induced for prolipase production were resus- 
pended in 20 mM sodium phosphate buffer, pH 6.5, and 
sonicated. The lysate was used directly in lipase activity 
assays. 

Determination of lipase activity. Activity determinations 
were carried out titrametrically as described previously 
(14) using a VIT 90 Video ti trator (Radiometer, Copen- 
hagen, Denmark) and 0.1 N NaOH as titrant.  The assays 
were conducted at 25~ at pH of 7.5. The reaction mixture 
consisted of 200 mM olive oil, TC or TB (Sigma, St. Louis, 
MO) in 4.2% aqueous gum arabic solution and 14 mM 
CaC12. Lipase activity was calculated from the maximum 
rate of t i t rant  addition using a lipase titrametric assay 
program (Cichowicz, D.J., et al., unpublished). A unit  (U) 
of activity released one ~mole of fatty acid per minute. 

Substrate selectivity was determined in an assay con- 
taining 500 ~tL of 50 mM sodium phosphate, pH 7.5, and 
200 pmoles each of TO, TC and TB. The reactions were 
started by the addition of purified mature  enzyme or pro- 
lipase-containing lysates. Samples to which only buffer or 

heat-inactivated cell sonicate had been added served as 
controls. The tubes were incubated at 30~ on an orbital 
shaker that  was rotated at 300 rpm. After two hours, 
20 ~moles of palmitic acid in 50 ~L pyridine was added to 
the tubes to serve as internal standard, the content of the 
tubes was thoroughly emulsified, and 10 pL was quickly 
withdrawn to another tube. Then, 100 pL of dry pyridine 
was added, followed by 400 pL of bis(trimethylsilyl)triflu- 
oroacetamide (Sigma). The tubes were incubated for 15 
min in a boiling waterbath (24), cooled to room tempera- 
ture, and hexane was added to obtain a solution appropri- 
ately diluted for gas chromatography. The samples were 
injected on-column into a Hewlett-Packard (Palo Alto, CA) 
5890 gas chromatograph containing a 15-m nonpolar 
high-temperature column (DB 1-HT) with an inner diame- 
ter  of 0.32 mm and a film thickness of 0.1 pm (J&W Sci- 
entffic, Folsom, CA). The helium flow rate was 5.5 mL per 
rain. Detection was by flame ionization. The oven temper- 
ature was maintained at 40~ for 0.5 rain, then increased 
to 100~ at a rate of 20~ per rain, and then increased to 
120~ at a rate of 2~ per min. The temperature was fi- 
nally raised to 350~ at a rate of 20~ per min. This 
triphasic temperature  profile was necessary to separate 
TB from monocaprylin. Data collection and processing 
was done on a Hewlett-Packard 3396 SeriesII Integrator. 

RESULTS AND DISCUSSION 

Mutagenesis experiments. The system for the expression of 
the Rd prolipase and mature lipase genes in E. coli de- 
scribed previously (14) allowed the synthesis and subse- 
quent purification of relatively large amounts of these li- 
pases. The modification of the expression vectors to in- 
clude the bacteriophage f l  origin of replication was 
undertaken to produce vectors tha t  can be used to bring 
about mutagenesis and expression without cloning in two 
different vectors. This approach had been proven success- 
ful previously in studies of the gene for the transcription 
termination factor, rho (18). 

In initial experiments, threonine (thr) 83 was replaced 
with either alanine (ala) or serine (ser). Thr83 occupies 
the same position in the Rd lipase as ser82 in the Rhi- 
zomucor miehei (Rm) lipase (4). This residue has been im- 
plicated in oxyanion binding during hydrolysis of triglyc- 
erides by the Rm lipase (9,10). Cells harboring mutage- 
nized plasmids were induced to produce inactive lipase in 
the form of inclusion bodies. The mutant  lipases were then 
refolded, purified and characterized (14). Replacement of 
thr83 with ala caused a decrease in the specific activity by 
almost three orders of magnitude (Table 2). A similar loss 
of activity was observed when a corresponding ser residue 
was replaced by glycine (gly) in the mono- and diglyceride 
lipase from Pc (25). These reductions in activity are not 
unexpected because the loss of anion stabilization would 
be expected to profoundly reduce the activity of the en- 
zyme. Neither gly nor ala can supply a hydroxyl group to 
at tain this stabilization. On the other hand, replacement 
of thr83 with ser resulted in a lipase whose specific activ- 
ity on various substrates was between one-fifth and one- 
half  that  of the wild type (Table 2). Presumably, the ser hy- 
droxyl can partially substitute for the thr  hydroxyl, but  

LIPIDS, Vol. 29, no. 6 (1994) 



380 

R.D. JOERGER AND M.J. HAAS 

TABLE 2 

Titrametric Analysis  of Lipolytic Activity of  Refolded 
and Purif ied Recombinant  Lipases 

Specific activity c 

Source a Mutation b Olive off Tricaprylin Tributyrin 

pETll-d-fl-431 wild type 3149 8539 2944 
pETll-d-fl-431-T83A thr83- > ala 4 7 1 
pET11-d-fl-431-T83S thr83- > ser 1664 3350 442 
pET11-d-fl-431-A89W ala89- > trp 2106 6628 1702 
aExpression plasmid present in Escherichia coli BL21 (DE3). 
bAmino acids numbered as in Reference 3. See Table 1 for abbreviations. 
CMicromoles fatty acid released per min per mg of protein. The values are averages of 
two experimental determinations. 

the difference in the positioning of the side chains of the 
two amino acids is significant enough to reduce the spe- 
cific activity of the ser variant. 

Residues 86 to 92 in the Rd lipase are predicted to form 
a "lid" tha t  would cover the active site of the lipase, as was 
shown by crystallographic studies of the related Rm lipase 
(9,10). It  has been postulated, and demonstrated using in- 
hibitors (9,10), tha t  this lid is displaced when substrate 
analogues bind to the active site. This displacement ex- 
poses the active site and increases the potential lipase- 
substrate interface by enlarging the hydrophobic surface 
area of the enzyme. These features are thought to under- 
lie the requirement, demonstrated by all lipases, tha t  an 
interface be present before activity is manifested. Ala89 
occupies a position in the Rd lipase where tryptophan (trp) 
is found in the lipases from R. miehei,  Humico la  lanugi-  
nosa (H1) and Pc (25; Derewenda, Z.S., personal commu- 
nication). It  was postulated that  this trp might play a role 
in the interfacial activation process (9). Recently, Clausen 
et al. (26) reported that  in the Rm lipase, replacement of 
the trp did not abolish interfacial activation, but  that  sub- 
strate penetration was changed. By replacing ala89 in the 
Rd lipase with trp, we at tempted to obtain more insight 
into the role of hydrophobic residues in the lids of these 
fungal lipases, especially as it relates to enzyme-sub- 
strate interaction. We found that  replacement of ala89 
with trp caused a 22 to 42% reduction in the specific ac- 
tivity relative to the corresponding activity of the purified 
wild-type lipase (Table 2). However, compared to the wild- 

type enzyme there was no profound change in the relative 
activity of this modified enzyme toward the various sub- 
strates tested (Tables 2, 3; Figs. 2, 3). Fur ther  studies, 
such as determination of the interfacial activation curve of 
the wild-type and mutant  enzymes, and elucidation of the 
three-dimensional structures of these proteins will be re- 
quired in order to precisely identify the roles of specific 
Amino acids in the lid of the enzyme. 

The plasmid system described above for the mutagene- 
sis and expression of the thr  and ala mutants  has the ad- 
vantage of supplying relatively large quantities of pure li- 
pase, but  the disadvantage of requiring isolation of the in- 
active lipase as inclusion bodies with subsequent refolding 
to produce active enzyme. Despite many at tempts to find 
an expression system that  would allow the production of 
active, mature  lipase, no system could be developed that  
was able to overcome the toxic effect of this enzyme on the 
bacterial host (14). Thus, a plasmid that  allows the pro- 
duction of active prolipase, which appears to be less toxic, 
was constructed for the experiments with mutagenic 
primers containing a randomized codon (Table 1). Our 
goal was to determine whether  or not it was possible to 
alter the substrate specificity of the Rd lipase by replace- 
ment  of specific amino acid residues. The residues chosen 
[phenylalanine (phe) 95, phe l l2 ,  valine (val) 206, val 209], 
are well conserved in the Rd, Rm, H1 and Pc enzymes and 
are predicted to reside in a groove that  might accommo- 
date the acyl chain of a substrate glyceride bound in the 
active site (9,10) (Fig. 1). 

TABLE 3 

Hydrolysis  of  an Equlmolar Mixture of  Triolein, Tricaprylin and Tributyrin 
by Refolded, Purif ied Recombinant  Mature Lipases 

~g of lipase % Hydr~ 
Source in assay Triolein Tricaprylin Tributyrin 

pET11-d-fl-431 2.5 80.1 83.9 42.4 
pET11-d-fl-431-T83A 435.0 21.8 24.2 5.7 
pET11-d-f1-431-T83S 2.7 58.0 56.4 10.2 
pET11-d-fl-431-A89W 2.5 60.4 72.6 17.4 

aPercent hydrolyzed = (TG c - TGHY(TG c) x 100 where TG c equals the amount of triglyc- 
eride present in enzyme-free reaction and TG H is the amount of triglyceride remaining 
after incubation with the lipase. 
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~ phe215 

FIG. 1. Structure of a part of the Rhizomueor miehei (Rm) li. 
pause wi th  the active s ite  inhibitor (INH200) n-hexylphos- 
phonate  ethylester  (9). The oxyanion-bindln~ set82 as well  
as res idues  l ining the fatty acid-bindln~ groove are shown.  
The corresponding res idues  in the Rhizopus delemar lipase 
are thr83 in place of  Rm (ser82), phe95 (phe94), his109 
(hislO8), p h e l l 2  (phe lU) ,  va1206 (va1205), va1209 (leu208), 
pro210 (pro2O9), pro211 (pro210), phe214 (phe213), phe216 
(phe215), his257 (his257). Crystal lographic  coordinates  
kindly provided by Z. Derewenda.  Abbreviations: set,  ser- 
ine; thr, threonine; phe, phenylulsnlne;  val, vullne; pro, pro- 
line; his, hist idine.  

To scan large numbers of mutants, the phenotypic li- 
pase assay of Kouker and Jaeger (27) was employed. In 
this procedure, colonies arising aider mutagenesis were 
replicated onto rhodam~ne medium (see Materials and 
Methods section). Thus colonies could be identified that as~ 
differed from the wild type in their capacity to hydrolize 

! 

the components of olive oil or TC. This phenotype was a~ .~ 
certained to be stable by retesting on the rhodamine B 
media. The majority of colonies arising after mutagenesis . ~  
had an appearance on rhodamine B media that was indis- "~ 
tinguishable from that of wild-type colonies. This is due in ~ 
part to mutagenesis efficiencies of less than 100%. How- ~ 
ever, the wild-type phenotype predominated even among ~ :~ 
colonies that contained mutated plasmids as indicated by 
the occurrence of a mutagenic primer-induced restriction 
enzyme susceptibility. This suggests that, despite the con- 
served character of the residues subjected to mutagenesis, 
a number of replacements are tolerated without a major 
change in the lipolytic phenotype. The nature of these 
neutral substitutions is not known because no sequence 
determinations were made. A second group of mutants ex- 
hibited a lipase-negative phenotype. Presumably, some of 

the substituting amino acids have side chains that pre- 
vent either proper folding of the enzyme or the conforma- 
tional changes required for interfacial activation, sub- 
strate binding or catalysis. 

Hydrolysis of olive oil, TO, TC and TB. The activities of 
mutant lipases were tested titrametrically against the in- 
dividual substrates. For the pure wild-type and mutant 
mature enzymes, specific activities could be assigned for 
each substrate (Table 2) and a profile of the relative activ- 
ities, with the activity against olive oil set at 100%, was es- 
tablished (Fig. 2). The reduction in the specific activity as 
a result of the replacement of thr83 by ser or ala has been 
noted previously. In addition to this reduction in activity, 
these mutant enzymes display an alteration in their sub- 
strate preferences, with the activity toward TB, relative to 
that toward TO, being reduced roughly threefold com- 
pared with the wild-type enzyme (Fig. 2). The titrametric 
assay using individual substrates allowed the relatively 
rapid screening of potential mutant lipases and provided 
information concerning the activities of the enzymes. 
However, to overcome differences in the emulsion proper- 
ties of TB, TC and olive oil, experiments were also con- 
ducted that presented the enzymes with mixtures of three 
substrates. Activity was determined by measuring the dis- 
appearance of each substrate during incubation with the 
enzymes. TO was used in place of olive oil in these assays 
to simplify the gas-chromatographic analyses. As with the 
wild-type enzyme, purified mutant lipases had similar ac- 
tivities toward TC and TO (Table 3). However, compared 
to the wild-type enzyme, the thr83 and ala89 mutant li- 
pases showed a reduction in their relative activities to- 
ward TB (Table 3, Fig. 3). 

The lipolytic activities, toward individual triglyceride 
substrates, of lysates containing wild-type or mutant pro- 
lipases are listed in Table 4. Since these data were col- 
lected using impure enzyme preparations, the activities 
are listed in units per mL of cell lysate, and absolute ac- 
tivity values cannot be compared with one another. Nev- 
ertheless, the relative activities can be compared (Fig. 4A). 
As seen with the mature wild-type lipase (Table 2, Fig. 2), 

wild Type TS3A TS3S Aagw 

F IG.  2. Relat ive  act ivi t ies calculated f rom the results of the  
t i t rametr lc  assays on olive oi l  (dotted bars), t r ieapry l in  
(dark  bars), and  t r i b u t y r i n  (hatched bars), l isted in  Table 2. 
The activity on ol ive oil  was  set  at 100%. 
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Wild Type T83A T83S A89W 

FIG. 3. Relative activit ies  calculated from the results,  l isted 
in Table 3, of  hydrolysis  experiments  wi th  substrate miT. 
tures composed of triolein (light bars), tricaprylin (dark 
bars) and tributyrin (hatched bars). The percent  hydrolysis  
of triolein was set at 100%. 

the wild-type prolipase is most  active with TC as sub- 
strate and least  active against  TB. This was confirmed by 
incubation of the enzymes in the simultaneous presence of 
the three substrates  (Table 5, Fig. 5A). However, there 
was only a small difference between the hydrolysis of TO 
and TC in this case as opposed to the experiments using 
single substrates  (Table 4). 

The prolipase expressed from pETll-d-f l-1231s-F95D 
exhibits more than  a threefold higher activity toward TC 
than  does the wild enzyme in the single substrate  titra- 
tion assay (Table 4, Fig. 4A), and an almost twofold higher 
act ivi ty in the mixed subs t ra te  assay  (Table 5, 
Fig. 5A). Whether  this is caused by a higher hydrolytic ac- 
tivity toward TC or a reduced activity toward TO cannot 
be determined with these impure  preparations.  

Replacement of phe112 by trp greatly effected the sub- 
s t rate  preference of the prolipase, In contrast  to the wild 
type, the lysate from a strain harboring pETl l -d - f l -  
1231s-Fl12W exhibited its lowest activity toward TC (Ta- 
bles 4, 5). Relative to the wild-type enzyme, this mu tan t  
enzyme hydrolyzed TB about 50% better, with the ratio of 
TO activity to TB activity being 1.6, compared to 2.4 for 
the wild type (Table 4, Fig. 4A). Against  mixed substrates,  

~ 9  

701Y I A 

60@ 

5OO" 

400" 

30O" 

200' 

100' 

0' 
Wild Type F95D Fll2W V209W V206T V209G 

1500" 

1000' 

50ff 

1=95D FI12W V209W V206T V209G 

FIG. 4. The relative l ipolytic activit ies  of prolipase (A) and 
mature l ipase (B) mutants  against the single substrates 
olive oil (dotted bars), tricaprylin (dark bars) and tribu- 
tyrin (hatched bars). Activity on ol ive oil  was set at 100%. 
Data from Tables 4 and 6, respectively. 

TC was again least  preferred, while TB was hydrolyzed to 
a large extent (Table 5, Fig. 5A). Thus the mutagenic re- 
placement of a large side chain by an  even bulkier one re- 
duced the relative activity toward triglycerides with 
medium-chain fat ty  acids and increased activity toward 
those with short chains. 

Mutant  plasmid pETll-d-fl-1231s-V209W encodes a 
prolipase with a substitution of val209 by a t rp residue. 
Escherichia coli cells bearing this plasmid produced a pro- 
lipase with highest activity on TB in the mixed substrate  

TABLE 4 

Lipolytic Activity in Lysates of Prolipase-Producing Eseherichia coli BL21 
(DE3) 

Activity (U/mL) a 
Source Mutation Olive oil Tricaprylin Tributyrin 

pET11-d-fl-1231s 
pETll-d-fl-1231s-F95D 
pETll-d-fl-123 ls-Fll2W 
pETll-d-fl-1231s-V209W 
pETll-d-fl-123 ls-V206T 
pETll-d-fl-1231s-V209G 

wild type 158 270 65 
phe95- > asp 35 198 29 
phell2- > trp 100 59 65 
va1209- > trp 16 99 93 
val206- > thr 64 234 41 
va1209- > gly 54 114 50 

aData presentation as in Table 2, but activities expressed as U per mL of lysate from in- 
duced cells; asp, aspartate; val, valine; gly, glycine; see Table 1 for other abbreviations. 
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TABLE 5 

Hydrolysis of  Equ~molar Mixtures of  Triolein, Tricaprylin and Tributyrin 
by Prolipase in Cell Lysates 

% Hydrolysis ~ 
Source Mutation Triolein Tricaprylin Tributyrin 

pET11-d-fl-1231s 
pET11-d-fl-1231s-F95D 
pETll-d-fl-1231s-Fl12W 
pET11-d-fl-123 ls-V209W 
pETll-d-fl- 123 ls-V206T 
pETll-d-fl- 123 ls-V209G 

wild type 66.8 75.8 39.0 
phe95- > asp 36.9 67.7 34.1 
phell2- > trp 18.4 7.2 67.7 
va1209- > trp 18.2 35.4 72.0 
va1206- > thr 66.1 72.4 43.0 
val209- > gly 54.8 60.0 60.0 

aCalculated by the method defined in Table 3. Abbreviations as in Tables 1 and 4. 
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assay (Table 5, Fig. 5A) and toward TC and TB in the sin- 
gle substrate  assay (Table 4, Fig. 4A). Apparently, this en- 
zyme has  a relatively low activity on TO, but as before, it 
will only be possible to verify this through purification of 
the prolipase. As with the mutan t  prolipase (Fl l2W) de- 
scribed above, the change in substrate  preference of the 
V209W mutan t  prolipase toward the substrate  with the 
shortest  acyl chains, TB, was caused by the replacement  
o fa  hydrophobic amino acid, val, with a bulky residue, trp. 

The replacement of val206 with thr, and the replace- 
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Wild Type F 9 5 D  F112W V209W V 2 0 6 T  V209G 
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FIG. 5. The relative act ivit ies  o f  wi ld-type and mutant  H- 
pases  against  mixtures  o f  the  substrates triolein (l_ight 
bars), tr ieapryl in (dark bars) and tributyrin (hatched bars); 
(A) prolipase,  data taken from Table 5; (B) mature  l ipase,  
data taken from Table 7. The activity toward triole in was  
set at 100%. 

ment  ofval209 with gly, caused an increase in the relative 
activity of the prolipases toward TC in the single sub- 
strate assay (Fig. 4A). However, in the mixed substrate  
assay, the V206T mutan t  prolipase hydrolyzed the three 
substrates  in a manner  similar to tha t  of the wild-type en- 
zyme and the V209G mutan t  prolipase hydrolyzed each of 
the three substrates  almost  equally (Fig. 5A). 

The production of mu tan t  lipases as active proenzymes 
is an efficient way to rapidly screen for enzymes with al- 
tered properties. The presence of the propeptide and the 
need to use crude preparations,  however, raises the ques- 
tion as to whether  the properties observed are also those 
tha t  would be observed with the corresponding mature  en- 
zymes. In order to address this question, the mutat ions 
carried by the prolipase genes were introduced into the 
gene for mature  lipase by replacement of a KpnI-EcoRI 
f ragment  from this gene with the corresponding frag- 
ments  from the muta ted  prolipase genes. The result ing 
mutan t  lipase genes were expressed, and active mutan t  li- 
pase enzymes were obtained after  refolding of the inactive 
enzymes from inclusion bodies. Specific activities were ob- 
tained for the partially purified lipase preparat ions for the 
single substrates  olive oil, TC and TB (Table 6). The rela- 
tive activities (activity toward olive oil equals 100%) are 
shown in Figure 4B. Comparison of the data  in Figure 4A 
and 4B indicates tha t  the crude prolipase preparat ions 
and the partially purified refolded mature  lipase samples 
behave similarly. Differences in the relative activities to- 
ward TC, mainly by the V209W mutant ,  however, could be 

TABLE 6 

Titrametrie Analysis of Lipolytic Activity of Partially 
Purified, Refolded Recombinant  Mature Lipases  

S o u r c e  a 

Specific activity b 

Olive oil Tricaprylin Tributyrin 

pETll-d-fl-431-F95D 821 2978 404 
pET11-d-fl-431-Fl12W 1279 1127 1800 
pETll-d-fl-431-V209W 281 1398 3896 
pETll-d-fl-431-V206T 187 1079 281 
pETll-d-fl-431-V209G 187 466 296 

aplasmid present in Escherichia coli BL21 (DE3). 
bMicromoles fatty acid released per min per mg of protein. The val- 
ues are averages of two experimental determinations. 
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TABLE 7 

Hydrolysis of  Eqm~imolar Mixtures of  Triolein, Tricaprylin and Tributyrin by 
Partially Purified, Refolded Mutant Mature Lipases 

% Hydrolysis a 

Source Triolein Tricaprylin Tributyrin 

pETll-d-f1-431-F95D 59.3 79.5 55.3 
pETll-d*fl-431-Fl12W 40.3 32.1 58.7 
pET11-d-fl-431-V209W 34.3 42.5 66.4 
pETll-d-fl-431-V206T 15.6 21.3 8.9 
pET11-d-f1-431-V209G 47.1 46.7 47.6 

aValues are average from two assays; 5 pg of protein was added to each reaction tube. 

noted. The reasons for these differences remain to be elu- 
cidated. 

The refolded mutant  lipase samples were also tested in 
mixed substrate assays (Table 7). As seen in the single 
substrate assay, the relative hydrolysis data for the mu- 
tant  prolipases and the mature mutant  lipases closely re- 
sembled each other (Fig. 5). 

Overall, the phenotypes observed so far indicate that  it 
is possible to manipulate the substrate specificity of the 
Rd lipase through site-directed mutagenesis. Additional 
mutagenesis experiments, involving such targets  as 
phe214 and phe216 (see Fig. 1), or deletions or insertions 
near residues that  might interact with the acyl chain of 
triglycerides, should increase the spectrum of mutants. 
The combining of different mutations into one mutant  li- 
pase might yield enzymes with even higher substrate 
preferences. The determination of the three-dimensional 
structure of the Rd lipase (28), should allow the identifi- 
cation of additional mutagenesis targets and possibly pro- 
vide explanations for the phenotypes caused by the muta- 
tions studied here. 
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Phosphatidylinositol 4,5-bisphosphate, a substrate in the 
signal transduction pathway involving phospholipase C, 
is synthesized in cell membranes by phosphorylation 
of  phosphatidylinositol (PI) and phosphatidylinositol 
4-phosphate (PI-4-P). Incubation with [T-S2p]adenosine 
triphosphate of  membranes isolated from primary glial 
cells in culture and from a n  immor ta l i zed  as t rocyte  cell 
line (DITNC) and subsequent separation of  the Hpids by 
high-performance thin-layer chromatography revealed a 
number of  labeled lipid bands. Further analysis of  the 
deacylated products by high-performance Hquid chro- 
matography indicated the presence of  two PI-4-P bands 
and a band corresponding to lysoPIP (PIP, PI phos- 
phate). The two PI-4-P bands were more prominent in the 
samples from astrocyte cell membranes than from s y n a p  
tic plasma membranes and plasma membranes. Analysis 
of  the fatty acid composition of PI by gas-liquid chr~  
matography revealed that both 20"~n-9 and 20:4n-6 were 
present in PI of  cultured cell membranes, whereas the 
brain membranes contained exclusively 20:4n-6. The two 
PI-4-P bands in these membranes can be attributed to the 
presence of  different molecular species of  PI. Assignment 
of  the fraction corresponding to lysoPIP was consistent 
with the observation that an increase in label in this lipid 
band occurred upon incubation of  DITNC cell super~ 
natant with lysoPI (1-stearoyl PI). This suggests that en- 
dogenous lysoPI present in the cell membranes can be 
phosphorylated to form lysoPIP. 
Lipids 29, 385-390 (1994). 

Although phosphoinositides (phosphatidylinositol, PI; 
phosphatidylinositol-4-phosphate, PI-4-P; and phospha- 
tidylinositol 4,5-bisphosphate, PI-4,5-P2) comprise only a 
small portion of cell membrane lipids, they play an impor- 
tant role in the cell signaling cascade (1,2). In particular, 
PI-4,5-P 2 serves as substrate for phospholipase C, which 
is stimulated by receptor agonists to yield two second mes- 
sengers, namely diacylglycerol (DG) and inositol trisphos- 
phate (IP3) (2). The PI-4,5-P 2 pool, which is depleted upon 
cell stimulation, can in turn be replenished by sequential 
phosphorylation of PI catalyzed by PI- and PIP-kinases 

*To whom correspondence should be addressed at M121 Medical 
Sciences Bldg., Biochemistry Department, University of Missouri, 
Columbia, MO 65212. 
Abbreviations: ATP, adenosine triphosphate; DG, diacylglycerol; 
DITNC, immortalized astrocytes from rat diencephalon; DMEM, 
Dulbecce's modified Eagle's medium; EGTA, ethyleneglycol bis(~- 
aminoethyl ether) N,N,N;N'-tetraacetic acid; FAME, fatty acid 
methyl ester; GLC, gas-liquid chromatography; G-3-P, glycerol-3- 
phosphate; HPLC, high-performance liquid chromatography; 
HPTLC, high-performance thin-layer chromatography; IP, inositol 
monophosphate; IP3, inositol trisphosphato; PI, phosphatidylinosi- 
tol; PI-3-P, phosphatidylinositol-3-phosphate; PI-4,5-P2, phos- 
phatidylinositol 4,5-bisphosphate; PI-4-P, phosphatidylinositol-4- 
phosphate; PI-3,4-P2, phosphatidylinositol 3,4-bisphosphate; PIP, 
phosphatidylinositol phosphate; PM, plasma membranes; SPM, 
synaptic plasma membranes. 

(PIP, PI phosphate) (3,4). In most instances, the second 
messengers generated in cells due to stimulated hydroly- 
sis of PI-4,5-P 2 are rapidly removed, e.g., IP3 v/a IP3-ki- 
nase and phosphatase and DG v/a DG-kinase (1,2). Al- 
though different isoforms of DG-kinases are present in 
brain cytosol (5,6), some of these isoforms may associate 
with membranes through a calcium-mediated transloca- 
tion process (6). Despite the important role of the lipid ki- 
nases in cell signaling mechanisms, factors modulating 
their activities have remained relatively unexplored. 

In previous studies, incubation of brain subcellular 
membrane fractions with [y-32p]adenosine triphosphate 
(ATP) has been shown to result in the labeling of three 
major lipid classes, namely phosphatidic acid (PA), PI-4-P 
and PI-4,5-P 2 (7,8). However, the results from our recent 
experiments with membranes from cultured cells have in- 
dicated the presence of more than three labeled lipid 
bands a i~r  separation by high-performance thin-layer 
chromatography (HPTLC). There is evidence that some 
transformed cells can phosphorylate PI to yield phos- 
phatidylinositol-3-phosphate (PI-3-P) and phosphatidyl- 
inositol-3,4-bisphosphate (PI-3,4-P 2) (9-11). Therefore, a 
more detailed analysis of the lipids formed upon incuba- 
tion of cell membranes with [32p]ATP seemed warranted. 
The major objective for the present study was to examine 
lipid phosphorylation in primary glial cells as well as in an 
immortalized astrocyte cell line (DITNC) (12). 

MATERIALS AND METHODS 

Materials. [y-32pIATP (3000 Ci/mmol) was obtained from 
New England Nuclear Research Products, Inc. (Boston, 
M_A). [3H]Inositol-1 monophosphate, inositol-l,4-bisphos- 
phate and inositol-l,4,5-trisphosphate (1.0 Ci/mmol) were 
purchased from American RadioChemicals, Inc. 
(St. Louis, MO). ATP, polyPI, PA, lysoPA, PI-4-P and 
lysoPI were from Sigma Chemical Co. (St. Louis, MO). 
Whatman HP-K high-performance silica gel plates (10 • 
10 cm, 200 p thick) were obtained from Fisher Scientific 
Co. (St. Louis, MO). Sprague-Dawley rats were purchased 
from Taconic Farm (Germantown, NY). Partisil 10 SAX 
high-performance liquid chromatography (HPLC) analyt- 
ical column (10 Wn, 25 cm) with a Solvecon pre-column 
(25 cm) was from Whatman International Ltd. (Maid- 
stone, England). BioSafe-NA scintillation fluid was from 
Research Product International Corp. (Mount Prospect, 
IL). UniverSol scintillation fluid was from ICN Radio- 
chemicals (Covina, CA). Cell culture reagents were from 
Cell and Immunobiology Core Facilities (University of 
Missouri, Columbia, MO). Kodak X-OMAT-AR imaging 
films were from Eastman Kodak Company (Rochester, 
NY). An immortalized astrocyte cell line (DITNC) was 
kindly provided by Dr. C.F. Deschepper (Clinical Research 
Institute of Montreal, Montreal, Canada)(12). This cell 
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line was originally derived from rat diencephalon, and ex- 
hibits many of the characteristics of the type 1 astrocytes 
(12). 

Cell culture and isolation of cell membranes. DITNC 
cells were maintained in Dulbecco's modified Eagle's 
medium (DMEM) containing 10% fetal bovine serum, 1% 
penicillin, 1% streptomycin and 1% fungizone. The pri- 
mary glial cell culture was prepared from cerebral hemi- 
spheres of new-born Sprague-Dawley rats following the 
procedure described by Murphy (13) with minor modifica- 
tions. Briefly, brains were minced and dissociated in a 
medium containing DMEM with 0.25% trypsin, and the 
mixture was incubated at 37~ for 20 min. After dissocia- 
tion, cells were collected by centrifugation at 200 • for 10 
min and resuspended in the same medium as for DITNC 
cells. Cells were plated on poly-L-lysine-coated dishes and 
incubated at 37~ in a Steri-Cult 200 incubator (Forma 
Scientific, Marietta, OH) under a humidified atmosphere 
of 95% air and 5% CO 2. Culture medium was changed 
twice weekly, and cells were used for experiments a fa r  
2-4 passages. Microscopic examination of the primary 
glial cultures indicated the presence of astrocytes as well 
as a small proportion of microglial cells. 

Cells were harvested by brief exposure to trypsin fol- 
lowed by neutralization, centrifugation and resuspension 
in buffer A containing 10 mM Tris-HC1 (pH 7.4) with 
10 mM MgC12 and 1 mM ethyleneglycol b/s([~-aminoethyl 
ether (EGTA) (14). Cells were disrupted by sonication (5 
times for 5 s each and with a 15-s interval between each 
burst). The broken cell suspension was centrifuged at 
105,000 x g for 5 rain to obtain membrane and super- 
natant fractions. 

Synaptic plasma membranes (SPM) and somal plasma 
membranes (PM) were isolated from rat cerebrum by dif- 
ferential speed and sucrose gradient centrifugation ac- 
cording to the procedure described by Sun et al. (15). 
Membranes were suspended in buffer A (14). 

Incubation of membrane fractions with [~,32p]ATP. The 
procedure used for incubation of membrane fractions with 
[7-32p]ATP was similar to that described by Stubbs et al. 
(7). In a typical incubation, 20 ~g of membrane protein in 
25 pL of buffer A was preincubated at 30~ for 5 min and 
then incubated with [~/-32p]ATP (3 ~tCi in 7.5 ~/I, NEN) at 
30~ for 60 s. The reaction was terminated by adding 
3 mL of chloroform/methanol/12N HC1 (2:1:0.025, by vol). 
The lipid extract was made acidic by adding 0.6 mL of 
0.6N HC1 to form a two-phase system. After phase sepa- 
ration, the lower organic phase was collected and washed 
twice with 1.5 mL of chloroform/methanol/0.6N HC1 
(3:48:47, by vol). The organic phase was dried under ni- 
trogen and applied to an HPTLC plate that had previously 
been impregnated with a solution containing 1% potas- 
sium oxalate and 2 mM EGTA (diluted with methanol 3:2, 
vol/vol). In some instances, appropriate standards were 
added to the samples to aid in visualizing the fractions. 
The HPTLC plates were developed in a solvent system 
containing chloroform/methanol/acetone/ammonium hy- 
droxide (35:20:5:5, by vol). After the first development, 
plates were dried and then developed again in the same 
direction using chloroform/methanol/ammonium hydrox- 
ide/water (36:28:2:6, by vol). Ai~r development, HPTLC 

plates were exposed to Kodak X-OMAT film for various 
periods of time to identify and quantify the fractions. 
Lipid fractions on I-IVrLC plates were visualized either by 
exposure to iodine vapors or by charring upon spraying 
with a copper acetate/phosphoric acid reagent (3 g copper 
acetate in 100 mL of 8% phosphoric acid). Bands were 
scraped into scintillation vials for measurement of ra- 
dioactivity. In some instances, total lipid extracts or indi- 
vidual lipid classes recovered after one-dimensional 
HPTLC were further separated by two-dimensional 
HPTLC, as described by Sun (16). 

In experiments that were designed to further analyze 
the lipid bands by HPLC, various amounts of membrane 
proteins and [7-32p]ATP were used so that enough labeled 
materials were obtained for HPLC analysis. In some ex- 
periments, exogenous lipids such as PA, PI, lysoPI and 
PIP were added to the incubation system to test their ef- 
fects on the lipid kinases. 

Deacylation of lipids and separation by HPLC. To fur- 
ther analyze the lipid bands by HPLC, it was necessary to 
deacylate the glycerolipids. The procedure used was simi- 
lar to that described by Ascoli et al. (17) and Pignataro and 
Ascoli (18) with minor modifications. Briefly, individual 
adsorbent bands scraped from the HIrrLC plates were 
transferred into test tubes, and the lipids were extracted 
with chloroform/methanol/0.2N HC1 (5:10:4, by vol). A 
two-phase system was obtained by adding chloroform and 
water. The lower phase was neutralized with 60 ~L of 1N 
ammonium hydroxide before drying under nitrogen. The 
dried samples were dissolved in 50 ~L of chloroform and 
75 g_L of methanol and then saponified in 125 ~L of 0.2N 
NaOH in methanol. After reaction at 25~ for 20 min, 
200 ~L of chloroform, 50 ~L of methanol and 225 ~L of 
water were added to each sample, and the mixture was 
separated into two phases aided by centrifugation. The 
upper phase was removed, and the lower phase was fur- 
ther extracted with 500 pL of methanol/water (10:9, 
vol/vol). The two portions of upper phase were combined, 
and 37.5 ~L of 1M HEPES was added to neutralize the 
mixture. The resulting deacylated products were vacuum- 
dried and reconstituted in water to appropriate volumes 
for analysis by HPLC using a Dionex BioLC system 
(Dionex, Westmont, IL). Samples (50 ~L) were fraction- 
ated on a Partisil 10 SAX analytical column and a Solve- 
con pre-column using a discontinuous linear gradient sol- 
vent system containing 1.7M ammonium formate buffered 
to pH 3.7 with orthophosphoric acid. The percentage of 
ammonium formate was increased from 0 to 44% within 
40 min, to 60% at 50 min and to 100% at 70 min. The flow 
rate was set at 1 mL per rain. The eluates were collected 
in test tubes as one-minute fractions, mixed with 5 mL of 
scintillation fluid (Universol) each, and radioactivity was 
counted with a Beckman LS5801 scintillation spectrome- 
ter (Beckman Instrument, Fullerton, CA). 

Analysis of PI fatty acids by gas-liquid chromatography 
(GLC). In one experiment, the lipid extracts from primary 
glial cells and DITNC cells were separated by two-dimen- 
sional HPTLC (16). Individual lipid fractions were recov- 
ered from the plate, and the acyl groups were converted to 
their fatty acid methyl esters (FAME) by base-catalyzed 
methanolysis with 0.2N NaOH in methanol. A known 
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amount of 17:0 methyl ester (Sigma) was added to each 
sample as internal standard. The FAME were resolved 
using a Hewlett-Packard gas-liquid chromatograph 
(HP 5890; Hewlett-Packard, Avondale, PA) with an SP- 
2330 (30 m x 0.32 mm i.d.) fused silica capillary column 
(Supelco, Bellefonte, PA). Conditions used for GLC were 
similar to those described previously (16). 

A B C D E 

RESULTS 

The membrane fractions that were isolated from primary 
glial cells and immortalized astrocytes (DITNC) were in- 
cubated with [32p]ATP. Subsequent analysis of the labeled 
lipids by HPTLC revealed as many as eight labeled lipid 
bands (lanes C and D in Fig. 1). For comparison, incuba- 
tion of SPM and PM from rat brain with [32p]ATP also re- 
sulted in a number of labeled lipid bands (lanes E and F) 
but showed different labeling patterns. In lanes A and B 
of Figure 1, the migration patterns of lipids from A (pri- 
mary glial cells) and B [a commercial polyPI standard con- 
taining PI, PIP and PIP 2 (Sigma)] are seen a l~r  exposing 
the I-IFTLC plate to iodine vapors. Most of the nonra- 
dioactive lipids migrated to the top half of the plate, 
whereas the labeled lipids were retained in the lower half 
(Fig. 1). 

The separation ofPA, PI and lysoPI by HPTLC was ver- 
ified with commercial standards. Lane A in Figure 2 
shows the migratory pattern ofa polyPI standard (Sigma). 
In lanes B and C, it is shown that the PA standard mi- 
grates to a position slightly lower than does PI. In fact, 
this standard contained an impurity that was later iden- 
tiffed as lysoPA. LysoPI (lane E) migrated to a level simi- 
lar to that of PA. However, when labeled lipid bands 1 and 
2 (Fig. 1) were separated using the two-dimensional 
HPTLC system, radioactivity correlated well with the PA 

FIG. 2. Separation of polyPI (PI, phosphatidylinositol) stan- 
dards, phosphatidic acid (PA) and lysoP! by high-perfor- 
mance liquid chromatography. Lipid bands were visualized 
by charring the plate upon spraying with copper acetate 
reagent. Bands: (1) PI; (2) PA or lysoPI; (3) PI phosphate 
(PIP); and (4) PIP s. Lanes: (A) polyPI standard; (B) polyPI 
plus PA; (C) PA; (D) polyPI plus lysoPI; and (E) lysoPI. 

and lysoPA fractions and not with PI or lysoPI (data not 
shown). 

For further identification of the lipid fractions, espe- 
dally those that do not correspond to PA, PIP and PIP 2, in- 
dividual lipid bands were recovered from the HPTLC 
plate and deacylated. The water-soluble products were an- 
alyzed by HPLC. In Figure 3, the radioactive peak at 
17-24 min was found to correspond well to the elution pro- 
file of glycerol-3-phosphate (G-3-P), the deacylation prod- 
uct of PA. The peak at 25-30 min corresponded to gPIP, 
the deacylation product of PIP, and the peak at 46-50 min 
corresponded to gPIP 2, the deacylation product of PIP 2. In 
addition to the elution profile for the [32p]labeled deacy- 

:; A : B  C : D E F 

FIG. 1. HiKh-performance thin-layer chromatographic sepa- 
ration of ~=P-labeled phospholipids produced by incubation 
of [7-32p]adenosine triphosphate (ATP) with membranes 
isolated from primary gHal cells and immortalized astro- 
cytes (DITNC). The data are compared with those for synap- 
tic plasma membranes (SPM) and plasma membranes (PM) 
from rat brain. Lipids in lanes A and B were visualized by 
exposure to iodine vapors; lanes C-F were autoradi- 
ographs. A, phospholipids in primary astrocyte membranes; 
B, polyPI standards (Sigma Chemical Co., St. Louis, MO); C, 
primary gHal cells; D, DITNC cells; E, SPM from rat brain; F, 
PM from rat brain. 
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FIG. 3. High.performance liquid chromatography separa- 
tion of the phosphoHpids from 32P-labeled SPM upon dea- 
cylation (dotted line) and comparison with 3H-labelled in- 
ositol monophosphate (IP), inositol biphosphate (IP 2) and 
inositol trisphosphate (IP s) standards (solid line). The glyc- 
erol.3-phosphate (g-3-P), gPIP and gPIP 2 peaks correspond 
to deacylated PA, PIP and PIP2 on the high-performance 
thin.layer chromatography plate, respectively. Abbrevia- 
tions as in Figures 1 and 2. 
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lated lipids (dashed line), radioactive peaks corresponding 
to [3H]inositol-l-phosphate (IP), inositol 1,4-bisphosphate 
and IP 3 (solid line) are shown in the same figure for com- 
parison (Fig. 3). 

Analysis of the deacylated lipids after incubating 
DITNC cell membranes with [32p]ATP revealed the pres- 
ence of three major radioactive peaks with elution times 
corresponding to PA, PIP and PIP2, respectively (Fig. 4A). 
When the labeled lipid in band 1 (lane D of Fig. 1) was 
deacylated and applied to HPLC, the elution profile 
showed a single radioactive peak corresponding to G-3-P, 
confirming the identity of this lipid as PA (Fig. 4B). Analy- 
sis of the labeled lipid in band 2 also gave a single ra- 
dioactive peak with an elution time identical to that of 
G-3-P (Fig. 4B). To further verify that the lipid in band 2 
is lysoPA, the lipid was recovered and further resolved by 
two-dimensional HPTLC. The result obtained indicated 
that the lipid fraction comigrated with lysoPA (data not 
shown). The deacylatod lipids of bands 3, 4 and 5 each 
eluted as a single radioactive peak with the elution time 
of the deacylated PIP peak (Fig. 4C). Based on its migra- 
tory pattern in comparison with authentic PI-4-P stan- 
dard, lipid band 3 was firmly identified as PI-4-P. Lipid 
band 4 could be due to (i) PI-4-P molecular species differ- 
ent from those in band 3; (ii) PI-3-P; or (iii) lysoPIP. The 
possibility of lipid band 4 being PI-3-P was eliminated be- 
cause HPLC eluted a deacylated [32p]PI-3-P sample (pro- 
dded by Dr. P. V~rdden, Pharmacology Department, Uni- 
versity of Missouri, Columbia, MO) 2 min earlier than 
PI-4-P (data not shown). Since lipid band 5 was later con- 
firmed as lysoPIP by incubation of membrane fractions 
with exogenous lysoPI (see below), lipid band 4 was as- 
signed to PI-4-P by elimination. Lipid band 6 was identi- 
fied as PIP 2 because its migration rate in I-IPTLC corre- 
sponded well to that of the commercial PIP 2 standard. 
Analysis by HPLC resulted in the elution of a single ra- 
dioactive peak with an elution time similar to that of 
gPIP 2 (Fig. 4D). Elution of lipid band 7 also gave a ra- 
dioactive peak with an elution time identical to that of 
gPIP 2 (Fig. 4D). Consequently, this band is assigned to 
PIP 2 molecular species. 

In order to further clarify the identity of lipid bands 5 
and 6, which migrated close to each other in HPTLC, ex- 
ogenous lysoPI, or PIP, was added to the incubation mix- 
ture containing [T-32p]ATP and a supernatant fraction 
from DITNC cells. This supernatant fraction probably 
contained both microsomal membranes as well as cell cy- 
tosol. Incubation in the absence of exogenous lipids gave a 
labeling profile in which PIP was the major lipid band and 
lysoPIP and PIP 2 were minor lipid bands (lane A, Fig. 5). 
However, addition of lysoPI to the incubation mixture re- 
sulted in an increase in the label in band 5 (lane B), 
whereas an increase in label in band 6 could be observed 
after addition of PIP (lane D). When beth lysoPI and PIP 
were added, an increase in label in both lipid bands 5 and 
6 could be observed (lane C). In this experiment, it was 
demonstrated that in addition to labeling of PIP and PIP 2, 
exogenous lysoPI, or PIP, could decrease labeling of the PA 
band (Fig. 5). The data in Figure 6 further indicate an in- 
crease in labeled PIP 2 with increasing amounts of exoge- 
nous PIP added to the incubation system. 
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FIG. 4. Identif ication of  s2p-iabeled Hpid bands  a f t e r  incu-  
b a t i o n  of DITNC cel l  m e m b r a n e s  w i t h  [S2p]ATP. P a n e l  
The h i g h - p e r f o r m a n c e  l i q u i d  c h r o m a t o g r a p h y  profile of  the 
t o t a l  p h o s p h o l i p i d s  f r o m  DITNC cells;  P a n e l  B, l ip id  b a n d s  
1 a n d  2; P a n e l  C, l ipid bands 3, 4 and  5; a n d  P a n e l  D, l ipid 
b a n d s  6 a n d  7. L ip id  b a n d  n u m b e r s  correspond to the 
n u m b e r i n g  u s e d  in  F i g u r e  1. A b b r e v i a t i o n s  as  in  F i g u r e s  1 
and 2. 
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FIG. 5. Incuba t ion  of DITNC cell supe rna tan t  f ract ion with 
[a2P]ATP in  t h e  p r e s e n c e  a n d  a b s e n c e  o f  e x o g e n o u s  lysoPI 
a n d  PIP. Band identif ication:  (1) PA; (3) PIP; (5) LysoPIP; 
and  (6) P IP  z. I n c u b a t i o n  c o n d i t i o n s :  Lane A, control,  no a d -  
d i t i o n ;  Lane B, addi t ion of lysoPI (note the increase in  la -  
b e l i n g  of lysoPIP); Lane C, addi t ion  of lysoPI and  PIP  (note 
t h e  increase in  label ing of both lysoPIP and  PIPz); Lane D, 
a d d i t i o n  of PIP  (note the increase in  labeled PIP2). Abbre- 
viat ions as in  Figures  1 and  2. 

Al though the  a m o u n t s  of P IP  a n d  P I P  2 p resen t  i n  the 
cu l tured  cells were too smal l  to accurately  de te rmine  the i r  
fa t ty  acid composition, i t  is reasonable  to a s sume  tha t  the 
polyPI have a s imi lar  fa t ty  acid composit ion as does PI,  
which is p resen t  a t  subs tan t i a l ly  h igher  levels. The fa t ty  
acid profiles of PI  of p r imary  glial cells and  DITNC cells 
are shown in  Table 1, together  wi th  those of r a t  b r a i n  SPM 
and  PM (12) and  ra t  b r a i n  oligodendroglial cells (19). I t  
can  be seen t h a t  the  po lyunsa tu ra t ed  fa t ty  acids of PI  
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FIG. 6. Increase in  [abe-lin E of PIP  2 following addi t ion  of ex- 
ogenous PIP  to the DITNC cell supe rna tan t  fraction. Ab- 
breviat ions  as in  Figures  1 and  2. 

from the  cell cu l tures  are comprised of a considerable 
a m o u n t  of 20:3n-9 in  addi t ion  to 20:4n-6, whereas  those 
from b r a i n  m e m b r a n e s  conta in  a lmost  exclusively 20:4n-6 
(Table 1). 

DISCUSSION 

Covalent  modificat ion of biological molecules by ATP-de- 
pe nde n t  phosphoryla t ion is one of the  more i mpor t an t  
mechan i sms  of cel lular  regulat ion.  Despite in tens ive  stud- 
ies on proteins  and  carbohydrates ,  the u n d e r s t a n d i n g  of 
the  enzymes  responsible  for phosphoryla t ion of l ipid mol- 

TABLE 1 

Fat ty  Acid Composit ion of Phosphat idyl inosi tol  from Cul tured Cells 
a n d  Rat Bra in  M e m b r a n e s  a 

Fatty Glial DITNC ROC- 1 b PM c SPM c 
acids (%, wt) (%, wt) (%, wt) %, wt) (%, wt) 

16:0 6.0 • 0.7 7.8 • 1.4 7.8 13.2 11.9 
16:1 0.9 • 0.1 1.9 • 0.2 3.0 - -  - -  
18:0 37.2 • 0.8 38.7 • 6.4 32.8 36.7 35.7 
18:1 10.7 • 1.7 32.5 • 4.1 28.4 8.8 8.2 
18:2n-6 1.4 • 0.2 4.7 • 1.8 5.6 - -  - -  
20:3n-9 23.1 • 1.3 8.4 • 1.1 12.6 - -  - -  
20:4n-6 17.1 • 1.2 5.9 • 1.1 6.0 37.9 39.8 
22:3n-3 2.0 - -  - -  
22:4n-6 0.9 1.9 
22:6n-3 1.8 2.6 

aPrimary glial cells and DITNC (immortalized astrocytes from rat diencephalon) cells 
were cultured in 100-ram dishes under the conditions described in the Materials and 
Methods section. Lipids from cells in each dish were extracted and were separated by 
two-dimensional high-performance thin-]ayer chromatography as described (Ref. 16). 
The phosphatidylinosito] fraction was removed, and the fatty acids were converted to 
their methyl esters for gas-liquid chromatographic analysis. Data are means • SD of 
four determinations. 
bData for rat o]igodendroglial (ROC-1) cells (Ref. 19). 

CData for rat brain p]asma membranes (PM) and synaptic plasma membranes (SPM) 
(Ref. 14). 
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ecules is still limited. Recent studies have demonstrated 
the importance of sequential phosphorylation of PI to 
PI-4-P and PI-4,5-P 2 which serves as substrate in the 
polyPI signal transduction pathway (1-4). On the other 
hand, a novel class of PI-kinases that  phosphorylate PI to 
form PI-3-P and PI-3,4-P 2 has gained attention, especially 
as they function in transformed cells (9-11). The latter 
polyPI isomers seem to play important  roles in cellular 
metabolism and function other than  serving as substrates 
for phospholipase C. 

In the present study, incubation of membrane fractions 
from primary glial cells and immortalized astrocytes 
(DITNC) with [T-32p]ATP resulted in the phosphorylation 
of a number  of lipids. Two approaches were used to iden- 
tify these lipids after separation by HPTLC. First, the 
chromatographic properties of these labeled lipids were 
compared with those of authentic standards in one- or 
two-dimensional HPTLC. Secondly, individual lipid frac- 
tions were recovered from the HPTLC plates, deacylated, 
and the products were analyzed by HPLC. Based on re- 
sults obtained by the two approaches, it was concluded 
that  lipid bands 1, 2, 3 and 5 (Fig. 1) correspond to PA, 
lysoPA, PIP and PIP2, respectively. 

In the system we used, incubation of membrane frac- 
tions with [32p]ATP also resulted in phosphorylation of 
DG to PA. This indicates that  DG-kinases are present in 
the membrane preparations, as has been reported for 
brain (5,6). In most instances, a small amount  of lysoPA 
can be found, probably due to hydrolysis of PA catalyzed 
by phospholipase A 2. Indeed, incubation of purified PA (la- 
beled with [14C]arachidonic acid) with brain cytosol indi- 
cated the susceptibility of this phospholipid to hydrolysis 
by phospholipase A 2 (unpublished observation). 

The possibility tha t  some of the lipid bands of cultured 
cells appearing in the PIP area could belong to PI-3-P was 
ruled out after deacylating the lipids and HPLC analysis. 
The results ra ther  favor the presence of different molecu- 
lar species of PI-4-P. Indeed, the PI fatty acids from cul- 
tured cells contain substantial amounts of 20:3n-9 in ad- 
dition to 20:4n-6, which is normally present in brain mem- 
branes (19,20). The study by Stubbs et al. (20) further  
suggested that  fatty acids of phosphoinositides of cultured 
cells can be readily modified by altering the fatty acids in 
the culture medium (20). As polyPI are derived by phos- 
phorylation of PI, it is reasonable to assume that  the mol- 
ecular species for all three phosphoinositides are similar 
under the culture condition (21). 

Our results have clearly demonstrated the presence of 
lysoPIP as one of the phosphorylation products. Careful 
examination of lipid band 5 indicates that  this lipid is 
present in both the cell and the brain membranes, albeit 
at different levels (Fig. 1). Because incubation with exoge- 

nous lysoPI resulted in an increase in labeled lysoPIP, it is 
reasonable to conclude that  lysoPIP is formed by phos- 
phorylation of lysoPI and not by hydrolysis of labeled PIP. 
As the lysoPIP band migrated closely to the PIP 2 band in 
the one-dimensional HPTLC system, it  is important  that  
studies with lipid kinases utilize rigorous analytical tech- 
niques. 
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Lidocaine is used clinically as an antiarrhythmlc agent, 
but its effect on cardiac phospholipid metabolism has not 
been defined. In this study, hamster hearts were perfused 
with [1,3-~H]glycerel in the presence of  0.5 mg/mL lido- 
caine. The incorporation of  radioactivities into lysophos- 
phatidic acid, phosphatidic  acid, phosphatidyl- 
ethanolamine,  cytidine diphosphate diacylglycerol,  
phosphatidylinositol, phosphatidylserine, diacylglycerel 
and triacylglycerol were enhanced by lidocaine treat- 
ment, whereas the labelling of  phosphatidylcholine was 
reduced. Analyses of  enzyme activities in the heart after 
perfusion with lidocaine revealed that the activities 
of  phosphatidate phosphatase and acyl-coenzyme A 
(CoA):l,2-diacylglycerol acyltransferase were enhanced. 
The presence of  lidocaine in the assay did not directly 
stimulate these enzymes. However, the activity of acyl- 
CoA:glycerol-3-phosphate acyltransferase was stimu- 
lated by lidocaine whereas the activity of cytidine di- 
phosphochoHne:l~2-diacylglycerol cholinephosphotr~n~ 
ferase was inhibited by lidocaine. We conclude that 
lidocaine affects the regulation of phospholipid biosyn- 
thesis in the heart by both direct and indirect modula- 
tion of phospholipid biosynthetic enzymes. 
Lipids 29, 391-396 (1994). 

Phospholipids are the major lipid component of biological 
membranes (1). In the mammalian heart, the appropriate 
phosphohpid content and composition are important for 
the maintenance of cellular integrity and proper mem- 
brane function, including the conduction of electrical sig- 
nals across the cardiac membrane (2). Consequently, the 
biosynthesis and catabolism of phosphohpids in the heart 
must be under rigid control. The participation of certain 
phosphohpids such as phosphatidylinositol as precursors 
for second messengers in the transduction of biological 
signals across the cell membrane has been documented 
(3). More recently, phosphatidylcholine has also been 
shown to be a precursor of diacylglycerol and phosphatidic 
acid during agonist stimulation (4). In the last decade, the 
pathways for the syntheses of the major phospholipids in 
the heart have been elucidated. However, the mechanisms 
for the control of these metabolic pathways have not been 
defined. 

A number of amphiphilic compounds have been shown 
to exhibit regulatory effects on the biosynthesis of phos- 

*To whom correspondence should be addressed at Department of 
Biochemistry and Molecular Biology, Faculty of Medicine, Univer- 
sity of Manitoba, 770 Bannatyne Ave., Winnipeg, Manitoba, R3E 
0W3 Canada. 
Abbreviations: CDPcholine, cytidine diphosphocholine; CDP-dia- 
cylglycerol, cytidine diphosphate diacylglycerol; CDPethanol- 
amine, cytidine diphosphoethanolamine; CoA, coenzyme A; CTP, 
cytosine triphosphate; EDTA, ethylenediaminetetraacetie acid; 
EGTA, ethyleneglycol-bis(~-aminoethylether)N,N'-tetraacetic acid; 
TLC, thin-layer chromatography. 

phohpids in mammalian tissues (5-10). Lidocaine is an 
amphiphilic drug with local anaesthetic properties and is 
commonly used for the treatment of cardiac arrhythmias. 
Surprisingly, the effect of hdocaine on the biosynthesis of 
phosphohpids in the heart has not been elucidated. In the 
present study, the ability of hdocaine to modulate phos- 
phohpid biosynthesis in the isolated hamster heart was 
investigated. Hearts were perfused with labelled glycerol 
to monitor the de novo synthesis of the cardiac phospho- 
hpids. Our results show that lidocaine has the ability to 
modulate the biosyntheses of the major phospholipids in 
the hamster heart. 

MATERIALS AND METHODS 

Materials. Palmitoyl-coenzyme A (CoA), DL-a-glycerophos- 
phate, cytidine diphospho(CDP)choline, CDPethanol- 
amine, Tris/HC1, Tris/maleate, ethylenediaminete- 
traacetic acid (EDTA) and ethyleneglycol-bis(~-amino- 
ethyl ether)N,N'-tetraacetic acid (EGTA) were obtained 
from Sigma Chemical Co. (St. Louis, MO). Lidocaine was 
obtained from Astra Pharmaceutical Products (Missis- 
sauga, Ontario, Canada). [1,3-3H]Glycerol, [1-14C]-oleoyl - 
CoA, [1-14C]palmitoyl-CoA, [5-3H]cytosine triphosphate 
(CTP), myo-[2-3H]inositol and [3H]acetic anhydride were 
obtained from Amersham Canada (Oakville, Ontario, 
Canada). CDP[methyl-laC]chohne and CDP[1,2-14C]etha - 
nolamine were obtained from NEN division, Dupont Co. 
(Dorval, Quebec, Canada). 1-Palmitoyl-glycero-3-phos- 
phate, phosphatidic acid (from egg lecithin), phos- 
phatidylcholine (pig liver), phosphatidylethanolamine (pig 
hver), phosphatidylserine (bovine brain), phosphatidyli- 
nositol (pig liver), dipalmitoyl CDP-diacylglycerol, 1,2-dia- 
cylglycerol (pig liver) and triacylglycerol (pig hver) were 
products of Serdary Laboratories (London, Ontario, 
Canada). All other chemicals and solvents were of reagent 
grade and were obtained locally from the Canlab Division 
of Baxter Co. (V~rmnipeg, Manitoba, Canada). 

Perfusion of the isolated hamster heart. Syrian golden 
hamsters weighing 120 _+ 20 g were used throughout the 
study. Animals were decapitated and the hearts were re- 
moved. The isolated hamster hearts were perfused for 30 
to 90 rain in the Langendorff mode with Krebs-Henseleit 
buffer containing 0.3 to 2.0 mM [1,3-3H]glycerol (45 ~Ci 
total radioactivity), in the presence or absence of 0.5 
mg/mL hdocaine. For some enzyme studies, hearts were 
perfused for 60 min with Krebs-Henseleit buffer contain- 
ing 1.0 mM glycerol, with or without 0.5 mg/mL hdocaine. 

Determination of uptake and incorporation of [3H]glyc- 
erol. Subsequent to perfusion, 10 mL of fresh Krebs- 
Henseleit buffer was forced through the cannula to re- 
move the remaining perfusate. The heart was cut into 
pieces, blotted dry, weighed and homogenized in chloro- 
form/methanol (1:1, vol]vol). The homogenate was cen- 
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trifuged at 1000 x g for 10 min, and the pellet was 
re-extracted twice with the same solvent. The super- 
natants were pooled, and a sample of the tissue extract 
was taken for scintillation counting to determine total 
glycerol uptake. A 0.25 M KC1 solution and chloroform 
were added to cause phase separation, and samples of the 
aqueous and organic phases were taken for scintillation 
counting. The extraction efficiency of labelled phospho- 
lipids by this method was 88-90%, and was not affected by 
lidocaine. The phospholipid and neutral lipid classes in 
the organic phase were separated by thin-layer chro- 
matography (TLC). Phosphatidylcholine, phosphatidyl- 
ethanolamine, phosphatidylinositol and phosphatidylser- 
ine fractions were separated using chloroform/meth- 
anol/15 M aqueous NHa/water (35:15:2:1, by vol) as 
developing solvent. The solvent for the separation of phos- 
phatidic acid and lysophosphatidic acid contained chloro- 
form/methanol/HC1 (87:13:0.2, by vol) (11). The CDP-dia- 
cylglycerol fraction was resolved using a solvent contain- 
hag chloroform/meth-anol/acetic acid/water (52:20:7:3, by 
vol) (12). The solvent used for the separation of neutral 
lipids contained light petroleum (b.p. 35-60~ 
ether/acetic acid (60:40:1, by vol). After visualization by io- 
dine staining, the fractions with migration rates similar to 
those of authentic standards were scraped into scintilla- 
tion vials, and their radioactivities were determined by 
scintillation counting. 

Lipid quantification. Phospholipids were quantified by 
the procedure of Bartlett (13). Diacylglycerol was quanti- 
fied by acetylation with labelled acetic anhydride by the 
method of Ishidate and Weinhold (14). 

Preparation of subceUular fractions. For the determina- 
tion of enzyme activities, hearts were removed from the 
animals and homogenized in a buffer containing 0.25 M 
sucrose and 10 mM Tris/HC1, pH 7.5. Microsomes were 
prepared from the tissue homogenate by differential cen- 
trifugation as previously described (4). Protein concentra- 
tions were determined by the method of Lowry et al. (15). 

Preparation of [14C]phosphatidic acid and determina- 
tion of phosphatidate phosphatase activity. Phosphatidic 
acid was obtained from 1-palmitoyl-2-[14C]oleoyl-sn-glyc- 
erophosphocholine by phospholipase D treatment (16). 
The substrate (50 jimol, 2000 dprrdumol) was suspended 
in 2 mL of diethyl ether, and phospholipase D (1.33 mg) in 
2 mL of 100 mM sodium acetate (pH 5.6)/100 mM CaC12 
was added to the substrate suspension in a sealed tube. 
Afar  30 min of incubation at 42~ the reaction mixture 
was cooled, and 1.33 mg of fresh enzyme was added to the 
mixture. The reaction mixture was reincubated at 42~ 
for another 30 min. The reaction was terminated by re- 
moving the diethyl ether under N 2. A chloroform/meth- 
anol (2:1, vol/vol) mixture (6 mL) was added to cause 
phase separation. The lower phase was analyzed by TLC 
with a solvent system of chloroform/methanol/water/acetic 
acid (50:37:2:3, by vol). The silica gel containing phospha- 
tidic acid was removed, and the phospholipid was ex- 
tracted from the gel by the method of Arvidson (17). 

Phosphatidate phosphatase activity was assayed by de- 
termining the production of 1-palmitoyl-2-[14C]oleoyl-sn- 
glycerol from 1-palmitoyl-2-[14C]oleoyl-sn-glycero-3-phos - 
phate (18). Phosphatidate phosphatase was found to be 

more active with a phosphatidic acid containing the 1- 
palmitoyl-2-oleoyl species than the 1,2-dipalmitoyl 
species. The assay mixture (100 ktL) contained 100 mM 
Tris/HC1 (pH 7.4), 1 mM dithiothreitol, 0.2 mg of bovine 
serum albumin, 0.6 mM 1-palmitoyl-2-[14C]oleoyl-sn-glyc- 
ero-3-phosphate (2000 dpm/nmol), 0.4 mM phosphatidyl- 
choline, 1 mM MgC12, 1 mM EGTA, 1 mM EDTA, 0.75 mM 
oleic acid and approximately 0.1 nag protein. Postmito- 
chondrial and cytoselic fractions were preincubated with 
oleic acid for 20 rain at 37~ prior to being added to the re- 
action mixture. The reaction was initiated by addition of 
MgC12, and the mixture was incubated at 37~ for 60 min. 
The reaction was terminated by addition of 2 mL of chlo- 
reform/methanol (2:1, vol/vol). Water was added to cause 
phase separation, and the labelled diacylglycerol in the or- 
ganic phase was separated by TLC with a solvent con- 
taining light petroleum (b.p. 35-60~ ether/acetic 
acid (60:40:1, by vol). The radioactivity in the diacylglyc- 
erol fraction was determined. 

Acyl-CoA:glycerol-3-phosphate acyltransferase and acyl- 
CoA:lysophosphatidic acid acyltransferase assays. En- 
zyme activities were determined by the procedure of 
Batenburg et al. (19) with the hamster heart homogenate. 
For the acylation of glycerol-3-phosphate, the assay mix- 
ture consisted of 100 mM Tris/HC1 (pH 7.5), 1.5 mM rac- 
glycerol-3-phosphate, 90 mM sucrose, 0.5 mg of bovine 
serum albumin, 1 mM dithiothreitol, 40 p_M [1-14C]oleoyl- 
CoA (4000 dpm/umol) and 0.1-0.2 mg of protein in a vol- 
ume of 500 btL. The reaction was initiated by addition of 
the enzyme, and the mixture was incubated at 30~ for 30 
rain. The reaction was terminated by addition of 3 mL of 
chloroform/methanol (2:1, vol/vol). Water was added to 
cause phase separation. The labelled lysophosphatidic 
acid in the lower phase was resolved by TLC with a sol- 
vent containing chloroforrrdmethanol/15 M NH3/water 
(35:15:2:1, by vol), and the radioactivity in the lysophos- 
phatidic acid fraction was determined. 

For the acylation of lysophosphatidic acid, the reaction 
was carried out under the same conditions, except that 
glycero-3-phosphate was replaced with 0.2 mM 1-palmi- 
teylglycero-3-phosphate (19). The labeled phosphatidic 
acid formed was separated by TLC, and the radioactivity 
in the phosphatidic acid fraction was determined. 

Acyl-CoA:l,2-diacylglycerol acyltransferase assay. En- 
zyme activity was assayed by determining the transfer of 
[1-14C]palmitoyl-CoA to 1,2-diacylglycerol (20) in the ham- 
ster heart homogenate. The reaction mixture (0.5 mL) 
contained 25 mM Tris/HC1 (pH 7.4), 50 ~M [1-14C]palmi- 
teyl-CoA (2000 dpm/nmol), 2 mM 1,2-diacylglycerol (dis- 
persed by sonication with a Fisher sonic dismembrator fit- 
ted with a microprobe; Fisher Scientific, V~rmnipeg, Mani- 
toba, Canada), 18 mM MgC12, 0.5 mg of bovine serum 
albumin and 1 mM dithiothreitol. The reaction was initi- 
ated by addition of 0.2-0.3 mg of protein, and the mixture 
was incubated at 37~ for 10 min. The reaction was ter- 
minated by addition of 3 mL of chloroform/methanol (2:1, 
vol/vol). Water was added to cause phase separation. The 
product in the organic phase was separated by TLC with 
a solvent containing light petroleum (b.p. 35-60~ - 
ethyl ether/acetic acid (60:40:1, by vol), and the radioac- 
tivity in the triacylglycerol fraction was determined. 
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CTP:phosphatidic acid cytidylyltransferase assay. En- 
zyme activity was determined in hamster  hear t  ho- 
mogenate and in the microsomal fraction. The reaction 
mixture contained 50 mM Tris/maleate (pH 6.5), 20 mM 
MgC�89 15 ram Triton X-100, 1.0 mM [5-3H]CTP (10000 
dpm/nmol) and 0.5 mM phosphatidic acid (21). The reac- 
tion was initiated by addition of the enzyme protein 
(0.3 mg), and the mixture was incubated at 37~ for 15 
rain. The reaction was terminated by addition of 2.5 mL of 
0.1 M HC1 in methanol. After cooling, 5 mL of chloroform 
was added to the mixture. The chloroform/methanol mix- 
ture was washed three times with 10 mL of 2 M MgC12 
(22), and the total radioactivity in the organic phase was 
determined by scintillation counting. TLC analysis 
showed that  over 98% of the radioactivity in the organic 
phase migrated to the CDP-diacylglycerol fraction. 

Phosphatidylinositol synthase and serine base exchange 
enzyme assays. Phosphatidylinositol synthase activity was 
assayed with the hamster  heart  postmitochondrial frac- 
tion by the procedure of Imai and Gershengorn (23). The 
reaction mixture contained 100 mM Tris/HC1 (pH 7.5), 
1 mM EGTA, 3 mM MgC12, 3 mM MnC12, 0.2% Triton 
X-100, 0.1 mM CDP-dipalmitoylglycerol and 0.1 mM myo- 
[3H]inositol (5 • 105 dpm/nmol). The reaction mixture was 
incubated at 37~ for 30 min, and the reaction was termi- 
nated by addition of 1 mL of chloroform/methanol/HC1 
(100:100:1, by vol) and 0.4 mL of 0.9% KC1. A i~ r  phase 
separation, the labelled phosphatidylinositol in the or- 
ganic phase was separated by TLC with a solvent con- 
taining chloroform/methanol/15 M NH3/water (35:15:2:1, 
by vol), and the radioactivity in the phosphatidylinositol 
fraction was determined. 

Serine base exchange enzyme activity in the microsomal 
fraction was assayed using labelled serine (24). The reac- 
tion mixture contained 10 pM N-2-hydroxyethylpiper- 
azine-N'-2-ethanesulfonic acid (pH 7.3), 0.8 pmol phospha- 
tidylethanolamine, 20 nmol [3H]serine (78000 dpndnmol), 
6 pmol CaC12, 50 pg bovine serum albumin and micro- 
somes in a total volume of 250 ~tL. The reaction was car- 
ried out at 37~ for 15 min, and was stopped with 2 mL of 
chloroform/methanol (2:1, vol/vol). After phase separation, 
the radioactivity of phosphatidylserine in the lower phase 
was determined. 

CDPcholine:l,2-diacylglycerol cholinephosphotransfer- 
ase and CDP ethanolamine:l,2-diacylglycerol ethanol- 
amine phosphotransferase assays. Cholinephosphotrans- 
ferase activity was assayed in the microsomal fraction by 
determining the transfer of CDP-[14C]choline to diacyl- 
glycerol (25). The reaction mixture contained 10 mM Tris- 
HC1 (pH 8.5), 10 mM MgC12, 1 mM EDTA, 0.4 mM CDP- 
[14C]choline (1.0 pCi/prnol), 0.2 mM diacylglycerol (pre- 
pared in 0.015% Tween 20) and approximately 0.1 mg 
protein in a final volume of 200 pL. The reaction was initi- 
ated by the addition of labelled CDPcholine, and the mix- 
ture was incubated at 37~ for 15 min. The reaction was 
terminated by the addition of 3 mL of chloroform/methanol 
(2:1, vol/vo!), and water was added to cause phase separa- 
tion. The organic phase was washed twice with 2 mL of 
40% methanol and the radioactivity was determined. 
Analysis by TLC revealed that  over 98% of the radioactiv- 
ity in the lower phase was in the phosphatidylcholine frac- 
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tion (25). Ethano]aminephosphotransferase activity was 
assayed in the microsomal fraction by measuring the 
transfer of CDP-[z4C]ethanolamine to diacylglycerol (26). 
The reaction mixture contained 10 mM Tris-HC1 (pH 8.5), 
10 mM MnC12, 1 rnM EDTA, 0.2 mM CDP-[z4C]ethanol - 
amine (1.0 ~tCi/pmol), 0.2 mM diacylglycerol (prepared in 
0.015% Tween 20), and approximately 0.1 mg protein in a 
final volume of 200 pL. The reaction was initiated by the 
addition of labelled CDPethanolamine, and the mixture 
was incubated at 37~ for 15 lmin. The reaction was ter- 
minated by the addition of 3 mL of chloroform/methanol 
(2:1, vol/vol), and water was added to cause phase separa- 
tion. The organic phase was washed twice with 2 mL of 
40% methanol, and the radioactivity was determined. 

Statistical analysis. Statistical analysis was performed 
using a two-tailed independent Student's t-test. The level 
of significance was set at P < 0.05. 

The effect of lidocaine on glycerol uptake and phospho- 
lipid biosynthesis. Isolated hamster  hearts  were perfused 
with 1.0 mM [3H]glycerol (3 ~Ci/~tmol) for 30 to 90 min in 
the absence or presence of 0.5 mg/mL hdocaine. Subse- 
quent  to perfusion, the total uptake of radioactivity in the 
hear t  was determined. The total uptake of radiolabelled 
glycerol was found to be linear up to 60 rain. An en- 
hancement  of uptake (88-128%) at  all t ime points 
(Table 1) was observed when lidocaine was added to the 
perfusate. In a separate experiment, hearts  were per- 
fused with 0.1-2.0 mM glycerol (4.5 ~tCi/~tmol) for 60 min. 
The uptake of glycerol was found to increase in a concen- 
trat ion-dependent manner  between 0.1-1.0 mM (data not 
shown). The vast  majority of the increase in radioactivity 
uptake was located in the lower (organic) phase of the tis- 
sue extract. 

TABLE 1 

T h e  E f f e c t  o f  L i d o c a i n e  o n  t h e  U p t a k e  o f  L a b e l l e d  G l y c e r o l  
in  t h e  P e r f u s e d  H a m s t e r  H e a r t  a 

Uptake (10 -3 x dpm/g wet weight of heart) 

30 rain 60 rain 90 min 
Fraction (n = 4) (n = 11) (n = 3) 

Total uptake 
Control 1808 • 52 3463 • 575 3826 • 258 
Lidocaine 3977 • 31 b 6504 -+ 668 b 8724 • 1789 b 

Aqueous phase 
Control 948 • 192 658 • 113 707 • 245 

Lidocaine 875 • 23 872 • 145 b 973 • 350 

Organic phase 
Control 1057 • 66 3027 • 600 3030 • 799 
Lidocaine 3131 • 124 b 5926 • 702 b 7777 • 1499 b 

aHamster hearts were perfused for the indicated times with Krebs- 
Henseleit buffer containing 1 mM [3H]glycerol (3 ~Ci/}~mol) in the 
absence or presence of 0.5 mg/mL hdocaine. ARer perfusion, the 
hearts were homogenized in chloroform/methanol (1:1, vol/vol). 
The tissue extracts were separated into aqueous and organic 
phases, and aliquots of the two phases were used for radioactivity 
determination. The results are expressed as mean • standard de- 
viation for n sets of experiments. 
bp < 0.05. 
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TABLE 2 

T h e  E f f e c t  o f  L i d o c a i n e  on  t h e  L a b e l l i n g  o f  P h o s p h o l i p i d s  a n d  N e u t r a l  L i p i d s  
in  t h e  H a m s t e r  H e a r t  a 

Uptake (10 -3 x dpm/g wet weight of heart) 

Fraction Control Lidocaine 

Lysophosphatidic acid 
Phosphatidic acid 
Phosphatidylcholine 
Phosphatidylethanolamine 
CDP-diacylglycerol 
Phosphatidylinositol 
Phosphatidylsefine 
Diacylglycerol 
Triacylglycerol 

3.2 • 0.7 (13) 
17.9 • 3.7 (13) 

172.0 • 40.5 (9) 
174.4 • 29.4 (14) 
6.44 • 1.2 (5) 
35.0 • 9.9 (13) 
22.0 • 3.1 (13) 

125.8 • 29.0 (11) 
1820.3 • 508.4 (13)" 

9.0 • 2.3 b (12) 
42.1 +_ 8.1 b (12) 

103.5 + 11.9 b (10) 
448.4 • 61.7 b (9) 
16.22 _+ 4.7 b (4) 
61.2 • 10.2 b (12) 
41.9 • 5.5 b (11) 

450.4 • 110.4 b (8) 
3995.0 • 671.1 b (12) 

aHamster hearts were perfused for 60 min with Krebs-Henseleit buffer containing 1 mM 
[3H]glycerol (3 ~Ci/~aol) in the absence or presence of 0.5 mg/mL lidocaine. After per- 
fusion, the lipid fractions were separated by thin-layer chromatography, and the ra- 
dioactivity in each fraction was determined. The results are expressed as mean • stan- 
dard deviation (number of experiments in parentheses). 
bp < 0.05. 

The  l abe l l i ng  of  phospho l ip ids  a n d  n e u t r a l  l ip ids  in  t he  
h e a r t  a f t e r  pe r fus ion  was  de t e rmined .  Phospho l ip id  frac- 
t ions  in  t he  lower  p h a s e  of  the  t i s sue  ex t r ac t  were  sepa-  
r a t e d  b y  TLC, a n d  t h e  r ad ioac t i v i t y  in  each  f rac t ion  was  
de t e rmined .  I n  a s im i l a r  manne r ,  n e u t r a l  l ip id  f rac t ions  
in  t he  lower  p h a s e  were  s e p a r a t e d  by  TLC, a n d  the  
r ad ioac t iv i t i e s  a s soc ia t ed  w i th  d iacylg lycerol  a n d  t r iacyl-  
glycerol  were  de t e rmined .  As  dep ic ted  in  Table 2, perfu-  
s ion of  t he  h e a r t  w i t h  l idocaine  for 60 m i n  caused  in- 
c r e a s e s  in  t h e  i n c o r p o r a t i o n  of  r a d i o a c t i v i t i e s  in to  
ly sophospha t id i c  acid  (181%), phospha t i d i c  acid  (135%), 
p h o s p h a t i d y l e t h a n o l a m i n e  (157%), CDP-d iacy lg lyce ro l  
(152%), phospha t i dy l i nos i t o l  (75%) a n d  p h o s p h a t i d y l s e r -  
ine  (90%). The  levels  of  l abe l l ing  in  d iacylglycerol  a n d  tr i-  
acylglycerol  were  also i n c r e a s e d  by  l idoca ine  perfus ion.  In  
con t ras t ,  t he  l abe l l ing  of  t he  phospha t idy l cho l ine  f rac t ion  
was  dec rea sed  by  40%. 

The determination of lipid contents in the heart after 
perfusion. C h a n g e s  in  t he  l abe l l ing  of l ip id  f rac t ions  a i ~ r  
per fus ion  w i th  l idocaine  m i g h t  be caused  by  changes  in  
pool s izes  of t h e s e  fact ions.  A n a l y s i s  of  pool s izes of  t he  
va r ious  l ip id  f rac t ions  showed  t h a t  l idoca ine  t r e a t m e n t  
d id  no t  cause  a n y  s ign i f i can t  c h a n g e s  in  t h e  t o t a l  
a m o u n t s  of  phospha t id i c  acid,  phospha t idy lcho l ine ,  phos-  
p h a t i d y l e t h a n o l a m i n e ,  p h o s p h a t i d y l s e r i n e  or  phospha -  
t idy l inos i to l  in  t he  h a m s t e r  h e a r t  (Table 3). I n  add i t ion ,  
t he  pool of CDP-diacy lg lycero l  (12.1 _+ 0.1 nmol /g  we t  
weight )  was  unaf fec ted  by  l idocaine  t r e a t m e n t .  However ,  
pe r fus ion  w i th  l idoca ine  caused  i nc r ea se s  in  lysophos-  
pha t id i c  acid  (50%) a n d  diacylglycerol  (67%) levels .  

The effect of lidocaine on the activities of enzymes for the 
biosynthesis of cardiac lipids. The observed changes  in  the  
labe l l ing  of card iac  l ipids  migh t  be caused  by  pe r t u rba t i ons  
in the  act ivi t ies  of the  phosphol ip id  b iosynthe t ic  enzymes.  

TABLE 3 

T h e  E f f e c t  o f  L i d o c a i n e  o n  t h e  P h o s p h o l i p i d  a n d  N e u t r a l  L i p i d  C o n t e n t s  i n  
t h e  H a m s t e r  H e a r t  a 

Content (kLmol lipid P/g wet weight of heart) 

Fraction Control Lidocaine 

Lysophosphatidic acid 
Phosphatidic acid 
Phosphatidylcholine 
Phosphatidylethanolamine 
Phosphatidylserine 
Phosphatidylinositel 
Diacylglycerol c 

0.06 • 0.01 (3) 0.09 • 0.01 b (3) 
0.34 _+ 0.08 (6) 0.28 _+ 0.07 (6) 

11.14 • 1.39 (6) 11.85 • 1.12 (6) 
10.41 _+ 1.18 (6) 9.61 _+ 0.55 (6) 

1.80 • 0.32 (6) 1.55 • 0.25 (6) 
1.23 • 0.66 (6) 1.07 _+ 0.43 (6) 
3.29 _+ 0.36 (6) 5.49 _+ 0.95 b (5) 

aHamster hearts were perfused for 60 rain with Krebs-Henseleit buffer containing i mM 
glycerol. After perfusion, the lipid fractions were separated by thin-layer chromatogra- 
phy, and the amount of lipid in each fraction was determined. The results are expressed 
as mean _+ standard deviation (number of experiments in parentheses). 
bp < 0.05. 

CDiacylglycerol content is expressed as lunol glycerol/g wet weight of heart. 
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TABLE 4 

T h e  D i r e c t  E f f e c t  o f  L i d o c a i n e  o n  t h e  A c t i v i t i e s  o f  L i p i d  B i o s y n t h e t i c  E n z y m e s  a 
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Enzyme 

Activity (nmol/h per mg protein) 

Control Lidocaine (0.5 mg/mL) 

Acyl-CoA:glycerol-3-phosphate acyltransferase (n = 3) 
Acyl-CoA:lysophosphatidic acid acyltransferase (n = 5) 
Phosphatidate phosphatase (n = 3) 
Acyl-CoA:l,2-diacylglycerol acyltransferase (n = 4) 
CDPcholine:l,2-diacylglycerol cholinephosphotransferase (n = 3) 
CDPethanolamine:l,2-diacylglycerol ethanolaminephosphotransferase (n = 3) 
CTP:phosphatidic acid cytidylyltransferase (n = 3) 
Phosphatidylinositol synthase (n = 3) 
Serine base exchange enzyme (n = 3) 

2.97 • 1.13 6.64 • 1.23 b 
1.05 • 0.31 1.09 • 0.31 

66.16 • 19.16 75.16 • 15.33 
36.90 • 8.10 31.50 • 10.50 
69.57 • 22.19 40.33 • 14.72 b 
19.72 • 3.30 15.71 • 1.35 
0.33 • 0.07 0.40 • 0.10 
0.52 • 0.10 0.40 • 0.03 
0.13 • 0.04 0.05 • 0.03 

aEnzyme activities were assayed in the presence of 0-0.5 mg/mL lidocaine. The results are expressed as mean • standard deviation for 
n sets of experiments, each of which was performed in duplicate. Results were analyzed using a paired t-test. CoA, coenzyme A; CDP- 
choline, cytidine diphosphocholine; CDPethanolamine, cytidine diphosphoethanolamine; CTP, cytosine triphosphate. 
bp < 0.05. 

Hence,  the  d i rec t  effects of  l idocaine on the  act iv i t ies  of  
these  enzymes  were  d e t e r m i n e d  in  subee l lu la r  f ract ions  of 
the  h a m s t e r  hear t .  As depic ted  in Table 4, the  ac t iv i ty  of 
acyl-CoA:glycerol-3-phosphate  acy l t r ans fe rase  was  s t imu-  
l a t ed  by  l idocaine,  which  migh t  account  for the  inc reased  
l abe l l i ng  of  l y s o p h o s p h a t i d i c  acid.  The  i nh ib i t i on  of  
CDPchol ine:  1,2-diacylglycerol cho l inephospho t rans fe rase  
ac t iv i ty  migh t  exp la in  the  decrease  in  t he  labe l l ing  of  phos- 
phat idylchol ine .  The  act iv i t ies  of the  o the r  phosphol ip id  
b iosynthe t ic  enzymes  were  not  s ignif icant ly  changed  by  li- 
docaine t r ea tmen t .  

The  effect of l idocaine per fus ion  on the  act ivi t ies  of  the  
phosphol ip id  b iosynthe t ic  enzymes  in  card iac  subce l lu la r  
f ract ions was  also examined .  H a m s t e r  h e a r t s  were  per-  
fused for 60 ra in  wi th  1 m M  glycerol,  in the  absence  or  
presence  of 0.5 mg/mL lidocaine.  Subsequen t  to perfusion,  
subce l lu la r  f ract ions of  t he  h a m s t e r  h e a r t  were  p repa red ,  
a n d  enzyme act ivi t ies  were  de t e rmined  in  these  fractions.  
As  depic ted  in  Table 5, perfus ion wi th  l idocaine did  not  
cause  any  s ignif icant  change  in  the  act ivi t ies  of  acyl- 
CoA:g lyce ro l -3 -phospha te  a c y l t r a n s f e r a s e  or  CDPcho-  
l ine : l ,2-diacylglycerol  chol inephosphot ransferase .  A smal l  

e n h a n c e m e n t  (24%) of acyl-CoA:l ,2-diacylglycerol  acyl- 
t r ans fe ra se  was  detected.  There  was  no change  in  the  to ta l  
ac t iv i ty  of  p h o s p h a t i d a t e  p h o s p h a t a s e  in  the  postmito-  
chondr ia l  fraction; however,  the  ac t iv i ty  of  th is  enzyme in 
the  microsomal  f ract ion was  enhanced  by  l idocaine perfu-  
sion. 

DISCUSSION 

T h e  de  novo  syn thes i s  of phosphol ip ids  in  m a m m a l i a n  t is-  
sues  occurs v/a the  progress ive  acyla t ion  of glycerol-3- 
phosphate .  Because  glycerol -3-phosphate  does not  r ead i ly  
p e r m e a t e  the  p l a s m a  m e m b r a n e ,  rad io labe l led  glycerol  i s  
usua l ly  used  as  a gene ra l  p recursor  for s tudy ing  phospho-  
l ip id  b iosynthes i s  (6,10,20,27,28). In  t he  h a m s t e r  hear t ,  
the  labe l led  glycerol  is t a k e n  up  rap id ly  and  phosphory-  
l a t ed  to g lycerol -3-phosphate  by  glycerol  k inase  (10). The  
label led  g lycerol -3-phosphate  is t hen  acy la ted  to form 
lysophospha t id ic  acid and  phospha t id ic  acid  followed by  
the  labe l l ing  of o the r  phosphol ipids .  

In  the  p re sen t  study,  perfus ion of  the  i so la ted  h a m s t e r  
h e a r t  wi th  0.5 mg /mL l idocaine el ici ted an  e n h a n c e m e n t  of 

TABLE 5 

T h e  E f f e c t  o f  L i d o c a i n e  P e r f u s i o n  o n  t h e  A c t i v i t i e s  o f  L i p i d  B i o s y n t h e t i c  E n z y m e s  a 

Enzyme 

Activity (nmol/h per mg protein) 

Control Lidocaine 

Acyl-CoA:glycerol-3-phosphate acyltransferase (n = 3) 
Acyl-CoA:lysophosphatidic acid acyltransferase (n = 3) 
Phosphatidate phosphatase 

Cytosolic (n = 6) 
Microsomal (n = 3) 

CDPcholine:l,2-diacylglycerol cholinephosphotransferase (n = 3) 
CDPethanolamine:l,2-diacylglycerol ethanolaminephosphotransferase (n = 3) 
Acyl-CoA:l,2-diacylglycerol acyltransferase (n = 3) 
CTP:phosphatidic acid cytidylyltransferase (n = 3) 
Serine base exchange enzyme (n = 3) 

2.84 _+ 0.95 2.61 • 0.73 
1.68 • 0.38 2.10 • 0.39 

36.67 • 8.28 35.51 • 4.10 
60.56 • 4.22 76.20 • 1.75 b 
35.94 • 12.61 53.84 • 
23.44 • 2.21 29.08 • 4.66 
41.40 • 5.34 51.32 • 3.02 b 

1.27 • 0.32 1.16 • 0.42 
1.11 _+ 0.36 1.54 • 0.15 

aHearts were perfused with Krebs-Henseleit buffer containing 1.0 mM glycerol in the absence or presence of 0.5 mg/mL lidocaine. En- 
zyme activities were assayed in the subcellular fractions after perfusion, Results are expressed as mean _+ standard deviation for n sets 
of experiments. Abbreviations as in Table 4. 
bp < 0.05. 
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glycerol uptake. The drug concentration used in this study 
was significantly higher than the therapeutic dosage used 
in the t reatment  of cardiac arrhythmias (an initial dose of 
200 mg administered over 15 min). Increases in the la- 
belling of acidic phospholipids, phosphatidylethanolamine 
and neutral glycerolipids were detected. The increases in 
the labelling and the pool size of lysophosphatidic acid in- 
dicate that  the biosynthetic process of acylation was also 
elevated. The direct stimulation of the acyl-CoA:glycerol-3- 
phosphate acyltransferase by lidocaine might provide an 
explanation for the increase in the labelling and the pool 
size of lysophosphatidic acid. Although the other phospho- 
lipid biosynthetic enzymes were not stimulated by lido- 
caine, the 2.8-fold increase in the labelling of lysophospha- 
tidic acid would cause an increase in the labelling of phos- 
phatidic acid and, subsequently, the other phospholipids. 

The inability of lidocaine to elicit a direct stimulation of 
the activity of phosphatidate phosphatase did not provide 
an adequate explanation for the observed increase in the 
labelling of diacylglycerol. Hence, the modulation of en- 
zyme activity by lidocaine perfusion was also explored. 
When the hear t  was perfused with lidocaine, acyl- 
CoA:glycerol-3-phosphate acyltransferase activity was not 
affected, but  phosphatidate phosphatase and acyl-CoA:l,2- 
diacylglycerol acyltransferase activities were stimulated. 
At present, the exact mechanism for the modulation of 
these enzyme activities by lidocaine in the perfused heart  
remains undefined. It  appears tha t  the increase in the mi- 
crosomal phosphatidate phosphatase activity did not re- 
sult from a translocation of enzyme from the cytosel since 
the activity in the cytosolic fraction was unchanged. Two 
distinct types of phosphatidate phosphatase are associated 
with the micresomal fraction (29,30). In this study, we 
made no at tempt in our assays to distinguish between the 
two enzyme types since both types hydrolyze phosphatidic 
acid to yield diacylglycerol. The stimulation of the micro- 
semal phosphatase activity (31) may explain the increase 
in the labelling and pool size of diacylglycerol. The en- 
hancement of acyl-CoA:l,2-diacylglycerol acyltransferase 
activity might also contribute to the observed increase in 
the labelling of triacylglycerol. 

The decrease in the labelling of phosphatidylcholine was 
probably caused by a direct inhibition of cholinephospho- 
transferase activity by lidocaine. It is ra ther  intriguing 
that  similar inhibition of cholinephosphotransferase was 
not detected in the microsomes of the hamster  hear t  alter 
perfusion with lidocaine. The structural similarity be- 
tween lidocaine and CDPcholine suggests that  inhibition 
might take place at the substrate level. However, kinetic 
studies (data not shown) revealed that  the inhibition was 
of the "mixed type," which suggests that  lidocaine did not 
inhibit the reaction in a competitive manner. The fact that  
the labelling of phosphatidylcholine was reduced during li- 
docaine perfusion indicates that  the direct inhibition of en- 
zyme activity by lidocaine might also be an important 
mechanism for the regulation of phospholipid biosynthesis 
in the hamster  heart. The differential effect of lidocaine on 
cholinephosphotransferase and ethanolaminephospho- 
transferase also suggests that  there are separate and in- 

dependent controls for the biosynthesis of phosphatidyl- 
choline and phosphatidylethanolamine in the hamster  
heart. 
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Natural ly occurr ing  te t raa lkylsubst i tu ted furan fa t ty  
acids (F-acids) were tes ted as potent ial  substrates  for  
soybean lipoxygenase-1. For  this purpose,  F-acid methyl  
es ter  and phosphat idylcholines containing F-acids at  
the  sn-2 posit ion of the glycerol res idue were incubated 
with the enzyme. Oxidation of F-acids only occurs in  th e  
presence  of linoleic acid as co-substrate. Linoleic acid is 
conver ted  by Hpoxygenase to the  c o r r e s p o n d i n g  hy- 
droperoxide  tha t  oxidizes the F-acid, probably in  a rad- 
ica l  reaction,  to form an unstable dioxoene compound.  
This in termedia te  then forms, d e p e n d e n t  on  pH, unsat- 
u ra ted  furanoid acids or  isomers with cyclopentenolone 
s t ruc ture  tha t  can be detected by gas chromatogra-  
phy/mass spec t rometry  (GC/MS). F-acids located at  the 
sn.2 posit ion of a synthet ic  phosphat idylchol ine (PC), 
c o n t a i n i n g  l i n o l e i c  ac id  in  the sn-1 position, are  co-oxi- 
dized to  a grea ter  extent  by incubat ion with soybean 
lipoxygenase-1 than  are  F-acids  b o u n d  to PC with 
myrist ic acid in the sn-1 position when subjected to the  
enzyme in the presence of a great  excess of linoleie acid. 
The resul ts  suggest tha t  F-acids may  play a s t rategic  
role in  a n t i o x i d a t i v e  processes in plant  cells. 
Lipids 29, 397-403 (1994). 

Fu ran  fat ty  acids (F-acids) (1) (Scheme 1), first shown 
by Glass et al. (1,2), to occur in f reshwater  fish are ap- 
parent ly  ubiquitous components of ardmal (3-6) and 
plant  (7-9) tissues. Biogenesis (10-13) and metabolism 
(14-17) of F-acids have been studied intensively, but  the 
biological role of F-acids is still obscure. First  specula- 
tions tha t  F-acids may  be involved in animal reproduc- 
tion rhy thm (2) and embryo development (18) could not 
be confirmed yet. Nevertheless the w/de distribution of  
F-acids and thei r  similarities with physiologically active 
eicosanoids (19-21) and octadecanoids (22-24) seem to 
indicate tha t  F-acids are not merely metabolic waste- 
products. 

The furan ring in F-acids is highly reactive (2,25,26), 
and there  is evidence tha t  the oxidative opening of the 
furan ring yielding 1,4-dioxoenoic acids (2) may  be of 
physiological importance. This reaction can be induced 
by singlet oxygen, organic peroxides and free radicals 
(27--30) (Scheme 1). Significant differences in the reac- 

*To whom correspondence should be addressed at Lehrstuhl fiir 
Organische Chemie I, Universit~it Bayreuth, Universi~tsstrasse 
30, D-95440 Bayreuth, Germany. 
Abbreviations: DMAP, 4-dimethylaminopyridine; EDC, N-ethyl-N'- 
(3-dimethylaminopropyl)carbodiimide hydrochloride; F-acid(s), 
furan fatty acid(s); FID, flame-ionization detector; GC, gas chro- 
matography; LSI-MS, liquid secondary ion mass spectrometry; 
LOX, soybean ]ipoxygenase-1; MS, mass spectrometry; MSTFA, N- 
methyl-N-trimethylsilyltrifluoroacetamide; NMR, nuclear mag- 
netic resonance; PC, phosphatidylcholine(s); 14:0-F-PC, 1-tetrade- 
canoyl-2-[ ll-(3,4-dimethyl-5-butyl-furan-2-yl)undecanoyl]-sn-glyc- 
ero-3-phosphecholine; 18:2-F-PC, 1-(cis-9,cis-12-ectadecadienoyl)- 
2-[ ll-(3,4-dimethyl-5-butylfuran-2-yl)undecanoyl]-sn-glycero-3- 
phosphecholine; TLC, thin-layer chromatography; Tris-HCl, 
tris(hydroxymethyl)amino-methane hydrechloride. 

t ivity between natura l ly  occurring te t raalkysubst i tu ted 
F-acids ( lb )  and a-dialkylsubsti tuted model compounds 
( l a )  were observed: Synthetic F-acids ( la) ,  lacking 
methyl  groups in the B-positions of the furan ring, are 
oxidized v/a the cis-isomer 2a  to the corresponding sta- 
ble trans-dioxoene compound 3 (29). In contrast,  it is not 
possible to isolate analogous products by oxidation of 
te t raalkylsubst i tuted F-acids ( lb):  Alkaline extraction 
of their  oxidation products 2b  yields isomers with cy- 
clopentenolone s t ructures  4 and 5 due to intramolecular  

R R R 
la" H 

(CH2),Io_COO H lb,:. OH 3 

singlet oxygen 
radicals 
peroxides 

R R R 
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R=CH 3 ~ R=H 

0 H 
V ~ ~  (CH2)~-COOH 
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aldol condensation (31) (Scheme 1), while under acidic 
conditions 2b reacts to isomeric unsaturated furanoid 
acids 6 and 7 by recyclization with introduction of a con- 
jugated double bond (32) (Scheme 1). 

Originally, the oxidation of F-acids (1) to the corre- 
sponding dioxoene compounds 2 was assumed to be di- 
rectly effected by lipoxygenase (29,33). Recently it was 
demonstrated that dialkylsubstituted F-acids (la) are 
not substrates of the enzyme (34,35). 

In the present study the effects of soybean lipoxyge- 
nase-1 (LOX) on naturally occurring tetraalkylsubsti- 
tuted F-acids (lb) were investigated. F-acid methyl 
ester, as well as phosphatidylcholines (PC) containing 
tetraalkylsubstituted F-acid in the sn-2 position of the 
glycerol residue, and either myristic acid (14:0-F-PC) 
(8a) or linoleic acid (18:2-F-PC) (Sb) in the sn-1 position 
(Scheme 2, shown with chemical shift assignments) 
served as substrate for the experiments. 

MATERIALS AND METHODS 

Materials. All chemicals were of highest grade available 
and used without further purification. The solvents, if 
no other data are given, were of technical standard and 
freshly distilled before use. 

Synthesis of 11-(3, 4-dimethyl-5-butyl-furan-2-yl)unde- 
canoic acid methyl ester. The methyl ester of tetra-alkyl- 
substituted F-acid (lb) was prepared following the 
methods of Rahn et al. (36) and SchSdel and Spiteller 
(31) from 3,4-dimethyl-2-butylfuran by Friedel-Crafts 
acylation with undecanedioic acid monomethylester 
monochloride (37) followed by Huang-Minlon reduction 
(38). Purity according to gas chromatography (GC) was 
94.2%; R i = 2360. 

Preparation of 1-tetradecanoyl-2-[11-(3,4-dimethyl.5- 
butyl-furan-2-yl) undecanoyl]- sn-glycero-3-phospho- 
choline (8a). Tetraalkylsubstituted F-acid methyl ester 
(15.2 mg, 43 pmol) was saponified with 2 mL 1 M NaOH 
(methanol/water, 9:1, vol/vol) at 60~ under argon for 90 
min (39). After cooling, acidification with HC1 (pH 1) and 

addition of water (50 mL), the acid l b  was extracted 
with n-hexane/diethyl ether (50 mL; 4:1, vol]vol). The or- 
ganic layer was washed twice with water (2 x 20 mL) 
and the organic solvent removed under reduced pres- 
sure. The residual yellow oil was evaporated to dryness 
under reduced pressure with addition of cyclohexane to 
azeotropically remove water from the sample. Conden- 
sation to 8a was accomplished following a modification 
of the method by Mena and Djerassi (40): 4-dimethyl- 
aminopyridine (DMAP; 8 rag, 65.5 tunol, >98% by GC; 
Fluka, Neu-Ulm, Germany), 15 mg (32 pmol) 1-tetrade- 
canoyl-sn-glycero-3-phosphocholine [99% by thin-layer 
chromatography (TLC); Sigma, Deisenhofen, Germany] 
and 9.6 mg (50 ~tmol) N-ethyl-N'-(3-dimethylamino- 
propyl)carbodiimide hydrochloride (EDC; >99%; Fluka) 
were suspended together with the F-acid (lb) in 5 mL 
dry dichloromethane (p.a.; Fluka). The mixture was 
stirred for 8 h under argon (Linde, Unterschleissheim, 
Germany). Excess dichloromethane was removed in a 
stream of nitrogen (Linde), and the 14:0-F-PC (8a) pro- 
duced was extracted according to Bligh and Dyer (41). 
The crude product was purified by preparative TLC on 
Silica Gel 60 PF254 (Merck, Darmstadt, Germany) using 
chloroform/methanol/25% aqueous ammonia (65:35:7, 
by vol) as solvent system. A single band corresponding 
to 14:0-F-PC (Sa) was identified by spraying the dry 
plates with Zinzadze reagent (42) (Rf = 0.29). Zinzadze 
reagent detects phosphoric acid by development of blue 
stain. The silica band was scraped off and eluted with 50 
mL chloroform/methanol (1:1, vol/vol). Yield of 14:0-F- 
PC (8a): 16.2 mg (48%). The product was dissolved in 
benzene to obtain a stock solution that  was frozen under 
argon at -20~ The concentration of this stock solution 
was determined to be 7.65 pg 14:0-F-PC/pL. Quantifica- 
tion was done by peak area integration of GC measure- 
ments after saponification of a known amount of phos- 
pholipid. For that,  9-(3,4-dimethyl-5-butyl-furan-2- 
yl)nonanoic acid methyl ester was used as internal 
standard. Liquid secondary ion mass spectrometry 
(LSI-MS): [M + H] +, m/z 786. 1H nuclear magnetic reso- 
nance (NMR) (500 MHz) in C6Ds/CD3OD (2:1, vol/vol). 5 
0.77 (3H, t, J = 7 Hz, H-19"), 0.81 (3H, t, J = 7 Hz, H-14'), 
1.08-1.28 (34 H, m, H-4" -H-13", H-4" - H-9", H-18"), 
1.44-1.58 (8H, m, H-3', H-3", H-10", H-17"), 1.70 (3H, s, 
H-20"/H-21"), 1.72 (3H, s, H-20"/H-21"), 2.13 (2H, t, J = 
7.5 Hz, H-2'/H-2"), 2.19 (2H, t, J = 7.6 Hz, H-2'/H-2"'), 
2.41 (2H, t, J = 7.1 Hz, H-11"/H-16"), 2.42 (2H, t, J = 7.0 
Hz, H-11"/H-16"), 2.77 (9H, s, N-CH3), 3.20-3.23 (2H, m, 
H-2"), 4.06-4.13 (4H, m, H-1 and H-I"), 4.19 (1H, dd, 
J1 = 12.1 Hz, J2 = 7.0 Hz, H-3a), 4.47 (1H, dd, J1 = 12.1 
Hz, J2 = 3.1 Hz, H-3b), 5.33-5.38 (1H, m, H-2). 

Preparation of 1-(cis-9,cis-12-octadecadienoyl)-2-[11- 
(3, 4-dimethyl-5-butyl-furan-2-yl) undecanoyl]-sn-glycero- 
3-phosphocholine (8b). 1,2-Dilinoleoyl-sn-glycero-3: 
phosphocholine (25 mg, 32 pmol, 99% by TLC; Sigma) 
was dissolved in 5 mL diethyl ether and 250 pL H3BO 3 
solution (100 raM, pH 7.2) was added. After addition of 
0.7 mg phospholipase A 2 (from Naja mocambique 
mocarnbique, isoenzyme pI = 8.8, lyophilized powder, 
1540 units/mg protein; Sigma), which was suspended in 
250 IlL of buffer solution (100 mM Tris-HC1/4 mM CaC12, 
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pH 7.5) (Sigma), the mixture was homogenized with a 
vortex mixer (Bender & Hobein, Ziirich, Switzerland). 
Then the suspension was shaken for 3.5 h under argon at 
26.7~ in a water bath with repeated vortexing. Ai~r  
evaporation of the diethyl ether in a stream of nitrogen, 
the lysophosphatidylcholine produced was extracted ac- 
cording to Bligh and Dyer (41) (15 mL methanol, 15 mL 
chloroform, 13 mL 0.88% KC1 solution). The organic sol- 
vent was removed under reduced pressure and the 
residue purified by TLC on Silica Gel 60 PF254 (Merck) 
plates using chloroform/methanol/25% aqueous ammo- 
nia (65:80:13, by vol) as solvent system. 1-(cis-9,cis-12-oc- 
tadecadienoyl)-sn-glycero-3-phosphocholine was de- 
tected with Zinzadze-reagent (42) and eluted with 30 mL 
chloroforra/methanol (1:1, vol/vol) and 20 mL methanol. 
Condensation of linoleoyl lysophosphatidylcholine was 
carried out as described for 14:0-F-PC (8a) by dissolving 
the PC in 5 mL dichloromethane and addition of an ex- 
cess of ca. 19.5 mg F-acid (lb) (in 4 mL dichloromethane), 
100 mg EDC and 20 mg DMAP. After purification by 
TLC (Rw = 0.57), the yield of 18:2-F-PC (Sb) was 5 mg 
(19%). The 18:2-F-PC (Sb) was dissolved in benzene, and 
the concentration of this stock solution was determined 
to be 13.6 llg 18:2-F-PC/pL as described for 14:0-F-PC. 
LSI-MS: [M + H] § m/z 838. 1H NMR (500 MHz) in 
C6D6/CD3OD (2:1, vol/vol). 5 0.80 (3H, t, J = 7.4 Hz, 
H-19"), 0.82 (3H, t, J = 6.7 Hz, H-18'), 1.10-1.62 (36H, m, 
H-3' - H-7', H-15' - H-17', H-3" - H-10", H-17" and 
H-18"), 1.73 (3H, s, H-20"/H-21"), 1.75 (3H, s, 
H-20"/H-21"), 1.97-2.02 (4H, m, H-8' and H-14'), 2.15 
(2H, t, J = 7.4 Hz, H-2'/H-2"), 2.22 (2H, t, J = 7.5 Hz, 
H.2"/H-2"), 2.44 (2H, t, J = 7.3 Hz, H-11"/H-16"), 2.46 
(2H, t, J = 7.3 Hz, H-11"/H-16"), 2.73 (9H, s, N-CH3) , 
2.76-2.80 (2H, m, H-11'), 3.17-3.21 (2H, m, H-2"), 
4.11-4.17 (4H, m, H-1 and H-I") ,  4.24 (1H, dd, Jz = 12.1 
Hz, J2 = 7.0 Hz, n-3a), 4.52 (1H, dd, J1 = 12.0 Hz, J2 = 
3.0 Hz, H-3b), 5.33-5.45 (5H, m, H-9' and H-10', H-12', 
and H-13', H-2). 

Incubation of 11-(3, 4-dimeth yl-5-butyl-furan-2-yl)un- 
decanoic acid methyl ester. F-acid methyl ester (0.42 mg, 
1.2 pmol), dissolved in 0.15 mL of acetone, was added to 
5 mL of borate buffer (0.2 M, pH 9). The solution was 
stirred at 20~ for 1 h in the presence of pure oxygen 
(Linde) and in the darkness as well as under irradiation 
with two white fluorescent lamps (Gro-Lux Sylvania 
20W; Fa. Feustel, Bayreuth, Germany; and Tungsram 
F-25 U-White 20W; Tungsram, Vienna, Austria). The ex- 
periment was also done under the following conditions: 
(i) with addition of linoleic acid (0.75 mg, 99% by GC; 
Fluka); and (ii) with addition of LOX (7 mg, lyophilized 
powder, 150000 U/mg protein, M r ca. 108000; Fluka); 
and (iii) with addition of linoleic acid (0.75 mg, 2.7 pmol) 
and soybean lipoxygenase (7 rag, 64 nmol) to the solu- 
tion of F-acid methyl ester in borate buffer. After acidi- 
fication with concentrated HC1 (pH 1-2), each sample 
was extracted with chloroform (2 x 10 mL) and, after 
dissolving in methanol, esterified with diazomethane in 
diethyl ether at room temperature. Excess reagent was 
removed in a stream of nitrogen, and the residual solu- 
tion was evaporated to dryness under reduced pressure. 
The extracts were dissolved in benzene (0.5 mL) and an- 

alyzed by ~ and GC/mass spectrometry (GC/MS). 
Quantification was done by peak area integration. 

Oxidation experiments with 14:0-F-PC (8a) and 
18:2-F-PC (Sb). The 5.5 pL 14:0-F-PC stock solution (ca. 
40 pg or 54 nmo] 14:0-F-PC 8a) were evaporated to dry- 
ness under a stream of nitrogen. The substrate was sus- 
pended in 500 l~L borate buffer (0.2 M, pH 9) containing 
2 mmol sodium deoxycholate, and this mixture was 
stirred for 1 h at room temperature under pure oxygen 
(Linde). The experiment was repeated under addition of 
1 mg LOX (Fluka) to the buffer solution. Another incu- 
bation was done with 14:0-F-PC (8a) by further addition 
of ca. 15 mg (53 pmol) linoleic acid (99%, Fluka) and 
1 mg LOX. Incubations with 18:2-F-PC 8b were carried 
out with 3 pL 18:2-F-PC stock solution (ca. 40 pg/48 
nmol 18:2-F-PC 8b). Reactions were done with and with- 
out addition of LOX as described for 14:0-F-PC. After in- 
cubation for 1 h, the samples were extracted using a 
modified Bligh and Dyer procedure (41,43,44) (19 mL 
methanol, 19 mL chloroform, 17 mL 0.88% KC1 solu- 
tion). The dry extracts were transesterified (45) and, 
after addition of 9-(3,4-dimethyl-5-butyl-furan-2-yl)- 
nonanoic acid methyl ester as internal standard, were 
methylated with diazomethane in methanol/diethyl 
ether. Excess reagent was removed in a stream of nitro- 
gen and the residue dissolved in benzene (20 l~L). Each 
sample was trimethylsilylated for 12 h in the darkness 
at room temperature  by addition of N-methyl- 
N-trimethylsilyltrifluoroacetamide (MSTFA; 20 I~L, 
Macherey & Nagel, Diiren, Germany) and analyzed by 
GC and GC/MS. 

GC and GC/MS.  GC was done on a Packard model 
438S, United Technologies (Delft, The Netherlands), on 
a 30 x 0.3 mm fused-silica column DB 1 temperature 
programmed from 100 to 280~ at 2~ Injector and 
flame-ionization detecter (FID) temperatures were kept 
at 270 and 290~ respectively. Carrier gas was hydro- 
gen, and the split ratio was 1:30. Quantification was by 
peak area integration using a Shimadzu (Duisburg, Ger- 
many) C-R3A integrator. Retention indices were deter- 
mined according to Kov~ts (46) with n-alkanes (C12 to 
C3o) as reference compounds. 

GC/MS measurements were performed on a Finnigan 
MAT 95 (Bremen, Germany) double-focusing spectrome- 
ter with a MAT-ICIS data system. Electron impact mass 
spectra were recorded at an ionization energy of 70 eV. 
For GC, an HP (Hewlett-Packard, B6blingen, Germany) 
5890 series II instrument was used with a 30 m x 
0.3 mm fused-silica column DB 1. The carrier gas was 
hydrogen, and the temperature was programmed as 
used for analytical GC. 

LSI-MS.  LSI-MS mass spectra were obtained on a 
Finnigan MAT 8500 mass spectrometer using an SS 300 
data system. The target surface was bombarded with an 
energized Cs § ion beam (3 KeV) using a Cs § gun (AMD 
Intectra, Beckeln, Germany). The sample was dissolved 
in 0.3 l~L of acetonitrile (Zinsser Analytik, FrankfurffM., 
Germany)/0.1% aqueous trifluoroacetic acid (Fluka) 
(1:9, vol/vol) and the solution added to 0.5 ~L glycerol 
matrix (Sigma). The exchangeable stainless-steel target 
has a sample area of 2 mm 2. 

UPIDS, Vol. 29, no. 6 (1994) 



400 

A. BATNA AND G. SPITELLER 

N M R  spectroscopy. 1H NMR spectra  were recorded on 
a Bruker  (Rheinstet ten,  Germany)  AM 500 spectrome- 
te r  in C6D6/CD3OD (2:1, vol/vol) (Aldrich, Steinheim, 
Germany) .  Chemical  shifts are reported relat ive to 
te t ramethyls i lane .  

RESULTS 

Incubation experiments with F-acid methyl ester. The 
methyl  es ter  of F-acid l b  was dissolved in borate  buffer 
(pH 9) and the solution st irred under  pure  oxygen for 1 
h ei ther  in the darkness  or by i rradiat ion with two white 
fluorescent lamps.  The F-acid was recovered unchanged,  
as it  was  when linoleic acid was added to the solution. 
Also no oxidation was observed af ter  incubation of F- 
acid methyl  es ter  together  with LOX, but  in absence of 
linoleic acid. Only if the co-oxidant linoleic acid was 
added to the mixture,  was  the F-acid oxidized. The ex- 
ten t  of oxidation did not depend on whether  the incuba- 
tion was carried out in the darkness  or with i l lumina- 
tion. Due to quantif ication of GC measurements ,  ap- 
p rox ima te ly  30% of the  F-acid me thy l  e s t e r  was  
recovered unchanged,  while the res t  was converted to 
the isomeric unsa tu ra t ed  furanoid esters  (6) and (7) dur- 
ing the acidic extraction procedure. Products  6 and 7 
were identified by GC/MS, and Table 1 shows the major, 
analytically impor tan t  MS peaks.  During the incuba- 
tion, the co-substrate  linoleic acid was almost  totally ox- 
idized by the enzyme. Apar t  from several  oxidation 
products (47), ca. 1.0% of linoleic acid was recovered 
af ter  I h. These exper iments  prove tha t  na tura l ly  occur- 
r ing te t raa lkylsubs t i tu ted  F-acids are not subs t ra tes  of 
the enzyme lipoxygenase. 

Oxidation experiments with 14:0-F-PC (Sa) and 18:2- 
F-PC (8b). The ability of LOX to oxidize doubly unsatu-  
ra ted  fa t ty  acids is not l imited to free acids and methyl  
es ters  (48), bu t  PC are equally susceptible to oxygena- 
tion by the enzyme (49,50). This reaction depends on the 
solubility of the phospholipid, which is media ted  by ad- 
dition of bile salts (49). The ra te  of oxidation shows .a 
complex dependency on the concentrat ion of bile salts in 
the aqueous solutions (49). We invest igated in a model 

TABLE 1 

Mass Spectral  Data of Oxidation Products Derived 
from Tetraalkylsubstituted Furan Fatty Acid 

MS data 
Compound m/z (%) 

4 277 (100) 182 (69) 
126 (61) 309 (30) 

5 167 (100) 366 (19) 
335 (13) 317 (10) 

6 163 (100) 348 (97) 
333 (11) 317 (10) 

7 191 (100) 348 (97) 
305 (49) 165 (17) 

TABLE 2 

Oxidation Rate of Furan Fatty Acid (F-acid) Bound 
to Phosphat idylchol ine  (PC) During Lipoxygenase-  

Catalyzed PhosphoHpid Oxygenation a 

Oxidized F-acid 
Recovered F-acid (%) (% conversion) 

Incubation Control With LOX b (Control = 100%) 

14:0-F-PC 88.6 • 4.6 88.5 • 1.7 - -  
14:0-F-PC + 18:2 86.5 • 5.0 48.6 • 3.9 43.8 
18:2-F-PC 92.7 • 0.9 42.7 • 6.6 53.9 
aData were obtained by peak area integration of gas chromatogra- 
phy measurements using an internal standard for quantification. 
Values are shown as mean • SD (n = 3). 
bLOX (soybean lipoxygenase), lyophilized powder, M r - 108.000, 
150.000 U/mg protein. 

sys tem the react ivi ty of PC-bound te t raa lky lsubs t i tu ted  
F-acids in the course of phospholipid oxygenation cat- 
alyzed by LOX in the presence of sodium deoxycholate. 

In  control exper iments  (Table 2) designed to tes t  
the oxidative stabil i ty of the substrate ,  solutions of 
14:0-F-PC (8a), 18:2-F-PC (8b) or 14:0-F-PC and added 
linoleic acid were st irred for 1 h under  an oxygen at- 
mosphere  in the absence of lipoxygenase. After alkaline 
t ranses ter i f ica t ion ,  F-acids were  recovered in high 
yields ranging from 86.5 to 92.7% as judged by integra-  
tion of GC peak  areas  (Table 2). Due to oxidation dur ing 
the extraction procedure, the residual  amount  of F-acids 
was oxidized to the two corresponding cyclopentenolone 
isomers  4 and 5 as confirmed by GC/MS (Table 1). 

When 14:0-F-PC (8a) was subjected to LOX-induced 
oxygenation, no reaction occurred, and the same amount  
of F-acid (ca. 88.5%) was recovered as in the control ex- 
pe r iment  without  added enzyme (Table 2). 

By contrast ,  af ter  addition of LOX to the solution of 
18:2-F-PC, more than  50% of the F-acid was oxidized 
(Table 1). Correspondingly higher  amounts  of the cy- 
clopentenolone isomers 4 and 5 were detected af ter  the 
alkaline extract ion procedure together  with several  oxi- 
dation products  of linoleic acid (47). About 3.8% of 
linoleic acid originally bound to PC was recovered in this 
experiment.  

After incubation of a mixture  of 14:0-F-PC (8a) and a 
thousandfold excess of linoleic acid with LOX, a lower 
yield of F-acid oxidation products (ca. 44%) was seen 
t han  was observed by incubation of 18:2-F-PC (8b) alone 
with LOX (Table 2). But  the oxidation ra te  of linoleic 
acid was much  higher  t han  t ha t  measured  when 18:2-F- 
PC was incubated with LOX. Only ca. 2% of the added 
linoleic acid were recovered. 

DI~U~ ION 

Recently, Zabolotsky et al. (34) have  shown tha t  dialkyl- 
subst i tu ted F-acids ( l a )  are  not a t tacked by lipoxyge- 
nase. Studies in our laboratory have  revealed t ha t  F- 
acids lacking methyl  groups in fl-position of the furan  
ring ( l a )  are oxidized in the course of the reaction of 
LOX with linoleic acid (9) (35). Oxidation also occurs by 
addition of preformed linoleic acid hydroperoxide to the 
F-acid (35). The reaction can be suppressed by inclusion 
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of EDTA into the reaction system. This substance is well 
known for complexing of transition metal ions, espe- 
cially Fe 2+, which induce the decomposition of the hy- 
droperoxide. This behavior is a strong indication for a 
radical induced transformation of F-acids (35). Only 
small amounts of oxidation products (3) (<1%) could be 
detected due to the relatively low reactivity of the furan 
ring in dialkylsubstituted F-acids (35). 

In the present paper we demonstrate that tetraalkyl- 
substituted F-acids (lb), either as their methyl ester or 
when incorporated in PC (8), are oxidized by LOX only 
in the presence of substrates of the enzyme, e.g., linoleic 
acid. Under these reaction conditions, tetraalkylsubsti- 
tuted F-acids (lb) were converted to the corresponding 
intermediate dioxoene compounds (2b) in yields of c a .  

50% when bound to PC and c a .  70% when present as 

methyl ester. Thus tetraalkylsubstituted F-acids do not 
serve as enzyme substrates, but they are co-oxidized 
much more readily in the course of the lipoxygenase re- 
action than are the dialkylsubstituted F-acids. 

These results are in agreement with the previous ob- 
servation that F-acids with four substituents on the 
furan ring are capable of scavenging free radicals as 
they are generated during oxidation reactions, while di- 
alkylsubstituted F-acids showed only little reactivity in 
this respect (51). This susceptibility of the furan ring to 
oxidation led to the assumption that F-acids may serve 
as antioxidants in biological systems (51,52). 

Based on this, we propose the reaction sequence for 
the co-oxidation of F-acids as illustrated in Scheme 3 to 
describe the biological relevance of F-acids. The biosyn- 
thetic sources of F-acids are plants (9,53), where they 

H3C-(CH2) 4 ~ (CHz)7-COOH 
g 

soybeon- 
lipoxygenose-1 ' t 

HsC-(CH2)4 ~ (CH2)7-COOH . . . .  

00~ 12 

H3C-(CH2)4 ~ (CH2)7-COOH 
OOH 

10 

I cleovoge 

H3C-(CH2)4 ~ (CHz)7-COOH + ['OH] 
0 �9 

11 

~ I ~ H 2 ) l o - C O O H  . 

HsC-(CH2) 4 " ~ "  ~ (CH2)7-COOH + ['H] 
O0 ~ 

12 

rodicol reoction 

l olkoline 

4 

-F 

5 

~ 3(CH2)m-COOH 

0 0 

SH-groups 
e.g. gluta(hione 

~ (CHz)g-COOH 

SR 
14 

H~C CHs 

~ (CH2)~_COOH + 
SR 

13 
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ocidic J 
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are predominant ly  bound to phospholipids (54). For in- 
stance, in the course of cell injury, p lant  cells l iberate via 
phospholipases polyunsa tura ted  fa t ty  acids, e.g., linoleic 
acid (9) from phospholipids (55). These can be converted 
by act ivated l ipoxygenases (55) to the corresponding hy- 
droperoxides (10) (56). The p r imary  oxidation products 
(10) m a y  be cleaved ei ther  to the alkoxyl- ( U )  or per- 
oxyl-radicals (12) (47,57). While the alkoxyl radial  cy- 
clizes rapidly to an epoxyallylic radical (58) the lifetime 
of the peroxyl radical is quite long (59), and therefore it 
is able to oxidize furans  (60). We speculate t ha t  one of 
these species oxidizes te t raa lkylsubs t i tu ted  F-acids ( lb )  
to the dioxoene compounds (2b). The la t ter  are unstable  
and are fur ther  converted to other  products, dependent  
on the pH of the med ium (33) (Scheme 3). 

Alternatively, during enzymatic  hydroperoxide forma- 
tion, highly reactive peroxyl radicals (12) are formed 
(61). In  a type-1 l ipoxygenase reaction, the subs t ra tes  
seem to have  relat ively good mobility when bound to 
LOX (62). Based upon electron spin resonance measure-  
ments ,  the motion of in termedia te  peroxyl radicals was 
found not to be restr icted during enzymatic  fa t ty  acid 
oxidation (61). I t  appears  t ha t  the lifetime of the inter-  
media te  peroxyl radical is possibly long enough to react  
with F-acids ( Ib )  producing the corresponding diox- 
oenoic acids (2b), which are fur ther  converted as de- 
scribed above (Scheme 3). 

To s imulate  the react ivi ty of F-acids bound to cell 
membranes ,  we invest igated the co-oxidation of F-acids 
bound to phosphol ip ids  dur ing enzymat ic  oxidation 
with  lipoxygenase. The synthetic  model compounds 
14:0-F-PC and 18:2-F-PC were incubated with the en- 
zyme. Due to the increased oxidation ra te  of 18:2-F-PC 
as compared to the oxidation of 14:0-F-PC and a great  
excess of linoleic acid wi th  LOX (Table 1), our  experi- 
ments  s t rengthen the hypothesis  of a possibly favored 
in t ramolecular  mechanism.  The radical  in termedia tes  
11 or  1 2  may  a t tack  the adjacent  F-acid in PC more eas- 
ily t han  F-acid of another  PC molecule, producing a 
dioxoene-compound (2b), which could fur ther  react  to 
products 4-7. 

The reactions of the chemically highly reactive inter-  
media te  dioxoene compounds (2b) (63,64) with thiols, 
e.g. cysteine or glutathione may  be of physiological im- 
portance. In  the course of these reactions, isomeric thio 
ethers  (13) and (14) are formed (33,65) (Scheme 3). 
Therefore, the oxidative opening of the furan  r ing m a y  
introduce changes in s t ructure  of cell proteins by reac- 
tion with amino acids containing a sulfhydryl group. 
Thus,  the reaction sequence discussed could play a cru- 
cial pa r t  in the p lant  defense sys tem agains t  cell injury. 

ACKNOWLEDGMENTS 
We thank the Deutsche Forschungsgemeinschai~ and the Fends 
der Chemischen Industrie for financial support. We are obliged to 
Dr. J. Reiner for measurement of NMR spectra and to M. Glaess- 
ner for recording the mass spectra. We are also grateful to D. 
Laatsch for maintenance of the gas chromatograph and to W. Kern 
for distillation of solvents. Special thanks are due to I~ Hanne- 
mann for experimental assistance. 

REFERENCES 

1. Glass, R.L., Krick, T.P., and Eckhardt, A.E. (1974) Lipids 9, 
1004-1008. 

2. Glass, R.L., Krick, T.P., Sand, D.M., Rahn, C.H., and Schlenk, 
H. (1975)Lipids 10, 695-702. 

3. Scrimgeour, C.M. (1977) J. Am. Oil Chem. Soc. 54, 210-211. 
4. Gunstone, F.D., and Wijesundera, R.C. (1978) J. Sci. Food 

Agric. 29, 28-32. 
5. Ishii, K., Okajima, H., Koyamatsu, T., Okada, Y., and Watan- 

abe, H. (1988) Lipids 23, 694-700. 
6. Ota, T., and Takagi, T. (1991) Nippon Suisan Gakkaishi 57, 

1565-1571. 
7. Hasma, H., and Subramaniam, A. (1978) Lipids 13, 905-907. 
8. Guth, H., and Grosch, W. (1991) Fat Sci. Technol. 93, 

249-255. 
9. Hannemann, K., Puchta, V., Simon, E., Ziegler, H., Ziegler, 

G., and Spiteller, G. (1989) Lipids 24, 296-298. 
10. Sand, D.M., Glass, R.L., Olson, D.L., Pike, H.M., and 

Schlenk, H. (1984)Biochim. Biophys. Acta 793, 429--434. 
11. Batna, A., ScheinkSnig, J., and Spiteller, G. (1993) Biochim. 

Biophys. Acta 1166, 171-176. 
12. ScheinkSnig, J., and Spiteller, G. (1993) Liebigs Ann. Chem., 

251-253. 
13. Batna, A., and Spiteller, G. (1993) Phytochemistry 32, 

311-315. 
14. Sand, D.M., Schlenk, H., Thoma, H., and Spiteller, G. (1983) 

Biochim. Biophys. Acta 751, 455-461. 
15. SchSdel, R., Dietel, P., and Spiteller, G. (1986) Liebigs Ann. 

Chem., 127-131. 
16. Stansby, M.E., Schlenk, H., and Gruger, Jr., E.H. (1990) in 

Fish Oils in Nutrition (Stansby, M.E., ed.) pp. 13-39, Van 
Nostrand Reinhold, New York. 

17. Lindup, W.E., Henderson, S.J., and Barker, C.E. (1991) in 
Plasma Binding of Drugs and Its Consequences (Belpaire, F., 
Bogaert, M., Tilliment, J.P., and Verbeeck, R., eds.) pp. 
103-120, Academic Press, Ghent. 

18. Ishii, K., Okajima, H., Okada, Y., and Watanabe, H. (1988) J. 
Biochem. 103, 836-839. 

19. BergstrSm, S. (1967) Science 157, 382-394. 
20. Hamberg, M., Svensson, J., and Samuelsson, B. (1975) Prec. 

Natl. Acad. Sci. USA 72, 2994-2998. 
21. Serhan, C.N., Hamberg, M., and Samuelsson, B. (1984) Prec. 

Natl. Acad. Sci. USA 81, 5335-5339. 
22. Zimmerman, D.C., and Feng, P. (1978) Lipids 13, 313-316. 
23. Vick, B.A., and Zimmerman, D.C. (1987) in The Biochemistry 

of Plants: A Comprehensive Treatise (Stumpf, P.K., ed.) Vol. 9, 
pp. 67-90, Academic Press, Orlando. 

24. Creelman, R.A., Tierney, M.L., and Mullet, J.E. (1992) Prec. 
Natl. Acad. Sci. USA 89, 4938-4941. 

25. Buchta, E., and Fuchs, F. (1962) Liebigs Ann. Chem. 655, 
81-85. 

26. Lie Ken Jie, M.S.F., and Sinha, S. (1981) Chem. Phys. Lipids 
28, 99-109. 

27. Boyer, R.F., Lindstrom, C.G., Darby, B., and Hylarides, M. 
(1975) Tetrahedron Lett. 47, 4111-4114. 

28. Takayama, K., Noguchi, T., Nakano, M., and Migita, T. (1977) 
Biochem. Biophys. Res. Commun. 75, 1052-1058. 

29. Boyer, R.F., Litts, D., Kostishak, J., Wijesundera, R.C., and 
Gunstone, F.D. (1979) Chem. Phys. Lipids 25, 237-246. 

30. Okada, Y., Okajima, H., Terauchi, M., Konishi, H., Liu, I., 
and Watanabe, H. (1990) Yakugaku Zasshi 110, 665-672. 

31. Sch6del, R., and Spiteller, G. (1985) Helv. Chim. Acta 68, 
1624-1634. 

32. SchSdel, R., and Spiteller, G. (1987) Liebigs Ann. Chem., 
459-462. 

33. Jandke, J., Schmidt, J., and Spiteller, G. (1988) Liebigs Ann. 
Chem., 29-34. 

34. Zabolotsky, D.A., Ludwig, P., Kiihn, H., Schewe, T., and 
Myagkova, G.I. (1992) Biokhimiya (Moskow) 57, 46-54. 

35. Batna, A., and Spiteller, G. (1994) Chem. Phys. Lipids, in 
press. 

36. Rahn, C.H., Sand, D.M., Wedmid, Y., Schlenk, H., Krick, T.P., 
and Glass, R.L. (1979) J. Org. Chem. 44, 3420-3424. 

LIPIDS, Vol. 29, no. 6 (1994) 



403 

F-ACID OXIDATION IN PHOSPHOLIPIDS BY LOX 

37. Fodor, G., Fumeaux, J.P., and Sankaran, V. (1972) Synthesis, 
464--472. 

38. Elix, J.A., and Sargent, M.V. (1968) J. Chem. Soc. C., 
595-596. 

39. Karlsson, K.-A. (1968) Acta Chem. Scand. 22, 3050--3052. 
40. Mena, P.L., and Djerassi, C. (1985) Chem. Phys. Lipids 37, 

257-270. 
41. Bligh, E.G., and Dyer, W.J. (1959) Can. J. Biochem. Physiol. 

37, 911-917. 
42. Beiss, U. (1964)J. Chromatogr. 13, 104-110. 
43. Christie, W.W. (1982)Lipid Analysis, 2nd edn., pp. 22-23, 

Pergamon Press, Oxford. 
44. Folch, J., Lees, M., and Stanley, G.M.S. (1957) J. Biol. Chem. 

226, 497-509. 
45. Christie, W.W. (1982) Lipid Analysis, 2nd edn., pp. 53-55, 

Pergamon Press, Oxford. 
46. Kov~ts, E. (1958) Helv. Chim. Acta 41, 1915-1932. 
47. Gardner, H.W. (1989) Free Radic. Biol. Med. 7, 65--86. 
48. Verhue, W.M., and Francke, A. (1972) Biochim. Biophys. Acta 

285, 43-53. 
49. Eskola, J., and Laakso, S. (1983) Biochim. Biophys. Acta 751, 

305-311. 
50. Brash, A.R., Ingrain, C.D., and Harris, T.M. (1987) Biochem- 

istry 26, 5465-5471. 
51. Okada, Y., Okajima, H., Konishi, H., Terauchi, M., Ishii, I~, 

Liu, I., and Watanabe, H. (1990) J. Am. Oil Chem. Soc. 67, 
858-862. 

52. Ishii, K., Okajima, H., Okada, Y., and Watanabe, H. (1989) 
Chem. Pharm. Bull. 37, 1396-1398. 

53. Gorst-Allman, C.P., Puchta, V., and Spiteller, G. (1988) Lipids 
23, 1032-1036. 

54. ScheinkSnig, J., and Spiteller, G. (1993) Liebigs Ann. Chem., 
121-124. 

55. Galliard, T. (1970) Phytochemistry 9, 1725-1734. 
56. Vliegenthart, J.F.G., and Veldink, G.A. (1980) in Autoxidation 

in Food and Biological Systems (Simic, M.G., and Karel, M., 
eds.) pp. 529-540, Plenum Press, New York. 

57. Muto, T., Tanaka, J., Miura, T., and Kimura, M. (1982) Chem. 
Pharm. Bull. 30, 3172-3177. 

58. Wilcox, X.Y., and Marnett, L.J. (1993) Chem. Res. Toxicol. 6, 
413-416. 

59. Pryor, W.A. (1986)Ann. Rev. Physiol. 48, 657-667. 
60. Marnett, L.J., Bienkowski, M.J., and Pagels, W.R. (1979) J. 

Biol. Chem. 254, 5077-5082. 
61. Chamulitrat, W., and Mason, R.R (1989) J. Biol. Chem. 264, 

20968-20973. 
62. Viswanathan, T.S., and Cushley, R.J. (1981) J. Biol. Chem. 

256, 7155-7160. 
63. Conant, J.B., and Lutz, R.E. (1923) J. Am. Chem. Soc, 45, 

1303-1307. 
64. Pasto, D.J., Duncan, J.A., and Silversmith, E.F. (1974) J. 

Chem. Educ. 51,277-279. 
65. Graft, G., Gellerman, J.L., Sand, D.M., and Schlenk, H. 

(1984) Biochim. Biophys. Acta 799, 143-150. 

[Received October 11, 1993, and in revised form February 10, 1994; 
Revision accepted April 4, 1994] 

LIPIDS, Vol. 29, no. 6 (1994) 



Cholesterol Secretion from Hepatocytes Induced by Triacylglycerol 
and Apolipoprotein E 
Steven H. Quarfordt*, Barry A. Landis, Marwan O. Farouk and Brian S:Oswald 
Departments of Medicine and Surgery, Durham Veterans Administration and Duke University Medical Center, Durham, North Carolina 27705 

405 

The mechanism for the increase in plasma cholesterol 
levels in cholesterol-fed rats fol lowing chylomicron 
transport was investigated in intact animals, in isolated 
perfused liver, and in hepatocytes  in monolayer cul- 
tures. Intravenous administration of  egg phosphatidyl- 
choline in amounts greater than those required to cause 
a plasma cholesterol response when given as chylomi- 
erons was without effect. This makes it unlikely that in- 
creased plasma cholesterol levels resulted from the re- 
cruitment of  tissue cholesterol by the plasma chylomi- 
cron phospholipids that persisted in the plasma after 
triacylgiycerol clearance. The hepatic origin of  the in- 
creased plasma cholesterol levels was directly con- 
firmed by two hepatic perfusion experiments. When 
cholesterol-fed rats received intravenous chylomicrons 
prior to isolated hepatic perfusion, more cholesterol 
was secreted by the Hver than when the rats were in- 
jected intravenously with buffer. Perfusion of  apo- 
l ipoprotein E (apo E)-rich triacylglycerol emulsions 
through the livers also enhanced cholesterol secretion. 
The increase in hepatocyte cholesterol secretion seen 
with cholesterol.fed rats was also noted in monolayer 
cultures following incubation with apo E rich-triacyl- 
glycerol emulsions. The apolipoprotein or the emulsion 
alone, or apo E-rich phosphatidylcholine liposomes, had 
no effect. The data confirm previous indirect observa- 
tions that the liver is the source of  cholesterol that ap- 
pears in plasma following transport of  chylomicrons or 
following a lipid-rich meal in cholesterol-fed rats. The 
data also re-emphasize the importance of  providing 
apo E with triacylglycerol emulsions to initiate secre- 
tion of  lower density lipoproteins by the liver. 
Lipids 29, 405-410 (1994). 

Chow-fed rats transport plasma cholesterol primarily in 
high density or alpha lipoproteins. Cholesterol feeding 
provokes a modest increase in plasma cholesterol con- 
centration as well as a lipoprotein shift to lower density 
(d < 1.063) lipoproteins with broad beta mobility (1). 
This lipoprotein response to cholesterol feeding is only 
partially understood (2,3). Livers from cholesterol-fed 
rats have considerably more cholesterol, primarily as 
cholesteryl esters, than do livers from chow-fed animals, 
and they secrete more lower density/broad beta lipopro- 
tein cholesterol during isolated hepatic perfusion. The 
increased cholesterol intake would also reduce the num- 
ber of low density lipoprotein (LDL) receptors and thus 
limit LDL catabolism (3). 

Human plasma cholesterol concentrations and 
lipoprotein patterns appear to be influenced more by the 

*To whom correspondence should be addressed at Durham VA 
Medical Center, Research Building 2, 508 Fulton Street, Durham, 
NC 27705. 
Abbreviations: Apo E, apolipoprotein E; FBS, fetal bovine serum; 
HDL, high density lipoproteins; LDL, low density lipoprotein; 
MEM, minimal essential medium; PBS, phosphate buffered saline; 
P/C, phosphatidylcholine/cholesterol; P/C-E, P/C-apoE; VLDL, very 
low density lipoprotein. 

amounts and types oftriglycerides in the diet than by di- 
etary cholesterol (4). This critical effect of plasma chy- 
lomicron flux on plasma LDL cholesterol concentration 
in humans is not yet well understood (5). Aside from pro- 
riding a vehicle for the delivery of intestinal cholesterol 
to the liver for storage, it is likely that  the influx of chy- 
lomicron remnants signals to the liver to alter plasma 
lipoprotein flux. 

We have observed (6,7) a potent effect of chylomicrons 
or of particulate triacylglycerol emulsions on plasma 
cholesterol concentrations in cholesterol-fed rats. Six 
hours after the plasma clearance of the particulate tria- 
cylglycerols, a large (often 2-3-fold) increase in lower 
density (d < 1.063) lipoprotein cholesterol levels was ob- 
served. This was only noted in rats that  respond to di- 
etary cholesterol with appreciable increases (greater 
than threefold) in hepatic cholesterol levels. The effect 
was unrelated to the inevitable hepatic influx of free 
fatty acids following triacylglycerol clearance, and did 
not occur in the anhepatic cholesterol-fed rat (6). These 
indirect data indicate that the liver may be responsible 
for the cholesterol increase following plasma particulate 
triacylglycerol clearance. To test this, a more direct in- 
vestigation into the role of liver in these processes was 
undertaken using the isolated perfused liver and hepa- 
tecyte in monolayer cultures. The results described here 
are consistent with our previous suggestion that hepatic 
secretion is responsible for plasma cholesterol increases 
and suggest that this secretion is triggered by the final 
step in plasma triacylglycerol clearance, the uptake of 
remnants by the cholesterol-loaded liver. 

EXPERIMENTAL PROCEDURES 

Animals and surgical procedures. Male Sprague-Dawley 
rats (25(}--400 g) were purchased from Charles River 
(Raleigh, NC). The rats were maintained either on con- 
ventional chow or on chow supplemented with 2% 
cholesterol (ICN Chemicals, Costa Mesa, CA) under a 
6 a.m.-6 p.m. light cycle. Chylomicrons, triolein (Sigma, 
St. Louis, MO) emulsions, or egg phosphatidylcholine 
(Avanti, Alabaster, AL) dispersions were injected 
through the penile vein with the rats under light pento- 
barbital anesthesia. The rats were bled from the tail 
vein. Chylomicrons were obtained from the mesenteric 
lymphatics after duodenal infusion of 50 mg of 
monoolein (Sigma) and 50 mg of oleic acid (Sigma) in 
5 mL of phosphate-buffered (pH 7) isotonic saline (PBS) 
using standard procedures (8). 

Recirculating in vitro liver perfusion was performed 
by the technique of Mortimore (9). Cholesterol-rich liv- 
ers were perfused at 2.5 mL/min/g with 3.5% bovine 
serum albumin and 10% canine erythrocytes in 200 mL 
Krebs bicarbonate buffer (pH 7.4) at 37~ The erythro- 
cytes were washed extensively with saline prior to use. 
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Bile flow was measured to monitor the functional state 
of the liver, and values ranged from 0.4-0.6 mL/h for the 
6-h perfusion. Two hours prior to the perfusion, some of 
the rats were injected with 20 mg of triolein in the form 
o f a n  egg lecithin/triolein emulsion in 2 mL PBS, while 
controls received 2 mL PBS. In other liver perfusions, 
20 mg of the triolein emulsion and 2 mg of rat  
apolipoprotein E (apo E) were added to the perfusate 2 h 
after the perfusion was begun. Aliquots of the perfusate 
were obtained at half-hour intervals to assay cholesterol 
mass and lipoprotein distribution. 

Cell culture. Hepatocytes and Kupffer cells were ob- 
tained from cholesterol-fed rats by a modified (10) colla- 
genase perfusion of the liver as previously described 
(11). After perfusion of 250 mL of calcium-free [2-hy- 
droxyethyl]piperazine [2-ethanesulfonic acid] (pH 7.4) 
buffer and 250 mL of 0.05% collagenase, cells were freed 
and filtered at 4~ The cells were spun in a Sorvall 
RC2-B centrifuge (Newton, CT) using an SS-34 rotor at 
500 rpm for 2 min at 4~ and then washed three times 
with calcium-free buffer. An aliquot of the cells was ap- 
plied to 45% Percoll and centrifuged at 16,000 rpm for 
20 min in the Sorvall centrifuge to generate a 
d 1.1016-d 1.139 gradient. Banding of cells occurred ac- 
cording to cell cholesterol contents ranging from 160 to 
20 ~g/mg cell protein. The cells were centrifuged out of 
Percoll into Eagle's minimal essential medium (MEM) 
with 5% fetal bovine serum (FBS), counted in a hemocy- 
tometer, and assayed for viability (11). 

Approximately 1.2 x 106 hepatocytes were plated per 
35-mm collagen-coated tissue culture dish. The culture 
medium was 1 mL of MEM containing nonessential 
amino acids, 10% FBS, 10 -7 M insulin and 2 pg gen- 
tamycin sulfate. Cultures were changed after 2 h to 
MEM without FBS and maintained in a 95:5% O2/CO 2 
atmosphere at 37~ for up to two days prior to study. Ex- 
periments were initiated only after it was demonstrated 
that  apo E enhanced the entry of chylomicrons into the 
cells (11). 

Experiments were initiated by adding chylomicrons, 
or triolein emulsions, to the MEM at a concentration of 
200 llg/mL with or without rat ape E (100 pg/mL), or by 
adding rat ape E alone (100 pg/mL). The medium was 
changed after 2 h and assayed for free and total choles- 
terol. After these initial 2-h incubations, the medium 
was changed to MEM at 2 h, and again at 12 h, and as- 
sayed for free and total cholesterol mass and for ra- 
dioactivity. Cells were also harvested and assayed for 
free and total cholesterol, as well as protein. 

Apolipoprotein preparation. Apo E was prepared from 
rat plasma d < 1.21 lipoprotein (12) that had been delip- 
idated with 150 mL of ethanol/diethyl ether (3:1, vol/vol) 
after dialysis against 0.1% ethylenediaminetetraacetic 
acid and lyophilization. The nitrogen-dried residue was 
dissolved in 0.05 M NaC1, 2 mM phosphate pH 7.4 and 
5 M urea, and then applied to a heparin affinity column 
to separate apo E from the other apo-lipoproteins, as 
previously described (13). Rat apo-lipoproteins A-I and 
C-III were prepared from the heparin-unbound fraction 
by sequential molecular sieving (4 M guanidine 
Sephacryl 300) and diethylaminoethyl cellulose chro- 

matography (14). The purity of the isolated apoproteins 
was verified by sodium dodecylsulfate-polyacrylamide 
gel electrophoresis (15). Triolein emulsions, egg lecithin 
and egg lecithin/free cholesterol (1:1 molar ratio) lipo- 
somes were prepared by sonication as previoasly de- 
scribed (16). 

Chemical assays. Total cholesterol mass was deter- 
mined in media and hepatocytes by both a colorimetric 
method (17) and by a modified enzymatic assay (Wako 
Chemicals, Dallas, TX). Free cholesterol was also deter- 
mined by a modified enzymatic assay (Wako Chemicals). 
The media and cells were extracted by the Dole method 
(18), and the organic phases dried under N 2. The 
residues were then reconstituted with 10 tzL of iso- 
propanol and 1 mL of 0.15 M Tris (pH 7.0) 0.1% 
p-chlorophenol containing 0.13 U of both cholesterol 
ester hydrolase and cholesterol oxidase with 2.4 U of 
peroxidase, and 4-aminoantipyrine. A standard curve 
for cholesteryl ester ranging from 2.5-20 }Jg cholesterol 
was run in each series along with a laboratory standard. 
The mixture was incubated for 5 min at 37 ~ and then 
read at room temperature in a Gilford 230 spectropho- 
tometer at 505 nm. Free cholesterol mass was assayed 
similarly without use of cholesterol ester hydrolase. 

Plasma, perfusate and media lipoproteins were 
separated into very low density (VLDL; d < 1.006), 
(LDL; d 1.006-d 1.063), and high density (HDL; 
d 1.063--d 1.21) by a previously described (12) ultracen- 
trifugation method. After dialysis with PBS, the total 
d < 1.21 lipoproteins were separated into supernatant 
and lower fractions by heparin/Mn ++ precipitation (19). 
The total d < 1.21 lipoproteins were also separated into 
heparin/Sepharose-bound and -unbound fractions, as 
previously described (13). All data are expressed as 
means _* standard errors; significances were determined 
by two-tailed Student's t-test. 

RESULTS 

After intravenous injection of 15 mg of chylomicron tri- 
acylglycerols into fasted (10 h) male rats, which had 
been fed cholesterol for six weeks, plasma cholesterol 
levels increased to more than twice the baseline level 
(Fig. 1, top panel). Chylomicron clearance was followed 
by a 5--6 h latency period with stable plasma cholesterol 
levels prior to the subsequent increase. At least 7.5 mg 
of cholesterol must have been transferred to plasma (as- 
suming a plasma volume corresponding to 4.5% body 
weight) to produce the observed increase. Prior to injec- 
tion, 76 • 7% of total plasma cholesterol was in ester 
form, and at the peak plasma level 69 • 11% (not signif- 
icantly different). A 15-mg intravenous bolus of an egg 
phosphatidylcholine dispersion, equivalent to about five 
times the injected chylomicron phospholipid amount, 
did not produce the chylomicron effect (Fig. 1, bottom 
panel). Only a significant gradual increase in free cho- 
lesterol occurred, with no change in total cholesterol. 

Cholesterol-fed rats (8 wk) were given 20 mg of chy- 
lomicron triacylglycerols or an equal volume of PBS 
through the penile vein 2 h prior to the subsequent 
in vitro liver perfusion. For the first 2 h of perfusion, the 
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FIG. 1. Top panel: p lasma total cholesterol  concentrat ion 
(• in f ive rats fed a 2% cholesterol  supplemented  diet  for 
six weeks  fo l lowing  intravenous  chylomicron administra-  
t ion (15 m g  triglyceride) at 0 h. All concentrat ions after 6 h 
are s ignif icant ly  (P < 0.02) greater than the preinject ion 
(0 h) values.  Bottom panel: p lasma total (O) and free (O) 
cholesterol  concentrat ions  (• in four o f  the cholesterol- 
fed rats used for the ehylomicron studies  (top) fo l lowing  
15 m g  of  intravenous  egg phosphat idylchol ine .  All free cho- 
lesterol concentrat ions  after the phosphol ip id  inject ion 
were  greater (P < 0.05) than the preinjection (0 h) values.  

i n c r e a s e  in  p e r f u s a t e  cho les te ro l  w a s  s i m i l a r  (Fig.  2) for 
chy lomic ron  a n d  P B S  in jec ted  ra t s .  I n  t h e  f ina l  3 h,  t h e  
p e r f u s a t e s  of  chy lomic ron - in j ec t ed  r a t s  were  s ignif i -  
c a n t l y  r i c h e r  in  cho les te ro l  t h a n  we re  t h e  controls .  A f t e r  
5 h, cho le s t e ry l  e s t e r s  a m o u n t e d  to 68 _+ 8% of  t h e  per -  
f u s a t e  t o t a l  cho les te ro l  in  t h e  chy lomic ron- in j ec t ed  r a t s  
(n = 5) w h i c h  w a s  s i m i l a r  to t h e  v a l u e  (71 _+ 4%) found  in 
con t ro l s  (n = 5). I n  both ,  a f t e r  5 h, m o r e  t h a n  78% of  t h e  
p e r f u s a t e  cho les te ro l  w a s  a s s o c i a t e d  w i t h  h e p a r i n / M n  ++- 
p r e c i p i t a b l e  l i popro te ins .  T h e s e  5-h p e r f u s a t e  l ipopro-  
t e in s  were  u l t r a c e n t r i f u g e d  a t  d 1.006, d 1.063 a n d  
d 1.21. The  m e a n  (_+SE) p e r c e n t a g e  d i s t r i b u t i o n s  of  per -  
f u s a t e  l i p o p r o t e i n  cho les te ro l  in  buf fe r - in jec ted  r a t s  (n = 
3) w a s  16 _+ 7, 39 _+ 11 a n d  44 _+ 12%, wh ich  w a s  s i m i l a r  
to t h e  v a l u e s  m e a s u r e d  for  t h e  p e r f u s a t e s  of  chylomi-  
c ron- in j ec t ed  r a t s  (n = 3), i.e., 14 _+ 6, 47 _+ 13 a n d  39 _+ 
14% in HDL,  LDL a n d  VLDL,  respect ive ly .  The  LDL a n d  
VLDL of  bo th  g roups  of  r a t s  h a d  b r o a d  b e t a  elec- 
t r o p h o r e t i c  mobil i ty .  

M o n o l a y e r  c u l t u r e s  of  cho les t e ro l - r i ch  h e p a t o c y t e s  
f rom r a t s  fed a cho l e s t e ro l - en r i ched  d ie t  r e s p o n d e d  to a 
soy t r i acy lg lyce ro l  e m u l s i o n  s u p p l e m e n t e d  w i t h  r a t  apo  
E (Table  1). A s ign i f i can t  i n c r e a s e  in  m e d i a  cho les te ro l  
l eve ls  w a s  obse rved  d u r i n g  t h e  2-h i n c u b a t i o n  w i t h  t h e  
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FIG. 2. The fraction of  hepatic  cholesterol  a p p e a r i n g  in  the 
per fusa te  of an  i so la ted  in vitro perfused l iver  2 h af te r  in- 
t r avenous  chylomicron administrat ion (20 m g  triglyceride) 
(C)) (n ffi 5); or buffer (O) (n = 6). The mean  (SE) hepatic  cho- 
lesterel  was  34 (12) mg/g l iver for the chylomicron inject ion 
and 29 (10) mg/g l iver for the buffer injection. A signifi-  
cant ly  (P < 0.02) greater fraction of  hepatic  cholesterol  was  
recovered in the perfusate o f  the chylomicron-injected than 
the buffer-injected group at 3, 4, and 5 h (*). 

apo E - s u p p l e m e n t e d  t r i acy lg lyce ro l  e m u l s i o n  w h e n  com- 
p a r e d  to cel ls  m a i n t a i n e d  in  u n s u p p l e m e n t e d  med ia ,  or  
cel ls  in  m e d i a  t h a t  c o n t a i n e d  on ly  t he  emuls ion ,  apo  E or  
N a  oleate .  A f t e r  t h e  m e d i a  were  r emoved ,  t h e  cel ls  we re  
w a s h e d  w i t h  P B S  a n d  i n c u b a t e d  w i t h  M E M  a lone  for 
12 h. The  cel ls  exposed  to t he  apo  E / t r i acy lg lyce ro l  emul -  
s ions  h a d  s i gn i f i c an t l y  more  m e d i a  cho les te ro l  t h a n  con- 

TABLE 1 

Induct ion of  Cholesterol  Secret ion by Hepatocytes  in 
Monolayer Culture a 

pg Medium 
cholesterol/mg 

cell protein 

Additions 2 h 14 h 

None 2.5 (0.4) 5.7 (0.8) 
Emulsion 200 pg triacylglycerol (TG)/mL 2.9 (0.3) 6.4 (1.1) 
Emulsion 200 tJg TG/mL 

plus apo E 100 p~/mL 5.7 (0.9) b 16.3 (2.0) c 
Apo E 100 t~g/mL 2.1 (0.2) 4.0 (0.3) 
Na oleate 0.75 mM 3.6 (0.4) 4.5 (0.6) 

aThe results are the means (SE) of quadruplicate determinations of 
medium total cholesterol at 2 and 14 h after incubating monolayer 
cultures of cholesterol-rich hepatocytes [88 _+ 18 I~/mg (n = 8) cell 
protein] from rats fed a 2% cholesterol diet for seven weeks, with 
the triacylglycerol-rich fraction of a commercial soy oil emulsion 
and/or rat  apohpoprotein E (apo E) in minimal essential medium 
(MEM). The added emulsion contained less cholesterol than was 
detectable by the assay. The monolayers were maintained on fetal 
bovine serum for 36 h before apo E response was seen (Ref. 11). 
bThe media of the hepatocytes exposed to emulsion and apo E con- 
rained significantly more cholesterol at 2 h than the tmsupple- 
mented media (at P < 0.02), or the solely emulsion (P < 0.05) or apo 
E (P < 0.01) exposed hepatocytes. 
CThe 14-h media (which had been changed to MEM after the initial 
2 h incubation) of hepatocytes exposed to emulsion and apo E con- 
rained significantly more cholesterol than controls or emulsion ex- 
posed cells (P < 0.01) or cells solely exposed to apo E (P < 0.001). 
The percentages of free cholesterol (29 _+ 7) in this media was not 
different from those in the 14-h control media (35 • 9) without ad- 
ditions. 
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TABLE 2 TABLE 4 

C h A n g e s  i n  P e r f u s a t e  C h o l e s t e r o l  L e v e l s  u p o n  I n f u s i o n  
o f  a n  A im E - R i c h  T r i o l e i n  E m u l s i o n  a 

ttg Cholesterol/mL/h 

Perfusion Before After 

1 2.88 (0.09) 2.68 (0.13) b 
2 0.92 (0.22) 2.00 (0.22) c 
3 1.23 (0.41) 2.43 (0.74) 
4 0.46 (0.14) 2.00 (0.20) d 

Control 0.88 (0.24) 0.94 (0.34) 
aCholesterol-rich liver (28-76 mg/g liver) was perfused with 
100 mL of Krebs-Ringer bicarbonate buffer containing 30 mg 
bovine serum albumirdmL and a 10% hematocrit of washed canine 
erythrocytes. For the initial 2-h perfusate, total cholesterol was as- 
sayed each 0.5 h, and means (SE) were calculated (before). At 2 h, 
20 mg of a triolein emulsion along with 2 mg rat apolipoprotein E 
(aim E) was added. Perfusate was assayed 2 h a i~ r  the addition 
and at 0.5-h intervals upon concluding the perfusion at 6 h (ajar).  
Two mL of phosphate-buffered saline was added to the control per- 
fusion at 2 h. Each data point represents means of four 0.5-h time 
points. Significance of changes is indicated by bp < 0.02, cp < 0.02, 
and dp< 0.05. 

t ro l s  w i t h  cho les te ro l  b e i n g  in  t h e  f ree  a n d  e s t e r i f i ed  
form. I n c u b a t i o n s  of  t h e  cho les te ro l - r i ch  h e p a t o c y t e s  in  
m o n o l a y e r s  w i t h  200 p g  of  egg  p h o s p h a t i d y l c h o l i n e / f r e e  
cho les te ro l  (P/C) in  a 1:1 m o l a r  r a t i o  s u p p l e m e n t e d  w i t h  
apo E (100 pg)  (P/C-E) r e v e a l e d  no d i f fe rences  in  m e d i a  
cho les te ro l  fo l lowing i n c u b a t i o n  w h e n  c o m p a r e d  w i t h  
t he  u n s u p p l e m e n t e d  P/C [P/C-E; 2 h, 3.8 (0.2); 14 h,  3.5 
(0.1); P/C; 2 h,  3.5 (0.3); 14 h, 4.0 (0.2) p g  cho le s t e ro l /mg  
cell  p ro te in ;  n = 4 (SE)]. 

TABLE 3 

M e d i a  C h o l e s t e r o l  o f  D i f f e r e n t  C h o l e s t e r o l - R i c h  L i v e r  
Ce l l s  Af ter  E x p o s u r e  to  T r i o l e i n - R i c h  E m u l s i o n s  
a n d / o r  A p o  E a 

Additions 

Light Heavy 
hepatocytes hepatocytes Kupffer cells 

(pg media cholesterol]mg cell protein) 

None 3.8 (0.1) 2.8 (0.6) 3.0 (0.8) 
Triolein emulsion 

(200 ~tg TG/mL) 4.4 (0.6) 2.6 (0.4) 3.0 (0.4) 
Triolein emulsion 

(200 ttg TG/mL plus 
apo E 100 T/mL) 9.6 (0.2) b 6.4 (0.4) b 3.9 (0.2) 

Apo E 100 ~tg 3.6 (0.1) 4.4 (0.4) 

aThe results are the means (SE) of triplicate 12-h MEM incuba- 
tions after an initial 2-h exposure of the cells to the indicated 
media additions in MEM. Cultured cells isolated from a PercoU 
gradient and plated for more than 24 h were incubated in MEM 
with the additions indicated. After the 2-h incubation, the cells 
were washed and the medium changed to MEM and assayed for 
cholesterol after 12 h. The light and heavy hepatocytes had cho- 
lesterol contents of 83 (SE 8; n = 10) and 48 (SE 12; n -- 8) ~g cho- 
lesterol/rag cell protein, respectively. Abbreviations as in Table 2. 
bsignificantly greater than any of the other media at P < 0.001. 
The percent distribution of cholesterol in the media high density 
liimprotein, low density lipoprotein and very low density liimpro- 
tein of the light hepatocytes following aim E-triolein addition was 
34, 38 and 28, and for the light hepatocytes with no addition 46, 24 
and 31, respectively. 

C h o l e s t e r o l  S e c r e t i o n  o f  Hepatocy tes  in  M o n o l a y e r s  Fol-  
l o w i n g  Exposure  to Apopro te in  Supp lemen ted  Triolein 
Em ttlsiolxs a 

pg Media cholesterol/rag protein 

Additions 2 h 14 h 

None 2.92 (0.07) 2.34 (0.19) 

Apo E (50 ~g) 2.38 (0.17) b 3.21 (0.09) c 
Aim C-III (50 ttg) 1.95 (0.02) 2.45 (0.23) 
Aim A-I (50 pg) 2.85 (0.02) 2.59 (0.24) 
aThe data are the means of quadruplicate determinations for each 
point after an initial 2-h incubation of cholesterol-rich hepatocytes 
(44 _+ 13 pg/mg) with 200 ~g of a triolein emulsion and the indi- 
cated apolipoproteins. The data are significantly different than the 
incubation without apoproteins at bp < 0.05 and cp < 0.01. 

A d d i t i o n  of  20 m g  of  t r i o l e i n  e m u l s i o n  a n d  2 m g  of  r a t  
apo  E to t h e  p e r f u s a t e  of  a n  i s o l a t e d  pe r fu s ion  of  a cho- 
l e s t e ro l - r i ch  l i ve r  r e s u l t e d  in  h i g h e r  p e r f u s a t e  choles-  
t e ro l  leve ls  (Table  2). The  e m u l s i o n  w a s  c l e a r e d  w i t h i n  
30 min ,  a n d  t h e  cho les te ro l  i n c r e a s e  b e c a m e  a p p a r e n t  
2 - 3  h t he r ea f t e r .  A cont ro l  pe r fu s ion  d id  no t  show such  
a dif ference.  The  p e r f u s a t e  cho les te ro l  w a s  e s s e n t i a l l y  
a l l  (>93%) in  t h e  d < 1.063 f rac t ion  bo th  before  a n d  a ~ r  
i n f u s i n g  the  apo E - s u p p l e m e n t e d  t r i acy lg lyce ro l  emul -  
sion. The  p e r c e n t a g e  of  f ree  cho les te ro l  ( m e a n  _+ SE) w a s  
no t  s ign i f i can t ly  d i f f e ren t  before  (34 _+ 9%, n = 12) a n d  
a i ~ r  t h e  a d d i t i o n  (37 _+ 11%, n = 10). 

The  cho le s t e ro l - l oaded  h e p a t o c y t e s  we re  f r a c t i o n a t e d  
accord ing  to t h e i r  d e n s i t y  in to  h e p a t o c y t e s  w i t h  h i g h e r  
or  lower  cho les te ro l  con ten t s ,  a n d  in to  K upf f e r  cells .  I n  
t h e  12-h i n t e r v a l  fo l lowing t h e  i n i t i a l  2-h i n c u b a t i o n  
u p o n  m e d i a  s u p p l e m e n t a t i o n ,  s i gn i f i c an t l y  m o r e  choles-  
t e ro l  was  found  in  t h e  m e d i a  of  bo th  t h e  l i g h t e r  a n d  
h e a v i e r  h e p a t o c y t e s  exposed  to apo E - t r i o l e in  e m u l s i o n s  
t h a n  a f t e r  a n y  o t h e r  t r e a t m e n t  (Table  3). The  hepa to -  
cy tes  c o n t a i n i n g  r e l a t i v e l y  m o r e  cho les te ro l  ( l i gh te r  
cells)  showed  a m o r e  ac t ive  s ec re t ion  in to  t he  m e d i u m  
t h a n  d id  t h e  h e a v i e r  cells.  T h e  f rac t ion  of  cell  cho les te ro l  
s e c r e t e d  by  b o t h  t h e  l ess  d e n s e  a n d  t h e  m o r e  d e n s e  cel ls  
w a s  s i m i l a r  ( less  dense ,  11.4 _ 2.8%; m o r e  dense  13.1 _+ 
3.1%). As  w a s  o b s e r v e d  in  t h e  h e p a t i c  p e r f u s i o n s  
(Fig.  2), m o s t  of  t h e  m e d i u m  cho les te ro l  w a s  a s s o c i a t e d  
w i th  t h e  V L D L  a n d  L D L  f rac t ions  fo l lowing e x p o s u r e  of  
t h e  l i g h t e r  h e p a t o c y t e s  to t h e  apo  E- t r io le in .  Kupf f e r  
cel ls  were  no t  r e spons ive  to t r i o l e i n  e m u l s i o n s  w i t h  or  
w i t h o u t  apo  E. The  s u b s t i t u t i o n  of  apo  E by  apo l ipopro-  
t e i n  C- I I I  or  A-I  in  t h e  t r i o l e i n  e m u l s i o n s  i n c u b a t e d  w i t h  
t he  cho les te ro l - r i ch  cel ls  d id  no t  p rovoke  a n  i n c r e a s e  in  
m e d i a  cho les te ro l  leve ls  e i t h e r  a t  t h e  e a r l y  (2 h) or  t h e  
l a t e  (14 h) t i m e  po in t s  (Table  4). 

DISCUSSION 

R a t s  on c h o l e s t e r o l - s u p p l e m e n t e d  d i e t s  acqu i r e  a p p r e -  
c iable  h e p a t i c  cho les t e ry l  e s t e r  l eve l s  w i t h i n  weeks .  I f  
t h e  a n i m a l s  a r e  t h e n  exposed  to t h e  in f lux  of  p l a s m a  
chy lomicrons ,  e i t h e r  fo l lowing a l i p id - r i ch  m e a l  (6) or  in-  
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travenous triacylglycerol injection, they respond with an 
appreciable increase in plasma cholesterol levels. An in- 
crease in plasma apo B and apo E parallels this choles- 
terol rise, which is predominant ly  associated with LDLs 
and VLDLs (7). 

Anhepatic cholesterol-fed rats  lack this response to ei- 
ther  chylomicrons or triglyceride emulsions (6), suggest- 
ing tha t  the liver may  be the source of increased plasma 
cholesterol levels. The data  presented here are consis- 
t en t  with this. When cholesterol-rich livers are chal- 
lenged with chylomicrons or triacylglycerol emulsions in 
the presence of apo E, they respond by secreting lower 
density cholesterol-rich lipoproteins. This was shown in 
isolated hepatic perfusions and in cultures of hepato- 
cytes obtained from rats  fed 2% cholesterol for at  least 
four weeks to increase the content of cholesteryl esters 
in the liver. 

Hepatic  secretion of cholesterol following plasma 
clearance of part iculate triacylglycerols could have sev- 
erai causes. The clearance of chylomicrons or emulsified 
triacylglycerols invariably (20,21) results  in a free fa t ty  
acid influx, which could st imulate hepatic VLDL pro- 
duction. However, the fact tha t  intravenous infusion of 
equal or greater  amounts  of free fa t ty  acids failed to pro- 
voke this response in the cholesterol-fed ra t  rules out 
this possibility (6). The LDLs tha t  increase in plasma 
also do not resemble VLDL (7). 

Plasma clearance of part iculate triacylglycerols is also 
followed by the accumulation of residual plasma phos- 
phatidylcholines from the particles. Infusion of phos- 
phatidylcholine into chow-fed rats  is known (22) to re- 
cruit  free cholesterol from tissue, which is then acylated 
by plasma lecithin: cholesterol acyltransferase.  In cho- 
lesterol-fed ra ts  with more t issue cholesterol, this  
process could be accentuated. The inability of phos- 
phatidylcholine liposomes to generate a response simi- 
lar  to tha t  of chylomicrons makes this mechanism un- 
likely, as does the fact tha t  chylomicron phosphatidyl- 
choline is primari ly t ransfer red  to HDL and not to LDL. 

The lack of a similar plasma cholesterol increase in 
chow-fed rats  upon chylomicron influx re-emphasizes 
the importance of the hepatic cholesterol pool. This lack 
of a response in chow-fed rats  could ei ther  be due to: 
(i) an inappropriate hepatic stimulus, (ii) an appropriate 
st imulus with little hepatic response or (iii) both an ap- 
propriate st imulus and response bu t  insufficient hepatic 
cholesterol mass to a l ter  plasma levels. We favor the 
final explanation for a number  of reasons. When triacyl- 
glycerols are given to ra ts  on a fat-free diet, an impres- 
sive increase in acetate incorporation into cholesterol is 
observed after  a la tent  phase similar to tha t  seen in the 
plasma response in cholesterol-fed rats  (23). When he- 
patocytes from chow-fed rats  are given labelled choles- 
terol before being placed in monolayer culture, the cho- 
lesterol label can be provoked to appear  in the medium, 
without an increase in cholesterol mass, by exposure to 
apo E-supplemented triacylglycerol emulsions (manu- 
script in preparation). These observations suggest tha t  
the hepatocytes from chow-fed rats, without  stored cho- 
lesterol, are affected by the influx of chylomicron rem- 
nants  but  do not generate a sufficient level ofl ipoprotein 

cholesterol secretion to produce an increase in plasma 
cholesterol. 

The mechanism by which the apo E-rich emulsions or 
chylomicrons induce the secretion of cholesterol-rich 
lipoproteins is unknown. Previous studies (7) have 
shown an increase in both plasma apo B and apo E with 
cholesterol, so it  is not simply cholesterol enr ichment  of 
existing lipoproteins but  the formation of new lipopro- 
teins. The plasma cholesterol increase was mainly due 
to stored hepatic cholesterol with a lesser synthetic com- 
ponent. This may  also be the case for the apoprotein B 
and E increments.  The entry  of the chylomicron rem- 
nan t  into the liver produces a considerable influx of apo 
E. This apoprotein may  have an endosomal t ransi t  dif- 
ferent  than  tha t  of apo B dissociating from the chylomi- 
cron lipid, with routing to the golgi similar to transfer-  
rin. This apo E cycle may  actually provoke secretion of 
hepatic cholesterol upon exiting the cell. This mecha- 
nism is current ly  under  study. 

The observation that  the clearance of triacylglycerol- 
rich particles provokes an increase in lower density 
lipoprotein cholesterol may also be relevant to humans.  
The conventional Western diet contains significant 
amounts of cholesterol, and individuals on such a diet 
have shown a dramatic effect (4) of lipid restriction on 
plasma LDL cholesterol levels. This may not be totally 
due to cholesterol intake and LDL receptor activity (3), 
but  may be partly in response to the increase in particu- 
late triacylglycerol clearance occun-ing on lipid-rich diets. 
The reciprocal relationship noted for triacylglycerol-rich 
lipoproteins and LDL may also be attributable to this. An 
aberration in triglyceride-rich lipoprotein clearance, even 
as observed in dysbetalipoproteinemia (Type III), may not 
provide the appropriate stimulus for LDL cholesterol pro- 
duction and may result in lowering LDL cholesterol levels. 
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The fatty acid composition of  milk fat is known to be af- 
fected by dietary and genetic differences, while the milk 
triacylglycerol structure is believed to be attuned to the 
needs of  the subsequent lipolysis during gastrointesti- 
nal passage. The availability of milk samples from eight 
species of prosimian primates, whose  milk triacylglyc- 
erol structure had not been analyzed, offered an oppor- 
tunity to further assess these ideas. The milk samples 
were collected by manual expression and the Hpids ex- 
tracted with chloroform/methanol (2:1, vol/vol). The 
lipid classes were resolved by thin-layer chromatogra- 
phy, and the neutral lipids subjected to detailed analy- 
ses by capillary gas-liquid chromatography of  fatty 
acids and molecular species of  triacylglycerols using 
nonpolar and polarizable Hquid phases. The milk sam- 
pies were found to differ greatly in total fat content 
(4-73%) and in the composit ion of the neutral lipid 
classes and molecular species. The concentration of  tri. 
acylglycerols ranged from 88-95%, free fatty acids from 
0.5-10%, alkyldiacylglycerols from 0.5-5.0%, and diacyl- 
glycerols, monoacylglycerols  and free and esterified 
cholesterol made up the remainder. The fatty acid chain 
length ranged from Cs-C24 , with palmitic (16-31%) and 
oleic ( 1 3 - 4 ~ )  acids being the major components  in most 
of the species. In all instances, the molecular associa- 
tion of  the fatty acids differed from random distribution 
by a higher proportion of the monoacid (trioleoyl) and 
diacid (dipalmitoyloleoyl) glycerols. The phylogenetic  
influences on neutral milk lipid composition, however, 
remained unclear, as some of  the differences between 
closely related species were greater than those between 
more distantly related ones. 
Lipids 29, 411-419 (1994). 

Triacylglycerols (TG) compose 98-99% of the milk fat of 
most mammals (1). In nonruminants, the TG are largely 
comprised of long-chain fatty acids of various degrees of 
unsaturation. About 20 different species of acids are 
generally present in larger than trace amounts. It has 
been suggested that the TG fatty acids in milk are 
largely derived from dietary fat and plasma TG, al- 
though the mammary gland is also know to synthesize 
fatty acids (2-4). The composition and molecular associ- 
ation of the fatty acids in the TG molecules are geneti- 
cally influenced (1,4). Recent work has suggested (5) 
that the milk TG structure is tailored for rapid hydroly- 
sis by the concerted actions of lingual and gastrointesti- 

*To whom correspondence should be addressed at BBDMR, Uni- 
versity of Toronto, 112 College St., Toronto, M5G 1L6 Canada. 
Abbreviations: ADG, alkyldiacylglycerol(s); CE, cholesteryl 
ester(s); GC/MS, gas chromatography/mass spectrometry; GLC, 
gas-liquid chromatography; L, linoleoyl; La, lauroyl; M, myristoyl; 
O, oleoyl; P, palmitoyl; Po, palmitoleoyl; S, stearoyl; TG, triacyl- 
glycerol(s); TLC, thin-layer chromatography. Triacylglycerol struc- 
tures are abbreviated by listing their three constituent fatty acids 
in sequence, e.g., PPP, LaOL. 

nal lipases. The availability of the milk samples from 
eight species of prosimian primates provided an oppor- 
tunity to examine the hypothesis further. 

TG composition had been previously determined only 
in the catarrhine primates, such as macaques (6), ba- 
boons (7) and humans (8,9), but very little is known 
about the milk fats of the prosimian primates. Con- 
stituent fatty acids have been studied, however, in two 
closely-related prosimian species (6,10). The present 
data show that the neutral milk fats of the prosimian 
species are similar to those of other primates consider- 
ing their diet and physiological state. 

MATERIALS AND METHODS 

Animal species studied. Milk samples were collected from 
eight species of prosimians (Prosimii: Primates) housed 
at the Duke University Primate Center. These species 
were: (i) Eulemur fulvus (brown lemur); (ii) E. macaco 
(black lemur); (iii) E. mongoz (mongoose lemur); (iv) E. 
rubriventer (red-belhed lemur); (v) Hapalemur griseus 
(gentle bamboo lemur); (vi) Varecia variegata (ruffed 
lemur); (vii) Nycticebus coucang (slow loris); and (viii) 
Otolemur garnettii (greater bushbaby or greater galago). 

Milk collection and storage. Mothers and offspring 
were separated one to three hours prior to milking to 
allow accumulation of milk in the glands. Milk samples 
were obtained by manual expression following intra- 
muscular injection of oxytocin (approximately 4 g/kg) to 
stimulate milk ejection. Each teat was evacuated as 
fully as possible, and any discernible contaminants were 
removed manually before storing at -80"C for subse- 
quent analysis. 

An attempt was made to collect samples near mid-lac- 
tation when milk composition is likely to be relatively 
stable. For lemuroids, samples were collected between 
40 and 75 d postpartum; the sample for N. coucang was 
collected 32 d after parturition. Unfortunately, only an 
early lactation sample collected four days postpartum 
was available for O. garnettii when milk lipid analysis 
was initially undertaken. However, a subsequent cross- 
check for free fatty acid content and TG carbon distrib- 
ution using an O. garnettii milk sample collected seven- 
teen days postpartum revealed a similar lipid composi- 
tion. Samples collected from V. variegata, N. coucanq 
and E. mongoz were shipped on dry ice for analysis. 
Some thawing of these samples may have occurred dur- 
ing shipment, as not all samples arrived frozen. 

Diets. All animals were fed once daily and provided 
water ad libitum from drip-water bottles. The lemuroid 
diet consisted of dry biscuits (Purina Monkey Chow 
5037; Purina Mills, St. Louis, MO) and various types of 
cut fruit, except for the diets of E. mongoz and H. 
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griseus, which contained less fruit but a variety of fresh 
vegetables. Hapalemur griseus were also provided with 
bamboo, part of their native diet, and the bamboo leaves 
were eaten readily by the subjects. Different fruits and 
vegetables were provided daily. 

Otolemur garnettii and N. coucanq were both fed 
cracked high-protein biscuits (Purina Monkey Chow) 
and fruit. The diet of O. garnettii was supplemented 
once a week with mineral oil-soaked crickets, and a 
hard-boiled egg once every two weeks. The diet of N. 
coucanq was also regularly supplemented with crickets. 

Lipid extraction. Milk samples (0.1-0.5 mL) were 
lyophilized and then transferred to 1 x 15 mL centrifuge 
tubes with 1 mL water. The dispersed milk samples 
were diluted with 3 mL methanol and vortexed, followed 
by addition of 2 mL chloroform containing 1 mg tride- 
canoylglycerol as internal standard and vortexing. After 
addition of 4 mL chloroform and 1.25 mL saline, the 
tubes were vortexed and centrifuged. The lower chloro- 
form layer was collected and dried by passing through 
an anhydrous sodium sulfate column and the eluate 
evaporated under nitrogen. The dry residue was redis- 
solved in a small amount of chloroform and an aliquot of 
the total lipid extract used for the determination of total 
lipid profile by capillary gas-liquid chromatography 
(GLC) with a nonpolar liquid phase (11). The samples 
were rerun a l~r  trimethylsilylation. 

Isolation of TG. The TG fraction was recovered from 
each milk lipid extract by thin-layer chromatography 
(TLC) on Silica Gel H (Merck, Darmstadt, Germany). 
The plates (20 • 20 cm, 250 tun thick layer) were devel- 
oped with hexane/diethyl ether (150:30, voYvol), which 
retained free fatty acids close to the origin (Rf = 0.16). 
The TG were resolved (11) into two bands--a small 
upper zone (Rf = 0.61-0.75) containing alkyldiacylglyc- 
erols (ADG) and a large lower zone (Rf = 0.29--0.61) con- 
taining TG. Some milk samples contained a minor band 
(Rf = 0.88) running ahead of ADG, which was due to cho- 
lesteryl esters (CE). The purified neutral lipid bands 
were recovered from the TLC plates by extraction with 
chloroform and were saved for further analysis. 

Determination of fatty acids. Samples were trans- 
methylated with sodium methoxide (12), neutralized 
with dilute acetic acid in hexane and extracted with a 
small portion of chloroform. The organic phase was 
washed once with water and once with water containing 
one drop of aqueous ammonia. The lower phase was 
dried by passing through a short column of anhydrous 
sodium sulfate. The eluate was directly injected into an 
SE-54 capillary GLC column using an on-column injec- 
tor, and the carbon chain length of the fatty acids was 
determined (12). The remainder of the fatty acid methyl 
ester sample was brought to dryness and redissolved in 
hexane. The fatty acid methyl esters were then re-ana- 
lyzed on a 15-m RTx 2330 polar capillary GLC column 
(Restek Corp., Port Matilda, PA) using a 7:1 split injec- 
tion system (13). The carrier gas was hydrogen at 2 psi, 
and the column temperature was programmed from 80 
to 130 ~ at 20~ and then to 220~ at 5~ (13). 
The results from nonpolar and polar GLC columns were 
used together to calculate the final composition. 

Determination of TG. The molecular weight distribu- 
tion of the purified TG and ADG was determined using 
an 8-m DB-5 (SE-54 equivalent) capillary GLC column 
(J&W Scientific, Folsom, CA) as described previously 
(13). The molecular association of fatty acids in the TG 
and ADG was determined by GLC of the intact mole- 
cules on a polarizable capillary column (25 m x 0.25 i.d.) 
coated with 65% phenylmethylsilicone film (OV-22 
equivalent; Quadrex, New Haven, CT) (14) using hydro- 
gen as carrier gas (20 psi). Samples were injected on-col- 
umn at 40~ and, after elution of the solvent, the oven 
was ballistically heated to 220~ when the integration 
mode was initiated and the column temperature was 
programmed at 10~ to 320~ and then at 2~ 
to 360~ The data from the GLC analyses on both the 
nonpolar and polar capillary columns were used for the 
final calculations. 

Determination ofADG. Alkylglycerols and fatty acid 
methyl esters were prepared from ADG by transmethy- 
lation with 1 N sodium methoxide. Alkylglycerol diac- 
etates were prepared with acetic anhydride/pyridine 
(1:1, vol/vol) and analyzed along with the fatty acid 
methyl esters by GLC using both nonpolar (SE-54) and 
polar (SP-2380) capillary columns, as previously de- 
scribed (13). The identities of the peaks were confirmed 
by gas chromatography/mass spectrometry (GC/MS) 
using an HI ) 5989 mass spectrometer and an H_P 5890 
Series II gas chromatograph (Hewlett-Packard, Palo 
Alto, CA). Injections were made via a splitless injector 
port set at 290~ and a 12 m x 0.2 mm capillary column 
coated with 0.33 pm HP-1 (Hewlett-Packard) was used. 
The oven temperature was initially held at 100~ for 0.5 
min and then programmed to 190~ at 20~ to 
240~ at 5~ and finally to 290~ at 10~ 
Electron impact mass spectra (m/z 50-500) were ac- 
quired every two seconds using 70 eV ionization energy. 
The alkylglycerol diacetates were identified primarily 
on the basis of the [M - 103] +, [M - 60] +, [alkyl] § and m/z 
159 ions (15). 

RESULTS 

Figure 1 shows a representative GLC profile of the neu- 
tral lipid fractions isolated from milk samples (E. 
macaco). The even carbon numbered TG (C38~C54) con- 
stituted the bulk of the neutral lipids. There were also 
small amounts of odd carbon numbered TG, along with 
overlapping ADG (see below), which emerged between 
the even carbon numbered TG and possessed a normal 
distribution curve  (C39-C49 on the TG scale). The dia- 
cylglycerol peaks were resolved into saturated and un- 
saturated fractions, which varied in proportion with 
chain length (C26-C36). The next largest fraction was 
due to free fatty acids, which ranged from C8-C18, and 
also yielded partial resolution between saturated and 
unsaturated species. Free cholesterol and monoacylglyc- 
erols were present in the lowest amounts. Table 1 gives 
the quantitative composition of the neutral lipid classes 
of the various milk samples. The fat concentration of the 
samples varied from 0.29 to 7.3%, consistent with previ- 
ous analyses employing gravimetric methods (16,17). 
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FIG. 1. Total neutral lipid profile of a representative 
prosimian (Eulemur macaco) milk sample as obtained for 
the trimethylsilyl ethers by capillary gas-liquid chro- 
matography on a nonpolar liquid phase. Peak identifica- 
tion: 8-18, free fatty acids of 8-18 acyl carbons; 14-18, 
monoacylglycerols (MG) with 14-18 acyl carbons; CHOL, 
free cholesterol; 26-36, diacylglycerols (DG) with 26-36 acyl 
carbons; 38-56, triacylglycerols with 38-56 acyl carbons; 
39-49, alkyldiacylglycerols with 40-50 carbons in the 
chains. GLC conditions as described previously (Ref. 12). 

Proportionally, the TG made up 70--95% of total lipid. The 
major nonglycerolipid component was free fatty acid 
(1-16%) with a nearly constant proportion of free diacyl- 
glycerols (3-10%). Monoacylglycerols were absent. On the 
basis of the molecular weight distribution, the diacylglyc- 
erols were largely made up of the 14-16, 16-16 and 16-18 
combinations of saturated and unsaturated fat ty acids. 
The peak identity was confirmed by TLC/GLC analysis 
and by cochromatography with standards. The presence of 
the ADG was confirmed by a GC/MS identification of the 
alkylglycerol moieties as the diacetates. 

Table 2 give{ the carbon number  distribution of the 
neutra l  lipid classes as obtained by GLC on nonpolar 
capillary columns for the eight milk samples. The car- 
ben numbers  were consistent with the free fat ty acid 
composition, al though a random distribution did not ap- 
pear  to be present.  The odd carbon numbered  TG, ADG, 
and CE were combined and recorded under the odd car- 
bon number  of TG. Separate  est imates for the ADG are 
given below. 

Figure 2 compares the carbon number  distribution for 
the TG and ADG purified from a milk sample especially 
rich in the alkyl ethers  (E. rubriventer). The ADG were 
made up of mixed fat ty  acid esters of Cz6 (28%), C18 
(48%) and C18:1 (23%) alkylglycerols ranging in total 
nonglycerol carbon number  from C38 to C58. The ADG 
were est imated to make up about 0.5% of the total TG 
fraction in this sample. Other  milk fat samples con- 
rained less ADG, but  possessed similar carbon number  
distributions. 

Table 3 shows considerable variat ion in the fat ty acid 
composition of the purified TG samples, al though near ly  
all contained 8:0-24:1 acids. Palmitic acid was a major 
fat ty acid, comprising over 20 mole percent  in all milks 
except tha t  of E. fulvus, which contained myristic and 
lauric as the major fat ty acids. Varecia variegata, 0. gar- 
nettii and E. mongoz contained oleic acid as the major 
component. All samples contained significant amounts  
(7-14%) of linoleic acid, bu t  only traces of 20:4 and other  
long chain polyunsaturated fat ty acids. The fat ty acids 
of the purified ADG fractions contained, on average, 
14:0 (22%), 16:0 (30%), 18:1n-9 (17%) and 18:2 (11%) as 
major components and 12:0 (7%), 16:1 (8%), 18:0 (3%) 
and 18:1n-7 (1.4%) as minor components. 

Figure 3 gives the polar capillary GLC profiles of in- 
tact  TG from two milk samples from E. rubriventer (Fig. 
3A) and V. variegata (Fig. 3B), which differed greatly in 

TABLE 1 

Neutral Lipid Class Composition of Some Prosimian Primates a 

Lipid Primate species 
class b (1) (2) (3) (4) (5) (6) (7) (8) 

Total 4.0 11.5 
Total c 5.0 11.5 

CHOL c 0.7 0.4 
FFA 16.5 11.4 
DG 10.1 7.0 
ADG + CE 2.7 d 6.0 
TG 70.1 75.2 
Total 100.0 100.0 

(mg/g fresh weight) 

2.9 - -  29.4 9.5 10.2 73.1 
3.1 10.4 29.1 13.9 16.3 85.5 

(percent total) 

0.8 0.4 0.4 0.5 0.3 0.4 
12.2 6.8 11.2 7.1 trace 1.3 
4.7 7.1 9.3 5.4 trace 3.2 
0.1 2.3 1.7 4.1 7.2 0.0 

82.4 82.4 77.4 82.9 92.5 95.2 
100.0 100.0 100.0 100.0 100.0 100.0 

aPrimate species: (1) Eulemur fulvus; (2) E. macaco; (3) E. mongoz; (4) E. rubriventer; (5) Hapalemur 
griseus; (6) Varecia variegata; (7) Nycticebus coucang; (8) Otolemur garnettii. 
bCHOL, free cholesterol; FFA, free fatty acids; DG, diacylglycerols; ADG + CE, alkyldiacylglycerols + cho- 
lesteryl esters; TG, triacylglycerols. 
cSingle estimates based on species mean dry matter values. 
dSingle estimates; values subtracted from total lipid profiles. 
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TABLE 2 

Carbon Number  Distribution of  Neutral  Milk Lipids 
of Some Pros imian Primates  (% lipid class) a 

Lipid Primate species 

class (1) (2) (3) (4) (5) (6) (7) (8) 

Free fatty acids 
C8 1.5 1.3 1.1 2.5 1.1 2.1 1.0 
Ct0 10.2 4.3 1.2 1 1 . 7  15.9 2.1 5.2 5.0 
C12 21.9 13.8 3.3 1 7 . 4  18.1 5.9 5.5 6.3 
C14 20.4 20.8 6.4 1 6 . 1  12.5 9.6 7.5 7.7 
C16 15.8 25.3 25.7 1 8 . 3  20.3 22.5 23.6 26.6 
Cls 30.3 34.6 62.3 34.0 32.2 57.9 57.2 54.4 

Diacylglycerols 
C2s 7.9 4.7 3.6 2.3 
C28 16.5 7.1 3.5 10.2 8.0 5.3 3.5 
C30 17.2 10.9 1 2 . 2  12.8 9.0 2.8 11.4 4.3 
C32 13 .5  20.6 1 1 . 1  14.9 12.7 9.9 13.4 11.6 
C34 22.4 23.5 31.7 22.8 23.5 23.4 21.3 24.1 
Ca6 1 7 . 3  25.8 34.9 26.5 32.1 44.8 33.7 34.6 
C38 5.2 12.1 6.6 8.1 10.0 1 9 . 1  1 2 . 7  21.9 

Cholesteryl esters + alkyldiacylglycerols + triacylglycerols b 
C37 0.0 0.0 0.04 0.0 0.04 0.0 0.0 0.04 
C39 0.1 0.0 0.0 0.1 0.1 0.04 0.0 0.1 
C41 0.1 0.1 0.0 0.2 0.2 0.1 0.1 0.2 
C43 0.3 0.4 0.1 0.3 0.5 0.2 0.2 0.4 
C45 0.3 0.5 0.2 0.4 0.5 0.4 0.5 0.5 
C47 0.2 0.5 0.3 0.3 0.5 0.5 0.7 0.6 
C49 0.1 0.3 0.5 0.2 0.5 0.7 0.9 1.1 
C51 0.0 0.3 0.9 0.2 0.5 0.8 1.1 1.8 
C53 0.0 0.1 0.5 0.0 0.3 0.6 0.8 1.3 
Cs5 0.0 0_0 0.0 0.0 0.0 0.0 0.2 0.3 

Triacylglycerols b 
C32 0.3 0.1 0.0 0.2 0.2 0.0 0.2 0.2 
C34 1.1 0_1 0.0 0.6 0.6 0.0 0.2 0.5 
C36 3.2 0.4 0.1 1.4 1.4 0.1 0.5 1.0 
C3s 7.7 1.4 0.4 3.4 3.2 0.4 1.0 2.1 
C4o 14.3 5.2 1.0 7.6 6.6 1.1 2.0 3.2 
C42 18.6 14.0 1.9 1 5 . 1  12.6 3.4 4.5 4.7 
C44 22.0 23.7 3.8 23.0 18.2 8.2 9.2 6.8 
C~ 15.6 24.7 5.9 20.7 15.6 12.4 15.4 7.8 
C4s 6.7 13.8 9.8 1 0 . 2  1 1 . 1  1 2 . 5  16.6 9.6 
C50 4.1 6.5 21.0 6.3 1 1 . 9  1 9 . 3  1 5 . 7  16.4 
C52 4.2 5.6 40.0 5.5 1 1 . 7  28.7 21.3 26.2 
Cs4 1.3 2.0 11.2 2.0 3.6 9.6 7.1 12.4 
Cs6 0.0 0.5 2.2 1.9 0.2 0.9 1_2 2.2 
Css 0.0 0.0 0.4 0.5 0.0 0.0 0.4 0.5 
C6o 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 

aprimate species as in Table 1. Single determinations from a series 
of calibrated runs. 
bAs percentage of combined cholesteryl esters, alkyldiacylglycerols 
and odd and even carbon number triacylglycerols. 

t he  a v e r a g e  ca rbon  n u m b e r  and  degree  of  u n s a t u r a t i o n .  
F i g u r e  3A shows the  profi le  ob ta ined  for t he  sho r t e r  
cha in  TG sample .  The  m o l e c u l a r  species  r a n g e d  f rom 
C32 to C54. Only  t h e  longer  cha in  species  could be t en t a -  
t i ve ly  ident i f ied ,  the  shor t  cha in  species  showed  m o r e  
ove r l ap  and  probab ly  gave  r e so lu t i on  of  i sobar ic  TG 
w i t h i n  ca rbon  and  double  bond  n u m b e r s ,  as  p rev ious ly  
obse rved  for o the r  shor t  cha in  TG (14). F i g u r e  3B shows 

Q) 
~0 
r  , v ~  
O 
Q :]8 5 4 ,  
CO 

0 )  ~,2 s e  rr 

Temperature Gradient, 40-350~ 

FIG. 2. Carbon number d is t r ibut ion in  the tr iacylglyeerol 
and aikyldiacylglycerol  fractions purified from the same 
sample  of mi lk  (Eulemur rubriventer). Peak  identif ication of  
tr iacylglycerols  and alkyldiacylglycerols  and abbreviations 
as in F igure  1. GLC condi t ions  as g iven in text.  

r e so lu t ion  ba sed  on the  n u m b e r  of  double  bonds  pe r  T G  
molecu le  w i t h i n  each  ca rbon  number .  Whi l e  t he  i d e n t i t y  
of  t h e  long cha in  TG could be r ead i ly  e s t ab l i shed  (14,18), 
t h a t  of  t he  shor t  cha in  TG could be d e t e r m i n e d  only w i t h  

TABLE 3 

Fat ty  Acid Composit ion of  Triacylglycerols  Pur i f ied  from 
the Milk Samples  of  Some Pros imian  Pr imates  (mole %)a 

Fatty Primate species = 

acids il)  (2) (3) (4) (5) (6) (7) (8) 

8:0 0.2 0.2 0.0 1.0 1.6 0.0 0.0 0.6 

10:0 7.6 3.4 1.1 8.5 8.2 1.7 0.7 3.8 
10:1? 0.1 0.0 0.0 0.1 0.2 0.0 0.0 0.0 

12:0 22.5 15.6 2.9 15.4 9.6 5.6 7.5 5.8 
12:1? 0.3 0.0 0.0 0.0 0.1 0.0 0.0 0.0 

14:0 21.2 19.5 6.2 16.6 11.4 9.0 12.1 7.3 
14:1 2.4 1.8 0.4 1.5 0.6 0.5 0.1 0.3 

15:0 0.0 0.1 0.1 0.1 0.2 0.1 0.3 0.2 
15:1 0.0 0.0 0.0 0.0 0.0 0.1 0.2 

16:0 16.1 28.0 27.4 20.6 22.0 24.9 31.2 22.6 
16:1n-7 4.0 5.3 6.8 4.5 6.5 6.4 2.5 5.9 

17:0 0.0 0.0 0.2 0.2 0.2 0.2 0.6 0.4 
17:1 0.5 0.5 0.4 0_4 0.6 0.5 0.5 0.9 

18:0 1.3 1.5 2.2 2.0 1.4 2.3 4.5 2.6 
18:1n-9 13.9 13.0 32.4 14.5 21.0 39.3 22.1 32.9 
18:1n-7 1.0 1.7 1.5 1.5 2.0 2.4 3.0 2.4 
18:2n-6 7.3 7.2 14.1 9.9 8.7 5.4 12.3 9.2 
18:3n-3 0.4 0.4 0.8 0_6 1.0 0.3 0.6 0.8 

20:1n-9 0.1 0.2 0.2 0.2 0.2 0.3 0.5 0.6 
20:1 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.2 
20:2n-6 0.2 0.3 0.4 0.5 0.2 0.2 0.7 0.4 
20:3n-6 0.3 0.3 0.3 0.5 0.3 0.1 0.1 0.5 
20:4n-6 0.2 0.5 0.4 0.5 0.4 0.1 0.1 0.9 
20:5n-3 0.1 0.1 0.4 0.2 0.1 0.2 0.1 0.1 

22:1 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.1 
22:5n-3 0.1 0.2 0.4 0.3 2.4 0.2 0.0 0.4 
22:6n-3 0.1 0.2 0.8 0.4 1.0 0.1 0.2 0.5 
24:1n-9 0.0 0.0 0.5 0.1 0.3 0.2 0.1 0.4 

t he  profi le ob ta ined  for t he  l onge r  cha in  T G  sample .  The  aPrimat e species as in Table 1. Single determinations from a series 
m o l e c u l a r  species  r a n g e d  f rom C32 to C54 w i t h  ex tens ive  of calibrated runs. 
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FIG. 3. Polarizable capillary gas-Hquid chromatography 
(GLC) profiles of  two prosimian milk samples exhibit ing ex- 
tremes in carbon number distribution. A, Eulemur  rubriven- 
ter; B, Varecia variegata.  Peak identif ication as g iven in the 
figure and in text; 30~,  tridecanoylglycerol  internal  stan- 
dard; 32:0 to 46:3, triacylglycerols  with a total of  32-46 acyl  
carbons and 0-3 double bonds. P, palmitic; M, myristic; S, 
stearic; O, oleic; L, l inoleic  acids. GLC condit ions were as 
g iven in text for the polarizable column GLC of lipids. 

respect to the carbon number and degree of unsatura- 
tion. Similar patterns were recorded for the TG pre- 
pared from the other milk samples. Table 4 gives the 
quantitative molecular species composition of the milk 
TG as calculated by utilizing the results obtained on 
polar and nonpolar capillary columns. The molecular 
species of the TG reflected the composition of the major 
fatty acids, but differed from a random distribution by a 
higher proportion of monoacid (trioleoyl) and diacid (di- 
palmitoyloleoyl) TG than calculated on basis of random 
distribution. 

Figure 4 illustrates the polarizable capillary GLC res- 
olution of the ADG isolated from one of the milk samples 
(E. rubriventer). The peaks were identified by reference 
to the fatty acid and alkylglycerol compositions, the dis- 
tribution of the carbon numbers obtained by nonpolar 
capillary GLC, and by reference to standards. There was 
one saturated (both medium and long chain) or one mo- 
nounsaturated chain per molecule. Table 5 gives the 
quantitative composition for two of the ADG samples re- 
solved on the polarizable capillary GLC column. The 
proportions of the various ADG reflected the fatty acid 
and alkylglycerol compositions, but differed signifi- 
cantly from the distributions anticipated from a strictly 
random combination of the respective chains. 

~ 
a 

perature Gradient, 40-3,50~ 

FIG. 4. Polarizable capillary GLC profile of the purified a]kyl- 
diacylglycerol fraction from a pro~imlnn milk sample (Eule. 
tour rubriventer). Peak identification and abbreviations as in 
Figure 3. GLC conditions as in text and in Figure 3. 

DISCUSSION 

The availability of milk samples from eight species of 
prosimian primates, which previously had not been an- 
alyzed, offered an opportunity to examine the validity of 
some current hypotheses about the purposeful design of 
milk fat TG structure. Eulemur species, Varecia and 
Hapelemur are members of a monophyletic group, the 
Lemuroidea, who range in size from approximately one 
to three kilograms, and are only found today on the is- 
land of Madagascar. Recent work has confirmed the 
close relationships among the separate Eulemur species 
and suggested that the Hapalemur species, along with 
Lemur catta, form a sister group to Eulemur (19-23). 
The relationship of Varecia to the other lemurs is more 
distant still. Recently, the inclusion of Varecia with Eu- 
lemur, Lemur and Hapalemur in the family Lemuridae 
has been questioned (Refs. 20, 22; J.M. Macedonia and 
ILF. Stanger, 1993, unpublished results). 

Nycticebus coucang and O. garnettii are representa- 
tives of two major sister taxa within the suborder 
Lorisidea. The slow loris, N. coucang, represents the 
Lorisoidea (lorises), and O. garnettii represents the 
Galagidae (galagos). Lorisoids are continentally-distrib- 
uted, small (0.2-1.2 kg), nocturnal prosimians. Lorises 
are found in both Africa and Asia; the slow loris, N. cou- 
cang, is widely distributed throughout southeast Asia. 
Galagos, including O. garnettii, are found on the African 
continent. 

Fatty acid composition. In common with many other 
mammalian species, the studied prosimians produced 
milk fat containing large proportions of palmitic and 
oleic acids. Short chain fatty acids (less than C s) were 
absent. The odd carbon numbered fatty acids, which 
constitute a significant proportion of total fatty acids in 
ruminant milk fats (13), were also largely absent. Fatty 
acid chains of C s were present in significant amounts 
only in E. rubriventer and H. griseus. Milks of Eulemur 
species generally contained high levels of medium chain 
(Ct0 to C15) acids (40.5-54.3%), except for E. mongoz, 
which had the lowest (10.5%). The milk fats orE. fulvus, 
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TABLE 4 

Molecular Species  Composit ion of Milk Triacylglycerols from Some Pros imian Primates  (area %)a 

Molecular 
species b 

Primate species Molecular 
(1) (2) (3) (4) (5) (6) (7) (8) species b (1) 

Primate species 

(2) (3) (4) (5) (6) (7) (8) 

32:0 

34:0 

36:0 

38:0 
38:1 

40:0 
40:1 

42:0 
42:1 

43:0 

44:0 
44:1 
44:2 

46:0 
46:1 
46:2 
46:3 

0.2 0.1 0.0 0.2 0.2 0.0 0.1 0.2 

0.9 0.1 0.0 0.5 0.4 0.0 0.2 0.5 

2.6 0.3 0.1 1.0 0.8 0.1 0.5 0.9 
0.5 0.1 0.0 0.3 0.4 0.0 0.1 0.0 
0.0 0.0 0.0 0.1 0.3 0.0 0.0 0.2 

5.8 1.0 0.4 2.3 2.0 0.3 0.8 1.1 
1.6 0.3 0.0 0.8 1.0 0.1 0.2 0.5 
0.3 0.1 0.0 0.3 0.0 0.0 0.1 0.5 
0.1 0.0 0.0 0.0 0.2 0.0 0.0 0.0 

9.0 3.9 0.7 4.7 3.1 1.0 1.6 1.3 
3.9 1.2 0.3 2.1 2.1 0.1 0.0 1.0 
1.0 0.0 0.0 0.5 1.1 0.0 0.3 0.6 
0.2 0.2 0.0 0.2 0.4 0.1 0.2 0.3 
0.1 0.0 0.0 0.0 0.1 0.3 0.0 0.3 
0.2 0.2 

7.5 8.5 1.1 6.3 3.8 2.9 2.4 1.7 
7.3 3.5 0.6 5.8 3.2 0.5 0.6 1.4 
0.0 0.0 0.0 0.0 2.3 0.0 0.6 1.0 
3.2 1.0 0.2 2.5 2.1 0.1 0.6 0.7 
0.2 0.0 0.0 0.2 0.3 0.1 0.3 0.4 

0.4 0.4 0.0 0.3 0.4 0.0 0.0 0.0 
0.2 0.6 0.0 0.3 0.7 0.0 0.2 0.0 
0.2 0.5 0.0 0.0 0.2 0.0 0.0 0.0 

3.5 11.1 0.9 4.8 2.9 6.3 5.0 1.2 
10.6 8.9 2.0 10.2 8.9 1.7 2.4 3.0 
6.6 3.3 0.9 6.2 4.6 0.4 1.3 1.6 
1.4 0.4 0.1 1.6 1.2 0.2 0.5 0.6 
0.0 0.0 0.0 0.0 0.8 0.1 0.3 0.0 
0.1 0.6 0.0 0.5 0.3 0.0 0.2 0.9 

1.0 5.5 0.9 2.1 1.5 7.0 5.4 1.2 
7.0 11.6 3.2 8.7 6.7 5.0 4.4 3.7 
5.7 6.1 1.6 7.0 4,7 0.1 2.9 2.4 
1.1 0.9 0.3 1.5 2.0 0.4 1.2 1.2 
0.6 0.7 0.0 1.0 0.0 0.0 1.2 0.0 
0.3 0.3 0.0 0.6 0.6 0.3 1.0 0.0 

0.0 0.2 0.0 0.0 0.6 0.1 0.0 0.0 

48:0 (PPP) 0.3 1.2 1.0 0.7 1.0 3.7 5.1 1.2 
48:1 (PMO) 1.7 5.5 5.0 2.9 3.7 5.5 6.4 4.0 
48:2 (MPoO) 1.1 4.8 0.0 0.0 1.6 1.5 4.4 1.8 
48:2 (MPL) 1.2 0.0 3.3 3.7 2.3 1.3 0.0 1.8 
48:3 (LaOL) 1.8 1.6 1.0 2.0 2.2 0.7 1.6 1.8 

0.7 0.7 0.0 0.7 0.8 0.4 0.0 0.0 
0.0 0.4 0.0 0.5 0.0 0.1 0.0 0.0 

50:0 (PPS) 0.1 0.3 0.7 0.3 0.6 1.9 2.3 0.9 
50:1 (PPO) 1.0 1.5 6.9 1.1 3.0 10.2 5.3 5.8 
50:2 (MOO) 0.8 0.7 0.0 1.0 5.1 3.0 0.0 2.4 
50:2 (PLP) 0.9 1.8 10.0 1.3 0.0 3.3 5.3 5.3 
50:3 (MOL) 1.0 1.9 3.3 1.9 2.9 1.5 2.6 3.2 

0.3 0.7 1.0 1.0 0.8 0.3 1.4 1.6 

52:0 (PSS) 0.0 0.0 0.2 0.0 0.0 1.1 1.2 0.2 
52:1 (POS) 0.4 0.3 2.7 0.4 0.8 4.8 2.5 2.3 
52:2 (POO) 2.1 1.8 16.6 1.3 3.8 16.1 6.2 11.0 
52:2 (PLS) 0.0 0.4 0.0 0.6 1.2 0.0 2.2 3.0 
52:3 (PLO) 1.4 2.2 15.7 2.1 4.3 6.0 7.2 8.1 
52:4 (PLL) 0.4 1.0 5.4 1.1 1.9 1.3 2.9 3.0 

54:1 (OSS) 0.0 0.0 0.2 0.0 0.0 0.2 0.6 0.2 
54:2 (SO0) 0.2 0.1 1.3 0.1 0.2 0.9 0.9 1.7 
54:3 (OOO) 0.4 0.4 2.8 0.3 0.8 4.7 1.2 3.8 
54:3 (SLO) 0.1 0.3 1.7 0.5 0.3 1.1 1.4 1.9 
54:4 (OOL) 0,4 0.6 3.6 0.7 1.5 2.3 1.2 3.9 

0.0 0.0 0.0 0.0 0.0 0.0 0.9 0.0 
54:5 (OLL) 0.3 0.6 1.6 0.5 0.8 0.4 1.1 1.2 

C56 0.0 0.5 2.2 1.9 0.2 0.9 1.2 2.2 

C58 0.0 0.0 0.4 0.5 0.0 0.0 0.4 0.5 

C~ 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 

aprimate species as given in Table 1. Single determinations from a series of calibrated runs. 

bTotal number of acyl carbons:total number of double bonds in a triacylglycerol molecule; L, linoleoyl; La, lauroyl; M, myristoyl; O, oleoyl; 
P, palmitoyl; Po, palmitoleoyl; S, stearoyl; C56, Css and C6o, triacylglycerols of 56, 58 and 60 acyl carbons, respectively, and unspecified 
degree of unsaturation. 

E. macaco and E. rubriventer w e r e  v e r y  s im i l a r  to each  
o the r  and  were  c h a r a c t e r i z e d  by a h igh  p ropor t ion  of  C12 
and  C14 acids. Eulemur  fulvus r e p r e s e n t e d  the  ex t r eme ,  
h a v i n g  a h i g h e r  pe r cen t age  of  m e d i u m  cha in  acids  t h a n  
of  C16 and  ClS f a t ty  acids. Eulemur mongoz h a d  moder -  
a te  leve ls  of  m e d i u m  cha in  acids  and  g r e a t e r  q u a n t i t i e s  
of  C18 acids, as  did t he  lor isoid p r i m a t e s  and,  to some ex- 
ten t ,  H. griseus and  Varecia. P a l m i t i c  acid was  promi-  
n e n t  in  mi lk s  of  m o s t  species,  bu t  w a s  pa r t i cu l a r l y  h igh  

in N. coucang. In  m a n y  respects ,  t he  m i l k  o f E .  mongoz 
r e s e m b l e s  t h a t  of  H. sapiens, w i t h  s imi l a r  levels  of  
pa lmi t ic ,  oleic and  l inoleic  acids a n d  s m a l l e r  q u a n t i t i e s  
of  longer  cha in  fa t ty  acids, such  as 20, 22 and  24 acyl 

carbon  homologues .  
To some e x t e n t  the  d i f ferences  in  fa t ty  acid composi-  

t ion  obse rved  a m o n g  species  m a y  be a consequence  of  
d i e t a ry  dif ferences .  The  d ie t  of  t he  l a c t a t i n g  m o t h e r  
has  been  shown a m o n g  h u m a n  subjects  to h a v e  a 
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TABLE 5 

Molecular Species Composition of Alkyldiacylglycerols from the Milk of Two Prosimian 
Primates (area %)a 

417 

Molecular Primate species Molecular Primate species 
species (4) (6) species (4) (6) 

C38 0.5 0.1 50:0 (PPS) 1.9 26.1 
0.2 50:1 (PPO) 8.2 

50:2 (MOO) 7.4 
C40 0.7 0.2 50:2 (PLP) 1.8 

0.9 50:3 (MOL) 0.7 
O.5 O.7 
0.3 0.4 

C41 0.4 
0.4 52:0 (PSS) 0.6 37.8 

52:1 (POS) 4.2 
C42 2.7 0.7 52:2 (PO0) 3.3 

0.9 52:2 (PLS) 3.7 
52:3 (PLO) 4.0 

C43 0.3 52:4 (PLL) 1.1 
0.7 1.4 

0.3 
C~ 5.3 2.0 

2.5 
0.6 

C45 0.9 
0.6 

46:0 7.4 
46:1 3.8 
46:2 1.3 

47:0 1.3 
0.3 

0.5 
1.0 

48:0 (PPP) 5.6 
48:1 (PMO) 7.8 
48:2 (MPL) 0.0 

3.5 
48:3 (LaOL) 0.3 

49:0 ? 0.9 
0.8 

SUM 99:7 

5.5 

13.6 

54:0 0.3 10.9 
0.8 
0.8 
1.4 
0.5 
1.1 
0.4 
0.2 
0.3 
0.1 
0.1 
0.1 

56:0 0.0 3.2 
0.1 
0.2 
0.2 
0.2 
0.1 
0.3 
0.2 
0.2 

100.0 
a(4) Eulemur rubriventer; (6) Vareca variegata; abbreviations as in Table 4. Single determinations from a se- 
ries of calibrated runs. 

predictable relationship with milk composition (4). 
H u m a n  mothers  on high-carbohydrate/low-fat  diets 
have been reported to produce milk enriched in medium 
chain fatty acids (4), which appear to be synthesized de 
novo in the mammary  gland ra ther  than  being derived 
from blood or dietary precursors (24). Thus, the high lev- 
els of medium chain fatty acids in most Eulemur  spp. 
(except E. mongoz) may reflect low-fat intakes and rela- 
tively increased mam mary  synthesis. I t  is possible tha t  
the inclusion of vegetables in the diet ofE.  mongoz (not 
offered to other Eulemur  species) may partly explain 

higher levels of long chain fat ty acids in the milk of this 
species as compared to other Eulemur  species. However, 
Varecia consumes a diet tha t  is comparable to tha t  of the 
other Eulemur,  but produces milk more similar in fat ty 
acid composition to tha t  of E. mongoz. 

The relatively high proportion of free fat ty acids in 
some of the milk samples is reminiscent of tha t  seen in 
the milk of a human  Type I hyperlipoproteinemia pa- 
tient (11,25), who presumably synthesize much of the 
fatty acid fraction in the mammary  gland due to an in- 
ability to clear plasma TG because of a lack of lipopro- 
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tein lipase (26). Alternatively, the free fa t ty  acids could 
have come from lipolysis of the milk TG, to which they 
correspond in composition. However, those samples (V. 
variegata, N.  coucang and E. mongoz) ,  which had 
thawed, did not have higher  free fat ty acid concentra- 
tion than  samples tha t  remained frozen at  -80~ prior to 
analysis. 

TG composit ion and  structure. The milk TG of Eule- 
m u r  species tended to have the lowest average acyl car- 
bon number. E u l e m u r  fu lvus  was extreme among the 
lemuroids, as it had  much greater  proportions ofC36 and 
C3s TG in relation to C4o to C46 TG. Varecia species dif- 
fered from others by having very little C4o and little C42. 
E u l e m u r  species (excluding E. mongoz)  had little or no 
TG with C50 or higher  acyl carbons, while the C52 TG 
made up about 40% of the total in E. mongoz  and 30% in 
V. variegata. Among lorisoids, TG with the longer chains 
were more prominent,  as would be expected from the 
fat ty  acid composition. Thus, C44-C52 TG were major 
components of both N. coucang and O. garnett i i .  The  
longer chain TG in all instances were made up mainly of 
PMO, MPoO, PPO, PLP, POO, PLO, OOO and OOL TG 
in varying proportions. 

The work of Hansen  et al. (27) has shown tha t  the 
monoacylglycerol pa thway of TG synthesis is absent  
from the mammary  gland of the goat, in which case TG 
have to be formed exclusively via the phosphatidic acid 
pathway. This pa thway proceeds via long chain diacyl- 
glycerol intermediates  with mono- and diunsatura ted  
fat ty acids in the sn-2 position. Because medium chain 
fat ty  acids (Cs-C12) are not readily incorporated into the 
phosphatidic acid and thus into the diacylglycerol inter- 
mediates,  it would be anticipated tha t  the short and 
medium chain fat ty acids would occupy mainly the sn-3 
position, as has already been shown for human  (9) and 
ruminan t  (28-30) milk fats. In such a case, the biosyn- 
thetic diacylglycerol intermediates  isolated from the 
milk fat  would contain only long chain species, mainly 
C32 , C34 and C~6 derivatives. As the neutra l  lipid profiles 
indicated the presence of both medium and long chain 
length  diacylglycerols (Table 2), as well as small 
amounts  of long chain monoacylglycerols, it  would ap- 
pear  t ha t  the diacylglycerols were p redominan t ly  
formed by hydrolysis due to lipoprotein lipase present  in 
fresh milks. This enzyme attacks the sn-1 position, pref- 
erentially producing medium and long chain diacylglyc- 
erols of the sn-2,3 configuration (31,32). Alternatively, 
t issue damage during manual  expression of the milk 
may have led to release of lipases, result ing in lipolysis. 

A D G  composit ion and  structure. ADG have been de- 
tected in milk samples of ruminants  (33,34) and in a 
heal thy human  female (34). Although the origin of the 
alkylglycerol moiety of these glycerolipids is not known, 
dietary alkylglycerols would appear  to be the most likely 
precursors. The sn-1 monoalkylglycerols released from 
food glycerophospholipids in the intestinal  lumen are 
readily absorbed and incorporated into tissue lipids 
(35,36). Therefore, the alkyl group in the ADG would be 
anticipated to be located in the sn-1 position. 

Although the prosimian primates were not main- 
tained on rigidly controlled dietary regimens, the differ- 

ences in the fat ty acid and neutra l  glycerolipid composi- 
tion were consistent with dietary influences within the 
limits of the experimental  controls. The phylogenetic in- 
fluence on neutra l  milk lipid composition, however, re- 
mained unclear as some of the differences between 
closely related species were greater  than  those between 
more distantly related ones. 
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The sterol  compos i t ion  of  free sterol  and steryl  es ter  
fractions of  the fish parasite  Paratenuisentis ambiguus 
was  determined.  In addition, the fatty acid compos i t ion  
of various neutral  l ipid classes,  i.e., wax  esters,  steryl  es- 
ters, tr iacylglycerols  and free fatty acids,  as wel l  as the 
compos i t ion  of  the 1-O-alkyl moie t i e s  of  total e ther  glyc- 
erol ipids of  the parasite,  were  investigated.  The results  
of  these  s tudies  were  compared with  those  obtained on 
the intest inal  tract t i ssue  of  its host,  the eel  (Anguilla 
anguilla). Cholesterol  is  the major sterol  in both P. am- 
biguus and A. anguilla. However,  the sterols  of  P. am- 
b/guus contain high proport ions  (>20%) of  other sterols,  
such as campestero l  and various dehydrosterols .  [e.g., 7- 
dehydrocho les tero l  and cholesta-5,22(E)-dienol].  The 
presence  of  these  minor  sterols  agrees  with  the k n o w n  
b iotransformat ions  of  exogenous  s terols  in var ious  
helminths .  Considerable differences are found in the 
fatty acid compos i t ion  of  neutral  l ipid fractions, as wel l  
as the total  l ipid extract  from the endoparasi te  as com- 
pared to the host  t issue.  In particular, e icosapentaenoic  
acid (20:5n-3), other polyunsaturated fatty acids, such as 
20:4n-6, 22:5n-3 and 22:6n-3, as wel l  as long-chain satu- 
rated fatty acids,  such as 20:0, are general ly  enriched in 
the neutral  l ipid fractions of  the parasite  as compared 
to those  of  infected eel  intest ine.  The analysis  of  e ther  
glycerol ipids  revealed that 1-O-hexadecyl (16~) and 1-O- 
hexadecenyl  (16:1) moiet ies  were  present  in s imilar  pro- 
port ions  in the ether l ipids of  both P. ambiguus and eel 
intest ine ,  whereas  1-O-octadecyl (18:0) moie t i e s  are 
more  prominent  in the parasite  and 1-O-octadecenyl 
(18:1) moie t i e s  in the eel.  The results  of  these  s tudies  
show that P. ambiguus has specific mechan i sms  for the 
regulat ion of  the sterol  and fatty acid compos i t ion  of  its 
neutral  lipids. 
Lipids 29, 421--427 (1994). 

Lipid composition and metabolism have not been exten- 
sively studied in Acanthocephala. Some earlier histo- 
chemical studies have shown that  lipid deposits occur in 
various tissues of these endoparasites (1). The total lipid 
content, as well as the ratio of neutral lipids to phos- 
pholipids, was found to vary among some acanthocepha- 
lans, e.g., Moniliformis moniliformis, Macracan- 
thorhynchus hirudinaceus and Sphaerirostris pinguis 
(2,3). In addition, differences in total lipid contents have 
been shown between male and female organisms of the 

1Dedicated to Professor Helmut If. Marigold on the occasion of his 
70th birthday. 
*To whom correspondence should be addressed at Institut fiir Bio- 
chemie und Technologie der Fette, H.P. Kaufmann-Institut, 
BAGKF, P.O. Box 1705, 48006 Miinster, Germany. 
Abbreviations: EFA, essential fatty acids; GC, gas chromatogra- 
phy; GC/MS, gas chromatography/mass spectrometry; HPLC, 
high-performance liquid chromatography; RP-HPLC, reverse- 
phase high-performance liquid chromatography; RRT, relative re- 
tontion time; TLC, thin-layer chromatography. 

same species (2). On the other hand, the composition 
and biosynthesis of lipids in various species of fish are 
now established (4,5). In fish, dietary lipids play an im- 
portant role as a source of essential fatty acids (EFA) 
such as 18:2n-6 or 18:3n-3, and of long-chain polyunsat- 
urated fatty acids, i.e., 20:5n-3 and 22:6n-3 (6). The ex- 
tent to which the acyl moieties are altered by dietary 
lipids is, however, different in different lipid classes. 
Generally, neutral lipids offish, such as triacylglycerols, 
are affected by feeding an EFA-deficient diet to a larger 
extent than are phospholipids, whereas the latter are 
changed preferentially by EFA (6). Little is known about 
the lipid content and the fatty acid composition of whole 
intestinal tissue of fish and specifically in the case of the 
North Atlantic eel, Anguilla anguilla (5). 

Paratenuisentis ambiguus (Van Cleave, 1921) Bullock 
et Samuel 1975 (Eoacanthocephala, Tenuisentidae) is an 
endoparasite found in the intestine of the American (A. 
rostrata) and the European eel (A. anguilla) (7,8). 
Taraschewski (9) observed that the worm's presoma, 
which is surrounded by intestinal tissue of the eel, ap- 
parently collects host lipids at its surface. On the other 
hand, an osmiophilic substance seemed to be excreted by 
the parasite through perforations of its proboscis hooks 
(9). In addition, it was shown that lipids such as triti- 
ated triolein can be absorbed by P. ambiguus and other 
acanthocephalans through the tegument of the presoma 
(10). Little information is available on the composition 
and biochemistry of lipids in Acanthocephala, including 
P. ambiguus (1). 

There is increasing interest in fish parasitology be- 
cause of the increasing use of commercial aquaculture 
and because of the significant financial losses that can 
be caused by the pathogenic effects of parasitic worms. 
This prompted us to study the lipids of P. ambiguus in 
comparison with the lipids of infected tissue of eel intes- 
tine. Endoparasites are known to have only a very lim- 
ited lipid metabolism (11). Thus, the aim of our studies 
was to find differences in the lipid composition between 
parasite and host that could be utilized to design means 
to control acanthocephalans and other parasites of eel. 

MA'rEREAt.S AND METHODS 

Chemicals. High-performance liquid chromatography 
(HPLC)-grade solvents (acetonitrile, acetone) were pur- 
chased from E. Merck (Darmstadt, Germany). Fatty acid 
methyl ester standards were from Nu-Chek-Prep 
(Elysian, MN); the fish oil standards "PUFA 1" and 
"PUFA 3" were from Matreya (Pleasant Gap, PA); "CPL 
Fish Oil 30 ~ was from Larodan (Malm~, Sweden). Acety- 
lations were carried out in acetic anhydride/pyridine 
(1:1, vol/vol) at 80~ for I h. Methyl esters derived from 
acyl lipids were prepared by transmethylation using 
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methanol/benzene/conc, sulfuric acid (84:10:4, by vol); 
free fatty acids were esterified with diazomethane (12). 

Biological materials. Eels (A. anguilla) from the 
Weser river that were naturally infected with P. am- 
biguus were used for the analyses; they were free of 
other intestinal helminths. The eels were killed and dis- 
sected immediately. Intestinal tissues were excised and 
the attached parasites removed. The parasites were 
kept overnight at 7~ in minimum essential medium 
(MEM; Flow Laboratories, Meckenheim, Germany) sup- 
plemented with glucose (1 g/L) as well as streptomycin 
(100 ~g/mL) and penicillin (100 U/mL). In addition, sec- 
tions of infected intestinal tissue were excised from dif- 
ferent parts of the anterior eel gut, pooled and then 
deep-frozen. Both P. ambiguus (whole organisms, males 
and females combined) and eel intestine were used for 
lipid extraction. 

Extraction procedures. Paratenuisentis ambiguus, 
5.7 g worm tissue (average weight 2.5 mg/animal) and A. 
anguilla, 6.1 g intestinal tissue, were homogenized in 4 
mL of dichloro-methane/methanol (1:2, vol/vol) per gram 
fresh weight using an Ultra-Turrax blender (IKA- 
Werke, Staufen, Germany). After centrifugation, pellets 
were reextracted twice with 10 mL, each, of dichloro- 
methane/methanol (2:1, vol/vol). The combined extracts 
were diluted with dichloromethane and water, and the 
phases were separated by centrifugation (13,14). The or- 
ganic phases were dried and concentrated, and the total 
lipids of both tissues determined gravimetrically. 

Lipid analysis. Aliquots of total lipids were fraction- 
ated by preparative thin-layer chromatography (TLC) 
on Silica Gel H (E. Merck) with hexane/diethyl 
ether/acetic acid (80:20:1, by vol) as solvent. Fractions 
containing wax esters plus steryl esters, triacylglyc- 
erols, free fatty acids and sterols were isolated and ex- 
tracted from silica gel using water-saturated diethyl 
ether. The fractions of polar lipids at the origin of the 
plates were isolated and extracted with dichloro- 
methane/methanol/water (1:2:0.8, by vol) (13). The polar 
lipid extracts obtained as described were kept in 
dichloromethane/methanol (2:1, vol/vol) for further 
analyses. The fractions consisting of wax esters plus 
steryl esters were resolved on layers of magnesium 
oxide with hexane/diethyl ether/ethyl acetate (75:25:1, 
by vol) as solvent (15). Aliquots of steryl ester fractions 
were subjected to alkaline hydrolysis (16). The liberated 
sterols were extracted from the reaction mixture and pu- 
rified by TLC on Silica Gel H using hexane/diethyl ether 
(3:2, vol/vol) as solvents. The fractions of free sterols, as 
well as sterols derived from steryl esters by alkaline hy- 
drolysis, were acetylated for gas chromatography (GC) 
and gas'chromatography/mass spectrometry (GC/MS) as 
described previously. All lipid fractions on silica plates 
were detected by charring after spraying with chromic 
sulfuric acid and heating at 200~ fractions were iden- 
tified by co-chromatography with standards. Lipid frac- 
tions on magnesium oxide plates were detected by expo- 
sure to iodine vapors. All lipids were quantified by 
weighing. Aliquots of total lipids as well as of acyl lipid 
fractions were converted to the methyl esters by 
methanolysis as  described. Fatty acid methyl esters and 

steryl acetates were purified by TLC on Silica Gel H 
with hexane/diethyl ether (4:1, vol/vol) as developing 
solvent, isolated and then analyzed by GC as described 
next. 

Aliquots of total lipid extracts were subjected to hy- 
drogenolysis with LiA1H 4 (17). The resulting mixtures of 
long-chain alcohols and alkylglycerols were separated 
on layers of Silica Gel H with diethyl ether and identi- 
fied by co-chromatography with standards. The fraction 
of alkylglycerols was treated with conc. HC1 in order to 
remove plasmalogenic ether lipids from the alkylglyc- 
erol fraction by cleavage of the vinyl ether bond (18). 
The resulting reaction products, i.e., long-chain aldehy- 
des, and the remaining 1-O-alkylglycerols were sepa- 
rated by TLC on Silica Gel H using hexane/diethyl ether 
(1:4, vol/vol), and identified by co-chromatography with 
standards. The fraction of 1-O-alkylglycerols was iso- 
lated and acetylated, and the resulting 1-O-alkyl-2,3-di- 
acetylglycerols were analyzed by reverse phase (RP) 
HPLC as described in an upcoming section. 

GC of fatty acid methyl esters and steryl acetates. GC 
of fatty acid methyl esters and steryl acetates was car- 
ried out using a Hewlett-Packard (BSblingen, Germany) 
HP-5890 Series II gas chromatograph. Fat ty  acid 
methyl esters were separated on a 0.24 ~m Silar 5 CP 
WCOT fused silica column (Chrompack, Middelburg, 
The Netherlands), 50 m • 0.25 mm i.d., and steryl ac- 
etates on a 0.29 ~un OV-1 fused silica column (Macherey 
& Nagel, Diiren, Germany), 25 m • 0.32 mm i.d. Fatty 
acid methyl esters were separated using nitrogen 
(1.13 mL/min) as carrier gas initially at 165~ for 1 min, 
followed by linear programming from 165 to 205 ~ at 1~ 
per min. The split ratio was 1:100, the injector tempera- 
ture 230~ and the flame-ionization detector tempera- 
ture 260~ GC peaks were assigned by comparison of 
their retention times with those of known standards and 
by calculating equivalent chain lengths and relative re- 
tention times (relative to 16:0 = 1.00). Steryl acetates 
were separated under similar conditions using a linear 
temperature program from 228 to 252~ at 4~ per rain. 
The final temperature was kept constant for 30 rain. 

GC/MS of steryl acetates. GC/MS of the steryl ac- 
etates was performed using the electron ionization mode 
(70 eV) and the chemical ionization mode (methane as 
reagent gas) on a Hewlett-Packard instrument Model 
5890 Series II/5989 A. The GC instrument was equipped 
with a Permabond OV-1 fused silica capillary column 
(25 m • 0.32 mm i.d.; 0.23 pm film thickness). The car- 
rier gas was He at a flow rate of 1.5 mL/min. The column 
temperature was initially kept at 225~ for 5 min and 
then programmed from 225 to 255~ at 4~ The 
final temperature was held for 45 min. Other operating 
conditions were split/splitless injector in splitless mode 
(temperature 300~ interface temperature 280~ and 
ion source temperature 200~ 

RP-HPLC of 1-O-alkyl-2,3-diacetylglycerols. A Merck- 
Hitachi (E. Merck) L-6200 pump equipped with an ACS 
750/4 mass detector was used in combination with an in- 
tegrator for monitoring HPLC separations and analysis 
of peak areas. 1-O-Alkyl-2,3-diacetylglycerols derived 
from ether glycerolipids were analyzed by RP-HPLC on 
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two LiChrospher 100 RP-18 (5 pro) columns (E. Merck), 
125 x 4 mm each, in sequence using acetonitrile at  a flow 
rate of 1.0 mL/min. Detector signals of the mass detector 
were quantified by calibration with synthetic standards. 

RESULTS AND DISCUSSION 

We have determined the total lipids of P. ambiguus 
(28 mg/g wet weight) and infected eel intest ine (77 mg/g 
wet weight), as well as the triacylglycerols, which are 
the major neutra l  lipids of P. ambiguus (60 mg/g total 
lipids) and eel intest ine (270 mg/g total lipids). In both 
organisms all other  neut ra l  lipid classes studied, such as 
wax esters, free fa t ty  acids, sterols and steryl esters, 
were present  only in minor proportions (Table 1). The 
fat ty  acid compositions of total lipids and various neu- 
tral  lipid fractions, as well as the sterol compositions of 
free sterol and steryl es ter  fractions of P. ambiguus,  
were determined and compared with the corresponding 
lipid fractions of infected intestinal  tissue of its host A. 
anguilla. The results we obtained on phospholipids will 
be repor ted  in a subsequent  paper  (Aitzetmfiller, 
Taraschewski, Filipponi, Werner  and Weber, Lipids, to 
be published). 

Sterols and steryl esters. Gas chromatographic analy- 
sis revealed tha t  the major free and esterified sterol 
from both P. ambiguus and eel intest ine is cholesterol. 
However, P. ambiguus has a much higher  content  of 
minor sterols than  eel intest ine and, consequently, a 
lower proportion of cholesterol (Table 2). Both interme- 
diates of sterol metabolism and/or dietary phytosterols 
are found in the minor sterol fraction of the parasi te,  as 
was shown by GC/MS of their  acetates. These minor 
steryl acetates show prominent  M § - 60 (acetic acid) 
fragments  tha t  indicate the presence of the AS-sterol 
structure.  Molecular ions of 3-acetoxy derivatives are 
usually not detected in the mass spectra of AS-unsatu - 
ra ted sterols because of the preferential  formation of 
A3'5-diene derivatives by the loss of acetic acid (19). The 
most impor tant  mass spectral da ta  are presented in 
Table 3. 

The two compounds with retent ion t imes shorter  than  
cholesterol have nearly identical mass spectra (Table 3). 
Beside the A 5 double bond of the sterol backbone, a sec- 
ond double bond must  be present  in the side-chain; this 

TABLE 1 

Composition of Neutral Lipid Classes of Total Lipid Extract 
of Anguilla anguilla and Paratenuisentis ambiguus 

Neutral lipid classes 
Organism Steryl Wax Free fatty 
(tissue) Sterols esters esters Triglycerides acids 

A. anguilla 
(infected 
intestine) 

P. ambiguus 
(whole 
organism) 

(mg/g total lipids) 

24 12 4 270 18 

41 7 4 60 8 
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TABLE 2 

Composition of Sterols and Steryl Esters of Paratenuisentis 
amb/guus and of  Its Host Anguilla anguilla 

Organism/sterol Composition (%) of sterols 
fraction Cholesterol Campesterol Other sterols 

A. anguilla a 
Sterols 93.0 3.7 3.3 
Steryl esters 94.6 2.0 3.4 

P. ambiguus b 
Sterols 71.9 8.5 19.6 
Steryl esters 80.1 4.4 15.5 

aInfected intestine, bWhole organism. 

is evident from the fragment  m/z 255, which is charac- 
teristic for a monounsatura ted  steryl backbone. It  is 
known from the investigations of Itoh et al. (20) tha t  
only one pair  of geometrical isomers of C27-sterols exists 
with relative retent ion times (RRT) shorter  than  tha t  of 
cholesterol (RRT = 1.00), i.e., A22-dehydrocholesterols 
with a double bond having E or Z configuration at  C-22 
of the side-chain. Therefore, our results and the data  
given in the l i terature suggest the presence of both 
cholesta-5,22(Z)-dienol and cholesta-5,22(E)-dienol as 
consti tuents ofP. ambiguus sterols. 

The sterol with RRT 1.05 was identified as 7~ 
drocholesterol (Table 3), which has been frequently de~ 
tected in the sterol fractions of various nematodes,  e.g., 
Caenorhabditis elegans and Turbatrix aceti (21). The 
compound with RRT 1.07 was identified as a A5-C2s o 
sterol with a fur ther  double bond in the side chain. 
These data  agree, for example, with a dehydrocampes~ 
terol having one double bond in the side chain, whereas 
the sterol with RRT 1.16 was characterized as having a 
As-C28-steryl moiety with a sa tura ted  side chain. One 
may speculate tha t  this compound is a dehydrocampes- 
terol with an additional double bond in the sterol nu~ 
cleus. The mass spectrum of the compound with RRT 
1.18 corresponds to tha t  of a reference s tandard of 
campesteryl  acetate (Table 3). 

I t  is generally believed tha t  acanthocephalans (1) and 
various other  endoparasites (11) are not able to synthe- 
size sterols de novo, part icularly cholesterol. Obviously, 
cholesterol, which is the major sterol found in Acantho- 
cephala, is absorbed from host intestinal  contents to- 
gether  with other  sterols, such as phytosterols. For  ex- 
ample, Bar re t t  et al. (22) have shown tha t  cholesterol 
accounts for 57.5% of total sterols in M. hirudinaceus 
and 84% in M. moniliformis. In both parasi tes it is ac- 
companied by appreciable proportions of campesterol 
(1-16%) and sitosterol (10-21%), as well as by trace 
amounts  of stanols (dihydro sterols). The occurrence of 
various other  sterols has  been reported from a number  
of plant parasitic and free-living nematodes,  e.g., C. ele- 
gans (21,23). These worms are able to metabolize exoge- 
nous sterols, e.g., by the introduction and isomerization 
of double bonds. The various sterols detected in the lipid 
extract  of P. ambiguus most probably resul t  from both 
nut r ien t  uptake and metabolic changes. In contrast,  the 
lipids of higher  animals, such as eel, contain almost ex- 
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TABLE 3 

Mass Spectral  Data of  Steryl  Acetates  Derived from Sterols ofParatenuisentis ambiguus 

Important mass fragments (m/z) b 

Number 
of double Number of 

Steryl acetate bonds in double bonds 
(RRT) a [M - CH3COOH] + [M - CH3COOH-CH3 ]+ [M - CH3COOH-side chain] + nucleus in side chain 

Cholesta-5,22(Z)-dienol 
(0.90) 366 (100) 351 (19) 255 (46) 1 1 

Cholesta-5,22(E)-dienol 
(0.93) 366 (100) 351 (15) 255 (39) 1 1 

Cholesterol 
(1.00) 368 (100) 353 (19) 255 (14) 1 - -  

7-Dehydrocholesterol 
(1.05) 366 (97) 351(26) 253 (53) 2 - -  

As-C28-Sterol (with 
unsaturated side chain) 
(1.07) 380 (97) 365 (11) 255 (47) 1 1 

Dehydrocampesterel 
(1.16) 380 (81) 365 (12) 253 (28) 2 - -  

Campesterol 
(1.18) 382 (100) 367 (18) 255 (15) 1 - -  

aRelative to cholesterol; RRT, relative retention time. bIntensities relative to base peak. 

clusively cholesterol as the sterol component (>93-95%; 
Table 2). 

Acyl lipids and free fatty acids. From studying the 
total lipids (Table 4), it  was not clear whether  the differ- 
ences observed were simply due to different ratios of 
neutra l  lipids to phospholipids in parasi te  and host. For 
example, the data  presented here  show tha t  the propor- 
tion of neutra l  lipids, in part icular  triacylglycerols, is 
higher by far  in eel intest ine than  in the parasite.  The 
results of fa t ty  acid analyses of total lipids, wax esters, 
steryl esters, triacylglycerols and free fat ty  acids are 
summarized in Table 4. A number  of GC peaks were be- 
lieved to be minor fa t ty  acids, including double bond po- 
sitional isomers, and were not fur ther  identified (they 
are not included in Table 4). The figures represent  
area% (uncorrected) of the fat ty acid methyl  es ter  peaks. 

There  is a striking difference between the acyl moi- 
eties of steryl esters of eel gut, which contained predom- 
inant ly  16:0 and 18:0 sa tura ted  fat ty acids, and the acyl 
moieties of steryl esters of P. arnbiguus, in which satu- 
ra ted  fat ty  acids are present  in minor proportions only. 
Major unsa tu ra ted  fat ty  acids detected in the steryl 
ester  fraction of P. ambiguus are 18:1n-9, 18:1n-7, 
18:2n-6 and 20:5n-3 (Table 4). 

The fat ty  acid compositions of wax esters isolated 
from P. ambiguus and eel intest ine are also different in 
many  respects (Table 4). Monounsatura ted n-7 fat ty 
acids (16:1n-7, 18:1n-7) are prominent  acyl moieties in 
the parasi te  wax esters, but  are present  in low propor- 
tions only in wax esters of eel intestine. In P arnbiguus 
wax esters, par t  of which may  originate from the para- 
site's surface coat, we found 20:1n-7 and 2 0 : l n - l l  acyl 
moieties tha t  are not observed in the corresponding eel 
lipids. The same is t rue  for 20:2n-6. The long-chain sat- 
ura ted  fat ty  acids 20:0 and 24:0 are present  in wax es- 
ters and steryl esters of both species. 

Palmitoleic acid (16:1n-7) is a major fa t ty  acid in all 
the P. ambiguus lipid classes and is present  in amounts  
similar to those of 16:0. The ratio of peak areas of 16:0 
to 16:1n-7 was fairly constant  and close to 1 in all the 
parasi te  neutra l  lipid classes. This ratio was approxi- 
mately  27 in the eel wax esters and 5.6 in the eel steryl 
esters. However, in the eel triglycerides, 16:0 and 
16:1n-7 were again present  at  similar levels (11-12% of 
total fa t ty  acids each). The critical pair  20:5n-3/22:0 (not 
separated on the Silar GC column) was est imated to be 
predominant ly  20:5n-3, with the exception of P. arn- 
biguus wax esters, where 20:5n-3 and 22:0 were present  
at  a ratio of 2:1. 

Among acanthocephalans,  steryl esters and wax es- 
ters  have been detected in Polymorphus minutus (24) 
and may be ubiquitously distr ibuted in fish (25,26). 
However, little is known on the fat ty  acid composition of 
these lipid classes in acanthocephalans,  except tha t  the 
wax esters of P. minutus cystacanths,  which reportedly 
occur in extremely high proportions, may  be used as 
storage lipids by the larvae of this parasi te  (24). 

The triacylglycerols of both parasi te  and host also 
show a complex pa t te rn  of acyl moieties. Although the 
two species contain triacylglycerols with remarkably  
high proportions of long-chain acyl moieties, it is obvi- 
ous tha t  peaks represent ing unsa tu ra ted  fat ty acids of 
chain lengths 16, 18 and 20 are more prominent  in tria- 
cylglycerols ofP. arnbiguus than  of eel intestine. Similar 
results  have been found for the neutra l  lipid fractions of 
M. rnoniliformis (Acanthocephala) and Oochoristica 
agamae (Cestoda) (27,28). 

To our knowledge, this is the first report  on the fa t ty  
acid composition of triacylglycerols in adult  acantho- 
cephalans, whereas more information on the composi- 
tion of triacylglycerols of various fish species, including 
eel, is available (4,6,29). I t  is evident from the studies on 
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TABLE 4 

F a t t y  Ac id  C o m p o s i t i o n  o f  Total  L ip id s  a n d  Var ious  N e u t r a l  L i p i d  F r a c t i o n s  ofAnguilla anguilla 
and Paratenuisentis ambiguus= 
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Fatty acid composition (%) in 

Neutral lipids 

Fatty Total lipids Steryl esters Wax esters 

acid A P A P A P 

Triglycerides Free fatty acids 
A P A P 

12:0 O. 1 - -  0.6 - -  0.4 - -  0.2 O. 1 O. 1 trace a 
14:0 3.8 2.6 1.6 1.0 2.0 1.0 4.9 5.2 3.8 4.2 
14:1n-5 b 0.1 - -  1.4 0.1 0.3 0.3 0.2 0.1 0.5 0.6 
15:0 0.5 0.2 0.7 0.1 0.9 0.4 0.5 0.4 0.5 0.2 
15:1 trace - -  0.4 - -  0.9 0.3 0.1 - -  0.1 - -  
16:0 15.9 6.2 20.1 2.9 13.5 9.7 11.0 9.8 23.6 7.3 
16:1n-9 0.7 0.4 0.9 0.5 2.5 1.2 0.8 0.6 0.7 0.4 
16:1n-7 9.1 5.4 3.6 2.9 0.5 7.0 11.9 10.0 9.7 6.5 
16:1n-5 b 0.3 0.2 - -  - -  2.3 1.4 0.4 0.7 c 0.5 0.6 c 
17:0 d 2.3 1.4 0.8 0.9 0.6 1.6 3.1 2.1 2.0 1.5 
16:3n-4 b 1.3 0.6 . . . .  2.0 1.0 0.4 0.6 
17:1 e 0.1 0.1 0.6 0.2 0.6 0.7 0.2 0.2 - -  - -  

18 :0  5 .1  8.8 36.9 2.0 19.4 6.9 1.8  3.3 13.6 9.9 
18:1n-9 23.0 9.1 1.2 15.8 6.8 11.5 18.2 17.7 18.1 10.1 
18:1n-7 6.8 6.5 1.5  13 .2  1 .3  9 .1  5 . 0  7 .9  10.2 7.3 
18:1n-5 b 0.2 0.1 - -  - -  0.6 0.3 0.2 0.2 0.3 0.1 
18:2n-6 3.6 5 . 1  0.4 18.7 5.7 5.5 4.7 7 .1  4 .1  5.4 
19:0 f 0.5 0.9 - -  1.2 - -  1.2 0.5 0.8 0.6 1.0 
18:3n-6 0.2 0.2 - -  - -  0 . 5  - -  0.3 0.2 0.1 0.2 
18:3n-4 b 1.2 0.6 0.6 0.5 0.9 0.5 1.9 1.0 0.4 0.6 
18:3n-3 0.8 0.9 0.7 3.2 0.6 0.7 1.6 1.1 O. 1 0.8 
19:1 b 0.1 0.3 . . . .  0.2 0.2 - -  - -  
18:4n-3 0.4 0.8 - -  1.1 - -  0.4 0.6 0.8 - -  0.5 
20:0 0.2 4.0 2.5 0.4 1.1 5.7 0.1 0.6 0.5 4.2 
20 : ln - l l  0.6 1.3 - -  0.4 - -  3.2 0.3 1.5 0.2 1.4 
20:1n-9 0.9 1.1 0.7 1.2 1.0 3.2 0.5 0.8 0.6 1.2 
20:1n-7 0.3 1.0 - -  0.5 - -  2.6 0.1 0.4 0.2 1.1 
20:2n-6 0.6 1.1 - -  1.8 - -  3.1 0.5 1.1 0.6 1.1 
20:3n-6 0.4 0.4 - -  0.4 - -  0.5 0.5 0.4 0.4 0.4 
20:4n-6 2.2 4.9 6.0 c'h 3.2 4.8 ~'h 1.3 2.0 2.5 1.7 4.4 
20:3n-3 0.2 0.2 . . . .  0.2 0.2 -- 0.2 
20:4n-3 0.7 0.4 -- 0.4 -- 0.4 1.2 0.5 -- 0.3 
20:5n-3 g 4.8 23.5 0.6 22.0 0.4 3.1 7.1 11.1 0.7 17.5 
22:4n-6 0.4 0.4 - -  - -  - -  trace 0.4 0.3 0.2 0.3 c 
24:0 trace 0.8 2.8 0.9 5.4 2.8 0.3 0.3 0.2 c 0.6 
22:5n-3 2.3 1.7 - -  0.4 - -  0.8 3.8 1.6 0.4 1.3 
22:6n-3 2.7 2.6 0.9 1.0 0.9 2.1 3.5 1.9 0.3 1.9 

Others 7.7 6.2 14.5 3.1 26.1 11.5 9.2 6.4 4.4 6.3 

aAbbreviations: A, A. anguilla (infected intestine); P, P. ambiguus (whole organism). Trace, <0.1%. 

bTentative identification. 

cPartial overlap with a second peak or shoulder. 

dMay include 16:2n-4. 

eMay include 16:3n-3. 

fMay include 18:2n-4. 

gMay include 22:0. 

hEquivalent chain length calculations indicate tha t  the major part  of this gas chromatographic peak could be another fatty acid. 

f i s h  l i p i d s  t h a t  t h e  f a t t y  a c i d  c o m p o s i t i o n  o f  t r i a c y l g l y c -  

e r o l s  a n d  o t h e r  l i p i d s  i s  s i g n i f i c a n t l y  a f f e c t e d  b y  d i e t a r y  
l i p i d s  a s  w e l l  a s  e n v i r o n m e n t a l  c o n d i t i o n s ,  i n  p a r t i c u l a r ,  

t e m p e r a t u r e  (5,6,30) .  
I n  t h e  f r e e  f a t t y  a c i d  f r a c t i o n ,  a s  i n  w a x  e s t e r s ,  t h e  

p r o p o r t i o n s  o f  f a t t y  a c i d s  i n  t h e  18:4 to  20:2 r a n g e  a r e  
c l e a r l y  i n c r e a s e d  i n  P. ambiguus a s  c o m p a r e d  to  ee l  in -  

t e s t i n e  (Tab le  4). T h e  f a t t y  a c i d  c o m p o s i t i o n  o f  t h e  P. am- 
biguus f r e e  f a t t y  a c i d  f r a c t i o n  a p p a r e n t l y  c o n t a i n s  s e v -  
e r a l  f a t t y  ac ids ,  e .g . ,  18:4n-3 ,  20:0,  20 :1n -7  a n d  2 0 : l n - l l ,  
w h i c h  a r e  n o t  p r e s e n t  o r  p r e s e n t  o n l y  i n  m u c h  s m a l l e r  
a m o u n t s  i n  h o s t  i n t e s t i n a l  t i s s u e .  E i c o s a p e n t a e n o i c  a c i d  
w a s  f o u n d  to  b e  a m a j o r  f a t t y  a c i d  o f  t o t a l  l i p i d s  a s  w e l l  
a s  o f  s t e r y l  e s t e r s ,  t r i a c y l g l y c e r o l s  a n d  f r e e  f a t t y  a c id s .  
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It  might have originated from aquatic diet (5) and/or 
from bacteria of the intest ine (31). Relatively high 
proportions of myristic acid were detected in the frac- 
tions of triacylglycerols and free fat ty acids of both P. am- 
biguus and infected eel intestine. In both acanthocepha- 
lans and fish, little is known so far  on the composition of 
free fa t ty  acid fractions; although some information is 
available on the composition of free fat ty acids of P. min- 
utus cystacanths, which were found to contain large pro- 
portions of saturated long-chain fat ty acids (24). In the 
endoparasitic acanthocephalans, it is also possible tha t  
the free fat ty acid fraction, at least in part ,  may  originate 
from fat ty acids of eel intestinal contents tha t  have been 
adsorbed onto the parasite's surface coat. 

Ether  lipids. Ether  glycerolipids are ubiquitous in the 
animal kingdom (32-34). Although the contents of neu- 
tral  e ther  lipids and e ther  phospholipids have been de- 
termined extensively in a great  var ie ty  of fish (35), little 
is known about the occurrence of e ther  lipids in Acan- 
thocephala (1,11). Beames and Fisher (2) identified 
small proportions of plasmalogens in both M. hirudi- 
naceus and M. moniliformis.  We have determined the 
composition of alkyl moieties of e ther  glycerolipids in 
total lipid extracts isolated from P. ambiguus  and eel in- 
testine. The most abundant  alkyl moiety in P. ambiguus 
is 16:0 (38%), followed by 16:1 and 18:1 (25.5% each). In 
eel intestine, a similar distribution Of these alkyl moi- 
eties has been detected (16:0, 37.7%; 16:1, 22.6%; 18:1, 
37.7%). 1-O-Octadecyl moieties (18:0), which are found 
in remarkably  high proportions (9.5%) in the parasite,  
are low in eel intest ine (2%); smaller  proportions (1.5%) 
of 1-O-eicosenyl moieties (20:1) are detected in P. am- 
biguus but  not in eel intestine. Only traces of plasmalo- 
gens, if any, have been detected in the e ther  lipid frac- 
tion ofP. ambiguus.  

In conclusion, we have found that ,  compared to eel in- 
testine, the sterol and steryl es ter  fractions of P. am- 
biguus are characterized by the occurrence of remark- 
ably high proportions of phytosterols as well as by dehy- 
dro sterols. The neutra l  acyl lipid fractions of beth 
P. ambiguus  and eel intest ine contain large proportions 
of unsa tu ra ted  and, in particular, polyunsatura ted fat ty  
acids. The chain lengths of these polyunsaturated fat ty  
acids are found to be predominantly >C20. In comparison 
with eel intestine, the neutra l  lipids of the endoparasite 
contain higher  proportions of polyunsatura ted fat ty  
acids. The principles tha t  regulate the metabolism, as 
well as the absorption and distribution of individual 
fa t ty  acids, in P. ambiguus are not known. It  has been 
shown in aquatic animals that ,  besides membrane  
lipids, the fluidity of storage lipids, such as triacylglyc- 
erols and wax esters, was increased at  lower tempera-  
tures  due to accumulation of mono- and polyunsatu- 
ra ted long-chain moieties in these lipids (4). Similarly, 
differences in the composition of the 1-O-alkyl moieties 
of e ther  glycerolipids from P. ambiguus  and eel intest ine 
have been found; it  is noteworthy tha t  the e ther  lipids of 
the parasi te  contain higher  proportions of the 1-O-oc- 
tadecyl moiety. 

Finally, it  should be noted tha t  neutra l  lipids, such as 
wax esters, steryl esters, triacylglycerols and free fat ty  

acids, usuallyqare components of the surface coat (36) 
tha t  protects endoparasites from the host environment.  
Such lipids have been shown to be released by human  
blood flukes (Schistosoma ssp.) (37-39). Studies on the 
biophysical properties of these lipids show tha t  they are 
able to diffuse within the plane of the surface of en- 
doparasites (40). Surface lipids may  also play an impor- 
t an t  role in the resistance of P. ambiguus  to host cellu- 
lar  defense mechanisms which are characterized by an 
increase in leukocyte numbers  in the infected intestinal  
wall (41,42). 
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In  an o n g o i n g  stud3~ rat  and h u m a n  ur ine  have  b e e n  ex- 
a m i n e d  for the  p r e s e n c e  o f  m a l o n d i a l d e h y d e  (MDA) de- 
r iva t ives  as  ind icators  o f  the  nature  o f  l ipid perox ida t ive  
d a m a g e  caused  by  this  c o m p o u n d  in vivo. MDA in urine 
w a s  found to be  presen t  mainly in  the  form of  t w o  lys ine  
adducts ,  one  ace ty la t ed  and  the  o ther  unace ty la ted ,  r ~  
f l ec t ing  in vivo reac t ions  w i t h  t i s sue  prote ins .  Two m i n o r  
m e t a b e l i t e s  w e r e  ident i f i ed  as adducts  w i t h  the  p h o ~  
phol ip id  bases  ser ine  and e t h a n o l a m i n e  and a third one  
as  an adduc t  w i th  the  nuc le i c  ac id  base  guanine .  The  
ident i f i ca t ion  o f  an MDA adduct  w i t h  d e o x y g u a n o s i n e  
(dG-M]DA) a m o n g  the  product s  o f  hydro lys i s  o f  rat  l i ver  
DNA s u g g e s t e d  the  poss ib le  o c c u r r e n c e  o f  th is  c o m p o u n d  
in urine.  In  the  p resen t  s tudy  dG-MDA w a s  ident i f ied  in 
rat  and in h u m a n  urine,  and a h igh-per formance  l iqu id  
c h r o m a t o g r a p h i c  m e t h o d  u t i l i z ing  f l u o r e s c e n c e  detec-  
t ion  w a s  d e v e l o p e d  for i ts  e s t imat ion .  The  m e t h o d  is  sen- 
s i t ive  to  1 p m o l  o f  dG-MDA and requ ires  a m i n i m t t m  of  
1 m L  of  rat  ur ine  or  5 mL of  h u m a n  urine.  Its  rate  o f  ex- 
cre t ion  by f ive -week-o ld  rats  (28.54 • 2.28 nmol /kg/24  h) 
(mean  • SEM) w a s  h igher  than  that  for n lne -week-o ld  
rats  (6~9  • 1.02) and m u c h  h igher  than that  for adult  hu- 
m a n s  (0.40 • 0.05). The resu l t s  indicate  that,  as  r e p o r t e d  
for 8 -hydroxy-deoxyguanos ine ,  dG-MDA e x c r e t i o n  is  re- 
la ted  to  metabo l i c  rate.  Excre t ion  o f  dG-MDA by  the  rat, 
l ike  the  e x c r e t i o n  o f  tota l  MDA, dec l ines  dur ing  g r o w t h  
on  a body  w e i g h t  bas i s  at a rate  s imi lar  to the  d e c r e a s e  in 
re s t ing  e n e r g y  m e t a b o l i s m .  In  contras t  to  o t h e r  MDA de- 
r iva t ives  e x c r e t e d  in  rat  ur ine ,  v i tamin  E de f i c i ency  h a d  
no  effect  on  the  e x c r e t i o n  o f  dG-MD,~  Together  w i t h  evi-  
d e n c e  that  the  dG-MDA conten t  o f  rat  l iver  DNA l i k e w i s e  
is  unaf fec ted  by  v i t a m i n  E dep le t ion  or  by  admin i s t ra t ion  
o f  ca ta lys t s  o f  in vivo l ipid perex idat ion ,  t h e s e  f indings  
ind icate  that  DNA is  pro tec ted  f rom l ipid perox ida t ive  
d a m a g e ,  p o s s i b l y  t h r o u g h  c o n s e r v a t i o n  o f  the  
v i tamin  E as soc ia ted  w i t h  the  l ipids  o f  the  nuc l ear  m e m -  
brane .  
Lipids  29, 429-432 (1994). 

In an ongoing study, the forms in which malondialdehyde 
(MDA) is excreted in ra t  and in human urine have been 
investigated as a source of information on the nature  of its 
reactions with macromolecules in vivo. About 75% of the 
MDA in urine collected from rats fed an MDA-free diet 
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was found to be present as two lysine adducts, one acety- 
lated and the other unacetylated, reflecting in vivo reac- 
tions with tissue proteins (1). Three minor metabelites 
were identified as adducts with the phospholipid bases 
serine and ethanolamine, and the nucleic acid base gua- 
nine. Of the total MDA in rat  urine, 0nly 10-20% is nor- 
really present in the free form. Human  urine contains sim- 
ilar metabolites, but  the excretion of total MDA (free and 
acid hydrolyzable) is much smaller on a body weight basis, 
and little or no MDA (0-5%) is excreted in the free form. 
Over half  of the lysine derivatives excreted in human 
urine originate in the diet, where MDA generated by the 
peroxidation of food lipids reacts with the lysine residues 
of food proteins from which it  is released during protein 
digestion and absorbed as a lysine adduct (2). UNlike free 
MDA, the lysine adduct is not mutagenic. 

The identification of guanine-MDA (Gua-MDA) in 
urine (3) and of an MDA adduct with deoxyguanosine 
(dG-MDA) in a hydrolysate of ra t  liver DNA (4) suggested 
the possible occurrence of this adduct in urine. In this 
paper, evidence is presented for the presence of dG-MDA 
in ra t  and human urine, and estimates are given for its 
rate of excretion. 

~ M E N I " A L  PROCEDURES 

Animal experiments. Twenty-four-hour urine samples 
were collected from five five-week-old rats (body weight 
about 100 g) tha t  had been fed a purified diet containing 
10% corn oil (5) supplemented with a high level of vitamin 
E (100 IU ppm dl-a-tocopheryl acetate) for two weeks 
postweaning. The samples were collected under  toluene 
twice daily, filtered and stored at -20~ prior to analysis. 

In a second experiment, a group of five weanling rats 
was fed the vitamin E-supplemented diet and another 
group was fed the same diet, except tha t  vitamin E was 
deleted and natural  corn oil was replaced with molecular- 
distilled corn oil (5). After six weeks, vitamin E depletion 
in the second group was confirmed using an autohemoly- 
sis test  (6) (81% hemolysis vs. 17% in the controls). Both 
groups then were switched for 72 h to an MDA-free diet 
containing 10% hydrogenated coconut oil, and urine was 
collected for the final 48 h. 

Twenty-four-hour urine samples were obtained from 
five healthy, middle-aged women consuming free-choice 
diets, and aliquots were frozen as described. 

Urinalysis for dG-MDtk Three mL of ra t  urine was 
mixed with an equal volume of ethanol and stored 
overnight at 4~ A i ~ r  centrifuging, a volume of super- 
hate equivalent to 2 mL of urine was freeze-dried, and the 
residue was dissolved in 1 mL of water. 

The sample was applied to a chromatographic system 
composed of an AG l-X8 anion exchange membrane in the 
chloride form (Bio-Rad, Richmond, CA), an AG 50W-X8 
cation exchange membrane in the sodium form (Bio-Rad) 
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and a Cz8 gBondapak reverse-phase SEP-PAI~ capsule 
(Waters, Millipore Corp., Milford, MA). These components 
were mounted, in tandem, on a 10 mL syringe. The system 
was developed with 2 mL water, and the anion exchange 
membrane was removed. The remaining components were 
washed with 7 mL saturated KC1 solution, and the cation 
exchange membrane was removed. The reverse-phase 
capsule then was washed with 2 mL water followed by 
3 mL methanol. The methanolic fraction, containing 
dG-MDA, was dried at 40~ under a stream of air, and 
the residue was dissolved in 500 gL of water. 

Further purification was achieved using an isocratic 
high-performance liquid chromatography (HPLC) system 
(Waters) that included a reverse phase C18 gBondapak an- 
alytical steel column, a scanning fluorescence detector 
(Model 470) and an absorbance detector (Model 440). For 
fluorescence analysis, the excitation and emission wave- 
lengths were set at 340 and 518 nm, respectively. Aliquots 
(100-200 gL) of the partially purified sample were in- 
jected onto the column, and the system was developed 
with 10% methanol in water at a flow rate of 1 mL per 
min. Major fluorescence peaks were observed during the 
first 10 min, followed by a 12-15 min peak that coincided 
with that of pure synthetic dG-MDA (R t 10.9 min) and 
was collected for further characterization. Recovery of 
standard dG-MDA added to the sample. This fraction was 
collected, evaporated to dryness, and the residue was 
taken up in 500 gL of water. Aliquots (100-200 gL) were 
re-injected, and the column was developed with 15% 
methanol in water at a flow rate of I mL per min. A 7-10 
rain fraction was collected, dried, and the residue was dis- 
solved in 500 gL water. Two fluorescent compounds pre- 
sent in the fraction were resolved by rechromatography on 
the same column using 30% methanol in water at a flow 
rate of 0.5 mL per min. One compound co-eluted with syn- 
thetic dG-MDA (R t 10.9 min) and was collected for further 
characterization. Recovery of standard dG-MDA injected 
onto the column was essentially quantitative over the op- 
erational range, and overall recovery was 89%. 

The amounts of dG-MDA found in human urine were 
markedly lower than those for rat urine, necessitating the 
use of a larger starting sample (10-15 mL). In addition, 
human urine samples varied unpredictably in their con- 
tent of fluorescent compounds, probably of dietary origin, 
that interfered in the isolation and quantification of 
dG-MDA using HPLC with fluorescence detection. Ab- 
sorbance detection gave a well-defined peak for dG--MDA, 
but was ten times less sensitive than fluorescence detec- 
tion. In contrast to urine samples obtained from rats fed a 
standard diet, each sample of human urine presented a 
different analytical challenge. 

Isolation ofdG-MDA from urine. Rat urine (100 mL in 
two 50-mL aliquots) was chromatographed on a 2.3 x 
45 cm, 200--400 mesh AG lX8 anion exchange column as 
described previously (7). The column was developed using 
a linear salt gradient provided by 1 L of 0-1 M NaC1 solu- 
tion. Fractions 60-120 (5 mL each) were pooled and re- 
duced to 10 mL in vacuo at 37~ The concentrated eluate 
was applied to a C18 p_Bondapak reverse-phase glass col- 
umn (2 x 10 cm, 55-105 gm) and washed with 50 mL 
water, followed by 50 mL of 10% methanol to remove 

residual salt. The column then was developed with 25% 
methanol in water, and 10-mL fractions were collected. 

Fractions 5-7 were combined, evaporated to dryness 
in vacuo at 37~ and the residue was dissolved in 2 mL 
chloroform/methanol/water (85:14:1, by vol). This mixture 
was used as the mobile phase for further purification of 
the sample on a Zorbax | silica gel glass column (1.2 • 14 
cm, 55-105 ~tm). Fractions 6-10 (4 mL each) were pooled, 
dried as before, and the residue was taken up in 300 gL 
water. Ten 30-~L aliquots (each equivalent to 10 mL 
urine) were injected onto a reverse-phase C18 ~tBondapak 
column (3.9 x 300 mm, 10 ~tm) fitted with a Guard-Pak 
Holder | (Waters) charged with C18 inserts. The column 
was developed for 50 min using a linear gradient of 
0-7.5% acetonitrile at a flow rate of 1.0 mL per min. Elu- 
ates were detected by absorption (254 nm) and fluores- 
cence (340, 518 mn) detectors, and the isolation procedure 
was monitored throughout by co-chromatography of the 
eluates with pure synthetic standard. Based on its reten- 
tion time (45 rain), the 44--46 min fractions were collected. 

Human urine (600 mL) was freeze-dried and the residue 
dissolved in 120 mL distilled water. After standing 
overnight in the cold, the sample was centrifuged for 
15 min at 2,000 rpm, and 100 mL of the supernatant frac- 
tion, equivalent to 500 mL of urine, was used for the isola- 
tion of dG-MDA by the procedure described for rat urine. 

Preparation of silyl derivatives. The fractions collected 
from the silica gel column were dried and derivatized in 
acetonitrile using O-bis(trimethylsilyl)trifluoroacet- 
amide + 1% trimethylchlorosilane. The reaction mixture 
was dried in vacuo, and the residue was subjected to 
HPLC, gas chromatography/mass spectrometry (GC/MS) 
and direct input probe-mass spectrometry (DIP-MS) 
analysis. 

RESULTS 

The chromatograms obt~ned for a sample of synthetic 
dG-MDA, for the eluate equivalent to 20 gL of rat urine 
collected from the reverse-phase column and for the corn- 

A ~ B 

RETENTION TIME (MIN) 

FIG. 1. High-performance liquid chromatography tracings 
obtained for 3.7 pmol  of  synthetic  deoxyguanosine-malon-  
dialdehyde adduct (A), isolate equivalent  to 20 ~tL of rat 
urine (B), and a combinat ion of  A and B (C). 
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FIG. 2. High-performance liquid chromatography tracings 
obtained for 7.3 pmol  of  synthet ic  deoxyguanosine-malon-  
dialdehyde adduct (A), isolate equivalent  to 100 pL of  
human urine (B), and the combinat ion of  A and B (C). 

bined samples are illustrated in Figure 1. The analogous 
chromatograms for an eluate from human urine are 
shown in Figure 2. The fluorescence peak at ca. 12.5 min 
represented the only significant contaminant of dG-MDA 
found in the isolates from both rat and human urine and 
could not be consistently separated using reverse-phase 
HPLC. It did not appear in the absorption chro- 
matograms, in which a single peak corresponding to that 
for synthetic dG-MDA was observed when a larger sam- 
ple of urine was used. 

The identity of the eluate from rat urine (Fig. 1B) was 
further investigated by examining its acid and thermal 
hydrolysis products. An aqueous solution of the compound 
was heated in a boiling water bath at pH 3 for 30 min in 
the presence of thiobarbituric acid (TBA), and the reaction 
products were analyzed for TBA-MDA complex by a pro- 
cedure that is specific for MDA (8). The amount of isolate 
consumed in the reaction was quantified in terms of 
dG-MDA equivalents from a regression line for fluores- 
cence peak area vs. pmoles of synthetic dG-MDA injected 
onto the column. The fluorescence response was linear 
over the range employed (1-10 pmol). The molar ratio of 
the amount of dG-MDA estimated by fluorescence analy- 
sis and found by MDA analysis was 1:0.98. 

Another sample of isolate, estimated by fluorescence 
analysis to contain 44.16 pmol of dG-MDA, was partially 
hydrolyzed by heating in 100 ~tL of aqueous HC1 in a boil- 
ing water bath for 30 min. The products were chro- 
matographed on the C18 ~tBondapak column using 10% 
methanol in water as solvent. Absorbance peaks were 
recorded using a detector set at 254 nm and at maximum 
sensitivity. The amounts ofGua, deoxyguanosine (dG) and 
Gua-MDA in the hydrolysate were determined from stan- 
dard curves prepared using pure compounds. The analy- 
sis yielded 23.76 pmol Gua, 5.26 pmol dG and 11.78 pmol 
of Gua-MDA (recovery 40.8 pmol or 92.4%). 

Analysis of 24-h urine samples collected from five-week- 
old rats averaging 99 g in body weight yielded a value for 
dG-MDA of 28.54 _+ 2.28 nmol/kg/24 h (mean _+ SEM) (n = 
5). The corresponding value for five 24-h samples of adult 
human urine was 0.40 _+ 0.05 umol/kg/24 h. The minimum 
operational sample size was 1 mL for rat urine and 5 mL 
for human urine. 

Analysis of urine collected from five nine-week-old rats 
fed the vitamin E-deficient diet for the previous six weeks 
yielded a value of 6.29 _+ 1.02 nmol dG-MDA/kg/24 h. The 
value for the positive controls was not significantly differ- 
ent (6.07 _+ 0.69 nmol/kg/24 h). There was also no differ- 
ence in final body weights (ca. 170 g). As found previously 
(5), the excretion of total MDA in the urine was higher in 
the deficient group (13.9 vs. 8.1 ~ j24  h; P < 0.05). 

The isolates from rat and human urine exhibited simi- 
lar retention times when chromategraphed on the re- 
verse-phase column using a 0-7.5% acetonitrile gradient 
and on a Zorbax | silica column (4.6 • 250 mm, 10 ~tm) 
using a chloreform/methanol/water (93.6:6:0.4) mixture 
(ca. 44.5 and 20.4 min, respectively). Their trimethylsilyl 
(TMS) derivatives likewise had similar retention times 
(ca. 16.5 and 15.7 min, respectively) using a 2- 
propanol/methanol/n-hexane (20:5:75) mixture. These val- 
ues coincided with those for synthetic dG-MDA and its 
TMS derivative, and a mixture of the isolates and their 
synthetic counterparts co-eluted. 

The total ion chromatogram for the TMS derivative of 
synthetic dG-MDA (TMS-dG-MDA) subjected to GC/MS 
indicated that it was totally decomposed on the GC col- 
umn. Ions were seen at m / z  187 (Gua-MDA) and at 73 
(TMS). When analyzed by DIP-MS, peaks were seen at 
m / z  447 (molecular ion), 187 and 73. The spectrum for the 
synthetic compound was fully consistent with that found 
by Seto et al. (9). DIP-MS of the isolate from rat urine 
yielded ions at m / z  447 and 187. The presence of these 
ions is further evidence for the occurrence of dG--MDA in 
rat urine and for its pyrimidinopurine structure (9). The 
amount of isolate recovered from human urine (60 ng 
from 360 mL) was inadequate to obtain an interpretable 
s p e c t r u m .  

DISCUSSION 

The presence in urine of dG-MDA is consistent with its 
presence in an hydrolysate of rat liver DNA (4). The uri- 
nary compound is presumably a product of DNA repair 
synthesis. The excretion of dG-MDA by young, growing 
rats was 70-fold greater than that by adult humans on a 
body weight basis. Rodents excrete larger amounts of 
other products of oxidative damage, including thymine 
glycol and 8-hydroxydeoxyguanosine (8-OHdG) (10). The 
higher rate of excretion of these metabolites by rats is at- 
tributable to increased hydroxyl radical production associ- 
ated with their high rate of oxygen consumption per unit 
body weight. As hydroxyl radicals are potent initiators of 
lipid peroxidation, their higher rate of dG-MDA excretion 
is attributable to the same cause. 

There is other evidence for a higher rate of lipid peroxi- 
dation in rats than in humans. A greater proportion of the 
total MDA in rat urine is excreted in the free form (ca. 20 
vs. 0-5%), and this fraction is markedly increased by the 
administration of iron nitrilotriacetate (5). The rate of 
excretion of dG-MDA found for human adults (404 _+ 
46 pmol/kg/24 h) is not markedly higher than that re- 
ported for 8-OHdG (-220 pmol/kg/24 h) (11). In contrast, 
the rate of excretion of dG-MDA by five-week-old rats was 
about 60-fold greater than that observed for 8-OHdG 
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excretion by two-month-old ra ts  (11). This difference in 
the relative ra tes  of dG-MDA and 8-OHdG excretion by 
the two species suggests that ,  at  least  in the rat ,  propaga- 
tion by a free radical chain reaction, rather than initiation 
by hydroxyl radicals, is the main mechanism by which 
lipid peroxidation is driven. However, this explanation 
assumes that repair synthesis of DNA that has been rood- 
flied by reactions with hydroxyl radicals and with MDA 
proceeds at the same rate. 

Age is another probable factor in the difference in the 
dG-MDA content of rat and human urine found in this 
study. Total MDA excretion per unit body weight de- 
creases progressively with age in rats, from 40 ng/g/24 h 
at three weeks of age to 25 ng at six weeks and 10 ng at 
20-30 weeks (5). This decline is analogous to the de- 
crease in the resting metabolism of growing rats from 
260 kcal/kg/d at 40-42 days of age to 155 kcal at 60-64 d 
and 113 kcal at 100-120 d (12). The difference in 
dG-MDA excretion between the five-week-old and nine- 
week-old rats in the present study further indicates that 
during growth there is a steadily decreasing titer of free 
MDA in the tissues that is available for reactions with 
DNA Gua, the lysine residues of proteins and the amino 
groups of other compounds. Evidence for increased levels 
of lipid peroxidation products in the tissues of aged ani- 
mals may be due to an increase in the production of free 
MDA production in old age or to an accumulation of 
these products during adult life. 

The failure of vitamin E depletion to increase 
dG--MDA excretion in the rat is noteworthy in view of in- 
creases seen in the excretion of free MDA and its lysine 
derivatives in rats rendered vitamin E-deficient or 
treated with iron (5). However, it is consistent with a fail- 
ure to find any  change in the dG-MDA content of hy- 
drolysates of DNA isolated from the liver of ra t s  sub- 
jected to the same t r ea tmen t s  (Draper, Agarwal  and 
Wee, unpublished results). DNA appears  to be bet ter  

protected from peroxidative damage  caused by MDA 
than  are t issue proteins, possibly by conservation of vit- 
amin  E in the nuclear  membrane .  Vitamin E depletion of 
the ra t s  used in this s tudy was verified by liver analysis.  
The resul ts  of the urinalysis  for dG-MDA indicate tha t  
the excretion of this compound is not a useful index of in 
vivo lipid peroxidation. The cause of significant dispari-  
ties found in the dG-MDA content  of DNA isolated from 
different r a t  organs and a t  different ages (Draper, and 
Wee, unpubl ished results) is unknown. 
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Gastric lipase activity in aspirates from premature 
hnman infants was tested for fatty acid and positional 
selectivity using racemic diacid triacylglycerols (TG) as 
substrates. The resulting free fatty acids and monoacyl- 
glycerols (biG) were recovered and analyzed. Octanoic 
acid (8.q)) and decanoic acid (10~) were hydrolyzed with 
a preference of  61.5:1 and 2.4:1 compared to pRlmitic 
acid (16d)) from rac-16.q)-8.~8.~ and rac-16.~-10.~10.~, re- 
spectively. The ratio of  lauric acid (12d)) to oleic acid 
(18:1) hydrolyzed from rac-18:1-12.~-12.~ was 13:1. Myris- 
tic acid (14:0), 18:1 and linoleic acid (18-.2) were released 
at similar rates. These data and the composition of  the 
MG suggest that, in vitro, the Hpase is selective for 
shorter chain fatty acids and for fatty acids on the pri- 
m ~ y  positions of  the TG backbone. 
Lipids 29, 433-435 (1994). 

The lipase activity in human gastric aspirates was once 
believed to be of lingual origin. It was also thought that 
the enzymes that act in the stomach have little effect on 
dietary triacylglycerols (TG). In the human, the enzyme 
is now known to be secreted mostly from gastric mucosal 
cells (1,2). In the newborn, the enzyme hydrolyzes 
40-60% of dietary TG (3,4). The lipid globules in milk 
from humans (4-6) and other species (4,7) are resistant 
to intestinal lipolysis by either pancreatic lipase (8-10) 
or bile salt-stimulated lipase from milk (5-7,11), unless 
first exposed to gastric lipases. Therefore, gastric lipase 
has a major role in the digestion of dietary TG, but it has 
received relatively little attention. 

Specificity, now more commonly termed selectivity 
signifying a broader range, is one of the characteristics 
of lipases. Selectivity controls the digestion of TG and 
the absorption of the resulting free fatty acids (FFA) and 
monoacylglycerols (MG) (12). We found that the gastric 
lipase activity was stereoselective for the sn-3 ester over 
the sn-1 ester at a ratio of 4:1 using three enantiomeric 
TG containing 16:0 and 18:1 as substrates (13). During 
the present study, selectivity for shorter chain fatty 
acids was observed when we employed various synthetic 
TG as substrates. In this paper, we present data that 
show that, in vitro, human infant gastric lipase has a 
preference for the primary ester groups of TG and in 

*To whom correspondence should be addressed at the Department 
of Nutritional Sciences, U-17, 3624 Horsebarn Rd. Ext., University 
of Connecticut, Storrs, CT 06269-4017. 
Abbreviations: FFA, free fatty acids; GLC, gas-liqnid chromatog- 
raphy; MG, monoacylglycerols; rac-16:0-16:0-18:1, 1,2-dipA]mltoyl- 
3-oleoyl-rac-glycerol; TG, triacylglycerols; TLC, thin-layer chro- 
matography. 

varying degrees for 8:0 through 12:0 fatty acids over 
16:0 and 18:1. The implications of our in vitro results 
and their relevance to in vivo lipolysis will be discussed. 
A preliminary report has been published (14). 

MATERIALS AND METHODS 

Aspirates containing gastric lipase were obtained as 
part of routine postnatal care at the Georgetown Uni- 
versity Hospital (Washington, D.C.). The 0.5-5.0 mL 
samples were taken from infants whose gestational age 
was 33--42 wk. The specimens were obtained with the 
permission of the Georgetown University Institutional 
Review Board and the informed consent of the infant's 
parents or guardians. The samples were assayed for 
lipolytic activity (15), and the 32 samples with the high- 
est activity levels were frozen on dry ice and sent to the 
University of Connecticut. All samples arrived frozen 
and were stored in a freezer at -70~ 

The digestion contained 0.1% citrate-Na2HPO 4 buffer 
at pH 5.4, 5% bovine serum albumin and 0.1% gum ara- 
bic in a final volume of 25-50 mL. Prior to digestion, 2% 
of the desired TG was added, melted by heating on a 
steam bath if necessary, and emulsified with a Branson 
Sonifier (Branson Ultrasonics Corp., Danbury, CT). The 
mixture was equilibrated at 37~ in a water bath, and 
the gastric aspirate was added. The amount of aspirate 
used varied depending on the volume of the sample, but 
usually two equal portions were employed, one for the 
TG and one for a control without substrate. This proce- 
dure was necessary, as was the later addition of an in- 
ternal standard, because each aspirate contained some 
lipid and the risk of denaturing the lipase by extraction 
of the aspirates with solvent was to be avoided. The in- 
cubation time was 30-60 vain, depending on the activity 
of the aspirate. The racemic TG used as substrates were 
16:0-8:0-8:0, 16:0-10:0-10:0, 18:1-12:0-12:0, 18:1-14:0- 
14:0, 18:1-18:2-18:2 and 18:2-18:1-18:1. The TG were 
synthesized as described by Jensen and Pitas (16). Pu- 
rity of the TG was ascertained by thin-layer chromatog- 
raphy (TLC) and positional integrity was verified by 
pancreatic lipolysis (16). 

Aider the desired period of incubation, i.e., upon about 
40% hydrolysis, the samples were extracted, the diges- 
tion products were separated by TLC, and the fatty 
acids were analyzed by gas-liquid chromatography 
(GLC) aRer conversion to methyl esters (17). The prod- 
ucts that contained 8:0 and 10:0 were converted to butyl 
esters. A known amount of methyl or butyl heptade- 
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canoate was added to each fraction prior to analysis  by 
GLC. The fa t ty  acids in the aspi ra te  controls were sub- 
t racted from those in the respective digestion products 
af ter  equalizing the in ternal  s tandards  and adjust ing 
the amounts  of the other  acids accordingly. All da ta  are 
given as tool%. 

We did not a t t empt  to separate  the sn-l(3)-MG and 
2-MG because, under  our digestion conditions, acyl mi- 
gration of the sn-2 ester  to the sn-l(3) ester  was observed. 

RESULTS AND DISCUSSION 

The fa t ty  acid compositions of the original TG and of the  
MG and FFA from the digestions of the TG by gastr ic li- 
pase  are presented in Table 1. Included for val idat ion of 
the  TG st ructures  are earl ier  da ta  obtained by pancre- 
atic lipolysis with the appropr ia te  TG acids a t  sn-l(3),  in 
FFA and in sn-2 MG. Selectivities for 8:0, 10:0 and  12:0 
are clearly seen for gastr ic lipase. I f  there  was no fa t ty  
acid selectivity, and with  a 4:1 stereoselectivity for sn-3, 
the  FFA from rac-16:0-8:0-8:0 would contain a 1:1 ratio 
of 16:0 and  8:0 (a 1:4 rat io for 16:0 and 8:0 from sn-16:0- 
8:0-8:0, and a 4:1 rat io for 16:0 and 8:0 from sn-8:0-8:0- 
16:0). The MG should be 100% 8:0. These theoretical  ra- 
tios would apply to the digestion products from all the 
TG, but  they did not for TG containing 8:0, 10:0 and 12:0 
fa t ty  acids. The rat ios of fa t ty  acids from these TG were 
61.5:1 for 8:0/16:0, 2.3:1 for 10:0/16:0 and 13:1 for 
12:0/18:1, all indicating selectivity for the shor ter  chain 
acids. Myristic acid (14:0) was not preferent ia l ly  hy- 
drolyzed compared to 16:0, nor  was there selectivity be- 
tween 18:1 and 18:2. The na ture  of the long-chain fa t ty  
acid seems to influence selectivity, e.g., 16:0-10:0-10:0 
vs. 18:1-12:0-12:0. 

The na ture  of the fa t ty  acids in the MG (Table 1) sug- 
gests tha t  apparen t  hydrolysis of the sn-2 ester  occurred 
after  acyl migrat ion to sn-l(3). Our  digestion conditions, 
pH 5.4 for 30 to 60 min, favor acyl migration; thus  isola- 

tion and identification of the MG isomers would not have 
shed light on the mechanism.  Nevertheless,  some hy- 
drolysis of 8:0, 10:0 and 12:0 at  sn-2 probably occurred. 
We know from pas t  experience with pancreat ic  lipolyses 
tha t  acyl migrat ion begins af ter  about 5 min of digestion, 
which may  also have occurred in the present  case. 

Lack of selectivity for the p r ima ry  esters  in TG of 
longer chain fa t ty  acids is indicated by the approxi- 
mate ly  equimolar  amounts  of 18:1 and 14:0, and 18:1 
and 18:2 in the FFA released from 18:1-14:0-14:0, 
18:1-18:2-18:2 and 18:2-18:1-18:1. However, the MG 
again contained sn-l(3) fa t ty  acids, which could be 
caused by e i ther  or both sn-2 hydrolysis and acyl migra-  
tion. To differentiate between the two, we could have 
used triacid TG or, as has  been recently described by Ro- 
galska et al. (18), shorter  digestion t imes tha t  are less 
likely to produce MG, followed by high-performance 
liquid chromatography  of the enant iomeric  diacylglyc- 
erols derivatives. Rogalska et al. (18) did not observe 
any  digestion of the sn-2 acid in 18:1-18:1-18:1 af ter  
6 min  of hydrolysis and confirmed the stereoselectivity 
of purif ied h u m a n  gas t r ic  l ipase  for sn-3 of 
18:1-18:1-18:1 by their  method.  

Our  resul ts  are s imilar  to those reported by other  in- 
vest igators  (18,19). Thus,  t h e  ra tes  of hydrolysis de- 
creased as the chain length of the fa t ty  acids in mono- 
acid TG increased; the specific activities for 4:0-4:0-4:0 
were 1000; for 8:0-8:0-8:0, 470; and for 18:1-18:1-18:1, 
0.9 (18). The ra tes  were dependent  upon pH, the na ture  
of the  subs t r a t e  and  the  type of enzyme,  wi th  a 
lower max imum,  4.5 vs. 5.5 for 4:0-4:0-4:0 t h a n  for 
18:0-18:0-18:0 when homogenates  of h u m a n  gastr ic mu-  
cosa were used as gastric l ipase source (19,20). With pu- 
rified h u m a n  gastr ic lipase, activity was  only two t imes 
higher  with 4:0-4:0-4:0 t han  with 18:1-18:1-18:1, and the  
pH opt ima were a t  4.0 for Intra l ipid and a t  4 to 6 for 
4:0-4:0-4:0 (21). In  this study, we did not compare  the re- 
lease of 16:0 and 18:1 from diacid TG containing these 

TABLE 1 

Fatty Acid Composit ion (tool %) of  the Original Triacylglycerols (TG) and the Monoaeylglycerols (MG) and Free Fatty 
Acids (FFA) Produced by Lipolysis  with Premature Human Infant Gastric Lipase or Porcine Pancreatic  Lipase 

Human gastric lipase a Porcine pancreatic lipase b 

TG MG FFA c TG MG FFA ~ 

16:0 16:0 16:0 16:0 16:0 
o r  o r  o r  o r  o r  

Substrates n X a 18:1 X a 18:1 X a 18:1 X a 18:1 X a 18:1 X a 

16:0 
or 

18:1 

rac-16:0-8:0-8:0 3 61.9 38.1 1.8 98.2 98.4 1.6 68.0 32.0 99+ - -  53.6 
rac-16:0-10:0-10:0 3 66.6 33.4 5.3 94.7 70.1 29.9 68.7 31.3 99+ - -  54.0 
rac-18:1-12:0-12:0 3 67.2 32.8 8.9 91.1 92.9 7.1 64.1 35.9 99+ - -  52.5 
rac-18:1-14:0-14:0 1 64.9 35.1 41.2 58.8 52.5 47.5 68.0 32.0 99+ - -  53.4 
rac-18:1-18:2-18:2 2 66.5 33.5 67.9 32.1 49.1 50.9 67.4 32.6 99.9 0,1 52.0 
rac-18:2-18:1-18:1 2 33.0 67.0 70.9 29.1 43.3 56.7 34.2 65.8 99.6 0,4 49.2 

46.4 
46.0 
47.5 
46.4 
48.0 
50.8 

aLipase activity in gastric aspirates; lipolyses were done at pH 5.4 for 30 to 60 min to achieve about 40% hydrolysis. 
bporcine pancreatic lipase; lipolyses were done at pH 8.4 for 2 to 5 rain. 
CNo fatty acid selectivity would be indicated by a 50:50 ratio, as seen for pancreatic lipase. 
dx is the fatty acid in the TG, MG or FFA other than 16:0 or 18:1. 
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acids, but  Hamosh  et al. (22) observed preferent ial  re- 
lease of 18:1 and 18:2, as well as of 8:0 and 10:0 from in- 
fant  formulas  in the stomach. Fu r the r  invest igat ion of 
the appa ren t  selectivity for unsa tu ra t ed  fa t ty  acids is in- 
dicated. However, up to 60% of milk  TG are hydrolyzed 
in the s tomach of the suckling canine puppy, a l though 
canine mi lk  fat  contains a lmost  exclusively longer chain 
fa t ty  acids, none less t han  14:0 (4). 

Fur thermore ,  there  seems to be a tempora l  relation- 
ship to the type of fa t ty  acid released: During shor t - te rm 
digestion (10 min) of h u m a n  milk  fat  globules, the 
amount  of 8:0 and 10:0 was higher  than  tha t  of 18:1 and 
18:2, whereas  af ter  30 min  of incubation, 18:1 and 18:2 
far  exceeded the level of medium-chain  fa t ty  acids re- 
leased (23,24). 

The extensive hydrolysis of milk  fat  in the s tomach of 
several  species whose milk  contains exclusively or pre- 
dominant ly  long-chain fa t ty  acids, such as the dog (4), 
seal (24) and h u m a n  (3), indicates that ,  in  vivo,  gastric 
l ipase efficiently releases long-chain fa t ty  acids from 
milk  or formula  (4,5,22,25,26). I t  is possible tha t  the 
s t rong product inhibition of gastr ic l ipase by long-chain 
fa t ty  acids (19,27,28) does not occur under  in  vivo condi- 
tions (3,4). Fur thermore ,  some die tary  proteins have 
been shown to bind fa t ty  acids more efficiently than  does 
albumin,  which is usual ly  used as a fa t ty  acid sink in 
in  vitro studies (28). The presence of short-chain fa t ty  
acids at  the sn-3 position of milk  fat  TG from the cow 
(29) explains thei r  possible, but  as yet  undetermined,  
preferential  release by gastr ic  lipase, an enzyme with  a 
4:1 stereoselectivity for this position. 

Our  study, which shows tha t  in  vitro gastric l ipase 
from p rema tu re  h u m a n  infants  selectively releases 8:0, 
10:0 and 12:0 as compared to 16:0 or 18:1 from racemic 
TG, emphasizes  the need for careful in  vivo examinat ion  
of the selectivity of gastr ic lipolysis. The in  vitro selec- 
t ivity of the lipase can be summar ized  as follows: (i) po- 
sitionally, p r imary  es ters  are preferred; (ii) among  fa t ty  
acids, short-chain fa t ty  acids are preferred; and (iii) 
sterically, sn-3/sn-1 are preferred a t  a 4:1 ratio. 
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Human milk and infant formula containin~ coconut/soy 
oil were infused into the duodenum of rats to determine 
the incorporation of  capric, lauric, myristic and p=tlmitic 
acids into lymphatic triacylglycerol (TAG). The propor- 
tion of  capric and laurie acids in the lymphatic TAG re- 
flected the fatty acid composition of  the diet. Based on 
positional analysis, it appears that more than 50% of the 
capric and lauric acids could have been absorbed from 
the intestine as sn-2 monoacylglycerols. In the rats fed 
human milk, 50% of p~lmitic acid in lymphatic TAG was 
in the sn-2 position~ Because of  the nonrandom distribu- 
tion of  pnlmltic acid in the lymphatic TAG, the nonspe- 
cific lipase in human milk~ i .e,  bile salt-stimulated Hpase, 
did not appear to be a factor in milk lipid digestion~ 
Lipids  29, 437-439 (1994). 

Human milk and infant formulas containing coconut off 
have substantial amounts of capric (10:0), lauric (12:0), 
myristic (14:0) and palmitic acids (16:0). It is generally ac- 
cepted that chain length determines the absorption path- 
way of these fatty acids with 10:0 and 12:0 being trans- 
ported from the digestive tract in the portal blood while 
14:0 and 16:0 are transported in the lymph (1,2). However, 
it is also known that the structure of the triacylglycerol 
(TAG) influences the absorption of component fatty acids 
(3-5). While most of the 10:0 and 12:0 from human milk 
and infant formula may be taken up into the portal blood, 
a significant portion may be transported in the lymph if 
absorbed from the intestinal lumen as sn-2 monoacylglyc- 
erol (MAG) and resynthesized into lymphatic TAG by the 
sn-2 MAG pathway. 

Lipids from human milk contain 20-25% 16:0, which is 
located predominantly in the sn-2 position of the milk 
TAG (6). Due to the specificity of pancreatic lipase for hy- 
drolysis of fatty acids from the primary positions of TAG, 
a large proportion of 16:0 from human milk may be ab- 
sorbed as sn-2 MAG (4). However, human milk also con- 
tains bile salt-stimulated lipase (BSSL), a nonspecific li- 
pase that is thought to complete digestion of milk lipid by 
hydrolyzing MAG (7). If BSSL contributes significantly to 
milk lipid digestion, 16:0 would be hydrolyzed from the 
sn-2 MAG produced by pancreatic lipase, and the final 
products of digestion would be primarily free fatty acids 
and glycerol (7). In the absence of sn-2 MAG, the phos- 
phatidic acid pathway would be predominant in the ente- 
rocyto, and it is assumed that 16:0 would not be preferen- 
tially introduced in the sn-2 position of TAG by this path- 
way. Hence, there would be no enrichment of 16:0 in the 
sn-2 position of the lymphatic TAG in animals fed human 
milk, as was previously suggested (4). 

*To whom correspondence should be addressed at the Department 
of Nutritional Sciences, U-17, The University of Connecticut, 
Sterrs, CT 06269-4017. 
Abbreviations: BSSL, bile salt-stimulated lipase; MAG, monoacyl- 
glycerol; TAG, triacylglycerol. 

In the present study, human milk and infant formula 
containing coconut/soy off were infused into the duode- 
num of rats to determine incorporation of 10:0, 12:0, 14:0 
and 16:0 into lymph and the position of these fatty acids 
in the lymphatic TAG. One objective of this study was to 
test the assumption that very little 10:0 or 12:0 is trans- 
ported in the lymph. A second objective was to determine 
the position of 16:0 in the lymphatic TAG of rats receiving 
human milk. If enrichment of 16:0 in the sn-2 position is 
not maintained through digestion and absorption, it 
would indicate nonspecific lipase activity and support a 
role for BSSL in digestion of milk lipid. It is assumed that 
the phosphatidic acid pathway, which would become oper- 
ative in the absence of 2-MAG, would not preferentially 
introduce 16:0 in the sn-2 position of the lymphatic TAG. 

MATERLaJ.S AND METHODS 

Animals and surgical procedure. Male Holtzman albino 
rats obtained from Holtzman Laboratory Animals (Madi- 
son, WI) were used in this study. At the time of surgery 
the rats weighted 275-350 g, and they were consuming a 
standard laboratory diet (Purina Rodent Chow 5001; Pu- 
rina Mills, St. Louis, MO) and water ad libitum. 

The major mesenteric lymph duct was cannulated as 
described by Warsaw (8). First the rats were anesthetized 
with methoxyflurane, and a right subcostal incision was 
made. The major mesenteric lymph duct was located, and 
a bevelled heparin-fiIled micro-renathane implantation 
tube (MRE 040; Braintree Scientific, Braintree, MA) was 
threaded approximately 3 mm into the lymphatic duct. 
After a good lymph flow was established, the cannula was 
secured using cyanobutylacrylate adhesive. Then a feed- 
ing tube was placed in the duodenum by passing MRE 040 
micro-renathane tubing in a caudal direction through a 
small gastric puncture and securing it with 4-0 silk. The 
abdominal wall was closed by suturing the muscle layer 
with 4-0 silk and then by stapling the skin with Michel 
wound clips (Harvard Bioscience, South Natick, MA). 

Immediately following surgery, the rats were restrained 
in modified Bollman cages (9), placed in a warm dark en- 
vironment and allowed to recover for approximately 24 h. 
During the recovery period the rats had access to water, 
and a glucose]electrolyte solution (Pedialyte; Ross Labora- 
tories, Columbus, OH) was infused into the duodenum at 
2.0 mI/n. 

Infusates. Following their recovery, six rats were in- 
fused (2.5 mI/n) for 12 h through the feeding tube with 
human milk (3.3 g lipid/100 mL), and six rats were infused 
with an infant formula containing coconut/soy oil (3.4 g 
lipid]100 mI,, ProSobee; Mead Johnson, Evansville, IN). 
Lymph was collected for 12 h in heparinized tubes on ice 
and stored at -70~ until analyzed. 

The human milk was donated by a woman during her 
eighth month of lactation. Several complete breast ex- 
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pressions were collected with the aid of an electric breast  
pump. Milk samples were pooled and stored a t  -70~ 

Lipid analyses. Total lipids were extracted from aliquots 
of each diet and each lymph collection was made by a mod- 
ified Folch procedure (10). The TAG in the lymph were iso- 
lated using Silica Gel G thin-layer chromatographic plates 
developed with hexane/diethyl ether/glacial acetic acid 
(90:30:2, by vol). 

An aliquot of the TAG was used for structural  analysis. 
The fat ty  acids esterified to the sn-2 position were mea- 
sured directly after hydrolysis of the fat ty acids from the 
sn-l ,3 positions with porcine pancreatic lipase (11). The 
fat ty acids esterified in the sn-1,3 positions were calcu- 
lated as: 

(sn-l,3) - 3(TAG) - (sn-2) [1] 
2 

Fat ty  acids associated with total lipid, TAG and sn-2 
MAG were t ransmethyla ted  in methanol/hexane (4:1, 
vol/vol) in the presence of acetyl chloride (12) and fat ty 
acid methyl  esters were separated by gas-l iquid chro- 
mategraphy  on a Supelcowax 10 fused silica capillary col- 
umn,  30 m • 0.53 m m  i.d. (Supelco, Bellefonte, PA), 

quent  t ransport  in the lymph. In  the enterocyte, the sn-2 
monoglyceride pa thway is the major pa thway for TAG 
synthesis, and sn-2 MAG, a product of pancreatic lipase 
digestion, serves as the fat ty acyl-CoA acceptor (14). 
Therefore, the fat ty  acids in the sn-2 position of the TAG 
synthesized by this pa thway do not require activation by 
acyl-CoA synthetase,  while fat ty  acids in the sn-l ,3 posi- 
tions do. 

A positional analysis was made of lymphatic TAG to de- 
termine the distribution of fat ty acids in the sn-2 and sn- 
1,3 positions (Fig. 1). In the h u m a n  milk-infused animals,  
83% of the 10:0 and 67% of the 12:0 were esterified to the 
sn-2 position of the lymphatic TAG. The TAG in the lymph 
of the formula-fed animals  contained 50% of 10:0 and 54% 
of the 12:0 in the sn-2 position. I t  appears  tha t  a large pro- 
portion of the 10:0 and 12:0 from formula and h u m a n  milk 
could have been taken up by the enterocyte as sn-2 M A G  
and resynthesized into lymphatic TAG. The 10:0 and 12:0 
associated with the sn-l ,3 positions would have required 
activation by acyl-CoA synthetase. While medium-chain 
fat ty acids are not the preferred substrate  for acyl-CoA 
synthetase,  10:0 and 12:0 can be activated, as suckling 
ra ts  are reported to t ransport  considerable 10:0 and 12:0 
in the sn-l ,3 positions of lymphatic TAG (15). 

RESULTS AND DISCUSSION 
60 

The fat ty acid composition of the infused diets and of the 
lymph are shown in Table 1. The proportions of 10:0 and 6o 
12:0 in lymphatic TAG were approximately the same as 
those in the diets. This was unexpected as it was assumed 4o 
tha t  these fat ty acids would be t ransported as albumin- .~ 
bound free fat ty acids in the portal blood (1,2). z c~ 30  

One factor tha t  discriminates against  t ranspor t  of 10:0 
and 12:0 in the lymph is the preference of acyl-CoA syn- 20 
thetase for fat ty acids containing more than  12 carbons 
(13). When dietary lipid is digested and the fat ty  acids are lO 
absorbed in free form, they mus t  be activated by acyl-CoA 
synthetase before reesterification into lipid and subse- o 

h u m a n  m i l k  A 

10:0 12:0 14:0 16:0 16:0 18:1 18:2 

Fatty Acid 

TABLE 1 

F a t t y  A c i d  C o m p o s i t i o n  o f  I n f u s a t e  a n d  L y m p h  (wt%) a 

Human milk ProSobee b 
Fatty acid Infused Lymph Infused Lymph 

10:0 1.0 0.4 • 0.1 2.2 1.2 • 0.5 
12:0 6.2 3.4 • 0.7 23.1 19.4 • 1.4 
14.'0 7.2 5.8 _+ 0.9 11.3 9.0 • 0.5 
16:0 19.9 24.3 +_ 2.0 16.3 13.8 _+ 1.8 
16:1 1.6 2.6 • 0.5 n.d. c 0.1 • 0.1 
18:0 9.4 9.2 • 0.4 4.6 5.5 • 0.3 
18:1 31.9 29.9 • 2.2 15.5 17.2 • 0.8 
18:2n-6 16.4 16.4 • 1.5 25.8 28.4 • 0.6 
18:3n-3 1.1 0.8 _+ 0.2 3.1 3.0 • 0.4 
20:4n-6 0.5 3.0 • 0.5 n.d. 1.3 • 0.4 

aLymph values are means of six observations • standard deviation. 

bproSobee from Mead Johnson (Evansville, IN). The lipid formula- 
tion of this infant formula has changed since this study was un- 
dertaken. 
CFatty acid not detected (less than 0.05 wt%). 

4O 

P r o S o b e e  B 
,o  

' ~  iN 0 =T=,~ ,  

10:0 12:0 14:0 16:0 18:0 18:1 18:2 

Fatty Acid 

i ~ l  sn-l,3 ~ sn-2 ~ Total 

FIG. 1. D i s t r i b u t i o n  of  fa t ty  a c i d s  (wt%) w i t h i n  e a c h  posi- 
tion of  l y m p h a t i c  t r i ac y lg lye e r o l  from s ix  rats  i n t r a d u o d e -  
nAlly i n f u s e d  w i t h  (A) h u m a n  m i l k  or  (]3) i n f a n t  f o r m u l a  
(ProSobee;  M e a d  J o h n s o n ,  EvanBvil le ,  IN). R e s u l t s  are  pre-  
s e n t e d  as  m e a n  • s t a n d a r d  d e v i a t i o n ,  n = 6. 
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Unlike 10:0 and 12:0, the proportion of 14:0 was greater 
in the sn-l,3 positions. Myristic acid is a true long-chain 
fatty acid, and it is readily activated by acyl-CoA syn- 
thetase and incorporated into lymphatic TAG (13). 

In the rats infused with human milk, the proportion of 
16:0 in the sn-2 position of lymphatic TAG was much 
greater than seen in the rats infused with formula (Fig. 1). 
This was of interest because one proposed explanation for 
efficient absorption of milk lipid is the high proportion of 
16:0 in the sn-2 position of human milk TAG (4). I t  is 
thought that  16:0 in the sn-2 position would be absorbed 
as sn-2 MAG and not be acted upon by pancreatic lipase 
and freed. As free 16:0 readily complexes with divalent 
cations, forming a soap that  is poorly absorbed not being 
in free form would enhance its absorption. 

Human  milk contains an endogenous lipase, BSSL, i .e,  
a nonspecific lipase that  releases fatty acids from all posi- 
tions of TAG. It  has been proposed that  the improved ab- 
sorption of human milk lipid is due to BSSL in the milk 
(7). If  BSSL were a significant factor in the digestion of 
milk lipid, it would hydrolyze the product of pancreatic li- 
pase, i.e., 16:0-enriched MAG, and subsequently decrease 
the proportion of 16:0 in the sn-2 position of lymphatic 
TAG. Because of the large amounts of 16:0 in the sn-2 po- 
sition of lymphatic TAG, BSSL did not appear to be an im- 
portant factor in the digestion of milk lipid. However, the 
conditions in this study are not the same as seen in the 
neonate. In this study, diets were infused into the duode- 
num so that  lipolysis was not initiated by gastric/lingual 
lipase in the stomach. I t  has been suggested that  circum- 
venting gastric lipolysis in the infant may reduce lipid ab- 
sorption by 30% (7). Also BSSL may only contribute to 
milk lipid digestion when bile salts in the intestine are 
below the critical micelle concentration, and pancreatic li- 
pase is less than optimal (7). These are not conditions in 
the intestinal lumen of the adult rat. Because of these dif- 
ferences, the results of the present study do not negate a 
possible role for BSSL in the infant. 

In conclusion, significant amounts of 10:0 and 12:0 from 
human milk and infant formula can be absorbed and 
transported from the gut  v/a the lymph system. The 

amount  of 10:0 and 12:0 found in the lymph is propor- 
tional to the amount  in the diet with more than 50% es- 
terified to the sn-2 position of the lymphatic TAG. The 
large proportion of 16:0 in the sn-2 position of the lym- 
phatic TAG from animals infused with human milk does 
not support a role for BSSL in the digestion of milk lipid 
in the adult rat. 
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The structures of  two  unusual fatty acids, the known 
trans-3-hexadecenoic acid and a novel  trans-3-tetrade- 
cenoic  acid, both isolated from the Nova Scotian sea- 
weeds Palmaria palmata and Chondrus crispus, were  
posit ively identified. After the extraction of  the total 
fatty acids by saponification, fol lowed by methylation,  
the monoenoic  trans fractions were  isolated by thin- 
layer chromatography on silica gel impregnated with  sil- 
ver nitrate. The monoenoic  trans fractions were  deriva- 
t ized with  2-Amlno-2-methyl.propanol prior to Analysis 
by gas chromatography/mass spectrometry. The mass  
spectra showed prominent  [M + 1] + ions but lacked the 
12 ainu interval  useful for identifying the double bond 
position. Hence,  alternative diagnostic peaks  were  used 
to confirm the posit ion of  the double bond in these  two  
fatty acids. As the trans-3-hexadecenoie acid is found in 
the photosynthet ic  t issue of  all plants, it may also be 
present  in rnminant fats and, p r e s - m a b l ~  in human adi- 
pose tissue.  
Lipids 29, 441-444 (1994). 

For nearly 30 years (1), trans-3-hexadecenoic acid has 
been known to occur as a component of plant photosyn- 
thetic lipids (2,3). This trans acid has been found among 
the fatty acids of numerous North Atlantic macrophytes 
(4-8), sometimes exceeding 2% of total fatty acids. We 
have now identified trans-3-tetradecenoic acid in several 
of these algal samples. The rigorous identification of the 
structure of two homologous fatty acids of this type (14:1, 
16:1) from seaweeds by modern gas chromatography/mass 
spectrometry (GC/MS) is reported here. 

MATERIALS AND METHODS 

Seaweeds. Palmaria palmata and Chondrus crispus 
grown in natural seawater and provided through the cour- 
tesy of the Institute for Marine Biosciences of the National 
Research Council of Canada (Halifax, Nova Scotia, 
Canada) were the source of the trans fatty acids. 2-Amino- 
2-methyl-propanol (AMP) reagent was obtained from 
Sigma Chemical Co. (St. Louis, MO). trans-3-Hexade- 
cenoic acid for use as a standard was synthesized in our 
laboratory by a recently published method (9); its struc- 
ture was confirmed by oxidative ozonolysis (10), MS upon 

tpresent address: Department of Organic and Biological Chem- 
istry, University of Messina, P.O. Box 46, Messina, Italy. 
*To whom correspondence should be addressed at Canadian Insti- 
tute of Fisheries Technology, Technical University of Nova Scotia, 
Box 1000, Halifax, Nova Scotia, B3J 2X4 Canada. 
Abbreviations: AMP, 2-amino-2 methyl-propanol; DMOX, 4,4-di- 
methyloxazolines; ECL, equivalent chain length; GC/MS, gas chro- 
matography/mass spectrometry; GLC, gas-liquid chromatography; 
ITD, ion trap detector; TLC, thin-layer chromatography. 

derivatization and infrared (IR) spectroscopy of the free 
acid (band at 975 cm-1). 

Extraction. The total fatty acids from fresh seaweeds 
were isolated upon saponification by refluxing with a 
0.5 N methanolic sodium hydroxide for 2 h (6). After re- 
moving the nonsaponifiable components by extraction 
with hexane, the fatty acids were recovered a fa r  acidifi- 
cation by re-extraction with hexane, and then converted to 
their methyl esters by heating with 8% BF 3 in methanol 
at 100~ for 60 min (11). 

Silver nitrate thin-layer chromatography (TLC). The 
methyl esters were applied to silica gel TLC plates (Ad- 
sorbosil-5; Alltech Associates Inc., Applied Science Labo- 
ratories, Deerfield, IL) impregnated with silver nitrate 
(10% in acetonitrile)(12) and fractionated according to 
their degree of unsaturation (13) by development in ben- 
zene/hexane (2:1, vol/vol). The monoenoic trans band (Rf = 
0.87) was visible under ultraviolet (UV) light a l~r  spray- 
ing with 2',7"-dichlorofluorescein (0.2% in ethanol). The 
adsorbent band was scraped off, and the silica gel was ex- 
tracted three times with hexane/chloroform (1:1, vol/vol). 
The pooled extracts were evaporated to dryness under N 2 
and redissolved in hexane for further analysis. 

Structural identification as 2-alkenyl-4,4-dimethyloxa- 
zoline (DMOX) derivatives. The DMOX derivatives of the 
fa~tty acids were prepared by adding 250 I~L of AMP to 
500 pg of the fatty acid methyl esters in screw-cap vials. 
After flushing with N 2, the vials were capped and heated 
at 180~ for 18 h (14). The reaction mixture was cooled, 
dissolved in 3 mL of dichloromethane and then washed 
twice with 1 mL of water. After drying the organic phase 
with anhydrous Na2SO 4, the solvent was removed under 
a stream of N 2. The samples were dissolved in hexane 
prior to analysis by GC/MS. 

GC/MS. Electron impact mass spectra were obtained 
on a model 700 Finnigan MAT Ion Trap Detector (ITD) 
system (Finnigan MAT, San Jose, CA) interfaced to a 
Perkin Elmer model 990 gas chromatograph. The gas- 
liquid chromatography (GLC) fused silica capillary col- 
nmn_ was fed through a heated transfer line directly into 
the ITD gas inlet. GC/MS separations were obtained on a 
flexible-fused silica nonpolar columrl (DB-1; coating of 
methyl silicone, 60 m x 0.25 mm i.d., phase thickness 
0.25 I1; Chromatographic Specialties Inc., Brockville, On- 
tario, Canada). The column was operated at 220~ and at 
140 kPa helium. The data system consisted of an IBM 
clone (dtk TECK 1230) interfaced to the internal electron- 
ics of the ITD using version 4.0 of the ITD software sup- 
plied by the Finnigan Corp. using background subtrac- 
tion. The ITD was tuned by following the manufacturer's 
procedure and was operated in the full-scan mode with a 
1-s cycle time. 
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RESULTS A N D  D I S C U S S I O N  

In seaweeds, in which water is by far the major (90-95%) 
component, total fatty acids are present only in small 
amounts. In C. crispus, the total fatty acids amounted to 
0.41% of the wet weight, and in P. palmata came to only 
0.34%. trans-3-Tetradecenoic acid and trans-3-hexade- 
cenoic acid are only minor components of the total fatty 
acids. The proportion of trans-3-tetradecenoic was 0.1% of 
total fatty acids in both algae, and the proportions of 
trans-3-hexadecenoic acid were 2.4 and 0.9% in P. palmata 
and C. crispus acids, respectively. These percentages and 
those of the other fatty acids were similar to those pub- 
lished earlier and differed only in that C. crispus had 
-25% 20:4n-6 vs. 1% of this acid in P. palmata. Conversely, 
C. crispus had -25% 20:5n-3, whereas P. palmata had 
-45%. Neither contained 22:6n-3, and all other fatty acids 
were <6%, except for 16:0, which occurred at about 25% of 
total fatty acids in both macrophytes. 

The mass spectra of the DMOX derivatives obtained 
with the ITD clearly identified the structures of the trans- 
3-tetradecenoic acid and of the trans-3-hexadecenoic acid. 
A prominent molecular ion and fragments characteristic 
of fatty acids with the double bond in position 3 were ob- 
served (Figs. 1 and 2). It should be emphasized here that 
a characteristic feature of the ITD is that instead of the 
molecular ion the protonated ion [M + H] § occurs (15). 

trans-3-Tetradecenoic acid. The mass spectrum of the 
DMOX derivative of trans-3-tetradecenoic acid (Fig. 1) 
showed the protonated molecular ion at m / z  280, corre- 
sponding to a 14:1 fatty acid derivative with 279 atomic 
mass units (amu). The base peak was an ion at m / z  110, 
the composition of which is not well known (it appears to 
be derived from a parent ion fragment at m / z  152). This 
ion, after double bond isomerization and cychzation, pro- 
duces a configuration that loses a C(CH3) 2 group from the 
heterocyclic ring with loss of 42 amu (Fig. 3). This ion is 
typical (16)of the DMOX derivative of a fatty acid with a 
double bond in position 3, whether cis or trans, and it is 
not observed when the double bond is in position 2 or 4. 

Another important ion, which appears at m / z  264, is 
due to the loss of a methyl group from the ring, whereas 
the ion at m / z  152 is due to a typical cleavage between the 

100X ii~ 

2t~4 
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lg8 9 

i : , ' i ' ,  i ,  t ,  ]., ~, i ' ,  ~, i ,  i ,  t ,  r , ' l ,  ( ,  i ,  i ,  i , t ,  i ,  i ,  i f , l , i ,  I 

log 150 280 ~.58 3~ 

FIG. 1. Electron impact  mass  spectrum of  the 4,4-dlmethyl- 
oxazol ine derivative of  natural  trans-3-tetradecenoic acid. 
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FIG. 2. Electron impact  mass  spectrum of  the 4,4-dimethyl- 
oxazol ine  derivat ive  o f  natural  trans-3-hexadecenoic acid. 

carbons in positions 5 and 6. The ion at m / z  113, which is 
a characteristic of DMOX derivatives of fatty acids, is not 
very abundant when the double bond is close to the polar 
end of the molecule. It is usually due to a McLafferty re- 
arrangement and is formed by the migration of the T-hy- 
drogen followed by cleavage between the carbon atoms 2 
and 3. 

trans-3.Hexadecenoic acid. The electron impact mass 
spectrum of the DMOX derivative of the trans-3-hexade- 
cenoic acid (Fig. 2) was very similar to the spectrum of 
the trans-3-tetradecenoic acid; the protonated molecular 
ion at m / z  308 was as expected. The base peak was at 
m / z  110 whose origin is presumably the same as for the 
other DMOX derivative discussed previously. A promi- 
nent ion at m / z  292 due to loss of a methyl group from 
the ring was also observed. Other important ions include 
that at m / z  152, resulting from a cleavage between car- 
bon atoms 5 and 6, and the ion at m / z  113. The ion at 
m / z  126 is a cyclic ion formed by cleavage between car- 
bons 4 and 5 (17). 

The mass spectrum of the DMOX derivative of the ref- 
erence standard trans-3-hexadecenoic acid (not shown) 
had the typical fragmentation pattern observed for the 
trans-3 fatty acids (DMOX derivatives) isolated from the 
seaweeds. 

The mass spectra of the two trans-3 fatty acids investi- 
gated here permitted investigators to determine their 
structures, even though the rule of Andersson and Holman 
(18--20) for identifying ethylenic bond positions by gaps of 
12 amu was not applicable. This rule generally applies to 
the DMOX derivatives of fatty acids with one or more eth- 
ylenic bonds but is not applicable to trans-3 fatty acids be- 

0 0 
0 

r n / z  1 5 2  n V z  1 1 0  

FIG. 3. Proposed mechRnism for the formation of  ion at 
m/z U0.  
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cause of the position of the double bond close to the polar 
end of the molecule. The spectra obtained with the ITD 
showed, however, a base peak at  m / z  110, which is typical 
of these compounds with a double bond in position 3. 

There are six fat ty acids tha t  commonly occur (21) in 
green vegetables, including trans-3-hexadecenoic acid. 
Few vegetables contain much 14:0, whereas  the total fat ty 
acids of the two seaweeds contain 4 (C. crispus) and 9% 
(R. pa lmata) .  Both contain approximately 25% of 16:0. The 
trans-3 monoenoic contents of the total fat ty acids given 
above do not correlate with the proportions of the corre- 
sponding sa tura ted  acids. The trans-3-tetradecenoic acid 
is not specific to the red seaweeds, but  is also found in 
brown and green seaweeds. 

The equivalent chain length (ECL) of the methyl  ester  
of trans-3-hexadecenoic acid for two polyglycol-type liquid 
phases (SUPELCOWAX-10, Omegawax; Supelco Canada,  
Oakville, Ontario, Canada) was 16.51 a t  185~ The cor- 
responding ECL value for the ester  of trans-3-tetrade-  
cenoic acid was 14.51. The ECL values for these esters on 
the methylsilicone liquid phase (DB-1) at  200~ are, re- 
spectively, 13.90 (14:1) and 15.91 (16:1). The unique be- 
havior of t rans  acids on cyanosilicone liquid phases  (22), 
eluting earlier than  the corresponding c/s acids, will cause 
the ECL values to vary with cyano group content (23). One 
set of ECL values (7) for seaweed 16:1 fat ty  acid methyl  
esters separated on a 50 m • 0.25 m m  stainless-steel open- 
tubular  column with the cyanosilicone liquid phase  
SILAR-5CP i l lustrates this point: cis-9-hexadecenoic,  
16.38; trans-3-hexadecenoic,  16.45; c/s-13-hexadecenoic, 
16.63. On the polyglycol columns, the tentat ive identifica- 
tion of trans-3-hexadecenoic  acid in but terfat  (24) placed it 
in  the  iso-17:0 position, approximately at  ECL 16.46. 

Interestingly, the deposition of trans-3-hexadecenoic 
acid in ruminan t  fat  was forecast (2) as long ago as in 
1964, but  does not seem to have been addressed in human  
depot fats. I t  could be important ,  in view of current  heal th  
recommendations to consume more green vegetables, to 
accurately identify this particular 16:1 fat ty acid in total 
t rans  16:1 of human  adipose tissue. Total t rans  16:1 levels 
(by packed column) are purported to be correlated with 
deaths from coronary hear t  disease (25,26). 

The consumption of seaweeds as human  food is common 
in many  countries, especially in Asia (27,28), but  there 
does not seem to be a record of the deposition of trans-3- 
hexadecenoic acid in the depot fats of such populations. 
Conversely, studies on partially hydrogenated edible oils 
(22,29) suggest tha t  all trans-3 fat ty  acid isomers, as a re- 
sult  of the mobility of this bond in the proximity of the car- 
boxyl group, would be unlikely to survive hydrogenation 
to any extent. 

In  humans,  the 16:1 fat ty  acids of depet fats seem to be 
in the range of 2-6% of total fat ty  acids (30,31). These 
seem to be primari ly derived from animal  fats. In  fish 
lipids, palmitoleic (c/s-9-hexadecenoic) acid invariably 
constitutes an  important  proportion of the fat ty  acids (32). 
As edible vegetable oils are usually low in 16:1, these may  
be discounted as a source for trans-3-hexadecenoic acid 
originating from part ial  hydrogenation except if  chain 
shortening (33,34) of the artifactual trans-5-octadecenoic 
acid takes place in  vivo. However, the lat ter  fat ty acid 

seems rarely present  among the isomers formed in the hy- 
drogenat ion process when  applied to vegetable oils 
(22,35). A chromatogram of methyl  esters of fat ty acids of 
human  adipose tissue tha t  has been published (30) shows 
two large 16:1 peaks, allegedly with the smaller  n-7 iso- 
mer  eluting ahead of the n-9 isomer, followed by a cluster 
of smaller  peaks, one of which  may  represent  trans-3- 
hexadecenoate. 
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I 

Dear Sir: 

In a paper  on site-specific differences in the fa t ty  acids 
of human  adipose tissue published in Lip id s  (1) , the  au- 
thors make the point tha t  they were unable to detect a -  
linolenic (18:3n-3) acid in any depot fats from fifteen 
sites on seven adul t  males. This is in contrast  to three  
other  studies tha t  the  authors  mention as showing up to 
3% of 18:3n-3 in human  adipose tissue, al though figures 
of 0.2-0.6% seem to be more common. In view of the in- 
creasing interest  in (o3 fat ty  acids in nutrit ion, vascular  
biology and medicine (2,3), it  is desirable to explain this 
negative finding. The authors  used only OV-1 as liquid 
phase in gas chromatography (GC). I t  has long been 
known tha t  18:3n-3 acid and linoleic acid (18:2n-6) are 
not separated effectively on this phase (4-7). This is a 
general problem with n-3 and n-6 s tructural  analogs 
when these also differ by one methylene- interrupted 
ethylenic bond. Thus a good resolution also would not be 
obtained between the pairs 18:3n-6 and 18:4n-3, 20:4n- 
6 and 20:5n-3, and 22:5n-6 and 22:6n-3, al though the 
levels of C20 and C22 fa t ty  acids are usually very low in 
human  adipose tissue (8-10). Two of the la t ter  groups of 
investigators used polar GC columns and show chro- 
matograms with peaks for 18:3n-6 (T-linolenic acid) 
(8,10), which also seems to be present  in human  adipose 
tissue in the 0.1-0.3% range. Modem GC with polar, 
open-tubular  columns can resolve the polyunsatura ted 
C18, C20 and C22 fat ty acids mentioned above, as well as 
22:4n-6 and 22:5n-3. These polyunsaturated fat ty  acids 
should therefore all be reported, even at  the low levels 

found in adipose tissue, as well as for other  organs in 
which these acids are presumed to be functional and im- 
portant.  

R.G. Ackman* 
Depar tment  of Food Science and Technology 
Technical Universi ty of Nova Scotia 
Halifax, Nova Scotia, B3J 2X4 Canada 

1. Calder, RC., Harvey, D.J., Pond, C.M., and Newsholme, E.A. 
(1992) Lipids 27, 716-720. 

2. Scientific Congress on Omega-3 Fatty Acids in Nutrition, Vas- 
cular Biology and Medicine, The American Heart Association, 
Houston, Texas, April 17-19, 1994. 

3. Sinclair, A., and Gibson, R. (eds.) (1993) Proceedings of  the 
Third International Congress on Essential Fatty Acids and 
Eicosanoids, American Oil Chemists' Society, Champaign. 

4. Ackman, R.G. (1969) Methods Enzymol. 14, 329-381. 
5. Ackman, R.G. (1984) in CRC Handbook of Chromatography, 

Lipids (Marigold, H.K., ed.) Vol. 1, pp. 95-240, CRC Press, 
Boca Raton. 

6. Ackman, R.G., and Ratnayake, W.M.N. (1989) in The Role of  
Fats in Human Nutrition (Vergroesen, A.J., and Crawford, M., 
eds.) pp. 441-514, Academic Press, London. 
Christie, W.W. (1988) J. Chromatogr. 447, 305-314. 
Cassidy, D.M., Pratt, D.A., Taylor, R., Alberti, I~G.M.M., and 
Laker, M.F. (1989) J. Chromatogr. 491, 1-13. 
Hodgson, J.M., Wahlqvist, M.L, Boxall, J.A., and Balazs, N.D. 
(1993) Am. J. Clin. Nutr. 58, 228-234. 
Ruiz-Gutierrez, V., Montero, E., and Viller, J. (1992) J. Chro- 
matogr. 581, 171-178. 

7. 
8. 

9. 

10. 

[Received December 8, 1993; accepted April 7, 1994] 

*Address correspondence at Department of Food Science and 
Technology, Technical University of Nova Scotia, RO. Box 1000, 
Halifax, Nova Scotia, B3J 2X4 Canada. 

Copyright �9 1994 by AOCS Press UPIDS, Vol. 29, no. 6 (1994) 



a-Linolenic Acid in Human Adipose Tissue A Reply 

447 

Dear  Sir: 

We recently reported on the fat ty acid compositions of 
fifteen adipose depots from seven adult  males (1). None 
of the depots contained detectable levels of a- l inolenic 
acid (18:3n-3). This finding is in contrast  to at  least  
three previous reports (2-4), each of which was dis- 
cussed in our paper  (1). In his let ter  (5), Dr. Ackman 
suggests tha t  the reason for the nondetectabil i ty of this 
fa t ty  acid was the type of column used for the separat ion 
of fa t ty  acid methyl  esters. Indeed, the previous studies 
all used a more polar gas-chromatographic column than  
did Calder et al. (1), and, as Dr. Ackman indicates, a 
more polar column would allow bet ter  resolution of 
a- l inolenic acid and linoleic acid (18:2n-6). I t  should be 
pointed out, however, tha t  the OV-1 column used is able 
to partially resolve these two fat ty acids and tha t  sepa- 
ra te  peaks  are seen; indeed, we have repor ted  
a- l inolenic acid proportions in lipids isolated from 
macrophages (6) and lymphocytes (7) cultured in  vi tro in 
the presence of a-l inolenic acid and in animal diets ex- 
pected to contain this fa t ty  acid. 
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Characterization of Lipid Hydroperoxides Generated 
by Photodynamic Treatment of Leukemia Cells 
Gary J. Bachowski ~, Witold Korytowski 2 and Albert W. GirotU* 
Department of Biochemistry, Medical College of Wisconsin, Milwaukee, Wisconsin 53226 

A n e w  technique,  high-per formance  liquid chromatog-  
r a p h y  with  reduct ive  mode e lect rochemical  detect ion 
on a mercu ry  drop  (HPLC-EC), has  been  used for  ana- 
lyzing l ipid hydroperox ide  (LOOH) format ion  in pho- 
tooxidat ively stressed L1210 leukemia  cells. Highly spe- 
cific and  sensi t ive for  peroxides  (detect ion l imits <0.5 
pmol  for cholesterol  hydroperox ides  and  <50 pmol  for  
phosphol ip id  hydroperoxides) ,  this app roach  allows dif- 
ferent  classes of  LOOH to be separated and de te rmined  
in minimal ly  damaged  cells. L1210 cells in serum-con- 
ta in ing growth  med ium were  irradiated in the presence  
of merocyanine  540 (MC540), a l ipophilic photosensi t iz-  
ing  dye, Lipid ext rac ts  f rom cells exposed to a light flu- 
ence of 0.11 J /cm 2 (which reduced  clonally assessed sur- 
v ival  by  30%) s h o w e d  12-15 wel l -def ined  p e a k s  in 
HPLC-EC. None of these peaks  was observed when  cells 
were  i r r ad i a t ed  wi thou t  MC540 or  w h e n  dye/light- 
treated samples  were  reduced  with  tr iphenylphosphine  
pr io r  to analysis.  Three peaks  of  re lat ively  low reten- 
t ion t ime (<12 min) were  assigned to the following 
species  by v i r tue  of  comigra t ion  with  au thent ic  stan- 
dards :  3 ~-hydroxy-5~-choles t -6-ene-5-hydroperoxide  
(5a-OOH), 3~-hydroxycholes t -4-ene-6~-hydroperoxide  
(6~-OOH), and  3~-hydroxycholest-5-ene-7a/7~-hydroper- 
oxide (70d7~-OOH). Format ion  of 5a-OOH and 6~-OOH 
(singlet oxygen adducts)  was  conf i rmed by  subject ing 
[14C]cholesterol-labeled cells to re la t ively high levels of 

1This paper is based on a dissertation submitted by G.J. 
Bachowski in partial fulfillment of the requirements for a Ph.D. 
degree in Biochemistry at the Medical College of Wisconsin 
(Milwaukee, WI). 
2present address: Institute of Molecular Biology, Jagiellonian Uni- 
versity, Krakow, Poland. 
*To whom correspondence should be addressed at the Department 
of Biochemistry, Medical College of Wisconsin, 8701 Watertown 
Plank Road, Milwaukee, WI 53226. 
Abbreviations: A1PcS4, chloroaluminum phthalocyanine tetrasul- 
fonate; ChOOH, cholesterol hydroperoxide(s); DCP, dicetylphos- 
phate; DFO, desferrioxamine; EC, electrochemical; FAOOH, fatty 
acid hydroperoxide(s); FCS, fetal calf serum; GC/MS, gas chro- 
matography/mass spectrometry; GPX, glutathione peroxidase; 
GSH, reduced glutathione; HPLC-EC, high-performance liquid 
chromatography with mercury drop electrochemical detection; 
HPLC-RC, high-performance liquid chromatography with radio- 
chemical detection; LOOH, lipid hydroperoxide(s); MC540, mero- 
cyanine 540; MTT, 3-(4,5-dimethylthiazolyl-2-yl)-2,5-diphenylte- 
trazolium bromide; 5a-OOH, 3~-hydroxy-5a-cholest-6-ene-5-hy- 
droperoxide; 6~-OOH, 3~-hydroxycholest-4-ene-6~-hydroperoxide; 
7a-OOH, 3~-hydroxycholest-5-ene-7cx-hydroperoxide; 7~-OOH, 3~- 
hydroxycholest-5-ene-7~-hydroperoxide; PBS, phosphate buffered 
saline (25 mM sodium phosphate, 125 mM NaC1, pH 7.4); PC, 
phosphatidylcholine; PCOOH, phosphatidylcholine hydroperox- 
ide(s); PEOOH, phosphatidylethanolamine hydroperoxide(s); 
PHGPX, phospholipid hydroperoxide glutathione peroxidase; 
PLOOH, phospholipid hydroperoxide(s); PLA2, phospholipase A2; 
POPC-OOH, hydroperoxide of 1-palmitoyl-2-oleoyl phosphatidyl- 
choline; PLPC-OOH, hydroperoxide of 1-palmitoyl-2-1inoleoyl 
phosphatidylcholine; TGOOH, triacylglycerol hydroperoxide(s); 
TLC, thin-layer chromatography; TMPD, N,N,N'~'-tetramethyl- 
p-phenylenediamine, TPP, triphenylphosphine. 

photooxidat ion  and  analyzing extracted lipids by HPLC 
with  rad iochemica l  detection.  Material  r ep resen ted  in a 
major  peak  a t  18-22 min on HPLC-EC was isolated in 
re la t ively large amounts  by  semiprepara t ive  HPLC and  
shown to conta in  phosphol ip id  hydroperoxides  (pre- 
dominant ly  phosphat idy lchol ine  species,  PCOOH) ac- 
cording to the following cri teria:  (i) decay of 18-22 min  
peak  dur ing  Ca2§ A 2 treatment,  with rec- 
iprocal  a p p e a r a n c e  of fatty acid hydroperoxides;  (ii) re- 
duct ion of peroxide  dur ing  t r ea tmen t  with reduced  gin- 
ta th ione  and phosphol ip id  hydroperox ide  gluta th ione 
peroxidase,  bu t  not  g luta thione peroxidase;  and  (iii) co- 
migra t ion  with PCOOH s tandards  in th in- layer  chro- 
matography.  HPLC-EC analysis  revealed  quant i f iable  
amounts  of  PCOOH and ChOOH at  a l ight f luence that 
clonally inac t iva ted  <10% of the  cells, which allows for  
the possibi l i ty  that  photoperoxida t ive  damage  plays a 
causal  role in cell killing. 
Lipids 29, 449-459 (1994). 

Lipid peroxidation is a prominent  manifes ta t ion  of ox- 
idative s t ress  tha t  has  received considerable a t tent ion 
in recent  years  because of its cytotoxic effects and possi- 
ble role in pathological conditions such as atherosclero- 
sis, i s chemia - repe r fus ion  injury, drug-induced l iver 
damage  and carcinogenesis (1-3). Many  different enzy- 
mat ic  and nonenzymatic  agents  can t r igger  lipid peroxi- 
dation in biological systems.  Included in the former  cat- 
egory are  l ipoxygenases ,  cyclooxygenases  and  cy- 
tochrome P450 reductases.  Nonenzymat ic  lipid peroxi- 
dation can be t r iggered by processes such as xenobiotic 
autoxidation, ozone generat ion,  ionizing radiat ion and  
photodynamic action. The surge of biological and bio- 
medical in teres t  in lipid peroxidation has  s t imula ted  de- 
velopment  of powerful new techniques for separa t ing  
and detecting peroxidation products  and intermediates .  
Among these are several  approaches  involving high-per- 
formance liquid chromatography  (HPLC) of lipid hy- 
droperoxide (LOOH) species, with detection based on 
m e a s u r e m e n t  of chemiluminescence (4-6), fluorescence 
(7) or electrochemical (EC) reduction (8-11). A grea t  ad- 
van tage  of these approaches  over those employing ul t ra-  
violet (UV) absorbance or radiochemical  detection is 
tha t  lipid hydroperoxides can be dist inguished from al- 
cohol reduction products t ha t  often accompany them in 
biological samples  and tend to coelute with t hem (10,11). 
We have  reported tha t  H P L C - E C  is an excellent ap- 
proach for de termining individual LOOH classes in com- 
plex mixtures  of cholesterol and phospholipid hydroper-  
oxides (12,13). Using HPLC with a renewable  mercury  
drop electrode, we have  achieved detection l imits  of less 
t h a n  0.5 pmol for rapidly elut ing cholesterol hydroper-  
oxides (13), which exceeds the sensit ivity of all other  ex- 
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isting HPLC methods (5-7). In the work described in 
this paper, mercury electrode HPLC-EC has been used 
for analyzing the formation of several different LOOH 
species in photodynamically-treated leukemia cells. Pre- 
liminary findings along these lines have been published 
recently (13). The ultrahigh sensitivity of the HPLC-EC 
approach has allowed us to detect significant amounts of 
phospholipid and cholesterol hydroperoxides in photo- 
damaged cells prior to any large-scale loss of viability. 

MATERIALS AND METHODS 

Chemicals and reagents. Cholesterol, egg phosphatidyl- 
choline (PC), egg phosphatidylethanolamine (PE), 
dicetylphosphate (DCP), bovine erythrocytic glutathione 
peroxidase (GPX), bovine pancreatic phospholipase A 2 
(PLA2) , reduced glutathione (GSH), Chelex-100 (50-100 
mesh), RPMI-1640 medium, insulin, transferrin, peni- 
cillin and streptomycin were obtained from Sigma 
Chemical Co. (St. Louis, MO). 1-Palmitoyl-2-oleoyl phos- 
phatidylcholine (POPC) and 1-palmitoyl-2-1inoleoyl 
phosphatidylcholine (PLPC) were from Avanti Polar 
Lipids (Birmingham, AL). Hyclone Laboratories (Logan, 
UT) supplied the fetal calf serum (FCS). [4-14C]Choles- 
terol (40-60 mCi/mmol in benzene) was obtained from 
Research Products International (Mount Prospect, IL). 
Desferrioxamine (DFO) was supplied by Ciba-Geigy 
Corp. (Suffern, NY); peroxide-free Triton X-100 by 
Boehringer-Mannheim Biochemicals (Indianapolis, IN); 
merocyanine 540 (MC540) by Eastman Kodak 
(Rochester, NY); and chloroaluminum phthalocyanine 
tetrasulfonate (AIPcS 4) by Porphyrin Products (Logan, 
UT). HPLC-grade chromatographic solvents were ob- 
tained from Burdick and Jackson Corp. (Muskegon, MI) 
or Mallinckrodt Co. (Paris, KY). Cholesterol hydroper- 
oxide standards [3D-hydroxy-5a-cholest-6-ene-5-hy- 
droperoxide (5(x-OOH), 3~-hydroxycholest-4-ene-6D-hy- 
droperoxide (6D-OOH) and 3D-hydroxy-cholest-5-ene- 
7a/7D-hydroperoxide (7cd7D-OOH) mixture] were 
prepared and characterized as reported (12). Phospho- 
lipid hydroperoxide glutathione peroxidase (PHGPX) 
was prepared from rat testes as described and stored at 
-807C (14,15). The purified enzyme migrated as a single 
band of molecular weight ~20,000 Da on sodium dodecyl 
sulfate-polyacrylamide electrophoresis. PHGPX activity 
was determined by coupled enzymatic assay, using 
NADPH, GSSG-reductase, GSH and photoperoxidized 
egg PC (14). All aqueous solutions were prepared with 
deionized, glass-distilled water. 

Cell culture. Murine leukemia L1210 cells (ATCC 
CLL-219) obtained from the American Type Culture Col- 
lection (Rockville, MD) were grown in suspension cul- 
ture at 37~ under a humidified atmosphere of 95% 
air/5% CO 2. The growth medium consisted of 1% FCS in 
RPMI-1640 supplemented with insulin (10 pg/mL), 
transferrin (5 pg/mL), penicillin (100 U/mL), strepto- 
mycin (100 pg/mL), and sodium selenite (5 ng/mL). Cells 
were reseeded into fresh medium every two days. New 
cultures were started from frozen stock on a bimonthly 
basis. All experiments and determinations were carried 

out on cells in log-phase growth. Cell viability was as- 
sessed by 3-(4,5-dimethylthiazoyl-2-yl)-2,5-diphenylte- 
trazolium bromide (MTT) assay, which is based on 
metabolic activity (16), and by clonogenic assay (17). Ad- 
ditional details are provided in Reference 18. 

Protein and lipid determinations. Total protein in 
L1210 cells was determined by the method of Lowry et 
al. (19), using bovine serum albumin as the standard; 
the measured value was 6.4 _+ 0.4 mg/10 s cells (mean _+ 
SD; n = 4). 

Total cellular lipid, as determined by gravimetric 
analysis (18), was found to be 1.43 + 0.06 mg/10 s cells 
(mean +_ SD; n = 6). Phospholipid content was measured 
by phosphate analysis, using a modification of the 
Bartlett approach (20). Samples containing -107 cells 
were washed three times with 25 mM Hepes [N-(2-hy- 
droxyethyl)-piperazine-N'-(2-ethanesulfonic acid)l/125 
mM NaC1 (pH 7.4). After the addition of 1 mM EDTA, 
the cell suspension was extracted with 1.6 vol of chloro- 
form/methanol (2:1, vol/vol). The lipid extract was dried 
under N 2 and dissolved in 0.4 mL of 10 N H2SO 4. After 
heating for 2 h at 155~ 2 drops of 30% n202 were 
added, followed by 1 h of additional heating. Ammonium 
molybdate (0.2 mL of a 2.5% solution) and 1-amino-2- 
naphthol-4-sulfonic acid (0.1 mL of a 0.2% solution) 
were then added, along with enough water to bring the 
final volume to 2.5 mL. The mixture was heated at 
100~ for 10 min, after which absorbance at 830 nm was 
recorded. An extinction coefficient of 23.2 mM-lcm -1 at 
this wavelength (measured with an inorganic phosphate 
standard) was used for quantitation. Cholesterol con- 
tent was determined by reverse phase HPLC with UV 
(212 nm) detection (see HPLC section). Identification 
and quantitation of cellular cholesterol was based on 
reference to a cholesterol standard (retention time -33 
min). Triacylglycerol content was determined by ester 
bond analysis (21) after separation of triacylglycerols 
from phospholipids. The separation was accomplished 
by chromatography on 35-mg silica gel minicolumns 
(Alltech Associates, Deerfield, IL). Lipid samples (in 
25-30 pL of isopropanol) were applied to columns that 
had been prewashed with isopropanol and hexane. The 
mobile phase solvent systems (applied sequentially by 
syringe) were as follows: (i) 3.0 mL of chloroform/acetic 
acid/methanol (97:2:1, by vol), which effected (as estab- 
lished with standards) the complete elution of triacyl- 
glycerols and cholesterol, leaving phospholipids behind; 
and (ii) 2.5 mL of methanol/chloroform/water (20:10:8, 
by vol), which effected the complete elution of the phos- 
pholipids. Recovered fractions were dried in a SpeedVac 
AS160 Concentrator (Savant Instruments, Farming- 
dale, NY). Triacylglycerols were treated with hydroxyl- 
amine as indicated (21); liberated fatty acyl hydroxamic 
acids were determined by measuring the absorbance 
of their ferric complexes at 530 nm. Quantitation was 
based on an ester group extinction coefficient of 
1.02 mM-lcm -1 at this wavelength, as established with 
a dipalmitoyl PC standard. Isolated phospholipids 
were also subjected to ester bond analysis. Mea- 
sured values (as wt% of total cellular lipid) were as 
follows: (i) phospholipid: 69.4 _+ 7.5% by phosphate 
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assay, 72.3 _+ 7.8% by ester bond assay; (ii) triacylglyc- 
erol: 27.7 _+ 2.3%; (iii) cholesterol: 4.0 _+ 0.4% (means _+ 
SD; n = 3). 

Radiolabeling of cells. Labeling of cholesterol in 
L1210 cells was accomplished by incubating the cells 
with unilamellar liposomes containing [4-14C]choles - 
terol. Before incorporation into liposomes, radioactive 
cholesterol plus carrier (-0.3 mg total sterol) was sepa- 
rated from any pre-existing oxidation products by silica 
gel thin-layer chromatography (TLC), using hep- 
tane/ethyl acetate (1:1) as the mobile phase (22). The 
cholesterol zone (located by radioscanning) was removed 
by scraping and was eluted with chloroform/methanol 
(2:1, vol/vol). The extract was filtered and dried; recov- 
ered lipid (-0.8 ~mol; 5-10 ~Ci) was mixed with 
1.0 1Jmol of egg PC and film-dried under argon. The 
lipids were resuspended in deaerated, Chelex-treated 
phosphate buffered saline (PBS) and subjected to five 
freeze-thaw cycles before being passed through a 
200-pm Nucleopore filter in a lipid extruder (Lipex Bio- 
membranes, Vancouver, British Columbia, Canada) (23). 
Cells were centrifuged, resuspended to a concentration 
of ~107/mL in 10% heat-inactivated FCS/RPMI medium, 
and mixed with radiolabeled liposomes at a ratio of cel- 
lular to liposomal cholesterol o f - 4 : 1  (mol/mol). After 
15 h of incubation at 37~ under sterile conditions, the 
cells were centrifuged, washed extensively with 1% 
heat-inactivated FCS/RPMI medium to remove the lipo- 
somes and resuspended in this medium. A typical incu- 
bation as described resulted in a 30-35% exchange 
(transfer) of [14C]cholesterol.' 

Photooxidation reactions. Immediately before irradia- 
tion, unlabeled or [14C]cholesterol-labeled L1210 cells 
were centrifuged and resuspended to a concentration of 
1.0-3.0 x 107/mL in serum-free RPMI medium. The cells 
were incubated with sensitizer (25 ~M MC540) for 30 min 
in the dark, after which 10-mL aliquots were transferred 
to 25-cm 2 culture flasks and irradiated on a translucent 
platform over a twin-bank of cool white 40-W fluorescent 
tubes. Incident light intensity (fluence rate) at the plat- 
form surface was -7.5 W/m 2, as measured with a ra- 
diometer (Yellow Springs Instruments, Yellow Springs, 
OH). Temperature of the cell suspension was maintained 
at 25 _+ 2~ At~r  different periods of irradiation (typically 
no longer than 4 min, corresponding to a fluence of 0.18 
J/cm2), the suspensions were centrifuged; each cell pellet 
was resuspended in 0.5 mL of PBS containing 1.0 mM 
EDTA. After extraction with chloroforraJmethanol (2:1, 
vol/vol) and drying under argon, the lipid fraction was an- 
alyzed iodometrically for peroxide content (see below) and 
then subjected to analytical HPLC. 

For preparing relatively large amounts of cellular 
LOOH for semipreparative HPLC, the above procedure 
was scaled-up and A1PcS 4 (a more potent singlet oxygen 
generator; Ref. 24) was used instead of MC540. Typically, 
50-mL aliquots of cells (1.0 x 107/mL in RPMI medium) 
were transferred to 165-cm 2 flasks, sensitized with 10 ~r 
A1PcS 4, and irradiated for 1 h under a quartz-halogen 
source at 25~ The fluence rate was -2.3 kW/m 2. Afar  ir- 
radiation, the cells were pelleted and lipids extracted as 
described above. Extracts from six of these preparations 
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(corresponding to -26 mg of lipid from ~3 x 109 cells) were 
combined and dried under argon. Recovered material was 
dissolved in 220 pL ofisopropanol, which comprised a sin- 
gle injection on semipreparative HPLC. 

Iodometric analysis. The LOOH content of standards 
and experimental samples was determined by iodomet- 
ric assay, as described (25,26). Hydroperoxides were re- 
duced anaerobically in the presence of excess iodide, 
with steichiometric formation of triiodide. The latter 
was measured spectrophotometrically at 353 nm, quan- 
titation being based on an extinction coefficient of 
22.5 mM'lcm -1. 

TLC. Cholesterol and phospholipid hydroperoxides 
were chromatographed on Silica Gel 60 plates of 
0.25 mm thickness (EM Science, Cherry Hill, NJ). The 
mobile phase for cholesterol hydroperoxides was ben- 
zene/ethyl acetate (1:1, vol/vol), whereas that for phos- 
pholipid hydroperoxides was chloroform/methanol/ 
water (75:25:4, by vol). Peroxides were visualized by 
spraying with N#VgV'JV'-tetramethyl-p-phenylenedi- 
amine (TMPD). Other details were as described 
(22,27,28). 

HPLC. Liquid chromatography was accomplished 
with an Isco integrated HPLC system (Isco Inc., Lincoln, 
NE). Analytical reverse-phase HPLC-EC was carried 
out at room temperature, using a C18 Ultrasphere col- 
umn (4.6 • 150 mm; 5 ~m particles) from Beckman In- 
struments (San Ramon, CA) and C18 guard column 
(4.6 x 45 mm) from Alltech Associates (Deerfield, IL). 
Except where indicated, the premixed mobile phase con- 
sisted of(by vol) 79.5% methanol, 11.5% acetonitrile and 
9.0% of an aqueous solution containing I0 mM ammo- 
nium acetate and 0.25 mM sodium perchlorate (pH 5.0). 
Delivered isocratically at a flow rate of 2.0 mL/min, the 
mobile phase was sparged continuously with high-pu- 
rity argon that  was passed first through an OMI-1 oxy- 
gen scrubber from Supelco Inc. (Bellefonte, PA) and then 
through a presaturating mobile phase scrubber. The col- 
umn effluent was passed through two detectors in se- 
ries, an Isco V 4 variable wavelength detector and an 
EG&G-Princeton Model 420 electrochemical detector 
with a renewable mercury drop electrode system 
(Princeton, NJ). A new mercury drop was dispensed and 
equilibrated for 5--10 min before each injection of ana- 
lyte; background noise typically dropped to a satisfac- 
tory low level during this period. The electrode potential 
was set at -300 mV vs. an Ag/AgC1 reference. Samples 
were dissolved in isopropanol; immediately before injec- 
tion, the solutions were sparged for 2-3 min with high- 
purity helium to minimize 02 entry into the system. The 
injection volume for all samples was 10 ~L. Data collec- 
tion, storage and manipulation was accomplished with 
an on-line AT clone and Isco ChemResearch software. 
Other details about the methodology have been reported 
elsewhere (12,13,29). Identification and quantitation of 
various hydroperoxides detected in cell samples were 
based on retention times and EC responses of stan- 
dards, e.g. 5a-OOH, 6~-OOH, 7a/7~}-OOH, POPC-OOH, 
and PLPC-OOH. 5a-OOH and 7~7~-OOH were found to 
have the same EC response, which was -25% higher 
than that  of 6[~-OOH; POPC-OOH and PLPC-OOH also 
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had the same response, but  it was about half  tha t  of 
5a-OOH or 7a/7~-OOH (13). 

Semipreparative HPLC-EC was carried out on a Beck- 
man Ultrasphere C18 column (10.0 x 250 mm; 5-pm par- 
ticles) with an Alltech guard column (4.6 • 45 mm). In 
this case, the mobile phase consisted of 83% methanol, 
10% acetonitrile and 7% aqueous solution containing 10 
mM ammonium acetate and 0.25 mM sodium perchlorate 
(pH 5.0); flow rate was typically 4.0 mL/min. 

A Baker  silica column (4.6 • 250 mm; 5-1am particles) 
was used for normal-phase HPLC-RC of lipid extracts 
from photooxidized [14C]cholesterol-labeled cells. The 
column was eluted with 97% hexane/3% isopropanol at 
a flow rate  of 1.25 mL/min, i4C-Labeled analytes were 
detected with a Radiomatic A100 Flow-One\Beta detec- 
tor equipped with a 2.5-mL flow cell (Radiomatic In- 
s t ruments ,  Tampa, FL). 

Enzymatic characterization of isolated peroxide frac- 
tions. The 18-22 min fraction isolated by semipreparative 
HPLC-EC was treated with GSH and selenoperoxidases 
as follows. Samples of the 18-22 min material  (-5 nmol of 
iodometrically determined LOOH) were solubilized in 0.5 
mL of Chelex-treated PBS containing 0.1% Triton X-100 
and 20 ~VI DFO. (DFO was included to prevent  any iron- 
catalyzed LOOH degradation.) After addition of GSH 
alone (1 mM), GSH plus PHGPX (0.1 U/mL), or GSH plus 
GPX (0.5 U/mL), the mixtures were incubated for 30 min 
at  37~ aider which lipids were extracted and analyzed 
by PLOOH-resolving TLC (see above), TMPD being used 
for peroxide detection. 

Phospholipase-A 2 t rea tment  of the 18-22 min fraction 
was carried out as follows. Samples containing -5  nmol of 
total LOOH were film-dried in acid-washed tubes, then 
vortexed into 0.5 mL of 50 mM Chelex-treated Tris-HC1 
(pH 7.4) containing 20 ~ DFO. After addition of CaC12 
(5 mM) and PLA 2 (60 U/mL), the mixtures were re-vor- 
texed and incubated for periods of up to 1 h at 37~ A 
control containing everything except PLA 2 was run 
alongside. After incubation, lipids were extracted, dried, 
dissolved in isopropanol and analyzed by HPLC-EC,  
using the following mobile phase: 85% methanol/9% ace- 
tonitrile/6% aqueous solution containing ammonium ac- 
etate and sodium perchlorate. The lower polarity of this 
eluant compared with that  used for total LOOH (see pre- 
ceding section) sharpened the parent  peroxide peak by 
decreasing its retention time, thus permitting hydrolytic 
decay to be measured with greater  sensitivity. For moni- 
toring the formation of fat ty acid hydroperoxide (FAOOH) 
products, a different mobile phase was used, namely a 
50% methanol/27.5% acetonitrile/22.5% aqueous solution, 
which satisfactorily separated FAOOH species without 
solvent front interference. Identification and quanti tat ion 
of the FAOOH was based on retention times and EC re- 
sponses of peroxidized linoleic acid and arachidonic acid 
Standards. The lat ter  were typically prepared by irradi- 
ating the fatty acids, 100 mM in chloroform/methanol 
(1:1, vol/vol), with a quartz-halogen source for 3 h in the 
presence of 10 ~ A1PcS 4 a t  10~ A ~ r  drying, resus- 
pending in PBS/EDTA, extracting and redrying, the stan- 
dards were determined iodometrically and then chro- 
matographed alongside the unknowns. 

RESULTS 

HPLC-RC of lipid extracts from photoperoxidized 
[14C]cholesterol-labeled cells. Total lipid extracted from 
[4-14C]cholesterol-labeled L1210 cells before and after  
irradiation in the presence of MC540 was subjected to 
HPLC-RC analysis. The unirradiated sample (Fig. 1A) 
shows a major peak of radioactivity at  -5  rain, assigned 
as cholesterol; and a lesser peak at  -3  min, tentat ively 
assigned as cholesteryl ester(s). The apparent  transes- 
terification may have been catalyzed by a cellular acyl- 
CoA/cholesterol acyltransferase,  since the serum used in 
the incubation mixture  was heat - t rea ted  to inactivate 
lecithin/cholesterol acyltransferase.  The i rradiated sam- 
ple (Fig. 1B) shows at least three distinct product peaks, 
two of which have been assigned on the basis of match- 
ing retent ion times of standards:  6~-OOH (9.5 min) and 
5a-OOH (13.0 min). Product  yields relative to total in- 
jected radioactivity were -1.0 and -2.3%, respectively. 
Identification of 5a-OOH and 6~-OOH provides unam- 
biguous evidence for singlet oxygen (102) involvement in 
the photooxidative process (30,31). This is consistent 
with previous results  showing 102 intermediacy in 
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FIG. 1. Normal-phase high-performance l iquid chromatog- 
raphy-radiochemical  detect ion (HPLC-RC) of  cholesterol  
hydroperox ides  from photoox id ized  [14C]cholesterol-la- 
beled L1210 cells. Cells (~3.0 • 107/mL in med ium containing 
10% heat- inactivated serum) were  radiolabeled by incu- 
bat ing  wi th  egg phosphat idy lcho l ine /cho le s tero l  (10:8, 
mol/mol)  l iposomes  containing ~10 pCi of  thin-layer chro- 
matography~ [4-]4C]cholesterol. After washing  and 
resuspending in 1% serum/RPMI medium,  the cells were  
sens i t ized with  25 pM merocyanine  540 and analyzed by 
HPLC-RC before (A) and after (B) irradiating for 90 min 
(fluence ~4.1 J/cm2). Samples  for HPLC-RC contained ~60 
pg of  total lipid. Peak  assignments:  1, unidentif ied compo- 
nent(s); 2, cholesterol;  3, 3~-hydroxycholest-4-ene-6~-hy- 
droperoxide (6~-OOH); 4, 3~.hydroxy-5a-cholest-6-ene-5-hy- 
droperox ide  (5a-OOH). Retent ion  t imes  of  sepa- 
rately chromatographed standards (determined by A212) 
were  as follows: 6~-OOH, 9.5 min  (arrow); 5a-OOH, 13.0 min  
(arrow). 
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model systems,  e.g., MC540-sensi t ized liposomes or 
erythrocyte  m e m b r a n e s  (26,32). I t  should be pointed 
out t h a t  in order  to detect  product  s ignals  by 
H P L C - R C  (cf. Fig. 1B), it was  necessary  to i r radia te  
cells to ex t reme limits, killing >99% of the population. 
The fact t ha t  MC540 is a r a the r  modest  102 genera tor  
(33) and undergoes self-sensitized photobleaching (32), 
added to the difficulty of measu r ing  cellular photoprod- 
ucts by HPLC-RC.  To improve the sensit ivity of LOOH 
measu remen t ,  we switched to reverse-phase  HPLC with 
EC detection. As demons t ra ted  recently (13), subpico- 
mole detection l imits can be achieved for ChOOH stan- 
dards  with this approach.  

0.4 nA I J/cm20.18 
(-dye) 

0.023 

2 
-,$ 

0 20 40 60 

T ime  ( m i n )  

FIG. 2. Reverse-phase  HPLC-EC (e lectrochemical  detec- 
tion) of  l ip id  h y ~ o p e r o x i d e s  from photooxidized  LI210 
cells. Cells (1.0 x lO' /mL in  1% serum/RPMI medium)  were  ir- 
radiated in the absence o f  sensi t izer  (top scan) or presence  
of  25 jam merocyanine  540; at the  indicated f luenees  (J/cm ~) 
of  del ivered Hght, samples  containing -290 Dg of  total l ip id 
were  removed  for chromatographic  analysis.  (The smal lest  
f luence  shown,  0.023 J/cm =, represents  0.5 min  of  irradia- 

2 t ion at a f luence  rate of  7.5 W/m .) Iodometrically-deter* 
m i n e d  hydroperoxide  content  o f  the samples  (v iewing  
scans from top to bottom) was  as follows: <0.2 nmol; <0.5 
nmol; 0.5 nmol; 1.3 nmol; 2.~ nmol.  Full-scale detector sensi- 
t iv i ty  was  2.0 nA for each determinat ion.  See  Figure 1 for 
abbreviations.  

HPLC-EC of lipid extracts from photoperoxidized 
cells. H P L C - E C  profiles of lipid extracts  from cells tha t  
had been subjected to modest  levels of MC540-sensitized 
photooxidation are  shown in Figure 2. At the  lowest 
delivered light fluence, 0.023 J /cm 2, one can see discrete 
EC peaks  dis tr ibuted over a 60-rain re tent ion t ime 
range. The intensi ty  of these peaks  increases with in- 
creasing fluence up to 0.18 J /cm 2 with no indication of 
any significant shift  in distribution. At least  ten major  
peaks  can be dist inguished a t  the 0.18 J /cm 2 level: a 
t ight  cluster of five or six peaks  in the 5-20-min  range, 
one prominent  broad peak centered a t  -20  min, and 
three  lesser others a t  -33,  -53  and -57  rain. None of 
these peaks  was detected in cells exposed to a 0.18 J /cm 2 
fluence in the absence of MC540 (Fig. 2) or in MC540- 
sensitized cells kept  in the dark.  Thus,  there  was no sig- 
nificant background level of species giving EC signals; 
moreover, these species could not have been genera ted  
by light alone or light acting on some endogenous sensi- 
t izing agent. Viability assays  on cell samples  from the 
Figure 2 exper iment  showed tha t  cell killing was rela- 
t ively modest  for light fluences t ha t  produced substan-  
t ial  EC signals. For  example,  a t  0.045 J/cm 2, cell sur- 
vival measured  by clonal assay  was >90% and by MTT 
assay  >95% (Table 1). Even at  the highest  fluence used 
in this exper iment  (0.18 J/cm2), survival  was >10%. 
Thus,  in contras t  to radio detection, EC detection al- 
lowed us to measure  significant levels of photoproducts 
in minimal ly  damaged  cells. 

HPLC profiles observed with EC and UV (212 nm) de- 
tection were compared for lipid extracts  from nont rea ted  
and MC540/l ight- treated cells. As shown in Figure 3, the 
control (no dye/light) sample  exhibited several  UV peaks  
over a 60-min retent ion t ime range,  but  no significant 
EC peaks.  After photooxidation (0.18 J /cm 2 fluence), a 
characteris t ic  EC profile was observed, whereas  the UV 
profile remained  essential ly unchanged.  When a sample  
f rom photooxidized cells was  t r ea t ed  wi th  t r iph-  
enylphosphine (TPP) prior to HPLC, all EC peaks  dis- 
appeared;  once again, the UV profile was unaffected 

TABLE 1 

Viabil ity of  Dye/Light-Treated L1210 Cells  a 

Fluence Clonal assay Mq~r assay 
(J/cm 2) (viable cells, %)b (viable cells, %)c 

0 100 • 3 100 • 4 
0.045 91 • 6 96 +_ 6 
0.113 65 _+ 8 75 _+ 1 
0.180 12 • 2 65 _+ 2 
0.180 (control) a 99 • 6 96 _+ 3 
aCells (1.0 x 107/mL) were irradiated at 25~ in the presence of 25 
pM merocyamine 540 (MC540), except where indicated. Samples 
are from the experiment described in Figure 2. 
bClonal survival is represented as a percentage of colonies formed 
relative to nonirradiated controls; values are means _+ SD (n = 3). 
CAbsorbance at 570 nm in 3-(4,5-dimethylthiazoyl-2-yl)-2,5- 
diphenyltetrazolium bromide (MTr) assay is represented as a per- 
centage of the absorbance produced by nonirradiated control cells; 
means _+ deviation of values from two determinations. 
dCells irradiated in the absence of MC540. 
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FIG. 3. HPLC analys is  of  l ipid extracts from photoperoxi-  
d ized  L1210 cells. Comparison of  profi les  obtained wi th  
e lectrochemical  detect ion (panel A) and ultraviolet  (A212) 
detect ion (panel  B). Injected samples ,  each conta in ing  
-290 ~g  of  total l ipid, were  as follows: (a) extract from non- 
treated cells; (b) extract from cells exposed to a 0.18 J/cm 2 
l ight f luence  in  the presence  of  25 ~M MC540 (-2.5 nmol  of  
total l ip id hydroperoxide  (LOOH) in  injected sample); and 
(c) extract from photoperoxidized cells  (as in b) after treat- 
ment  wi th  10 nmol  o f  tr iphenylphosphine .  See Figure 2 for 
other abbreviation.  

except for the appearance of a new peak at -3 min rep- 
resenting TPP (Fig. 3). TPP is an oxygen-abstracting 
agent that  can effectively reduce hydroperoxides to 
hydroxides (34). Since the latter are EC-silent, this 
evidence is consistent with the notion that  species giv- 
ing EC signals are peroxides. As demonstrated previ- 
ously for simpler (noncellular) systems (12), the contrast 
in EC and UV responses after reductive treatment high- 
lights the selectivity of EC for peroxide detection under 
the redox conditions chosen. 

Assignment of cholesterol hydroperoxides in 
HPLC-EC profiles. Realizing that MC540 localizes in 
the plasma membrane, where most of the cellular cho- 
lesterol is located, and that  MC540 can sensitize choles- 
terol peroxidation (Fig. 1), we suspected that some of the 
EC peaks observed in Figures 2 and 3 (retention times 
<15 min) represent ChOOH products. As a first attempt 
at identifying these species, we spiked photooxidized 
samples with individual standards (5a-OOH, 6~-OOH 
or 7a/7~-OOH mixture) and located matching positions 
on HPLC-EC profiles. As shown in Figure 4, a sample 
peak corresponding to unresolved 7a/7[~-OOH (7.2 min) 
is sharp and distinct. The peak corresponding to 
5a-OOH (8.4 min) appears to overlap with that of a more 
abundant (unidentified) species. Similarly, 6~-OOH ap- 
pears to be unresolved from another minor species. 
Whether this might be 6a-OOH, which was shown to be 
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FIG. 4. HPLC-EC profiles of  photoperoxidized LI210 cell  
l ip id extracts that were  spiked wi th  selected cholesterol  hy- 
droperoxide standards.  Lipid extracts were  spiked wi th  au- 
thentic  6~-OOH (11.5 min),  5a-OOH (8.4 min)  or 3~-hydroxy- 
choles t -5-ene-7a-hydroperoxide /3~-hydroxycholes t -5-ene-  
7~ohydroperoxide (7a/7~-OOH) (7.2 min),  as indicated.  In- 
jected samples  contained -290 ~g  of  l ipid, -2.5 nmol  o f  
LOOH, and 40 pmol  of  hydroperoxide  standard (except for 
top chromatogram).  Peaks corresponding to the added 
standards are notated by dots. See Figures 1-3 for abbrevi- 
ations.  

less abundant than the 6[} epimer in model systems (12), 
is presently unknown. Quantitation of cellular 5a-OOH, 
6~-OOH and 7a/713-OOH (collectively referred to as 
ChOOH; see Table 3) was accomplished by spiking sam- 
ples with increasing amounts of the respective stan- 
dards, integrating, and extrapolating to zero addition. 

To strengthen our argument about ChOOH identities, 
we isolated relatively large amounts of these species by 
semipreparative HPLC-EC and subjected them to alter- 
native TLC analysis along with appropriate standards. 
As shown in Figure 5 (lane c), a fraction believed to con- 
tain 7a/7~-OOH on the basis of spiking results (Fig. 4) 
actually contained one major peroxide species, which 
comigrated with authentic 7od7~-OOH (lane a). Material 
from the fraction corresponding to 5a-OOH was found to 
be quite contaminated with other peroxides, as expected 
(Fig. 5, lane e). However, visualization of a faint spot at 
the same position as authentic 5a-OOH (lane b) con- 
firms that at least some of this species was present in 
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FIG. 5. Thin-layer chromatogram of cholesterol  hydroper- 
oxides (ChOOH). Fractions suspected of  containing ChOOH 
(5a-OOH, 6~-OOH and 7a/7~-OOH) were isolated by semi- 
preparative HPLC-EC of  l ipid extracts from large-scale 
preparations of photooxidized L1210 cells  (see Materials 
and Methods section). Material from these fractions was an- 
alyzed by si l ica gel thin-layer chromatography (TLC), us ing  
benzene/ethyl  acetate (1:1, vol/vol) as the mobile  phase. Hy- 
droperoxides were v isual ized by spraying with N~V~/'~V'- 
tetramethyl-p-phenylenediamine.  Sample lanes  were as fol- 
lows: (a) 7(z/7~-OOH standard mixture; (b) 5a-OOH standard; 
(c) HPLC fraction bel ieved to contain 7~/7[~-OOH; and (d) 
HPLC fract ion be l i eved  to conta in  5a-OOH. See Fig- 
ures 1-4 for other abbreviations; O indicates  origin; F indi- 
cates solvent  front. 

mildly photooxidized cells. Although ChOOH species do 
not separate well from one another on TLC (Fig. 5), diol 
reduction products do separate satisfactorily (22,28). 
However, it was not possible to identify and differentiate 
cell-derived 7a/7~-OOH and 5a-OOH on this basis be- 
cause sample material was limited and the detection 
method, spraying with 50% sulfuric acid (27), is not sen- 
sitive enough. 

Assignment of phospholipid hydroperoxides in 
HPLC-EC profiles. We have reported elsewhere (13) 
that photochemically-generated hydroperoxides of two 
synthetic phospholipids, POPC and PLPC, elute as 
broad peaks on HPLC-EC, their average retention 
times being longer than those of ChOOH. These time 
ranges, particularly the POPC-OOH range, fall close to 
that  of the broad peak appearing at 18-22 min in the 
present study (Figs. 2 and 3). Suspecting, therefore, that  
the 18-22-min peak might represent phospholipid hy- 
droperoxides, we used semipreparative HPLC-EC to 
isolate this material in relatively large amounts for fur- 
ther study. Although this preparation was relatively 
pure in terms of (putative) hydroperoxide type, it may 
have contained large amounts of other (EC-silent) 
species, e.g., unoxidized lipids, making identification by 

spectroscopic methods, e.g., gas chromatography/mass 
spectrometry (GC/MS), difficult, if not impossible. We 
selected two different biochemical approaches as alter- 
natives. 

To confirm that the 18-22-min fraction contained hy- 
droperoxides and that  they were derived from cellular 
phospholipids, we treated samples with GSH and two 
different selenoperoxidases, GPX and PHGPX. PHGPX 
can catalyze the reduction of membrane lipid hydroper- 
oxides to EC-silent alcohols (35). In addition to PLOOH, 
the enzyme can act on ChOOH and TGOOH (35,36). 
GPX can reduce relatively polar peroxides such as H202 
and FAOOH, but does not act on LOOH, whether mem- 
brane-bound or solubilized (37). TLC analysis (Fig. 6, 
lane b) indicated that the 18-22-min fraction contained 
one major TMPD-reactive compound with mobility 
matching that of an egg PCOOH standard plus a trace 
of material migrating as PEOOH (see also Ref. 13). A 
30-min incubation of the 18--22-min fraction in the pres- 
ence of Triton X-100, GSH, PHGPX and DFO resulted in 
complete disappearance of TMPD-positive spots, includ- 
ing the zone observed at the solvent front (Fig. 6, lane d). 
(We determined that  the latter was generated as an ar- 
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-PEOOH 

-PCOOH 
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I I I I I 

a b c d e 

FIG. 6. Thin-layer chromatogram of 18-22-min fraction after 
treatment with glutathione and selenoperoxidases.  Sam- 
pies  of  18-22 min HPLC fraction from a l ipid extract of pho- 
tooxidized L1210 cells were solubil ized in Chelex-treated 
phosphate  buffered sal ine (25 mM sodium phosphate ,  
125 mM NaCI, pH 7.4) containing 0.1% Triton X-100, 20 pLM 
desferrioxamine (DFO) and 3.0 mM reduced glutathione.  
Lipids were extracted and analyzed by TLC before incuba- 
t ion (lane b) and after incubat ion for 30 min at 37~ in the 
absence of  selenoperoxidase (lane c), presence of  0.1 U/mL 
phosphol ipid hydroperoxide glutathione peroxidase (lane 
d), or presence of  0.5 U/mL glutathione peroxidase (lane e). 
l~qne a represents an extract of reaction mixture contain- 
ing  all but the 18-22-min material.  Starting material  ap- 
pl ied in lanes b-e contained -1.0 nmol  of  LOOH. Phospha- 
t idylchol ine  hydroperoxides (PCOOH) and phosphatidyl-  
e thanolamine  hydroperoxides denote posit ions of photo- 
peroxidized egg phosphat idylchol ine  and egg phospha- 
t idylethanolamine standards (spots not shown).  See Fig- 
ures 1-5 for other abbreviations.  
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tifact during sample incubation at 37~ No loss of 
TMPD reactivity was observed when samples were in- 
cubated with GSH alone (lane c) or GSH plus GPX (lane 
e); five-times as many  units of GPX were used, yet  it was 
unreactive relative to PHGPX. These results support 
our contention that  the major component observed in 
the 18-22-min fraction is a phospholipid hydroperoxide, 
most likely PCOOH. 

Additional evidence tha t  the 18-22-min hydroperox- 
ide is derived from phospholipid (mainly PC) was sought 
by t rea t ing samples with Ca2+-dependent  PLA 2 to 
specifically cleave the sn-2 fat ty acyl groups. Incubation 
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FIG. 7. HPLC-EC of  the 18-22-min fraction after Ca2§ 
phol ipase  A 2 treatment.  The 18-22-min fraction, i solated by 
semipreparat ive  HPLC-EC of  total l ip id  extracted from 
photooxid ized  cells, was  incubated  in  the presence  o f  Ca 2§ 
(5 mM), PLA 2 (up to 120 U/mL) and DFO (20 ILM) in 50 mM 
Tris buffer (pH 7.4) at 37~ The fo l lowing  samples  were  
chromatographed: (a) a 60-min control sample  wi thout  
PLA2; (b) material  treated wi th  a s ingle dose o f  PLA 2 
(60 U/mL) and incubated for 30 min; (c) material  treated 
wi th  two doses  of  PLA 2 (60 U/mL), one each at 0 m i n  and 30 
min,  and incubated  for 60 m i n  total. (A) HPLC-EC of  the 
parent material; (B) HPLC-EC of  hydrolys is  products.  Mo- 
bi le  phase  in  (A) consisted of  85% methanol ,  9% acetonitrile,  
and 6% aqueous  solut ion (pH 5.0) containing 10 mM 9mmo-  
n i u m  acetate and 0.25 mM sodium perchlorate.  Retent ion 
t ime for suspected PCOOH is 10-13 m i n  in  this  system. Mo- 
bi le  phase  in  (B) consisted of  50% methanol ,  27.5% acetoni- 
trile, and 22.5% aqueous  solut ion (see above). The peak at -4  
m i n  in scans b and c (panel B) matches  retent ion of  oleic 
ac id  hydroperox ide ,  w h e r e a s  the  s h o u l d e r  at  -3  m i n  
matches  retention of  arachidonic  acid or l inole ic  acid hy- 
droperoxide.  Both of  these  areas were  integrated for quan- 
t i tat ion o f  fatty acid hydroperoxide  in Ca2+/PLA2-treated 
samples .  Integrated values  for substrate and product  peaks 
are s h o w n  in Table 2. See Figures 1, 2 and 6 for other ab- 
breviations.  

with Ca2+/PLA2 resulted in a partial decay of the 18-22 
min peak on HPLC-EC (Fig. 7A) and appearance of rel- 
atively high mobility products (Fig. 7B). Detection of the 
latter required a separate HPLC-EC run with a more 
polar mobile phase than  used for the parent  material. 
The chosen eluant  effected a satisfactory separation of 
hydrolysis products from the solvent front; a partially 
resolved doublet appeared at ~4 min and a much 
smaller shoulder at  -3  min (Fig. 7B). Neither of these 
was observed in a control incubated with Ca 2+ alone. 
Both disappeared when a sample was treated with 
t r iphenylphosphine  subsequent  to Ca2§ (not 
shown). The EC peaks observed in Figure 7B are as- 
cribed to FAOOH on the basis of matching retention 
times of photoperoxidized fatty acid s tandards (not 
shown), e.g., oleic acid hydroperoxide ( -4  min) and 
linoleic or arachidonic acid hydroperoxide (~3 min). 
There was a 46% decrease in the amount  of s tar t ing ma- 
terial after 30 min of incubation with PLA 2 (60 U/mL), 
and a 56% decrease after an additional 30 min following 
a second dose of enzyme (Table 2). The observed conser- 
vation of total hydroperoxide during Ca2§ treat- 
ment  (Table 2) indicates tha t  nonenzymatic losses were 
minor and tha t  all peroxide species were properly ac- 
counted for and quantitated. I f  all hydroperoxides in the 
18-22-min fraction existed as PLOOH and occupied the 
sn-2 position of PLOOH, they should have been com- 
pletely released as FAOOH. That  a <60% conversion 
was actually observed is at tr ibuted to the nonideal phys- 
ical state of the substrate during exposure to PLA 2. 
Under  the conditions used, substrate lipid probably ex- 
isted in multi lamellar form, which could have prevented 
complete accessibility of peroxidized groups to PLA2, an 
enzyme tha t  functions most efficiently on a monolayer 
or bilayer surface (38). That  EC-responsive material  in 
the 18-22-min fraction was converted stoichiometri- 
cally, albeit incompletely, to EC-responsive products 

TABLE 2 

Hydroperoxide Distr ibut ion After Ca2+/Phospholipase A 2 
(PLA 2) Treatment  o f  the 18-22-min Fraction a 

PLOOH F A O O H  Total hydroperoxide 
Sample (nmol) (nmol) (nmol) 

Control 0.28 -+ 0.04 b 0 0.28 _+ 0.04 
Ca2+/PLA2 

(30 min) 0.15 _+ 0.01 0.16 _+ 0.01 0.31 _+ 0.02 
Ca2+/PLA2 

(60 min) 0.13 __. 0.01 0.18 _+ 0.05 0.31 __r 0.06 
aAnalytical high-performance liquid chromatography with mer- 
cury drop electrochemical detection data are from the experiment 
shown in Figure 7. Reaction mixtures included material from the 
18-22-min fraction (total iodometric LOOH -3 ~M), 5 mM CaC12, 
and 20 p2Vl DFO in 50 mM Tris buffer (pH 7.4) at 37~ Mixtures 
were incubated for (i) 30 min in the absence of PLA 2 (control); (ii) 
30 rain in the presence of PLA 2 (60 U/mL); or (iii) 60 min in the 
presence of PLA 2 (60 U/mL added at 0 min and again at 30 min). 
Suspected phospholipid hydroperoxides (PLOOH) in the 18-22- 
min fraction were quantified by relating their integrated peak area 
to that of a PLPC-OOH standard; fatty acid hydroperoxides 
(FAOOH) were determined by relating peak areas to those of 
arachidonic and linoleic acid hydroperoxide standards. 
bValues are means _+ deviation of two determinations. 
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FIG. 8. A c c u m u l a t i o n  o f  ChOOH a n d  PCOOH as a f u n c t i o n  
o f  l i ght  f luence .  L1210 ce l l s  (1.0 x 107/mL) w e r e  i rrad ia ted  in  
t h e  p r e s e n c e  o f  25 ttM MC540. At the  i n d i c a t e d  f l u e n c e  val- 
ues ,  l i p i d s  w e r e  e x t r a c t e d  a n d  a n a l y z e d  by  H P L C - E C  
( -280  lag o f  tota l  l ip id  per  in jec ted  sample ) .  Total  ChOOH 
c o n t e n t  (A) in  e a c h  s a m p l e  is  the  s u m  o f  p e a k  areas  for 5a- 
OOH, 6~-OOH a n d  7a/7~-OOH. D u e  to over lap  w i t h  o ther  
spec i e s  (cf. Fig .  4), 5a-OOH a n d  6~-OOH w e r e  e a c h  deter-  
m i n e d  b y  m e a s u r i n g  total  p e a k  areas  a f ter  s p i k i n g  s a m p l e s  
w i t h  i n c r e a s i n g  k n o w n  a m o u n t s  o f  a s tandard ,  a n d  extrap-  
o la t ing  to zero  addi t ion .  Total  PCOOH c o n t e n t  (�9 in  e a c h  
s a m p l e  w a s  d e t e r m i n e d  from the  area  of  t h e  18-22omin 
pea i~  Data  p o i n t s  w i t h  error  bars  are  m e a n s  • SD (n = 4). 
S e e  F igures  1-6 for abbrev ia t ions .  

with the mobility of FAOOH is added evidence tha t  the 
parent  material  was PLOOH, mainly PCOOH. 

Quantitation of cholesterol and PCOOH. A plot of 
HPLC-EC-determined ChOOH and PCOOH levels as a 

function of light fluence for MC540-sensitized L1210 
cells is shown in Figure 8. As can be seen, each popula- 
tion accumulated in linear fashion over the fluence 
range used, PCOOH more rapidly than  ChOOH by a fac- 
tor o f -3 .5 .  This is consistent with the fact tha t  choles- 
terol contains only one double bond, whereas cellular PC 
would average more than  one double bond at the sn-2 
fat ty acyl position, making them intrinsically more oxi- 
dizable. It  would be difficult to predict the relative rates 
of PCOOH and ChOOH accumulation in this system, 
since the actual content of unsa tura ted  fat ty acyl groups 
in PC is unknown. Moreover, additional information 
(also not available) would be required, making this com- 
parison quite complex, e.g., (i) location of membrane-  
bound sensitizer relative to PC and cholesterol; (ii) 0 2 
level in the local environment of PC relative to choles- 
terol; and (iii) possible differences in the metabolic 
turnover  of PCOOH and ChOOH. Table 3 shows yields 
of photochemically generated ChOOH and PCOOH ex- 
pressed as percentages of overall LOOH and as percent- 
ages of total lipid in each respective class. As can be 
seen, ChOOH accounted for 2-3 mol% of the total LOOH 
over the fluence range used. This is reasonably close to 
the mol fraction of cholesterol relative to total lipid in 
our cells (see Materials and Methods section), suggest- 
ing that  cholesterol and other lipids are similarly acces- 
sible to photooxidants. As also shown in Table 3, 
PCOOH in the 18-22-min fraction accounted for 7-10 
mol% of the total LOOH generated at different stages of 
photooxidation. This value is not far different from the 
mol% of PC relative to total lipid (39), again suggesting 
an even distribution of oxidant(s) among reactive lipids. 
Over a fluence range of 0.045 to 0.18 J/cm 2, ChOOH con- 
tent  expressed as mol% of parent  lipid increased from 
0.05 to 0.13; PCOOH content expressed as mol% of PC 
increased by the same amount  (Table 3). These data also 
imply similar accessibility of PC and cholesterol to 
MC540/light-derived oxidant(s). 

TABLE 3 

Rela t ive  Yie lds  o f  L i p i d  H y d r o p e r o x i d e s  in  MC540/Light-Treated Cel ls  a 

Fluence Total LOOH ChOOH (tool %)c PCOOH (mol %)d 
(J/cm 2) nmol/10 s cells b % LOOH % Ch % LOOH % PC 

0 < 0 . 2  . . . .  
0.045 0.5 3.0 0.05 10.0 0.05 
0.11 1.3 2.2 0.08 7.7 0.10 
0.18 2.5 2.5 0.13 8.4 0.13 

aCells (1.0 x 107/mL) were exposed to the indicated light fluences in the presence of 25 
~tToM merecyamine 540 (MC540) (see Materials and Methods section). 

tal lipid hydroperoxide (LOOH) content was determined by iodometric assay. 
CCholesterel hydroperoxide (ChOOH) content of cells was determined by high perfor- 
mance liquid chromatography-electrochemical detection (HPLC-EC). Values are ex- 
pressed relative to total LOOH and total cholesterol. Cholesterol (Ch) content deter- 
mined by HPLC with ultraviolet detection was 147 _+ 15 nmol/108 cells; this translates 
to 4.0 _+ 0.4% (w/w) of total lipid, based on a gravimetrically determined lipid content of 
1.42 _+ 0.06 rag/108 cells. 
dphosphatidylcholine hydroperoxide (PCOOH) content of cells was determined by 
HPLC-EC. The value used for phosphatidylcholine (PC) content was 412 nmol/108 cells 
(Ref. 40). 
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DISCUSSION 

Increasing interest in the cytopathological effects of 
lipid peroxidation has stimulated the development of 
highly sensitive and selective approaches for assessing 
this process. Approaches involving direct measurement 
of lipid hydroperoxides are especially important because 
these species can play a central role in cytotoxicity, e.g., 
by directly perturbing membrane structure and function 
or by acting as "nuclei" for free radical reactions that  ex- 
acerbate overall damage. Moreover, identification of cer- 
tain LOOH (most notably those in the ChOOH family) 
can provide valuable mechanistic information, e.g., 
whether a reaction is 102-mediated or free radical-medi- 
ated. HPLC, with some type of high sensitivity/speci- 
ficity detection mode such as chemiluminescence, fluo- 
rescence or reductive electrochemistry, has become the 
method of choice for analyzing different LOOH in com- 
plex mixtures. Each of these modes has advantages and 
disadvantages, but it is becoming increasingly clear that 
EC detection provides the best option in terms of 
(i) overall cost; (ii) ease of operation and maintenance; 
and (iii) fewer possibilities of artifactual signals. The 
latter are less likely to arise in EC because post-column 
mixing reactions are not required for generating signals. 
HPLC-EC with a glassy carbon indicator electrode has 
been used for analyzing PLOOH (8-10) and FAOOH 
(11). Subsequent work carried out in this laboratory 
showed that this approach is also suitable for ChOOH 
products, with detection limits of 25-30 pmol being 
achieved (12). More recently, we discovered that  a re- 
newable mercury drop electrode has several advantages 
over the glassy carbon electrode, most impressive of 
which is the 100-200-fold decrease in detection limit for 
ChOOH. HPLC with mercury electrode EC can be run 
under conditions that  permit baseline separation of 
ChOOH (5a-OOH, 6~-OOH, 7~/7~-OOH), not only from 
one another, but also from various PLOOH (e.g., 
POPC-OOH, PLPC-OOH, egg PCOOH). Preliminary 
studies (13) demonstrated the feasibility of using this 
method for monitoring LOOH accumulation in oxida- 
tively stressed cells, e.g., L1210 cells exposed to photo- 
dynamic action. 

Studying MC540/light-treated cells more extensively 
in the present work, we have identified and quantified 
several LOOH species arising during early, minimally 
lethal, stages of oxidative injury. These include (i) 5a- 
OOH and 6~-OOH, characteristic products of 102 attack 
on cholesterol (30); (ii) the 7a/7~-OOH epimers, pre- 
sumed from earlier work (26) to be rearrangement prod- 
ucts of 5a-OOH; and (iii) a PLOOH mixture consisting 
almost exclusively of PCOOH. The extremely high sen- 
sitivity of mercury electrode EC permitted measure- 
ment of these species at levels that were far below the 
UV absorbance detection limits at 212 nm (ChOOH) or 
233 nm (PLOOH) (13). Although several peaks were ob~ 
served in the UV detection mode (Fig. 3), these had 
nothing to do with peroxides, since samples analyzed be- 
fore and after photooxidation, and also after photooxida- 
tion followed by TPP treatment, all had the same UV 
profile. By contrast, EC peaks appeared only in pho- 

tooxidized samples and disappeared after incubation 
with TPP, consistent with what one would expect for re- 
ducible LOOH. Definitive identification of the LOOH 
species, e.g., by spectroscopic techniques such as GC/MS 
or high resolution nuclear magnetic resonance, was not 
possible due to low yields, peroxide microheterogeneity, 
and the presence of co-eluting, nonperoxide contami- 
nants. Large-scale purifications for this purpose were 
beyond the scope of this work. However, we were able to 
establish LOOH class identity in other ways, e.g., by 
using matching standards on HPLC and TLC. In the 
case of the 18-22-min family, PLOOH (PCOOH) identity 
was confirmed by demonstrating (i) reactivity with 
GSH/PHGPX, but not GSH/GPX; and (ii) reactivity with 
Ca2+-activated PLA 2. The first observation provided 
proof of general LOOH character, while the second spec- 
ified that the LOOH is PLOOH with an sn-2 peroxyl 
moiety. Other peroxides, besides the ChOOH and 
PCOOH described, remain to be identified and quanti- 
fied. Peroxidized triacylglycerols might be significant 
products, since triacylglycerols comprise -28% of total 
cellular lipid (see Materials and Methods section). Un- 
like cholesterol and PC, which exist mainly in cell mem- 
branes, triacylglycerols are localized in cytosolic lipid 
vacuoles. Formation of TGOOH would imply that inter- 
mediates such as 102 generated by MC540 photoactiva- 
tion in the plasma membrane (26,32) are long-lived 
enough to cause significant oxidation of cytosolic tar- 
gets. Some of the unassigned peaks with short retention 
times (<10 min) could conceivably represent TGOOH 
(Figs. 2 and 3). 

With HPLC-EC, we were able to detect significant 
levels of LOOH, including ChOOH and PCOOH, at the 
early stages of dye-sensitized photokilling. These levels 
were exceedingly low relative to overall lipid. For exam- 
ple, at a fluence of 0.045 J/cm 2, we estimate that  the 
amount of ChOOH plus 18-22-min PCOOH produced 
was 60-65 pmol/108 cells, which translates to ~0.003 
mol% of total lipid. These cells appeared to be com- 
pletely viable by MTT and trypan blue exclusion assays, 
and >90% viable by clonal assay (Table 1), indicating 
that LOOH formation is an early event in relation to 
photokilling. Whether lipid peroxidation is causally 
linked to cell killing is not clear, but these observations, 
along with others described recently (18,40), are at least 
consistent with this possibility. Because damage to other 
targets may occur coincidentally with lipid peroxidation, 
the exact role of the latter is difficult to establish. For 
example, peroxidation-mediated lethality could result 
from (i) direct membrane damage and lysis, (ii) changes 
in membrane environments that alter critical protein 
functions such as ion pumping, or (iii) depletion of vital 
metabolites such as GSH, NAD(P)H, or ATP as a result 
of LOOH detoxification/repair. 

MC540, the photosensitizing dye used in this study, is 
under intensive preclinical evaluation as an antitumor 
agent (41). The dye's phototherapeutic potential is ex- 
emplified by the fact that  it binds preferentially to neo- 
plastic cells in autologous remission bone marrow grafts 
and inactivates them when photoexcited by visible light, 
~max for the action spectrum and absorption spectrum 
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be ing  - 5 6 8  n m  (42). The  proximal  site of  MC540-sensi -  
t ized p h o t o d a m a g e  is bel ieved to be the  p l a sma  m e m -  
brane ,  since the  dye localizes pr incipal ly  in this  mem-  
brane ,  in te rac t ing  s t rongly  wi th  lipid cons t i tuen ts  (41). 
P rev ious  s tudies  showed t h a t  isolated m e m b r a n e s  (]ipo- 
somes,  e ry th rocy te  ghosts)  and  l eukemia  cells (L1210, 
K562) unde rgo  po ten t ia l ly  le tha l  lipid perox ida t ion  
w h e n  i r r ad ia ted  in the  presence  of  MC540 (18,26,32). 
Peroxida t ion  was  assessed  us ing  re la t ive ly  low-perfor-  
mance  me thods  such as iodometr ic  a s say  for "bulk" 
L O O H  de te rmina t ion  and  TLC for p re l imina ry  L O O H  
identification. H P L C - E C  represen t s  a ma jo r  advance  in 
our  abil i ty to ana lyze  peroxidized lipids in biological sys- 
t ems  and  to assess  the i r  cytotoxic potent ial .  F u r t h e r  re- 
f inements  of  this  approach,  e.g., improved  p roduc t  reso- 
lu t ion and  charac te r i za t ion  should  enhance  our  abil i ty 
to eva lua te  peroxide cytotoxicity, no t  only t h a t  associ- 
a t ed  wi th  pho to todynamic  stress,  bu t  o ther  types  of  ox- 
idat ive s t ress  as  well. 
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The effect of  dietary carnosine  supplementat ion  on 
plasma and t issue carnosine and a-tocopherol concentra- 
t ions and on the formation of thiobarbituric acid reactive 
substances  (TBARS) in rat skeletal  muscle  homo-genates  
was  evaluated. Plasma, heart, l iver and hind leg muscle  
was  obtained from rats fed basal semipurif ied diets  or 
basal diets  containing carnosine (0.0875%), a-tocopheryl 
acetate (50 ppm), or carnosine (0.0875%) plus a-toco- 
pheryl  acetate (50 ppm). Dietary carnosine supplementa- 
t ion did not  increase carnosine concentrat ions in heart, 
l iver and skeletal  muscle.  Dietary supplementat ion with  
both carnosine and a-tocopherol increased carnosine  
concentrat ions in l iver 1.56-, 1.51- and 1.51-fold as com- 
pared with  diets  lacking carnosine,  a-tocopherol or both 
carnosine and a-tocopherol,  respectively.  Dietary supple- 
mentat ion with  both carnosine and ~-tocopherol also in- 
creased a-tocopherol concentrat ions in heart  and l iver 
1.38-fold and 1.68-fold, respectively,  as compared to sup- 
plementat ion with  a-tocopherol alone. Dietary supple- 
mentat ion with  carnosine,  a-tocopherol or both ca~no-  
s ine and a-tocopherol was  effective in decreasing the for- 
mation of  TBARS in rat skeletal  muscle  homogenate ,  
with  dietary a-tocopherol and a-tocopherol plus carno- 
sine being more  effective than dietary carnosine alone. 
The data suggest  that dietary supplementat ion with  
carnosine and a-tocopherol modulates  some t issue carno- 
sine and a-tocopherol concentrat ions and the formation 
of TBARS in rat skeletal  musc le  homogenates .  
Lipids 29, 461-466 (1994). 

Carnosine (~-alanyl-L-histidine) is an endogenously syn- 
thesized dipeptide present in brain (1,2), cardiac muscle, 
kidney, stomach (1), olfactory bulbs (3) and skeletal mus- 
cle, with concentrations in skeletal muscle ranging from 1 
to 20 mM (4). Carnosine is synthesized from J~-alanine and 
histidine by carnosine synthetase, which has been found 
in brain, heart, liver (5), skeletal muscle (6) and olfactory 
bulb (7). Tissue carnosine concentrations can be influ- 
enced by diet. Dietary histidine deficiency reduces skele- 
tal muscle carnosine concentrations in rats (8,9) while 
high dietary histidine supplementation (5%) has been 
shown to increase rat skeleta] muscle carnosine concen- 
trations (9). Supplementation with high concentrations 
(1.8-5.0%) of dietary carnosine also increases skeletal 
carnosine concentrations (9). 

The biological function of carnosine is not fully under- 
stood, although carnosine has been suggested to act as 

1Current address: Department of Animal Sciences, University of 
Connecticut, Storrs, CT 06269-4040. 
*To whom correspondence should be addressed at 236 Chenoweth 
Laboratory, Department of Food Science, University of Massachu- 
setts, Amherst, Amherst, MA 01003. 
Abbreviations: HPLC, high-performance liquid chromatography; 
OPA, o-phthalaldehyde reagent; TBARS, thiobarbituric acid reac- 
tive substances. 

both an antioxidant and a buffering agent (10). Carnosine 
has been shown to inhibit lipid oxidation catalyzed by iron 
(11), hydrogen peroxide-activated hemoglobin (11), singlet 
oxygen (12,13), lipoxygenase (11), peroxyl radicals (14,15) 
and hydroxyl radicals (16,17). The antioxidant activity of 
carnosine has also been demonstrated in oxidation model 
systems containing phosphatidylcholine liposomes (11), 
linoleic acid emulsions (14), skeletal muscle microsomes 
and sarcoplasmic reticulum (18,19). Due to its water solu- 
bility, carnosine would provide cells with an antioxidant 
system that could function in the cytosolic environment 
where water-soluble oxidation mediators, such as transi- 
tion metals and oxygen radicals, can be present in high 
concentrations. 

a-Tocopherol is a phenolic lipid-soluble antioxidant 
present in serum and in the membranes of tissues includ- 
ing heart, liver and skeletal muscle (20). Dietary supple- 
mentation of a-tocopherol can increase (~-tocopherol con- 
centrations in liver, serum, kidney, heart and skeletal 
muscle (21-24). An increase in tissue a-tocopherol con- 
centrations has been shown to decrease susceptibility to 
lipid oxidation reactions, for example, in liver, kidney and 
skeletal muscle (25,26). a-Tocopherol deficiency in rats 
has been shown to be associated with a decrease in skele- 
tal muscle carnosine concentrations suggesting that an in- 
terrelationship exists in vivo between a-tocopherol and 
carnosine levels (27). 

Antioxidants have been postulated to retard various 
disease conditions including breast cancer, atherosclerosis 
and aging (28,29). An increase in the levels of endogenous 
antioxidants, such as a-tocopherol and carnosine through 
dietary means, may therefore increase the resistance of 
tissues against oxidation and retard the development of 
oxidation-related disease conditions. The objective of the 
present study was to determine how dietary carnosine, at 
a concentration equivalent to that in a diet containing 
20% beef, would affect carnosine, anserine, histidine and 
a-tocopherol concentrations in both a-tocopherol-deficient 
and a-tocopherol-adequate rats. The effect of dietary 
carnosine and a-tocopherol on the formation of thiobarbi- 
turic acid reactive substances (TBARS) in rat skeletal 
muscle homogenates was also determined. 

MATERIALS AND METHODS 

Chemicals. Hexane and high-performance liquid chro- 
matography (HPLC)-grade methanol were purchased 
from Curtin Matheson Scientific, Inc. (Houston, TX). 
Fluoaldehyde o-phthalaldehyde (OPA) reagent was from 
Pierce (Rockford, IL). Carnosine, (x-tocopherol, a-toco- 
pheryl acetate and sodium acetate were from Sigma (St. 
Louis, MO). All other chemicals were reagent-grade or 
purer. 
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Feeding regimen. Basal semipurified diets fed to rats 
were prepared as described in Table 1. A 2 x 2 factorial de- 
sign was used. Groups included: (i) a-tecopheryl acetate 
(0 ppm) diet without added carnosine (-E-C); (ii) a-toco- 
pheryl acetate (0 ppm) diet with 0.0875% carnosine 
(-E+C); (iii) a-tocopheryl acetate (50 ppm) diet without 
added carnosine (+E-C); and (iv) a-tocopheryl acetate 
(50 ppm) diet with 0.0875% carnosine (+E+C). The carno- 
sine concentration used (0.0875%) in this study was cho- 
sen to be equivalent to that  of a diet containing about 20% 
beef. Diets contained 10% stripped corn oil by weight and 
recommended levels of all other nutrients (including sele- 
nium) with the exception of a-tocopherol and carnosine. 
Diets were prepared monthly and stored at  -20~ in 
sealed plastic bags. Weekly aliquots were stored at 4~ 
and the remainder was disposed at week's end. Food was 
changed daily and remaining food was discarded. 

Each group contained 30 animals at the beginning of 
the experiment. Tissues from eight randomly selected an- 
imals from each of the four t reatment  groups were ana- 
lyzed. The animals were also the subjects of a mammary  
cancer study of six months' duration. Rats were treated 
with 65 mg/kg body weight of 7,12-dimethylbenz[a]an- 
thracene by gavage tube at 55 d of age. Animals were 
placed on the experimental diets 10 d after gavage treat- 
ment  for a total of 6 mon. All animals were fed the +E-C 
diet for a total of 3 wk before switching over to the exper- 
imental diets. Food and water  were provided ad libitum. 
Mean body weights were not significantly different 
throughout the experiment (data not shown). Food intake 
was not measured nor were groups pair-fed as there were 
no significant differences in body weight. 

Rats were exsanguinated by cardiac puncture using a 
heparinized syringe following metaphane anesthesia. Tis- 
sue from heart,  liver and leg skeletal muscle, and blood 
plasma, were frozen immediately after collection and kept 
at  -80~ until  use. 

Carnosine, anserine and histidine analysis. Hear t  
(0.7 g), liver (2.5 g) and leg skeletal muscle (1.4 g) from six 
different animals of each dietary group were thawed at 
4~ minced, and homogenized in 3, 10 and 20 mL of 
0.36 M perchloric acid, respectively, according to Kasziba 
et al. (1) using a Polytron homogenizer (Brinkmann In- 
s truments Inc., Westbury, NY) at a setting of 4 for 2 min. 

TABLE 1 

Basal Diet  Composi t ion 

Ingredient g/kg Diet 

Casein, vitamin-free 200 
d,l-Methionine 3 
Choline bitartrate 2 
AIN-76A vitamin mix a 10 
AIN-76 mineral mix 35 
Cellulose 40 
Corn starch 275 
Glucose monohydrate 335 
Stripped corn oil 100 
Vitamin E acetate _+ 0.05 
Carnosine _+ 0.875 

aVitamin mix contains no vitamin E. 

Homogenates were heated in a boiling water  bath for 5 
min and centrifuged at 2,000 • g for 10 min with a Cen- 
trific TM centrifuge (Fisher Scientific, PA). Blood plasma 
(0.5 mL) was mixed with an equal volume of perchloric 
acid (0.36 M) and centrifuged at 5,000 •  for 10 min with 
an Eppendorf 5415C microcentrifuge (Madison, WI). 

The supernatants from the perchloric acid extractions 
of heart,  liver, skeletal muscle and blood plasma were fil- 
tered through a 0.45-pm filter membrane using a syringe. 
Filtrate (50 ~tL) was derivatized with 200 ~tL of OPA 
reagent for 2 min (30). Carnosine, anserine and histidine 
concentrations in the derivatized extract (100 ~tL) were de- 
termined by HPLC. 

A 5-~tm Hypersil ODS high-resolution end-capped col- 
umn (250 mm x 46 ram) from Alltech Associated Inc. 
(Deerfield, IL) was utilized for HPLC analysis. The HPLC 
conditions described by Teahon and Rideout (30) were 
used. The column was initially equilibrated with 90% Sol- 
vent  A [10% (vol/vol) methanol in 300 mM sodium acetate 
adjusted to pH 5.5 with glacial acetic acid] and 10% Sol- 
vent B [80% (vol/vol) methanol in 300 mM sodium acetate 
adjusted to pH 5.5 with glacial acetic acid]. The concen- 
trations of Solvent B were gradually increased during the 
25-min run (0 to 5 min, 10 to 20% Solvent B; 5 to 25 min, 
20 to 30% Solvent B). The flow rate was 1.5 mL/min and 
the column temperature was maintained at 30~ Carno- 
sine, anserine and histidine were quantitated, using an 
FS 970 Spectrofluoro Monitor (Kratos Analytical Instru- 
ments, Ramsey, NJ) at 310 nm for excitation and 375 nm 
for emission, based on peak areas and standard curves ob- 
tained on 10-100 ~g/mL of carnosine and histidine and 
100-500 ~g/mL anserine. 

a-Tocopherol analysis. Heart  (0.6 g), liver (0.9 g) and leg 
skeletal muscle (0.6 g) from six different animals of each 
dietary group were thawed at 4~ minced and homoge- 
nized with 4 mL ethanol (31) using a Polytron homoge- 
nizer at a setting 4 for 2 min. Blood plasma (0.5 mL) was 
mixed with an equal volume of ethanol. The resulting h0- 
mogenates (1 mL) were mixed with 3.5 mL of hexane and 
centrifuged at 2,000 x g for 10 min. The hexane extract 
(3 mL) was dried under  nitrogen followed by reconstitu- 
tion in either 0.4 mL (for - E - C  and -E+C group samples) 
or 2.5 mL (for +E-C and +E+C group samples) of hexane 
before HPLC analysis. 

The analytical column used for a-tocopherol measure- 
ments was a 5-~m Econosil ODS column (250 mm x 
46 mm) from Alltech Associated Inc. Samples (50 pL) were 
injected into the column using 100% HPLC-grade meth- 
anol as the eluting solvent at a flow rate of 1.5 mL/min. 
a-Tocopherol was detected and quantified at  294 nm with 
a Waters 490 Multiwavelength Detector (Milford, MA) 
(32) based on a standard curve obtained on 1-5 ~g/mL 
a-tocopherol standard samples. 

Oxidation of skeletal muscle homogenates. Hind-leg 
skeletal muscles (14 g) from eight different animals from 
each dietary group were homogenized separately in 
100 mL of precooled phosphate buffer (0.1 M, pH 7.4) with 
a Waring blender for 2 min at 4~ The homogenates were 
filtered through three layers of cheesecloth to remove con- 
nective tissues, and the filtrates were incubated in a shak- 
ing water  bath at 37~ for 10 h. The extent of lipid oxida- 
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tion of the muscle homogenate (3 mL) was determined at  
various t ime points by measuring TBARS as described by 
Sinnhuber and Yu (33). TBARS were expressed as llg mal- 
ondialdehyde/g muscle. Simultaneously, 0.9 mL of muscle 
homogenate was mixed with 0.1 mL of butylated hydroxy- 
toluene (BHT; 0.2%) and kept  at -80~ until a-tocopherol 
was measured. Muscle homogenates were mixed with 
ethanol (1 mL), and a-tocopherol was extracted with 
hexane and quanti tated by HPLC as described above. 

Statistical analysis. Carnosine, anserine, histidine and 
a-tocopherol analyses were done on tissue samples from 
six different animals on each dietary t reatment .  Oxidation 
studies were carried out on muscle from eight different an- 
imals on each dietary t reatment .  TBARS and a-tocopherol 
concentrations within an oxidation period were compared 
by analysis of variance utilizing a randomized complete 
block design to partition the effects of daily variations (34). 
Statistical analyses were done using the Statistical Analy- 
sis System (SAS Institute, Inc., Cary, NC) using the Dun- 
cans  multiple range test  to determine the significance of 
difference (P < 0.05) between mean values. 

RESULTS 

Carnosine, anserine, histidine and wtocopherol levels in 
rat tissues. Carnosine was measurable  in heart ,  liver and 
skeletal muscle but  not in blood p lasma (Table 2). Tissue 
carnosine concentrations were in the order of skeletal 
muscle > hear t  > liver in all animals  tested. Carnosine 
concentrations in hear t  and skeletal muscle were not sig- 
nificantly affected by the dietary t rea tments  (Table 2). Di- 
e tary  supplementat ion with carnosine (-E+C) or a-toco- 
pherol (+E-C) did not affect carnosine concentrations in 
liver; however, supplementat ion with +E+C increased 
carnosine concentrations in liver 1.56-, 1.51- and 1.51-fold 
when compared with the - E - C ,  -E+C and +E-C diets, re- 
spectively (Table 2), 

Anserine was detected in skeletal muscle but  not in 
heart ,  liver or blood plasma (Table 3). None of the dietary 
t rea tments  significantly affected anserine concentrations 
in skeletal muscle (Table 3). Histidine was detected in 
h e a r t ,  liver, skeletal muscle and plasma with tissue con- 
centrations in the order of hear t  > liver > skeletal muscle 

in all animals  tested (Table 4). Histidine concentrations in 
fiver and plasma were not significantly affected by the di- 
e tary t rea tments  (Table 4). Histidine concentrations in 
hear t  were increased 1.46-fold by dietary supplementa- 
tion with carnosine (-E+C) when compared with tissue 
values for the unsupplemented diet group ( -E-C;  Table 4). 
However, dietary supplementat ion with tocopherol (+E-  
C) or both carnosine and a-tocopherol (+E+C) did not af- 
fect histidine concentrations in hear t  (Table 4). Histidine 
concentrations in skeletal muscle were unaffected by di- 
e tary supplementat ion with carnosine (-E+C) or a-toco- 
pherol (+E-C) when compared with tissue values for un- 
supplemented ra ts  ( -E-C;  Table 4). Dietary supplementa-  
tion with both carnosine and a-tocopherol  (+E+C) 
increased histidine concentrations in skeletal muscle 
1.18-, 1.29- and 1.09-fold when compared with the values 
for animals  on the - E - C ,  -E+C and +E-C diets, respec- 
tively (Table 4). 

a-Tocopherol was detected in all samples tested, with 
tissue concentrations in the order of hear t  > liver > skele- 
tal muscle (Table 5). a-Tocopherol concentrations in heart ,  
liver, skeletal muscle and plasma from rats  fed the a-toco- 
pherol-supplemented diet (+E-C) were increased 28.6-, 
55.1-, 24.1- and 17.8-fold, respectively, as compared with 
tissues or p lasma from rats  on unsupplemented diets 
( -E-C;  Table 5). a-Tocopherol concentrations in hear t  and 
fiver were increased 1.38- and 1.68-fold, respectively, by 
carnosine/a-tocopherol supplementat ion (+E+C) when 
compared to the values for ra ts  on the +E-C diet. Carno- 
sineJa-tocopherol supplementat ion did not significantly 
increase a-tocopherol concentrations in skeletal muscle 
and serum when compared with the respective +E-C val- 
ues (Table 5). a-Tocopherol concentrations in heart ,  liver, 
skeletal muscle and plasma from rats  fed the a-toco- 
pherol-deficient diet ( -E-C)  were not affected by carno- 
sine supplementat ion (-E+C; Table 5). The effect of vita- 
min E deficiency was histologically assessed by Dr. C.B. 
Hong of the University of Kentucky Livestock Disease Di- 
agnostic Center  (Lexington, KY). Examinat ion of liver, 
skeletal muscle and intestinal sections of vi tamin E-ade- 
quate (+E-C) and vi tamin E-deficient ( -E-C)  rats  re- 
vealed no lesions associated with vi tamin E or selenium 
deficiency. 

T A B L E  2 

C a r n o s i n e  C o n c e n t r a t i o n s  ( m g  c a r n o s i n e / 1 0 0  g t i s s u e  o r  p l a s m a ,  m e a n  • s t a n d a r d  e r r o r s ,  n = 6) 
i n  T i s s u e s  a n d  P l a s m a  o f  R a t s  F e d  D i f f e r e n t  D i e t s  a 

-E-C b _E+C c +E-C d +E+C e 

Heart 18.92 • 0 .35  x 19.49 _+ 0.45 x 16.10 _+ 1.79 ~ 18.64 • 2.44 x 
Liver 4.31 • 0.21X 4.46 -+ 0.15 x 4.46 • 0.44 x 6.74 • 0.37 y 
Muscle 87.41 • 8.81 x 87.84 • 6.9 x 84.65 • 6.9 x 84.0 +_ 6.78 x 
P l a s m a  n.d. n.d. n.d. n.d. 

aNumbers with different letters (x,y) within the same row are significantly different (P < 0.05); n.d., not de- 
tectable. 
bRats fed diet without tocopherol and carnosine supplementation. 
CRats fed diet  supplemented with 0.0875% carnosine. 
dRats fed diet supplemented with 50 ppm a-tocopheryl acetate. 
eRats fed diet supplemented with 0.0875% carnosine and 50 ppm a-tocopheryl acetate. 
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TABLE 3 

A n s e r i n e  C o n c e n t r a t i o n s  (rag a n s e r i n e / 1 0 0  g t i s s u e  or  p l a s m a ,  m e a n  • 
s t a n d a r d  errors ,  n ffi 6) in  T i s s u e s  a n d  P l a s m a  o f  R a t s  F e d  D i f f e r e n t  D i e t s  a 

-E_C b -E+C c +E-C d +C+C e 

Hear t  n.d. n.d. n.d. n.d. 
Liver n.d. n.d. n.d. n.d. 
Muscle 500.8 • 32.7 x 461.8 • 24.1 x 519.7 • 12.6 x 468.4 • 21.1 x 
P lasma (~tg/g) n.d. n.d. n.d. n.d. 

aNumbers with  superscript  x are not  significantly different (P > 0.05). n.d., not  de- 
tectable. 

bRats fed diet  without  tocopherol and  carnosine supplementat ion.  

CRats fed diet  supplemented with 0.0875% carnosine. 

dRats fed diet  supplemented with 50 ppm a-tecopheryl acetate. 

eRats fed diet supplemented with 0.0875% carnosine and 50 ppm a-tocopheryl acetate. 

TABLE 4 

H i s t i d i n e  C o n c e n t r a t i o n s  ( m g  h i s t i d i n e / 1 0 0  g t i s s u e  or  p l a s m a ,  m e a n  • 
s t a n d a r d  e r r o r s ,  n = 6) in  T i s s u e s  a n d  P l a s m a  o f  R a t s  F e d  D i f f e r e n t  D i e t s  a 

_E_C b _E+C c +E-C d +E+C e 

Hear t  31.38 • 2.46 x 45.79 • 2.31 y 31.70 • 3.33 x 36.55 • 2.91 x'y 
Liver 19.10 • 0.46 x 20.64 • 0.55 x 19.42 • 1.12 x 20.55 • 0.33 x 
Muscle 11.82 _+ 0.46 x'y 10.82 • 0.46 x 12.89 • 0.59 y'z 14.00 • 0.70 z 
P lasma (~tg/mL) 21.88 • 2.32 x 22.66 • 1.69 x 24.50 • 1.86 x 24.81 • 0.58 x 

aNumbers with  different let ters (x,y,z) within the  same row are significantly different 
(P < 0.05). 

bRats fed diet wi thout  tocopherol and carnosine supplementat ion.  

CRats fed diet supplemented with 0.0875% carnosine. 

dRats fed diet supplemented with 50 ppm a-tocopheryl acetate 

eRats fed diet  supplemented with 0.0875% carnosine and 50 ppm a-tocopheryl acetate. 

TABLE 5 

T o c o p h e r o l  C o n c e n t r a t i o n s  (~g a - t o c o p h e r o l / g  m u s c l e ,  m e a n  • s t a n d a r d  
d e v i a t i o n )  in  T i s s u e s  o f  R a t s  F e d  D i f f e r e n t  D i e t s  a 

- E - C  b -E+C c +E-C d +E+C e 

Hear t  1.86 • 0.27 x 2.85 _+ 0.20 x 53.15 • 1.80 y 73.33 • 7.06 z 
Liver 1.15 • 0.08 x 1.93 • 0.20 x 63.40 • 7.22 y 106.5 • 13.76 = 
Muscle 1.04 • 0.10 x 1.83 _+ 0.14 x 25.05 • 3.03 y 27.63 _ 2.93 y 
P lasma 0.6 • 0.04 x 0.5 • 0.04 x 10.7 • 0.29 y 9.6 • 0.16 y 

aNumbers with different let ters  (x,y,z) within the  same row are significantly different 
(P _< 0.05). 

bRats fed diet without  tocopherol and  carnosine supplementat ion.  

CRats fed diet supplemented with 0.0875% carnosine. 

dRats fed diet supplemented with 50 ppm a-tecopheryl acetate. 

eRats fed diet supplemented with 0.0875% carnosine and 50 ppm a-tocopheryl acetate. 

TBARS and a-tocopherol concentrations in incubated 
skeletal muscle homogenates. S k e l e t a l  m u s c l e  h o m o -  
g e n a t e s  o b t a i n e d  f r o m  r a t s  f ed  d i e t s  l a c k i n g  b o t h  c a r n o -  
s i n e  a n d  a - t o c o p h e r o l  ( - E - C )  w e r e  t h e  l e a s t  o x i d a t i v e l y  
s t a b l e  ( P  < 0 .05)  o f  a l l  m u s c l e  s a m p l e s  t e s t e d  w i t h  T B A R S  
i n c r e a s i n g  8 .7-fold  b e t w e e n  0 a n d  10 h o f  i n c u b a t i o n  
(Fig.  1). D i e t a r y  c a r n o s i n e  s u p p l e m e n t a t i o n  ( - E + C )  s ign i f -  
i c a n t l y  ( P  < 0 .05)  d e c r e a s e d  t h e  r a t e  o f  T B A R S  f o r m a t i o n  
b y  14.5 to  2 7 . 5 %  d u r i n g  t h e  o x i d a t i o n  p e r i o d  (0 to  10 h )  a s  

c o m p a r e d  w i t h  T B A R S  of  u n s u p p l e m e n t e d  m u s c l e  h o m o -  
g e n a t e  ( - E - C ;  Fig .  1). D i e t a r y  a - t o c o p h e r o l  s u p p l e m e n t a -  
t i o n  ( + E - C )  s i g n i f i c a n t l y  ( P  < 0 .05)  d e c r e a s e d  t h e  r a t e  o f  
T B A R S  f o r m a t i o n  d u r i n g  t h e  e n t i r e  i n c u b a t i o n  w h e n  com-  
p a r e d  w i t h  u n s u p p l e m e n t e d  h o m o g e n a t e  ( - E - C ;  Fig.  1). 
M u s c l e  h o m o g e n a t e  f r o m  r a t s  s u p p l e m e n t e d  w i t h  b o t h  
c a r n o s i n e  a n d  a - t o c o p h e r o l  ( + E + C )  s h o w e d  90.5 ,  88 .8  a n d  
3 0 . 1 %  l e s s  T B A R S  a f t e r  6 h of  o x i d a t i o n  c o m p a r e d  to  
- E - C ,  - E + C  a n d  + E - C ,  r e s p e c t i v e l y  (Fig.  1). T B A R S  i n  

LIPIDS, Vol. 29, no. 7 (1994) 



465 

DIETARY CARNOSINE AND OXIDATION IN SKELETAL MUSCLE 

2.50 r 
110 / "  "1" - E - C  8 2.oo t, ~ a *-E-C 

~" 88 I ' - -e - -  - E + C  

0 ~ i I I'- 0.00 I i I T z 
0 130 260 390 520 650 0 26 60 75 1 O0 126 

Oxidation time (min) Oxidation Time (min) 

FIG. 1. Thiobarbituric  acid reactive substances  (TBARS) 
formation in musc le  homogenates  from rats fed diets  not  
supp lemented  wi th  cavnosine and ~-tocopherol (-E~C), sup- 
p l emented  wi th  carnosine  (0.0875%; -E+C), a-tocopherol  
(50 ppm; +E-C), or both carnosine (0.0875%) and a-toco- 
pherol  (50 ppm; +E+C) incubated  for the indicated periods  
o f  t ime.  Data points  and error bars represent  means  (n ffi 8) 
and standard errors. Some standard errors l ie  w i th in  the 
symbols .  MDA, malondia ldehyde .  

muscle homogenates obtained from rats fed the +E+C 
diets were significantly (P < 0.05) lower than TBARS in 
homogenates from +E-C rats at all time points tested. 

Muscle homogenates from a-tocopherol-supplemented 
rats (+E-C and +E+C) had higher a-tocopherol concentra- 
tions (P < 0.05) than homogenates without a-tocopherol 
supplementation (-E-C and -E+C) for all incubation peri- 
ods (Fig. 2). Carnosine supplementation resulted in ho- 
mogenates from rats fed diets with (P < 0.05; Fig. 2b) or 
without (P < 0.05; Fig. 2a) a-tocopherol, a-Tocopherol con- 
centrations decreased over the course of the incubation 
period. Similar disappearance rates were observed for the 
-E-C and -E+C homogenates (Fig. 2a) as well as for the 
+E-C and +E+C homogenates (Fig. 2b). 
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FIG. 2. a.Tocopherol concentrat ions  of  musc le  homogenates  
from rat fed diets  (a) not  supplemented  wi th  carnosine  and 
a-tocopherol  ( -E-C)  and s u p p l e m e n t e d  w i t h  carnos ine  
(0.0875%; -E+C); (b) supp lemented  wi th  a-tocopherol (50 
ppm; +E+C); incubat ions  were  for the indicated periods o f  
t ime.  Data points  and error bars represent  means  (n = 8) 
and standard errors. Some standard errors l ie  w i th in  the 
symbols .  

DISCUSSION 

Carnosine and a-tocopherol are antioxidants whose con- 
centrations may be affected by diet (9,22,23). The present 
studies show that supplementation with 0.0875% carno- 
sine did not increase carnosine concentrations in heart, 
liver and skeletal muscle (Table 2). Carnosine was not de- 
tected in plasma (Table 2), which may be due to the pres- 
ence of carnosinase that hydrolyzes carnosine into ~-Ala 
and histidine (35). However, plasma histidine concentra- 
tions were not elevated in carnosine-supplemented rats 
(Table 4). It is possible that diet-derived carnosine or the 
histidine derived from hydrolysis of plasma carnosine may 
be rapidly removed from plasma. Heart histidine concen- 
trations were observed to increase in rats fed -E+C diets, 
while skeletal muscle histidine concentrations were ob- 
served to increase in rats fed the vitamin E-containing 
diets (+E-C and +E+C). How these diets were affecting 
heart and muscle histidine concentrations is unknown. 
Kasziba et al. (1) reported that anserine was present in 
heart and skeletal muscle of rats; however, in the present 

study, ansefine was only detected in skeletal muscle 
(Table 3). 

Tamaki  et al. (9) reported that 1.8% dietary carnosine 
supplementation increased endogenous carnosine concen- 
trations of skeletal muscle of rats fed a histidine-free diet. 
The absence of changes in carnosine concentrations in 
skeletal muscle seen in the present study could be due to 
the low, albeit physiologically relevant, level of carnosine 
supplementation used (0.0875%). Nevertheless, carnosine 
concentrations were observed to increase in liver when 
rats were fed diets containing both a-tocopherol and 
carnosine. It is not clear why supplemented carnosine was 
preferentially transported and stored in liver. 

Dietary a-tocopherol supplementation increased a-toco- 
pherol concentrations in heart, liver, skeletal muscle and 
plasma (Table 4) as has been reported by other investiga- 
tors (21-23). ct-Tocopherol concentrations were further in- 
creased by carnosine supplementation (+E+C) in heart, 
liver, skeletal muscle and plasma, although the ob- 
served increases in skeletal muscle and plasma were not 
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significant (P > 0.05). McManus (27) found that  vitamin E 
deficiency causes over a 60% decrease in skeletal muscle 
carnosine concentrations in rabbits. Elevated a-tocoperhol 
concentrations due to carnosine supplementation and de- 
creased carnosine concentrations due to Vitamin E defi- 
ciency suggest that  an interrelationship between a-toco- 
pherol and carnosine exists in vivo. 

Diets containing either carnosine (-E+C), a-tocopherol 
(+E-C) or both carnosine and a-tocopherol (+E+C) were 
effective in inhibiting lipid oxidation in skeletal muscle 
when compared to values for the unsupplemented diet 
( -E-C; Fig. 1). Carnosine concentrations of skeletal mus- 
cle from all dietary treatments were similar (Table 2). 
However, a-tocopherol concentrations of skeletal muscle 
homogenate from carnosine-supplemented rats  were 
slightly higher than from unsupplemented rats. There- 
fore, the lower rate of TBARS formation in muscle ho- 
mogenate from -E+C, +E-C +E+C could be due to higher 
a-tocopherol concentrations (Fig. 2). a-Tocopherol in - E - C  
and -E+C (Fig. 2a) as well as in +E-C and +E+C (Fig. 2b) 
homogenates disappeared in the muscle homogenate at 
similar rates, suggesting that  dietary carnosine supple- 
mentation did not increase the stability of a-tocopherol. 
Although an in vivo interrelationship between a-toco- 
pherol and carnosine might exist, carnosine is not thought 
to be capable of regenerat ing oxidized a-tocopherol 
(11,36). Therefore, any increases in antioxidant activity 
and/or sparing of a-tocopherol by carnosine could be due 
to differences in the ability of these antioxidants to inacti- 
vate lipid- and water-soluble oxidation catalysts. 

In conclusion, dietary carnosine supplementation did 
not affect carnosine concentrations in heart, liver and 
skeletal muscle. Dietary supplementation with both 
carnosine and a-tocopherol increased carnosine concen- 
tration in liver and a-tocopherol concentrations in liver 
and heart  as compared with diets supplemented with a- 
tocopherol alone. Dietary supplementation with carno- 
sine, a-tocopherol, or both carnosine and a-tocopherol ef- 
fectively decreased lipid oxidation in rat  skeletal muscle. 
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The effect of  sodium butyrate on membrane  phospho- 
lipid metabol ism in a neonate  rat cerebel lum derived 
clonal ol igodendrocyte cell  l ine (CB-H) was  investigated. 
Sodium butyrate is  an agent known to induce cell  differ- 
entiation and morphological  transformations.  A compar- 
ison of the in vivo phospholipid labeling patterns ob- 
ta ined by incubat ing  CB-II cel ls  w i th  [3H]choline, 
[14C]myristic acid or [SH]arachidonic acid indicated that 
butyrate altered the route of  acylat ion-deacylat ion in 
phosphatidylchol ine (PC) biosynthesis .  Using an in vitro 
incubation system containing homogenates  of CB-H cells, 
the largest proportion of  radioactivity was  found in PC, 
and addition of  sodium butyrate resulted in a further in- 
crease in the transfer of arachidonic acid to PC, but not  
to phosphatidylinositoL Similar results  were  obtained 
when  this in vitro acylation activity was  tested using ho- 
mogenates  from sodium butyrate pretreated cells. The 
butyrate effect was  observed regardless of  whether  or 
not  exogenous  lysophosphatidylchol ine (LPC) was  added 
to the incubation system. Addition of butyrate did not  re- 
sult  in a change in the activity of LPC:acyl-CoA (coen- 
zyme  A) acyltransferase (EC 2.3.1.23) in CB-H cells upon 
incubating cell  homogenates  with  [1-14C]arachidonoyl - 
CoA and LPC. However, when  cell  homogenates  were  in- 
cubated with  [3H]arachidonic acid in the presence  of  
2.5-10 mM sodium butyrate, arachidonoyl-CoA synthes is  
was st imulated.  A t ime course  s tudy demonstrated that 
significant st imulation occurred after three minutes.  
Taken together, the results  suggest  that in CB-H cells, 
sodium butyrate st imulates  the transfer of  arachidonic 
acid into PC and that this effect is at least  partially due 
to a st imulation of  arachidonoyl-CoA ligase (EC 6.2.1.3). 
Lipids 29, 467-474 (1994). 

Sodium butyrate is known to stimulate growth and differ- 
entiation in a number of cell culture systems (1). For ex- 
ample, the action of butyrate was shown to be associated 
with the extension of neurite-like processes in a neuro- 
blastoma cell line (2). In C6 glioma cells, the effect of bu- 
tyrate was related to the ability of butyrate to modulate 
hormone-mediated induction of glial fibrillary acidic pro- 
tein and S-100 (3). Butyrate was also shown to induce 
nerve growth factor gene expression in primary brain 
monolayer cultures (4) and the expression offos (5,6), sis 
prote-oncogenes, as well as genes of the extracellular 
matrix protein in F-98 rat glioma cells (6). It is likely that 

*To whom correspondence should be addressed at Institute of Neu- 
roscience, National Yang Ming Medical College, No. 155, Section 2, 
Li-Non Street, Shih Pai, Taipei, Taiwan, Republic of China. 
Abbreviations: ATP, adenosine triphosphate; BSA, bovine serum 
albumin; CB-II, neonate rat cerebellum-derived clonat oligoden- 
drocyte; CoA, coenzyme A, FBS, fetal bovine serum; HPTLC, high- 
performance thin-layer chromatography; LPC, lysophosphatidyl- 
choline; LPI, lysophosphatidylinositol; LPE, lysophosphatidyl- 
ethanolamine; LPS, lysophosphatidylserine; PBG, glucose supple- 
mented phosphate buffer; PC, phosphatidylcholine; PE, phos- 
phatidylethanolamine; PEpl, ethanolamine plasmalogen; PI, phos- 
phatidylinositol; PS, phosphatidylserine; TG, triacylglycerol(s). 

the morphological changes induced by butyrate are asso- 
ciated with changes in membrane lipid compoisition (7,8). 
Our recent study with a neonate cerebellum-derived 
clonal oligodendrocyte cell line (CB-II) has correlated the 
morphological transformation induced by butyrate with 
changes in membrane phospholipids profiles (9). 

It has been well documented that arachidonic acid me- 
tabolism in the celt is dependent on the deacylation-rea- 
cylation cycle mediated by phospholipase A 2 and lyso- 
phopholipid:acyl-CoA (coenzyme A) acyltransferases (10). 
Reacylation with a fatty acid also depends on the ability of 
this fatty acid to be converted to acyl-CoA v/a acyl-CoA lig- 
ase. Various factors, including detergents and lipid inter- 
mediates, such as acyl-CoA and lysophospholipids (11), 
are known to alter the reacylation process (12,13). The in- 
crease in free arachidonic acid and prostanoid in the resi- 
dent macrophage was shown to be linked to the inhibition 
of lysophospholipid acyltransferase (14). Phorbol esters 
and diacylglycerols could also inhibit the incorporation of 
arachidonate into phospholipids in human platelets 
through inactivation of both arachidonoyl-CoA ligase and 
arachidonoyl-CoA:lysophosphatide acyltransferase (15). 
In rat mesangial cells, stimulation by interleukin-1 of 
prostaglandin synthesis was related to an increase in both 
phospholipase A 2 and acyltransferase activities (16). We 
have previously shown that exposure of CB~ cells to bu- 
tyrate resulted in an increase in the incorporation of la- 
beled arachidonate into phosphatidylcholine (PC) and a 
decrease in labeling of phosphatidylethanolamine (PE) 
(9). However, it is not clear whether the lipid changes are 
associated with a change in de novo biosynthesis or in the 
acylation-deacylation pathway. In this study, we exam- 
ined the mechanism underlying the action of sodium bu- 
tyrate on membrane phospholipids of CB-II cells by incu- 
bating cells with lipid precursors and by assaying the 
arachidonate transfer system in vitro. Our results point at 
a specific effect of butyrate by enhancing the synthesis of 
arachidonoyl-CoA. 

MATERIALS AND METHODS 

Materials. Adenosine triphosphate (ATP), bovine serum 
albumin (BSA; essentially fatty acid free), CoA, bovine 
brain lysophosphatidylethanolamine (LPE), lysophos- 
phatidylinositol (LPI), lysophosphatidylserine (LPS), 
1-myristoyl lysophosphatidylcholine (LPC), palmitic acid, 
PC, phosphatidylinositol (PI), phosphatidylserine (PS), 
PE, and ethanolamine plasmalogen (PEpl) and sodium 
butyrate were purchased from Sigma Chemical Co. 
(St. Lotus, MO). [14C]Arachidonic acid (886 mCi/mmol), 
[1-14C]arachidonoyl-CoA (46.3 mCi/mmol), [3H]arachi- 
donic acid (240 Ci/mmol), [methyl-3H]choline chloride 
(85.1 Ci/mmol) and [1-14C]myristic acid (58 mCi/mmol) 
were purchased from NEN/DuPont (Wilmington, DE). 
DM-160 media were purchased from Kyokuto Pharmaco- 
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logical Industrial Co. (Tokyo, Japan); fetal bovine serum 
(FBS) was obtained from GIBCO (Grand Island, NY) and 
Hyclone Laboratories Inc. (Logan, UT). Silica gel 60 
(10 cm x 10 cm) high-performance thin-layer chromatog- 
raphy (HPTLC) plates and organic solvents were from 
E. Merck (Darmstadt, Germany). T-25 and T-75 plastic 
tissue culture flasks and 15- and 50-mL polypropylene 
centrifuge tubes were purchased from Coming Glass 
Inc. (Coming, NY). Disposable borosilicate glass culture 
tubes were from Kimble, a Division of Owen-Illinois 
(Toledo, OH). 

Cell culture. The clonal oligodendrocytes (CB-II) de- 
rived from neonate rat cerebellum were cultured in 
DM 160 medium supplemented with 10% FBS and 50 pg 
of gentamicin/mL, as described previously (9). These cells 
had been characterized earlier as glial fibrillary acidic 
protein negative and galactocerebroside positive and, 
more recently, as cyclic nucleotide phosphohydrolase posi- 
tive (data not shown). Cell passages 50-70 were used for 
the experiments, and cells were normally maintained in 
T-75 flasks (Coming Glass, Inc.). In a typical experiment, 
1.5 to 2 • 106 or 2.5 x 105 cells were subcultured in T-75 or 
T-25 flasks, respectively, for three days. 

[3H]Arachidonic acid, [3H]choline and [14C]myristic 
acid incorporation into intact CB-II cells. The incorpora- 
tion of lipid precursors into intact CB-II cells was followed 
by subculturing the cells in DM 160 medium supple- 
mented with 10% FBS and 50 ~tg of gentamicin in T-25 
flasks for at least two days. The culture medium was then 
changed to DM 160 supplemented with 2.5% FBS, in the 
absence or presence of 2.5 mM sodium butyrate. Labeled 
precursors, such as 0.5 pCi [3H]arachidonic acid, 4 ~Ci 
[3H]choline, or 0.5 ~tCi [14C]myristic acid, were added and 
cells were cultured for another 24 h, as described previ- 
ously (9). At the end of the labeling period, the culture 
medium was removed, the cells were rinsed once with 
0.02 M phosphate buffer (pH 7.4) containing 0.1% glucose 
(PBG) to remove excess labeled precursors and the reac- 
tion was stopped by adding 1.3 mL of ice-cold methanol to 
the culture. The cells in methanol were transferred to a 
13 x 100 mm borosilicate glass test tube, and then 2.7 mL 
of chloroform and 1 mL of water were added to extract 
lipids (9). 

In vitro assays of [3H]arachidonic acid transfer. In the 
in vitro assay system, cells were cultured in T-75 flasks in 
DM 160 medium supplemented with 10% FBS and 50 ~g 
of gentamicin/mL for at least three days. Subconfluent 
cultures were removed by trypsinization and aliquots 
taken for cell counting. After washing with PBG, cells 
were suspended (2 x 106 per mL) in 50 mM Tris-HC1 
(pH 7.4) and were homogenized with a Potter-Elvehjem 
homogenizer. A small portion of the cell homogenate was 
removed for protein assay (17) using BSA as standard. In 
some experiments, cells were quickly frozen in liquid ni- 
trogen and stored until use. Cells were homogenized with 
a Potter-Elvehjem homogenizer before the assay. Aliquots 
of 0.5 mL cell homogenate were incubated in a test tube 
with 1 ~Ci of [3H]arachldonic acid, 0.1% fatty acid-free 
BSA, 0.1 mM CoA, 0.3 mM dithiothreitol, 2.5 mM ATP, 
10 mM MgC12 and 50 mM Tris-HC1 (pH 7.4) in the ab- 
sence or presence of sodium butyrate in a total volume of 

1 mL according to the method ofLin et al. (18). All incu- 
bations were carried out at 37~ for 10 min unless other- 
wise indicated. In some experiments, 4 pM LPI, 4 gM 
LPS, 20 ~M LPC or 20 ~Yl bovine brain LPE were used ac- 
cording to MacQuarrie et al. (13). The lipids, cofactors and 
sodium butyrate, together with cell homogenates in 
buffer, were kept in an ice-cold water bath and vortexed 
vigorously for 20 s prior to incubation. After incubation, 
the reaction was stopped by adding four volumes of chlo- 
roform/methanol (2:1, vol/vol). 

Assay of LPC:arachidonoyl-CoA acyltransferase activ- 
ity. Homogenates from approximately 5 x 105 cells were 
incubated with 50 nCi [1-14C]arachidonoyl-CoA and 
lysophospholipids in the absence or presence of sodium 
butyrate and 50 mM Tris-HC1 (pH 7.4) in a total of 1 mL 
at 37~ for 20 min. The amounts of lysophospholipids 
used were 4 glVI LPI, 4 pM LPS, 20 pM LPC or 20 pM 
bovine brain LPE according to MacQuarrie et al. (13). The 
bovine brain LPE contained 60% alkenyl groups and 40% 
acyl groups. After incubation, the reaction was stopped by 
adding four volumes of chloroform/methanol (2:1, vol/vol), 
and the lipids were extracted and separated by two-di- 
mensional Ht~LC (see next section). The radioactivities 
associated with phospholipids were measured in a Beck- 
man (Palo Alto, CA) scintillation counter and are ex- 
pressed in pmol/mg protein. 

Lipid extraction and separation. For extraction oflipids, 
four volumes of chloroform/methanol (2:1, vol/vol) were 
added to the cell suspension. After mixing, the tubes were 
briefly centrifuged at 2000 rpm to allow phase separation. 
The lower organic phase was removed and transferred 
into test tubes. In order to obtain a complete recovery of 
the acidic phospholipids, the aqueous phase was further 
extracted by adding two volumes of chloroform/meth- 
anol/12N HC1 (225:75:0.75, by vol). The acidic organic 
phase was then removed and neutralized with 4N NH4OH 
(about 1 drop) before combining it with the first organic 
extract. The combined organic extracts were evaporated to 
dryness, redissolved in chloroform, and applied to HPTLC 
plates (Kieselgel 60, 10 x 10; E. Merck, Darmstadt, Ger- 
many). Phospholipids, namely PI, PS, PC, PEpl and PE, 
and free fatty acid were separated using a two-dimen- 
sional system according to Sun and Horrocks (19) with 
some modification (9). Briefly, first the plate was devel- 
oped using chloroform/methanol/acetone/12M NH4OH 
(35:20:5:5, by vol). Then the plate was removed from the 
tank, dried, exposed to HC1 fumes for 3 min, and then 
residual HC1 fumes were removed by a stream of warm 
air for 10 min. The plates were then developed in the sec- 
ond dimension with chloroform/methanol/acetone/gla- 
cial acetic acid/0.2 M aqueous ammonium acetate 
(35:15:14:1:1.75, by vol). After development, the lipid frac- 
tions were visualized by exposure to iodine vapor, and the 
individual phospholipid fractions were scraped into scin- 
tillation vials for radioactivity counting. In some experi- 
ments, the neutral lipids were removed after separation in 
the first dimension, extracted and further separated on 
another HPTLC plate using hexane/diethyl ether/glacial 
acetic acid (70:30:3.5, by vol). The lipid bands correspond- 
ing to triacylglycerols (TG) were used for radioactivity 
counting. 
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Assay of arachidonoyl-CoA ligase activity. The synthesis 
of arachidonoyl-CoA was followed according to the method 
by Morisaki et al. (20), with some modifications. Briefly, 
homogenates from 5 • 106 cells (approximately 100 pg pro- 
tein) were incubated with 50 nCi [14C]arachidonic acid, 
0.1% fatty acid-free BSA, 0.1 mM CoA, 0.3 mM dithio- 
threitol, 2.5 mM ATP, 10 mM MgC12 and 50 mM Tris-HC1 
(pH 7.4) in the presence and absence of sodium butyrate 
in a total volume of 250 pL. Incubations were carried out 
at  37~ for various time periods ranging from 20 s to 10 
min. The reaction was terminated by adding 1 mL of 
Dole's mixture, i.e., isopropanol/heptane/2M H2SO 4 
(40:10:2, by vol) (21). The sample was mixed for 5 min, and 
then 0.35 mL of water and 0.5 mL of heptane were added. 
A ~ r  further mixing, the upper phase was removed, and 
the lower phase was washed three times with 0.6 mL of 
heptane containing 5 mg/mL of nonradioactive palmitic 
acid as carrier (22). Subsequently, the lower phase was 
taken for radioactivity counting. Levels of arachidonoyl- 
CoA formed are expressed in nmol/mg protein. 

RESULTS 

Effect of sodium butyrate on the incorporation of labeled 
arachidonate, myristate and choline into phospholipids of 
CB-II cells. When CB-II cells were incubated in the 
growth medium supplemented with 2.5% FBS containing 
either [3H]arachidonate or [14C]myristate for 24 h, both 
labeled fatty acids were incorporated into the cell phos- 
pholipids, although each of the labeled fatty acid gave rise 
to a unique labeling pattern. As shown in Table 1, a 
greater proportion of labeled myristate was incorporated 

into PC, whereas labeled arachidonate was incorporated 
into PC as well as PE and PEpl. With cells labeled with 
[3H]arachidonate, there was a 25% increase in labeling of 
PC and a 40% decrease in labeling of PE upon exposure to 
butyrate (2.5 mM) for 48 h (Table 1). However, this effect 
of butyrate on PC synthesis was not observed when cells 
were incubated with [14C]myristic acid (Table 1). In a sub- 
sequent experiment, PC biosynthesis in CB-II cells was 
further probed by incubating cells with [3H]choline. Over 
90% of the radioactivity from [3H]choline was found in PC 
(Table 2). Exposure of cells to butyrate (2.5 mM) for 24 h 
resulted in a decrease in labeled LPC and sphingomyelin 
and a small increase in labeled PC. 

Effects of sodium butyrate on the incorporation of 
[3H]arachidonic acid into membrane phospholipids in an 
in vitro incubation system. In this series of experiments, 
an in vitro incubation system was used to assess the in- 
corporation of labeled arachidonate into membrane phos- 
pholipids. In the absence of lysophospholipids, [3H]arachi- 
donate was preferentially incorporated into PC of the cell 
homogenates, but smaller amounts were also found in PI  
and PE (Fig. 1). Addition ofbutyrate  to the incubation sys- 
tem containing the cell homogenates led to a dose-depen- 
dent increase in labeling of PC, but labeling of PI and PE 
was not altered (Table 3). When exogenous LPC (20 ~M) 
and LPI (4 pM) were added to the in vitro incubation sys- 
tem, there was an increase in incorporation of [3H]arachi- 
donate into PC (37%) and PI (80%), respectively (Fig. 2). 
Nevertheless, further addition of butyrate to systems con- 
mining LPC and LPI only enhanced the labeling of PC, 
but not that  of PI (Fig. 2). In a similar experiment, sodium 
butyrate also enhanced the transfer of arachidonic acid 

TABLE 1 

In Vivo Effect o f  Sod ium Butyrate on Fatty Acid Incorporation 
into Phosphol ip ids  in Intact CB-H Cells ~b,c 

[3H]Arachidonate 
sodium butyrate 

[14C]Myristate 
sodium butyrate 

Phospholipid - + - + 

(% of total) 

PI 10.4 • 0.83 11.4 _+ 1.55 6.42 • 0.80 6.29 • 0.68 
PS 3.29 _+ 0.15 3.03 • 0.31 4.18 • 0.21 3.58 _+ 0.22 
PC 37.1 • 3.48 46.3 • 2.32 d 78.4 • 1.30 79.9 _+ 1.87 
PEpl 23.6 • 1.97 24.5 _+ 1.97 2.19 • 0.21 3.42 • 1.01 
PE 24.0 • 2.08 13.7 • 2.08 d 8.79 • 0.45 6.68 • 0.36 d 

Total dpm 82801 • 3542 75125 -+ 2760 45883 • 2632 40979 • 4531 
~Radioactivity of the lipids disintegration per minute (dpm) is expressed as % of total 
(mean • SD) from three determinations. CB-II, neonate rat cerebellum-derived clonal 
oligodendrocyte. 
bCB-II cells (2.5 • 105) were subcultured in DM 160 medium supplemented with 10% 
fetal bovine serum (FBS) medium for three days. The medium was changed to DM 160 
medium supplemented with 2.5% FBS in the absence (-) or presence (+) of 2.5 mM 
sodium butyrate and incubated together with 0.5 ~Ci of the indicated fatty acid for 24 h. 
Cprocedures for separation and measurement of the radioactivities of phosphatidylinos- 
itol (PI), phosphatidylserine (PS), phosphatidylcholine (PC), plasmalogen ethanolamine 
(PEpl) and phosphatidylethanolamine (PE) are described in the Materials and Methods 
section. 
dDenotes values are significantly different comparing butyrate treatment with control 
(P < 0.05) based on nonpaired Student's t-test. 
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TABLE 2 

In  Vivo Effect o f  Sodium Butyrate on [3H]Choline 
Incorporation into Phosphol ip ids  o f  Intact CB-II Cells a'b'e 

Sodium butyrate 

Phospholipid - + 

(% of total) 

LPC 1.54 • 0.16 1.07 _+ 0.15 d 
Sph 8.52 • 0.18 7.05 • 0.364 
PC 90.0 • 0.28 91.3 _+ 0.42 

Total dpm 121503 • 14593 113201 • 

aRadioactivity of the lipids (dpm) is expressed as % of total (mean 
• SD) from three determinations. Abbreviations as in Table 1. 
bCB-II cells (2.5 x 105) were subcultured in DM 160 supplemented 
with 10% FBS medium, which was later changed to DM 160 sup- 
plemented with 2.5% FBS containing 4 ~Ci [3H]choline in the ab- 
sence (-) or presence (+) of 2.5 mM sodium butyrate and incubated 
for 24 h. 
CThe procedures for separation and measurement of the radioac- 
tivities of lysophosphatidylcholine (LPC), sphingomyelin (Sph) and 
PC are described in the Materials and Methods section. 
dDenotes values that  are significantly different (P _< 0.05) compar- 
ing butyrate t reatment  with controls based on nonpaired Stu- 
dent's t-test. 

in to  TG,  w h e r e a s  L P C  i n h i b i t e d  acyl  i n c o r p o r a t i o n  in to  
T G  (Fig.  3). P r i o r  to  a s s a y  for  a r a c h i d o n o y l  t r a n s f e r  
ac t iv i ty  in vitro, CB-I I  cel ls  w e r e  exposed  to b u t y r a t e  for  35 
h. Aga in ,  t h e r e  w a s  a s ign i f i can t  i n c r e a s e  in  i n c o r p o r a t i o n  
o f  l abe l ed  a r a c h i d o n a t e  in to  P C  in  b u t y r a t e  p r e t r e a t e d  
cel ls  (Table  4). U n d e r  th i s  condi t ion ,  t h e  b u t y r a t e  pre-  
t r e a t e d  cel ls  s h o w e d  a d e c r e a s e  in  l a b e l i n g  o f  T G  in s t ead .  

Effect of sodium butyrate on lysophospholipid:acyl-CoA 
acyltransferase. T h e  e n z y m e  a c t i v i t y  w a s  a s s a y e d  by  incu-  
b a t i n g  [14C]arach idonoyl -CoA w i t h  cel l  h o m o g e n a t e s ,  a s  
we l l  a s  in  t h e  p r e s e n c e  o f  v a r i o u s  c l a s se s  of  l y sophospho-  
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FIG. 1. Time-course of  the net  radioact ivit ies  o f  [3H]arachi- 
donic  ac id  incorporated  into  p h o s p h a t i d y l c h o l i n e  ( , ) ,  
phosphat idyl inos i to l  (A), and phosphat idy le thanolamine  
(@) of  neonate  rat cerebel lum-derived clonal  ol igodendro- 
cyte cell  homogenates  us ing  an in  v i t ro  assay as descr ibed 
in the Materials and Methods section. Homogenates  from 1 
• 106 cells, 1 ~tCi [3H]arachidonic acid, 0.1 mM coenzyme A, 
0.3 mM dithiothreitol ,  2.5 mM adenos ine  triphosphate,  
10 mM MgCI 2 and 50 mM Tris-HC1 (pH 7.4) were  incubated  
at 37~ for the t ime periods indicated.  Radioact ivi ty  of  the 
Hpids (dpm) is expressed as means  • SD from three deter- 
minations;  dpm, dis integrat ion per minute .  

lipids. The results demonstrated that  radioactivities were 
preferentially incorporated into PC (Fig. 4) indicating ac- 
tive LPC:arachidonoyl-CoA acyltransferase activity in 
CB-II. In the absence of LPC, sodium butyrate alone did 
not stimulate the incorporation into PC (data not shown). 
However when LPC (20 pM) was added to the incubation 

TABLE 3 

In  Vi t ro  Effect of  Sodium Butyrate on [3H]Arachidonic Acid Incorporation 
into Phosphol ip ids  o f  CB-H Homogenates  ~b'c 

Sodium butyrate (mM) 

Phospholipid 0 2.5 5.0 7.5 

(dpm) 

PI 12121 • 1066 11018 • 1503 10793 • 2001 10587 • 562 
PC 17655 • 500 21351 • 909 d 26427 • 2369 d 28811 • 1584 d 
PE 8267 • 311 7285 • 856 9465 • 1612 9553 • 1887 

Total 46875 • 3575 50622 • 6881 d 63521 • 2675 d 69991 • 7051 d 

aRadioactivity of the lipids (dpm) is expressed as means • SD from three determina- 
tions. Abbreviations as in Table 1. 
bCells (1.2 x 107) were homogenized in Tris-HC1 (pH 7.4). Homogenates from 1 x 106 
cells (approximately 200 ~tg protein) were incubated with 1 ~tCi [3H]arachidonic acid, 0.1 
mM coenzyme A, 0.3 mM dithiothreitol, 2.5 mM adenosine triphosphate, 10 mM MgC12 
and 50 mM Tris-HC1 (pH 7.4) at the indicated concentrations of sodium butyrate in a 
total of 1 mL at 37~ for 10 min. 
CThe methods for separation and measurement of the radioactivities of PI, PC and PE 
are described in the Materials and Methods section. 
4Denotes values that  are significantly different (P < 0.05) comparing butyrate t reatment  
with controls based on nonpaired Student's t-test. 
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FIG.  2. Ef fec t  of  s o d i u m  b u t y r a t e  (NaB) a n d  lysophospho-  
l ip ids  (LP) on  t h e  i n c o r p o r a t i o n  o f  [3H]arach idonic  a c i d  
i n t o  p h o s p h a t i d y l i n o s i t o l  (PI) a n d  p h o s p h a t i d y l c h o l i n e  
(PC) of  n e o n a t e  r a t  c e r e b e l l u m - d e r i v e d  c lona l  o l igodendro -  
cy te  cel l  h o m o g e n a t e s .  Cel l  h o m o g e n a t e s  f r o m  1 x 106 cel l  
w e r e  i n c u b a t e d  w i t h  1 pCi [3H]arach idonic  acid,  0.1 m M  
c o e n z y m e  A, 0.3 m M  d i t h i o t h r e i t o l ,  2.5 m M  a d e n o s i n e  
t r i p h o s p h a t e ,  10 mM MgC12 a n d  50 m M  Tris-HC1 (pH 7.4), 
a n d  t h e  i n d i c a t e d  l y sophospho l ip id s  (LP) a t  t he  i n d i c a t e d  
c o n c e n t r a t i o n s  of  NaB a t  37~ fo r  10 min .  The  LP  w e r e  4 mM 
l y s o p h o s p h a t i d y l i n o s i t o l  for  t h e  syn thes i s  of  PI,  a n d  20 mM 
l y s o p h o s p h a t i d y l c h o l i n e  fo r  t h e  syn thes i s  of  PC. Rad ioac -  
t i v i t y  o f  t he  l ip ids  (dpm) is e x p r e s s e d  as  % of  to ta l  m e a n s  • 
SD f rom t h r e e  d e t e r m i n a t i o n s .  Ba r s  m a r k e d  w i t h  d i f f e r e n t  
l e t t e r s  d i f fe r  s ign i f i can t ly  (P <_ 0.05) w h e n  c o m p a r e d  w i t h  
con t ro l s  (no NaB, no  LP) b a s e d  on  n o n p a i r e d  S t u d e n t ' s  
t - test .  O t h e r  a b b r e v i a t i o n s  as in  F i g u r e  1. 

TABLE 4 

I n c o r p o r a t i o n  o f  [3H]Arachidonic  Acid  in to  P h o s p h o l i p i d s  
a n d  Tr i acy lg lyce ro l s  of  Con t ro l  a n d  S o d i u m  B u t y r a t e  
P r e t r e a t e d  CB-H Cell  Homogenates ~ 

Phospholipid Control Pretreated 

(% of total) 

PI 23.6 • 3.57 23.4 • 1.34 
PS 4.84 • 1.35 4.73 • 0.75 
PC 33.8 • 5.35 42.2 • 1.60 d 
PEpl 10.4 • 0.80 8.21 __ 2.12 
PE 11.1 • 1.14 11.3 • 1.25 
TG 16.2 • 2.43 10.2 • 0.15 d 

Total dpm 56418 • 8278 74495 • 9056 

aRadioactivity of the lipids (dpm) is expressed as % of total dpm 
(mean • SD) from three determinations. Abbreviations as in 
Table 1. 
bCells were cultured in DM 160 medium supplemented with 10% 
FBS in the absence or presence of 2.5 mM sodium butyrate for 35 h 
before obtaining homogenates for arachidonic acid incorporation 
experiments. 
CEach incubation contained homogenates from 1 • 106 cells, 0.1 
mM coenzyme A, 2.5 mM adenosine triphosphate, 10 mM MgC12, 
0.3 mM dithiothreitol, 1 pCi [3H]arachidonic acid, 50 mM Tris-HC1 
(pH 7.4) and was kept at 37~ for 10 min. The methods for sepa- 
ration and measurement of the radioactivities of PI, PS, PC, PEpl, 
PE and triacylglycerols (TG) are described in the Materials and 
Methods section. 
dDenotes values that  are significantly different (P _< 0.05) compar- 
ing butyrate t reatment  with controls based on nonpaired Stu- 
dent's t-test. 
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FIG.  3. Ef fec t  of  NaB a n d  l y s o p h o s p h a t i d y l c h o l i n e  (LPC) on  
t h e  i n c o r p o r a t i o n  o f  [SH]arachidonic  a c i d  in to  t r i acy lg lyc-  
e ro l s  o f  n e o n a t e  r a t  c e r e b e l l u m - d e r i v e d  c lona l  o l igoden-  
d r o c y t e  cel l  h o m o g e n a t e s .  R a d i o a c t i v i t y  o f  t h e  l ip ids  (dpm) 
is e x p r e s s e d  as  m e a n s  ~ SD f r o m  t h r e e  d e t e r m i n a t i o n s .  An 
a s t e r i s k  d e n o t e s  v a l u e s  t h a t  a r e  s ign i f i can t ly  d i f f e r e n t  f r o m  
con t ro l s  (no NaB, no  LPC) w i t h  P <_ 0.05 b a s e d  on  n o n p a i r e d  
S tuden t ' s  t- test .  H o m o g e n a t e s  f rom 1 • 106 cel l  w e r e  incu-  
b a t e d  w i t h  1 pCi [3H]arach idonic  acid,  0.1 mM c o e n z y m e  A, 
0.3 mM d i th io th re i t o l ,  2.5 m M  a d e n o s i n e  t r i p h o s p h a t e ,  10 
m M  MgC12 a n d  50 mM Tris-HCl  (pH 7.4) in  t h e  p r e s e n c e  o r  
a b s e n c e  o f  20 pM LPC a n d  in  t h e  p r e s e n c e  o r  ab sence  o f  2.5 
m M  NaB at  37~ fo r  10 min .  O t h e r  a b b r e v i a t i o n s  as in  Fig- 
u r e l .  
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FIG. 4. Ef fec t  of  l y sophospho l i p id s  on  t h e  i n c o r p o r a t i o n  of  
[ 1 J4C]a r ach idonoy l - coenzyme  A in to  PI,  p h o s p h a t i d y l s e r -  
ine  (PS), PC, e t h a n o l a m i n e  p l a s m a l o g e n  (PEpl)  a n d  phos-  
p h a t i d y l - e t h a n o l a m i n e  (PE) o f  n e o n a t e  r a t  ce rebe l lum-de -  
r i v e d  c l o n a l  o l i g o d e n d r o c y t e  ce l l  h o m o g e n a t e s .  Ho- 
m o g e n a t e s  f rom 1 • 106 cel ls  ( a p p r o x i m a t e l y  220 ~g of  
p ro t e in )  w e r e  i n c u b a t e d  w i t h  50 nCi  [1J4C]arach idonoy l -  
c o e n z y m e  A a n d  50 mM Tris-HCl (pH 7.4) in  t h e  absence  ([]) 
o r  p r e s e n c e  (B) of  4 ~M lysophospha t idy l inos i to l ,  o r  4 pM 
l y s o p h o s p h a t i d y l s e r i n e  o r  20 pM l y s o p h o p h a t i d y l e t h a n o l -  
amine ,  o r  40 pM b o v i n e  b r a i n  l y s o p h o s p h a t i d y l s e r i n e ,  a t  
37~ for  20 min .  An a s t e r i s k  d e n o t e s  v a l u e s  t h a t  a r e  signifi-  
c an t ly  d i f f e r e n t  f rom con t ro l s  (no LP) w i t h  P _< 0.05 b a s e d  on  
n o n p a i r e d  S tuden t ' s  t- test .  The  m e t h o d s  fo r  s e p a r a t i o n  a n d  
m e a s u r e m e n t  o f  t h e  l eve l s  o f  PI ,  PS,  PC,  P E p l  a n d  PE a re  
d e s c r i b e d  in  t h e  Ma te r i a l s  a n d  Methods  sec t ion .  O t h e r  ab- 
b r e v i a t i o n s  as  in  F i g u r e  2. 
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FIG. 5. Effect of  NaB and  LPC on incorpora t ion  of  [ 1 - 1 4 C ]  - 

arachidonoyl-CoA into  phospha t idy lcho l ine  of neona te  r a t  
ce rebe l lum-der ived  c lonal  o l igodendrocyte  homogenates .  
Homogenates  from 1 x 10 e cells ( approx imate ly  220 wg of  
prote in)  were  incuba ted  wi th  50 nCi [1-14C]arachidonoyl- 
coenzyme A in the  absence  (-) or  p resence  (+) of  20 ~M LPC 
at  the  ind ica t ed  concen t ra t ions  of  NaB at  37~ for  20 min. 
Bars  m a r k e d  wi th  l e t t e r  b denote  values  tha t  a re  signifi- 
can t ly  d i f ferent  from controls  (bar  m a r k e d  wi th  l e t t e r  a) 
(no NaB, no LPC) wi th  P < 0.05 based  on n o n p a i r e d  Studen- 
t 's t-tests.  Abbrev ia t ions  as  in F igures  2 and  3. 

sys tem,  t h e r e  was  a fivefold inc rease  in  l abe l ing  of  PC. In- 
te res t ingly ,  add i t ion  of  sod ium b u t y r a t e  (2.5-7.5 mM) to 
t he  incuba t ion  sy s t em did  not  cause  a f u r t he r  i nc rease  in  
l abe l ing  of  PC (Fig. 5). 
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FIG. 6. Time course  of synthes is  of a rach idonoyl -coenzyme 
A (CoA) in  neona te  r a t  ce rebe l lum-der ived  clonal  oliKoden- 
drocyte  cell  homogenates .  Homogenates  from 5 x 10 ~ cells 
were  incuba ted  a t  37~ wi th  50 nCi []4C]arachidonic acid,  
0.1 mM CoA, 0.3 mM di th io thre i to l ,  2.5 mM adenos ine  
t r iphospha te ,  10 mM MgCI 2 and  50 mM Tris-HC1 (pH 7.4) in  
the  absence  ([:3) or  p resence  (B) of 2.5 mM sodium b u t y r a t e  
for  va r ious  t ime per iods .  The level  of  a rachidonoyl -CoA at  
each  t ime po in t  was de t e rmined  as  desc r ibed  in  the  Materi-  
als and  Methods section.  The va lues  a r e  means  ffi SD from 
th ree  de te rmina t ions .  An as te r i sk  denotes  values  tha t  a re  
s igni f icant ly  d i f ferent  from controls  (no bu ty ra te )  wi th  P _< 
0.05 based  on n o n p a i r e d  Student ' s  t-test.  

70 

60 

< ~ 55 

50 

0 2.5 10 

NaB Concentration (mM) 

FIG. 7. Dose response  r e l a t ionsh ip  of the  effect of sodium 
b u t y r a t e  on the  levels of a rachidonoyl-CoA in neona te  r a t  
ce rebe l lum-der ived  clonal  o l igodendrocyte  cell  homoge- 
nates .  Homogenates  from 5 x 105 cells were  incuba ted  at  
37~ wi th  50 nCi [14C]arachidonic acid,  0.1 mM CoA, 0.3 mM 
d i th io th re i to l ,  2.5 mM adenos ine  t r i phospha t e ,  10 mM 
MgC12 and  50 mM Tris.HC1 (pH 7.4) in the  absence  (0) or  
p resence  (2.5-10 mM) of  sodium b u t y r a t e  for th ree  minutes .  
Arachidonoyl -CoA was e x t r a c t e d  and  m e a s u r e d  as  de- 
sc r ibed  in the  Mater ia l s  and  Methods section. The values  
a r e  means  • SD from th ree  de te rmina t ions .  Bars  m a r k e d  
wi th  d i f ferent  l e t te r s  differ  s igni f icant ly  (P < 0.05) based  on 
n o n p a i r e d  S tudent ' s  t-test.  Abbrev ia t ions  as  in  F igures  2 
and  6. 

Effect of sodium butyrate on acyl-CoA ligase. The effect 
of  sod ium b u t y r a t e  (2 .5-10 raM) on a rach idonoyl -CoA syn- 
thes i s  was  inves t iga ted .  Ini t ia l ly ,  a t ime  course s t u d y  was  
ca r r i ed  out  in  which  homogena t e s  f rom 5 x 105 cells were  
i ncuba t ed  wi th  [14C]arachidonic acid  in  t he  absence  or  
p resence  of  2.5 m M  sod ium b u t y r a t e  a t  37~ As  shown in 
F igu re  6, the  a m o u n t  of  a rach idonoyl -CoA formed  in- 
c reased  wi th  t ime  in t he  presence  of sod ium b u t y r a t e  
(2.5 mM). In  a s im i l a r  a s s a y  sys tem,  a dose d e p e n d e n t  in- 
c rease  in  t he  syn thes i s  of  a rach idonoyl -CoA was  observed  
in  the  incuba t ion  sy s t em con ta in ing  2.5 and  10 m M  
sod ium b u t y r a t e  (Fig. 7). 

DISCUSSION 

Al though  sod ium b u t y r a t e  is  k n o w n  to exe r t  mu l t ip l e  ef- 
fects on cells, t he  exac t  m e c h a n i s m  l ead ing  to morpholog-  
ical  t r a n s f o r m a t i o n s  a n d  concomi tan t  changes  in  mem-  
b r a n e  phospho l ip id  profi les  h a d  not  been  e luc ida t ed  previ-  
ously. In  our  e a r l i e r  study,  the  effect of  b u t y r a t e  on the  
morpho logy  of  CB-II  cells, a clonal  o l igodendrocyte  cell 
l ine,  co r r e l a t ed  w i th  t he  ab i l i ty  of  b u t y r a t e  to enhance  the  
incorpora t ion  of  l abe led  a rach idon ic  acid  in to  PC a n d  de- 
c rease  i t s  incorpora t ion  into  P E  (9). In  t he  p r e s e n t  study,  
the  effect o f b u t y r a t e  on phospho l ip id  m e t a b o l i s m  was  fur- 
t h e r  s tud i ed  by  e x a m i n i n g  lysophosphol ip id  acy l t r ans -  
f e rase  a n d  acyl-CoA l igase  act ivi t ies .  These  s tud ies  were  
p r o m p t e d  by  the  f ind ing  t h a t  sod ium b u t y r a t e  a l t e r ed  in- 
corpora t ion  of  l abe led  a rach idona te .  In  genera l ,  polyun-  
s a t u r a t e d  f a t t y  acids  a r e  p r e f e r en t i a l l y  t r a n s f e r r e d  into  
phospho l ip ids  by  us ing  the  a c y l a t i o n - d e a c y l a t i o n  route ,  
w h e r e a s  s a t u r a t e d  fa t ty  ac ids  a re  i nco rpora t ed  into  phos- 
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pholipids via the de novo pathway (12,23). Thus, in agree- 
men t  with earlier data  (24,25), myris ta te  was preferen- 
tially incorporated into PC of CB-II cells. Because bu- 
tyra te  did not alter the incorporation of labeled myris ta te  
into PC, it was reasonable to assume tha t  butyrate  does 
not affect de novo PC biosynthesis. Similarly, butyrate  did 
not al ter  choline incorporation into PC. However, in ex- 
periments  in which cells were incubated with labeled 
choline, butyra te  caused a decrease in labeled LPC. As 
LPC is an intermediate  in the acylation-deacylation 
process, a change in LPC further  corroborates the action 
of butyra te  on this cyclic process. 

When cell homogenates were incubated with [3H]ara- 
chidonate in the absence of exogenous lysophospholipids, 
there was a t ime-dependent  increase in labeling of PC. 
This would imply tha t  the membranes  contained endoge- 
nous LPC as well as acyl t ransferase to incorporate 
[3H]arachidonate into PC. The results in Figure 1 fur ther  
indicate a preference for t ransfer  of arachidonate to LPC, 
ra ther  than  LPI  and LPE. This would be in agreement  
with the recent analyses of the phospholipids of ROC-1 
oligodendroglia cells, which showed tha t  more LPC 
(0.6 mol %) than  LPI is present  in these cells (26). Earl ier  
studies had  also indicated (27,28) tha t  incubation of brain 
membranes  with labeled arachidonic acid resulted in pref- 
erential  t ransfer  of arachidonic acid to LPC and LPI, 
ra ther  than  LPE and LPS. Although both LPC and LPI 
acyltransferases are present  in CB-II cells, as indicated by 
the increase in t ransfer  of labeled arachidonic acid into PC 
and PI in the presence of exogenous LPI and LPC, only 
the t ransfer  to LPC was affected by butyrate.  The reason 
for the selective effect of butyra te  is not clear, but  the data  
are consistent with the notion tha t  different lysophospho- 
lipid acyltransferases are involved in the t ransfer  of 
arachidonate to LPC and LPI  (12) and tha t  these acyl- 
t ransferases  respond differently to butyrate.  

In the in vitro assay system, labeled arachidonic acid is 
first activated to its acyl-CoA derivative by acyl-CoA lig- 
ase prior to being t ransferred to lysophospholipids v/a 
lysophospholipid:acyl-CoA acyltransferase. There is evi- 
dence tha t  these two enzymes operate in a cooperative 
manner  (12,27). Consequently, it is possible tha t  the effect 
of butyrate  on the t ransfer  of arachidonate to PC is re- 
lated to a specific effect on one of the two enzymes or on a 
coupled mechanism between fat ty acid activation and 
t ransfer  of acyl-CoA to the lysophospholipid. By using 
[14C]arachidonoyl-CoA as substrate,  we demonstrated the 
lack of an effect of butyrate  on the lysophospholipid:acyl- 
CoA acyltransferase. 

In one experiment,  butyra te  also enhanced the incorpo- 
rat ion of arachidonic acid into TG, and LPC inhibited the 
acyltransfer into TG. This agrees with the finding tha t  
there is a reciprocal regulatory effect of diacylglycerol and 
lysophospholipids on acyltransfer to TG and phospholipid 
in. brain membranes  (12). I t  is interesting to note tha t  in 
homogenates from cells pretreated with sodium butyrate,  
the increase in labeling of PC was associated with a de- 
crease in labeling of TG (Table 4). I t  remains  to be seen 
whether  the decrease in TG is associated with a decrease 
in the diacylglycerol pool. To examine whether  butyrate-  
enhanced PC labeling was due to st imulation of CoA-lig- 

ase activity conversion of labeled arachidonate to its acyl- 
CoA derivative was measured in CB-II homogenates. As 
indicated in Figures 6 and 7, the results showed tha t  the 
synthesis of arachidonoyl-CoA is s t imulated by butyrate.  

In conclusion, we have shown tha t  sodium butyrate-in- 
duced CB-II cell differentiation and morphological trans- 
formations are accompanied by enhanced incorporation of 
arachidonic acid into PC. Furthermore,  enhanced PC syn- 
thesis was shown to be due to st imulation of the acylation 
route. We also showed tha t  butyrate  specifically increased 
acyl-CoA ligase activity. These results provide some novel 
insights into the role of phospholipids in cell differentia- 
tion and growth. 
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P h o s p h a t i d y l g l y c e r o l p h o s p h a t e  (PGP) s y n t h a s e  and  
PGP p h o s p h a t a s e  ca ta lyze  the  sequent ia l  syn thes i s  o f  
phosp h at id y lg lycero l  f rom cyt id ine-5 ' -d iphosphate  l~2- 
d iacyl - sn-g lycerol  (CDP-DG) and g lycerol -3-phosphate .  
PGP s y n t h a s e  and PGP p h o s p h a t a s e  ac t iv i t i e s  w e r e  
c h a r a c t e r i z e d  in rat  heart  mi tochondr ia l  fract ious ,  and 
the  ef fect  of  fatty  ac ids  on the  act iv i ty  o f  t h e s e  e n z y m e s  
w a s  de termined .  PGP s y n t h a s e  w a s  o b s e r v e d  to be  a hea t  
labi le  e n z y m e  that  exh ib i t ed  apparent  K m va lues  for 
CDP-PG and g lycero l -3 -phosphate  o f  46 and 20 ~ re- 
spect ive ly .  The addi t ion  of  e x o g e n o u s  o le ic  ac id  to  the  
as say  m i x t u r e  did  not  affect  PGP s y n t h a s e  activity.  PGP 
p h o s p h a t a s e  w a s  o b s e r v e d  to be  a hea t  labi le  e n z y m e ,  
and addi t ion  o f  o le i c  ac id  to the  assay  m i x t u r e  caused  a 
c o n c e n t r a t i o n - d e p e n d e n t  s t i m u l a t i o n  o f  P G P  phos -  
phatase  activity.  MA~'imum s t i m u l a t i o n  (1.9-fold) o f  en- 
z y m e  act iv i ty  w a s  o b s e r v e d  in the  p r e s e n c e  of  0.5 mM 
ole ic  acid,  but  the  s t imula t ion  w a s  s l ight ly  a t t enuated  by 
the  p r e s e n c e  of  a lbumin  in the  assay. The  p r e s e n c e  o f  
o le ic  acid in  the  as say  m i x t u r e  caused  the  inact ivat ion  o f  
P G P  p h o s p h a t a s e  act iv i ty  to  be  re tarded  at  55~ St imu- 
la t ion  o f  PGP p h o s p h a t a s e  ac t iv i ty  w a s  a lso  o b s e r v e d  
w i t h  arach idoulc  acid, w h e r e a s  taurochol ic ,  s tear ic  and 
pAlmltic  ac ids  did  not  s igni f icant ly  affect  PGP phos-  
pha tase  activity.  The ac t iv i ty  o f  m i t o c h o n d r i a l  phospha-  
t id ic  ac id  p h o s p h o h y d r o l a s e  w a s  not  af fected by inclu- 
s ion  of  o le ic  acid in the  incubat ion  mix ture .  We pos tu la te  
that  nnRaturated fatty  ac ids  s t imula te  PGP p h o s p h a t a s e  
ac t iv i ty  in  rat  heart .  
Lipids 29, 475-480 (1994). 

Phosphatidylglycerol (PG) is an important intermediate 
in the biosynthesis of cardiolipin (CL); the biosynthetic 
pathway of PG in mammalian tissues was first eluci- 
dated by Kiyasu et al. (1). In the isolated rat heart, the 
biosynthesis of new PG proceeds via the cytidine-5'- 
diphosphate (CDP)-diglyceride pathway (2). Glycerol is 
taken up by the heart and is phosphorylated to glycerol- 
3-phosphate (3), which is rapidly acylated to form phos- 
phatidic acid (PA) (2). PA is converted to CDP 1,2-diacyl- 
sn-glycerol (CDP-DG) by PA:CTP cytidylyltransferase 
(4), the rate-limiting step of PG and CL biosynthesis in 
isolated rat heart (2). CDP-DG is condensed with glyc- 
erol-3-phosphate to form phosphatidylglycerolphos- 
phate (PGP) catalyzed by PGP synthase (1,2). PGP is 
then dephosphorylated by PGP phosphatase to form PG 
(1,2). The activities of the latter two enzymes are con- 
fined to the mitochondrial fraction in mammalian tis- 
sues (1,2,5). 

*To whom correspondence s}iould be addressed at Department of 
Biochemistry and Molecular Biology, Basic Medical Sciences Cen- 
ter Rm. 336, Faculty of Medicine, University of Manitoba, 770 Ban- 
natyne Avenue, Winnipeg, Manitoba R3E 0W3, Canada. 
Abbreviations: CDP-DG, cytidine-5'-diphosphate 1,2-diacyl-sn- 
glycerol; CL, cardiolipin; CTP, cytidine-5'-triphosphate; PA, phos- 
phatidic acid; PG, phosphatidylglycerol; PGP, phosphatidylglyc- 
erolphosphate. 

There are few studies on the regulation of PGP syn- 
thase and PGP phosphatase activities in mammalian 
tissues. PGP synthase was partially purified and char- 
acterized from pig liver by McMurray and Jarvis (6). 
Phosphatidylethanolamine was shown to stimulate the 
activity of the partially purified enzyme. MacDonald 
and McMurray (7) partially purified and characterized 
PGP phosphatase from rat liver. PA (NH4§ was 
shown to inhibit the phosphatase activity whereas PA 
(Na+-salt) stimulated the activity. Thus, there is a prece- 
dent for lipid modulation of the activity of PGP synthase 
and PGP phosphatase. 

Fatty acids are potent stimulators of several enzymes 
involved in phospholipid biosynthesis. For example, PA 
phosphohydrolase, the committed step of DG produc- 
tion, is stimulated by oleic acid (8). In addition, oleic acid 
stimulates the activity of CTP:phosphocholine cytidylyl- 
transferase, the rate-limiting step of phosphatidyl- 
choline biosynthesis (9,10). This stimulation of enzyme 
activity was associated with increases in phosphatidyl- 
choline biosynthesis. The heart has a tremendous ca- 
pacity to take up and utilize fatty acids (11). It is not 
known if fatty acids modulate PGP synthase and PGP 
phosphatase activities in the heart. In this paper we 
provide evidence that rat heart mitechondrial PGP 
phosphatase activity is stimulated by unsaturated fatty 
acids. 

MATERIALS AND METHODS 

Materials. Male Sprague-Dawley rats (200-250 g) were 
obtained from Charles River Canada Inc. (St. Con- 
stante, Quebec, Canada). [14C(U)]Glycerol-3-phosphate 
was purchased from DuPont Canada, Inc. (Mississauga, 
Ontario, Canada). Phosphatidyl[14C(U)]glycerol-3-phos- 
phate was synthesized as described previously (2). Thin- 
layer plates (silica gel 60, 0.25 mm thick) were obtained 
from Canlab Division of Baxter Co. (Winnipeg, Mani- 
toba, Canada). Biochemicals used in this study were of 
analytical grade and purchased from either Sigma 
Chemical Co. (St. Louis, MO) or Fisher Scientific (Ed- 
monton, Alberta, Canada). 

Preparation of rat heart mitochondrial fractions. Ani- 
mals were sacrificed by decapitation, and the heart was 
rapidly removed and placed in ice-cold saline. Exoge- 
nous blood was removed by perfusion of the heart in the 
Langendorff mode (12) for 2 min with ice-cold saline. 
The heart was then cut into small pieces, and a 10% ho- 
mogenate was prepared in 0.25 M sucrose, 0.145 M 
NaC1, 5 mM Tris-HC1, pH 7.4, using a Polytron (Model 
PT10-35; Kinematika, Lucerne, Switzerland) homoge- 
nizer. The homogenate was centrifuged at 1,000 • g for 
5 min (Sorvall RC-5 Superspeed Refrigerated Centrifuge 
with SS-34 rotor; DuPont Canada Inc.). The pellet was 
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discarded, and the resulting supernatant was cen- 
trifuged at 10,000 x g for 15 min. The pellet was resus- 
pended in 1 mL of homogenizing buffer with a tight-fit- 
ting Dounce tissue grinder and used as the source of mi- 
tochondrial fraction for assay of PGP synthase, PGP 
phosphatase and PA phosphohydrolase. The super- 
natant  from the 10,000 x g separation was centrifuged 
at 105,000 x g for 60 min (Beckman Model L8-70 Ultra- 
centrifuge with Ti 70.1 rotor; Beckman Instruments, 
Inc., Mississauga, Ontario, Canada). The pellet was re- 
suspended in 1 mL of homogenizing buffer with a tight- 
fitting Dounce tissue grinder and used as the source of 
the microsomal fraction. The mitochondrial fraction was 
contaminated with 10% of microsomal material, and the 
microsomal fraction contained 5% mitochondrial mater- 
ial (13). 

Preparation of fatty acids. A stock 80 mM oleic acid so- 
lution was prepared by adding 1.13 g oleic acid to 4.8 mL 
of 1 M KOH. The mixture was heated to 60~ and the 
volume was made up to 50 mL with distilled water. The 
oleic acid stock solution may be repeatedly frozen for 
storage at -20~ and upon thawing is a clear liquid. 
Oleic acid prepared in this fashion was shown to stimu- 
late cytidine-5"-triphosphate (CTP):phosphocholine 
citidylyltransferase activity in vitro (9,10). Sodium tau- 
rocholate was dissolved in water, and other fatty acids 
were dissolved in water with KOH, vortexed and soni- 
cated until a clear suspension was obtained prior to ad- 
dition to the PGP phosphatase assay mixture. 

Assay of PGP synthase, PGP phosphatase and PA 
phosphohydrolase. PGP synthase was assayed by deter- 
mining the conversion of [14C(U)]glycerol-3-phosphate 
to phosphatidyl[14C(U)]glycerol-3-phosphate (14). The 
reaction mixture contained 50 mM Tris-HC1, pH 7.0, 
10 mM freshly prepared B-mercaptoethanol, 0.5 mM 
[14C(U)]glycerol-3-phosphate (specific activity, 12,500 
dpm/nmol), 0.2 mM CDP-DG dissolved in 10 mM Triton 
X-100 and 50-100 pg of mitochondrial protein to a final 
volume of 90 pL. The reaction was initiated by the addi- 
tion of 10 ~L of 0.1 M MgC12 �9 6H20. The mixture was in- 
cubated at 30~ for 10 min and terminated by the addi- 
tion of 0.5 mL of 0.1 M HC1 in methanol. One mL of chlo- 
roform and 1.5 mL of 1 M MgC12 �9 6H20 was added to the 
mixture. The suspension was vortexed and centrifuged 
for 5 min at full speed in a clinical centrifuge (Model 
TJ-6; Beckman Instruments Inc.). The upper phase and 
interphase were removed by suction, and the organic 
phase was dried under nitrogen gas and resuspended in 
50 ~L of chloroform/methanol (2:1, vol/vol). A 25-1~L 
aliquot of the resuspended organic phase was placed on 
an oxalate-treated thin-layer plate with PGP standard 
and developed in a solvent system containing chloro- 
form/methanol/HC1 (87:13:0.2, by vol). The thin-layer 
plates were prepared by soaking the plates in 0.5 M ox- 
alic acid and air drying overnight prior to use. The io- 
dine stained fractions corresponding to PGP were re- 
moved, and radioactivity in these fractions was deter- 
mined. In some experiments 0.5-2.0 mM oleic acid was 
included in the incubation mixture. 

PGP phosphatase was assayed by determining the 
conversion of phosphatidyl[14C(U)]glycerol-3-phosphate 

to phosphatidyl[14C(U)]glycerol (7). The reaction mix- 
ture contained 50 mM Tris-maleate (pH 6.5), 10 mM 
freshly prepared ~-mercaptoethanol, 0.5-1.5 ~M phos- 
phatidyl[14C(U)]glycerol-3-phosphate (specific activity, 
10,000 dpm/nmol) and 0.1 mg of mitochondrial protein 
to a final volume of 100 pL. The reaction mixture was in- 
cubated at 37~ for 5 min and terminated by the addi- 
tion of 2 mL of chloroform/methanol/HC1 (100:100:0.6, 
by vol). One mL of chloroform and 1.5 mL of 0.73% NaC1 
were added to facilitate phase separation. The tubes 
were centrifuged in a clinical centrifuge as described 
above, and the organic phase was evaporated under ni- 
trogen gas. The organic phase was resuspended in 25 pL 
of chloroform/methanol (2:1, vol/vol) and 20 pL placed on 
a oxalate-treated plate with PG standard and was de- 
veloped in the solvent system described above for sepa- 
ration of PGP. The iodine stained fractions correspond- 
ing to PG were removed and radioactivity in these frac- 
tions determined. In some experiments, 0.125 mM 
albumin (Sigma A-2153, Sigma Chemical Co.) and 
0.5 mM fatty acid were added to the incubation mixture. 

PA phosphohydrolase was assayed by determining the 
conversion of 1,2-diacyl-sn-[1,3-3H]glycerophosphoric 
acid to 1,2-diacyl-sn-[1,3-3H]glycerol (15). The incuba- 
tion was performed in tubes which had previously been 
treated with dimethyldichlorosilane, 2% in 1,1,1- 
trichloroethane, to prevent the PA substrate from ad- 
hering to the glass tubes. The reaction mixture con- 
tained 100 mM Tris-HC1, pH 7.4, 1 mM dithioerythritol, 
1 mM ethylenediaminetetraacetic acid, 1 mM ethyl- 
eneglycoltetraacetic acid, 0.4 mM phosphatidylcholine 
and 0.6 mM 1,2-diacyl-sn-[1,3-3H]glycerophosphoric 
acid (specific activity, 0.25 ~Ci/pmol) in a total volume of 
90 pL. The reaction mixture was pre-incubated for 5 min 
at 37~ then 10 pL of 0.1 M MgC12 - 6H20 was added to 
start the reaction. The mixture was incubated at 37~ 
for 60 min and terminated by the addition of 2 mL of 
chloroform/methanol (2:1, vol/vol). One mL of water was 
added to facilitate phase separation. The tubes were 
centrifuged in a clinical centrifuge as described earlier, 
and the organic phase was evaporated under nitrogen 
gas. The organic phase was resuspended in 25 pL of 
chloroform/methanol (2:1, vol/vol) and 20 ~L placed on a 
thin-layer plate with standard 1,2-diacyl-sn-glycerol 
and developed in a solvent system containing petroleum 
ether/diethyl ether/acetic acid (60:40:1, by vol). The io- 
dine stained fractions corresponding to 1,2-diacyl-sn- 
glycerol were removed and the radioactivity in these 
fractions determined. In some experiments, 0.2 mg al- 
bumin and 0.5 mM oleic acid were added to the incuba- 
tion mixture. 

Synthesis of 1,2-diacyl-sn-[1,3-ZH]glycerophospho ric 
acid. The 1,2-diacyl-sn-[1,3-3H]glycerophosphoric acid 
was synthesized by perfusing two rat hearts with 
100 pCi of 0.1 ~ [1,3-3H]glycerol for 15 min and ex- 
tracting the lipids as described previously (2). PA was 
separated from other lipids on oxalate-treated plates 
using the solvent system described for the separation of 
PGP and PG. The plate was covered with cellophane, ex- 
cept for a standard lane containing PA, and stained with 
iodine. Silica gel corresponding to the location of the PA 
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s tandard  was removed, and PA was extracted from the 
silica gel by the method of Arvidson (16). 

Other analytical procedures. Protein was determined by 
the method of Bradford (17). Radioactivity was deter- 
mined by liquid scintillation counting (Beckman Model LS 
3801 Scintillation Counter; Beckman Instruments  Inc.). 
Student's t-test was used for the statistical analysis of 
data. The level of significance was defined as P < 0.05. 

RESULTS 

Characterization of PGP synthase and PGP phosphatase 
activities. PGP synthase activity was assayed in mito- 
chondrial fractions isolated from ra t  heart .  PGP syn- 
thase activity was l inear with t ime and protein concen- 
t ra t ion when 10 mM Mg § was included in the incuba- 
t ion mixture .  Produc t  ident if icat ion revealed  ap- 
proximately 70-75% of radioactivity associated with PG 
and 20-25% with PGP (data not shown). The conversion 
of PGP to PG was due to the presence of PGP phos- 
phatase  activity in ra t  hear t  mitochondria (2). Less than  
1% of radioactivity was associated with CL and PA. Mi- 
tochondrial fractions were incubated at  55~ for various 
periods of t ime prior to assay of PGP synthase activity. 
As seen in Figure 1A, the PGP synthase lost 26% of its 
activity by I min and 70% of its activity by 5 rain of pre- 
incubation at 55~ Thus, cardiac PGP synthase is a 
heat  labile enzyme. When the concentration of CDP-DG 
was held constant  at  0.2 mM and the concentration of 
glycerol-3-phosphate was varied, PGP synthase activity 
increased with increasing concentration of glycerol-3- 
phosphate.  A double reciprocal plot of activity vs. glyc- 
erol-3-phosphate concentration revealed an apparen t  
K m for glycerol-3-phosphate of 20 ~M (Fig. 1B). When 
the concentration of glycerol-3-phosphate was held con- 
s tant  at 0.5 mM and the concentration of CDP-PG was 
varied, PGP synthase  activity increased with increasing 
concentration of CDP-DG. The increase was maximum 
at 0.2 mM CDP-PG. A double reciprocal plot of activity 
vs. CDP-DG concentration revealed an apparent  K m for 
CDP-DG of 46 ~Yl (Fig. 1C). Less than  10% of the activ- 
i ty  of the mitochondrial PGP synthase was observed in 
the 105,000 • g fraction of ra t  hear t  homogenateso 

PGP phosphatase was assayed in mitochondrial  frac- 
tions isolated from ra t  heart .  The incubation mixture  
contained low substrate  concentrations because high 
PGP concentrations (100 ~M) are  inhibitory to the en- 
zyme (7). With 0.5 tLM PGP in the assay, substrate  con- 
version to PG was typically 20-25%. When mitochon- 
drial fractions were incubated in the presence of various 
concentrations of PGP, the PGP phosphatase activity 
was increased with increasing concentrations of PGP in 
the assay mixture  (Fig. 2A). Mitochondrial fractions 
were incubated at  55~ for various periods of t ime prior 
to assay of PGP phosphatase activity in the presence of 
0.5 ~uM PGP. By 1, 2.5 and 5 min of preincubation at 
55~ 59, 88 and 95%, respectively, of the enzyme activ- 
ity was lost (Fig. 2B). Thus, cardiac PGP phosphatase is 
a hea t  labile enzyme. Less than  10% of the activity was 
observed in the 105,000 • g fraction of ra t  hear t  ho- 
mogenates. 
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FIG. 1. Heat inact ivat ion profile and kinet ics  o f  phos- 
phat idy lg lycero lphosphate  (PGP) synthase.  A, A 0.1-mg 
al iquot  o f  mitochondria l  fraction was  pre incubated for up 
to 10 m i n  at 55~ and PGP synthase  activity subsequent ly  
determined.  Each value represents  the  m e a n  • SD of  three 
separate experiments ,  each of  w h i c h  was  assayed in dupli-  
cate. B, PGP synthase  activity was  determined at various 
concentrat ions  of  glycerol-3-phosphate in the presence  o f  
0.2 mM cyt id ine-5 ' -d iphosphate  1,2-diacyl-sn-glycerol  
(CDP-DG). A double  reciprocal  plot  o f  glycerol-3-phosphate 
concentrat ion v s .  activity is shown.  Each value represents  
the m e a n  of  two separate experiments ,  each of  wh ich  was  
assayed in duplicate.  C, PGP synthase  was  assayed in the 
presence  of  various concentrat ions  of  CDP-DG in the pres- 
ence o f  0.5 mM glycerol-3-phosphate.  A double  reciprocal 
plot  of  CDP-DG concentrat ion v s .  activity is shown.  Each 
value represents  the m e a n  of  two separate experiments ,  
each of  w h i c h  was  assayed in duplicate.  
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FIG. 2. H e a t  i n a c t i v a t i o n  pro f i l e  a n d  e f f e c t  o f  o l e i c  a c i d  o n  
p h o s p h a t i d y l g l y c e r o l p h o s p h a t e  ( P G P )  a c t i v i t y .  A, P G P  
p h o s p h a t a s e  a c t i v i t y  w a s  d e t e r m i n e d  in  t h e  a b s e n c e  ( so l id  
c o l u m n s )  or  p r e s e n c e  ( h a t c h e d  c o l u m n s )  o f  0.5 m M  o l e i c  
a c i d  in  t h e  i n c u b a t i o n  m i x t u r e  at  v a r i o u s  c o n c e n t r a t i o n s  o f  
PGP.  E a c h  v a l u e  r e p r e s e n t s  the  m e a n  o f  t w o  s e p a r a t e  ex-  
p e r i m e n t s ,  e a c h  o f  w h i c h  w a s  a s s a y e d  i n  d u p l i c a t e .  B, A 0.1- 
m g  a l i q u o t  o f  m i t o c h o n d r i a l  f r a c t i o n  w a s  p r e i n c u b a t e d  for  
u p  to  5 m i n  at  55~ t h e n  P G P  p h o s p h a t a s e  a c t i v i t y  w a s  de- 
t e r m i n e d  in  t h e  a b s e n c e  ( c lo sed  s q u a r e s )  or  p r e s e n c e  ( o p e n  
s q u a r e s )  o f  1.0 m M  o l e i c  ac id .  E a c h  v a l u e  r e p r e s e n t s  t h e  
m e a n  • SD o f  t h r e e  e x p e r i m e n t s ,  e a c h  o f  w h i c h  w a s  a s s a y e d  
in  d u p l i c a t e .  C, P G P  p h o s p h a t a s e  a c t i v i t y  w a s  d e t e r m i n e d  
in  t h e  a b s e n c e  or  p r e s e n c e  o f  v a r i o u s  c o n c e n t r a t i o n s  o f  
o l e i c  ac id .  E a c h  v a l u e  r e p r e s e n t s  the  m e a n  • SD o f  t h r e e  
e x p e r i m e n t s ,  e a c h  o f  w h i c h  w a s  a s s a y e d  in  d u p l i c a t e .  
*, P < 0.05. 

Effect of fatty acids on PGP synthase, PGP phos- 
phatase and PA phosphohydrolase activities. To deter- 
mine if fat ty acids affected the activity of PGP synthase,  
the enzyme activity was determined in isolated ra t  
hear t  mitochondrial fractions in the absence or presence 
of 0.5-2.0 mM oleic acid in the assay mixture. PGP syn- 
thase activity was unaffected at  0.5-2.0 mM oleic acid 
concentrations. In addition, oleic acid did not affect the 
activity of PGP synthase in the presence of low or high 
glycerol-3-phosphate or CDP-DG concentrations (data 
not shown). 

To determine the effect of fa t ty  acids on PGP phos- 
phatase  activity, isolated mitochondrial fractions were 
incubated in the absence or presence of 0.1-2.0 mM oleic 
acid in the incubat ion  mixture .  The presence of 
0.01-1.0 mM oleic acid in the incubation mixture  caused 
a st imulation o f P G P  phosphatase activity (Fig. 2C). The 
st imulation was most pronounced at  0.5 mM. Higher 
concentrations of oleic acid (1.5-2.0 mM) inhibited PGP 
phosphatase activity. To determine the kinetics of stim- 
ulation of PGP phosphatase activity by oleic acid, PGP 
phosphatase activity was determined in the presence of 
increasing PGP concentrations in the absence or pres- 
ence of 0.5 mM oleic acid in the incubation mixture. The 
presence of oleic acid caused a 1.9-fold st imulation of 
PGP phosphatase activity at  all PGP concentrations 
(Fig. 2A). To determine if  oleic acid al tered the heat  in- 
activation of PGP phosphatase,  PGP phosphatase activ- 
ity was determined in the absence or presence of 1.0 mM 
oleic acid in mitochondrial fractions tha t  were preincu- 
bated for various times at  55~ When 1.0 mM oleic acid 
was present  in the assay mixture,  PGP phosphatase ac- 
tivity was decreased only 29, 68 and 83% in mitochon- 
drial fractions tha t  had been preincubated for 1, 2.5 and 
5 min at 55~ respectively (Fig. 2B). Thus, in the pres- 
ence of oleic acid, the inactivation of PGP phosphatase 
by heat  denatura t ion was retarded.  

Because fat ty acids are associated with fat ty acid 
binding proteins in vivo (18), we determined the effect of 
fat ty acid bound to albumin on PGP phosphatase activ- 
ity. A fat ty acid/albumin ratio of 4:1 was used as albu- 
min contains six to eight fa t ty  acid binding sites per 
molecule (19). PGP phosphatase activity was deter- 
mined in isolated ra t  hear t  mitochondrial fractions in 
the absence or presence of 0.125 mM albumin in the in- 
cubation mixture  or in the presence of 0.125 mM albu- 
min and 0.5 mM oleic acid. The presence of albumin in 
the incubation mixture resulted in a 20% decrease in 
PGP phosphatase activity (Fig. 3A). Thus, the albumin 
probably removes st imulatory lipids from the mem- 
brane. In the presence of 0.5 mM oleic acid and 0.125 
mM albumin, PGP phosphatase activity was st imulated 
36% compared to incubations tha t  contained albumin 
alone (Fig. 3A). Thus, oleic acid st imulated PGP phos- 
phatase  activity in the presence of a fa t ty  acid binding 
protein. 

The effect of other  fa t ty  acids on PGP phosphatase ac- 
tivity was determined. PGP phosphatase activity was 
assayed in the absence or presence of both sa tura ted  
and unsa tu ra ted  fat ty acids with differing chainlength 
and in the presence of the anionic bile salt taurocholic 
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FIG. 3. Effect of  a lbumin  and fatty acids on phosphatidyl-  
g lycerolphosphate  (PGP) phosphatase  and phosphat id ic  
acid (PA) phosphohydrolase  activit ies.  A, PGP phosphatase  
activity was  determined in the absence  (C) or presence  (A) 
o f  a lbumin  or in the presence of  a lbumin  plus  0.5 mM oleate 
(+O), arachidonate  (+A), palmitate  (+P), stearate (+S) or 
taurocholate  (+T). Each point  represents  the m e a n  • SD of  
three separate experiments ,  each o f  wh ich  was assayed in 
duplicate.  *, P < 0.05, C vs.  A; **, P < 0.05, A vs.  §  A vs.  +A.  
B, PA phosphohydrolase  act ivity  was  assayed in the ab- 
sence (C) or presence (+A) of  a lbumin  or 0.5 mM oleic acid 
bound to a lbumin  (O + A). Each value represents  the m e a n  
of  two separate experiments ,  each of  w h i c h  was  assayed in 
duplicate.  An 11-14% variat ion was  observed be tween  du- 
pl icate  samples .  

acid. Arachidonic acid stimulated PGP phosphatase ac- 
tivity, whereas the presence of taurocholic, stearic and 
palmitic acids in the assay mixture did not significantly 
affect PGP phosphatase activity (Fig. 3A). 

Fatty acids are known to stimulate PA phosphohydro- 
lase activity by promoting the translocation of the en- 
zyme from the cytosol to the endoplasmic reticulum (8). 
As a control, we determined the effect of oleic acid on PA 
phosphohydrolase activity in isolated rat heart  mito- 

chondrial fractions. PA phosphohydrolase activity was 
determined in the absence or presence of 0.2 mg albu- 
min or 0.2 mg albumin and 0.5 mM oleic acid in the in- 
cubation mixture. In the presence of albumin or albumin 
and oleic acid, PA phosphohydrolase activity was not af- 
fected (Fig. 3B). 

DISCUSSION 

The objective of this study was to investigate if the heart  
PGP synthase and PGP phosphatase activities were 
modulated by fatty acid. It is clear from this study that  
unsaturated fatty acids stimulate PGP phosphatase ac- 
tivity in rat  heart  mitochondria. The stimulation of PGP 
phosphatase by oleic acid in the absence or presence of 
albumin coupled with the retarded heat denaturation of 
the enzyme activity in the presence of oleic acid support 
this conclusion. 

Lipid modulation of enzyme activity has been re- 
garded as a plausible mechanism for the control of phos- 
pholipid and triacylglycerol biosynthesis. Oleic acid has 
been shown to stimulate the activities of PA phosphohy- 
drolase and CTP:phosphocholine cytidylyltransferase, 
enzymes involved in triacylglycerol and phosphatidyl- 
choline biosynthesis (8-10). In our study, free oleic acid 
and oleic acid bound to albumin stimulated the activity 
of heart  mitochondrial PGP phosphatase, an enzyme in- 
volved in PG and CL biosynthesis. Remarkably, oleic 
acid appeared to retard the heat inactivation of the PGP 
phosphatase. However, because the rate of inactivation 
of PGP phosphatase in control and oleic acid containing 
incubations was identical, the presence of oleic acid 
likely promotes enzyme activation. In contrast, high 
concentrations of free oleic acid inhibited PGP phos- 
phatase activity. This was probably due to an alteration 
in the enzyme lipid associations required for enzyme 
catalysis. 

The heart  PGP phosphatase activity was stimulated 
by long-chain fatty acids consistent with fatty acid stim- 
ulation of other lipogenic enzymes (9,20,21). However, 
stimulation was significant and most pronounced with 
unsaturated fatty acids similar to that observed for 
phospholipase D activation by fatty acids (21). In a pre- 
vious study, ionic and nonionic detergents were shown to 
inhibit the partially purified PGP phosphatase from rat 
liver in the absence of albumin in the incubation mix- 
ture (7). In our study, the anionic bile detergent tauro- 
cholic acid did not affect the heart  PGP phosphatase ac- 
tivity at a concentration in which unsaturated fatty 
acids were stimulatory when albumin was present in 
the incubation mixture. This observation suggests that  
the effect of unsaturated fatty acids on the stimulation 
of the heart  PGP phosphatase was not due to their de- 
tergent-like properties. In addition, it was unlikely that  
low concentrations of oleic acid markedly altered the 
physical state of the PGP phosphatase and the sur- 
rounding membrane structure since the kinetic proper- 
ties of PGP synthase were not affected by oleic acid. 

It was previously postulated that PGP phosphatase 
and PA phosphohydrolase were the same enzyme in rat 
lung lamellar fractions (22). However, it was suggested 
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by Chang and Kennedy (23) tha t  Escherichia coli mem- 
brane PGP phosphatase activity toward PA may be due 
to contamination by some other enzyme. In fact, PA 
phosphohydrolase purified from yeast  cell membranes  
was shown not to dephosphorylate PGP, nor did PA com- 
petitively inhibit PGP hydrolysis (24). Rat liver plasma 
membrane PA phosphohydrolase activity was shown to 
be st imulated by oleic acid (25). In contrast, oleic acid 
did not affect the act ivi ty of the hear t  mitochondrial PA 
phosphohydrolase. Furthermore,  the addition of albu- 
min to the incubation mixture did not affect PA phos- 
phohydrolase activity. Thus, the activities of PA phos- 
phohydrolase and PGP phosphatase in rat  hear t  mito- 
chondria appear to be distinct. 

Severe diabetes (26) and hypoxia (27) are metabolic 
conditions tha t  predispose tissues to high concentra- 
tions of fat ty acids and may affect the regulation of 
metabolic enzymes. Indeed, rat  liver PA phosphohydro- 
lase activity is increased in diabetes, and this may ac- 
count for the increases in triacylglycerols accumulated 
in the liver and in the systemic circulation in this dis- 
ease (8,26). The hear t  has a large capacity to take up 
and utilize fatty acids (11). Thus, under  altered meta- 
bolic conditions, such as severe diabetes or hypoxia, it is 
possible tha t  the hear t  PGP phosphatase activity may 
thus be regulated in vivo. Significant levels of PGP have 
been detected in brain (28,29). However, PGP is found in 
only limited amounts  in other tissues in vivo (1). Thus, 
an important  question is whether  the hear t  PGP phos- 
phatase is, indeed, st imulated by unsa tura ted  fatty 
acids in vivo. As low concentrations of free oleic acid and 
unsa tura ted  fatty acid bound to albumin st imulated the 
hear t  PGP phosphatase activity at low PGP concentra- 
tion, it is possible tha t  modulation of the activity of this 
enzyme and, thus,  hear t  polyglycerophospholipid 
biosynthesis at  the level of the PGP phosphatase may 
occur. We are currently investigating this possibility in 
isolated perfused rat  hearts. 
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This  s t u d y  w a s  d e s i g n e d  to  e x a m i n e  w h e t h e r  n-3 and  n-6 
p o l y u n s a t u r a t e d  fatty  ac ids  at  a v e r y  l o w  d ie tary  l eve l  
(about  0.2%) w o u l d  a l ter  l i ver  ac t i v i t i e s  in r e s p e c t  to  
fat ty  ac id  ox idat ion .  Obese  Z u c k e r  rats  w e r e  u s e d  be- 
c a u s e  o f  the ir  l o w  l eve l  o f  fat ty  ac id  ox idat ion ,  w h i c h  
w o u l d  m a k e  i n c r e a s e s  e a s i e r  to  de tec t .  Z u c k e r  rats  w e r e  
fed d ie t s  c o n t a i n i n g  d i f ferent  oi l  m i x t u r e s  (5%, w/w)  
w i t h  the  s a m e  rat io  o f  n-6/n-3 fat ty  ac ids  s u p p l i e d  e i t h e r  
as  f ish oi l  or  a r a c h i d o n i c  ac id  c o n c e n t r a t e .  D e c r e a s e d  
hepat i c  t r i acy lg lycero l  l eve l s  w e r e  o b s e r v e d  on ly  w i t h  
the  d ie t  c o n t a i n i n g  f ish oil .  In  m i t o c h o n d r i a l  o u t e r  
m e m b r a n e s ,  w h i c h  suppor t  c a r n i t i n e  pa lmi toy l t rans -  
f erase  I act ivity,  c h o l e s t e r o l  c o n t e n t  w a s  s imi lar  for all  
d iets ,  w h i l e  the  p e r c e n t a g e  o f  22:6n-3 and 20:4n-6 in 
p h o s p h o l i p i d s  w a s  e n h a n c e d  about  by  6 and 3% w i t h  the  
d ie t s  c o n t a i n i n g  f ish oi l  and  a r a c h i d o n i c  acid,  respec -  
t ively .  With the  f ish oi l  diet ,  the  on ly  d i f f erence  found  in 
ac t iv i t i e s  r e la t ed  to fat ty  ac id  o x i d a t i o n  w a s  the  l o w e r  
s e n s i t i v i t y  o f  carn i t ine  p a l m i t o y l t r a n s f e r a s e  I to mal-  
onyl -CoA inhib i t ion .  With the  d ie t  c o n t a i n i n g  arachi-  
don ic  acid,  p e r o x i s o m a l  fat ty  ac id  o x i d a t i o n  and carni-  
t ine  p a l m i t o y l t r a n s f e r a s e  I ac t iv i ty  w e r e  m a r k e d l y  de- 
pres sed .  C o m p a r e d  w i t h  the  contro l  diet ,  the  d i e t s  
e n r i c h e d  in  f i sh  oi l  and  in  a r a c h i d o n i c  ac id  gave  r i se  to 
a h i g h e r  spec i f i c  ac t iv i ty  o f  ary l -es ter  h y d r o l a s e  in mi-  
c r o s o m a l  fract ions .  We s u g g e s t  that  s l ight  c h a n g e s  in 
c o m p o s i t i o n  of  n-3 or  n-6 p o l y u n s a t u r a t e d  fatty  ac ids  in 
m i t o c h o n d r i a l  outer  m e m b r a n e s  m a y  a l ter  c a r n i t i n e  
p a l m i t o y l t r a n s f e r a s e  I act ivi ty .  
Lipids 29, 481-489 (1994). 

Fish oils (FO) are known to lower the risk of cardiovas- 
cular disease partly be reducing plasma triacylglycerols 
(TAG) (1-3). The effect can be mainly attributed to the 
amounts of long-chain polyunsaturated fatty acids 
(PUFA) of the n-3 series, especially eicosapentaenoic 
acid (EPA) and docosahexaenoic acid (DHA) present in 
marine oils. It was recently demonstrated that rats fed 
dietary FO rather than olive oil have a lower rate of very 
low density lipoprotein (VLDL) TAG production in liver 
and a lower liver concentration of total lipids and TAG 
(4) suggesting that FO stimulates fatty acid (FA) oxida- 
tion and/or impairs TAG synthesis. Indeed, previous 

*To whom correspondence should be addressed at Laboratoire de 
Nutrition Cellulaire et M6tabolique, Universit~ de Bourgogne, Fac- 
ult~ des Sciences Mirande, BP 138, 21004 Dijon cedex, France. 
Abbreviations: AA, arachidonic acid, 20:4n-6; CGLC, capillary 
gas-liquid chromatography; CPT I, carnitine palmitoyltransferase 
I; DHA, docosahexaenoic acid, 22:6n-3; EGTA, ethyleneglycol- 
bis(~-aminoethyl ether)N,N'-tetraacetic acid; EPA, eicosapen- 
taenoic acid, 20:5n-3; FA, fatty acids; FO, fish oil(s); OM, outer 
membrane(s); PC, phosphatidylcholine; PE, phosphatidylethanol- 
amine; PFAOS, peroxisomal fatty acid oxidizing system; PL, phos- 
pholipid(s); PPMF, percoll-purified mitochondrial fraction; PUFA, 
polyunsaturated fatty acids; TAG, triacylglycerol(s); Tris, tris(hy- 
droxymethyl)aminomethane; VLDL, very low density lipoprotein. 

studies had shown that n-3 FA are preferentially di- 
rected toward ~-oxidation pathways in liver cells (5) and 
mitochondria (6). Moreover, dietary FO has been found 
to reduce the activity of enzymes involved in FA and 
TAG synthesis (5,7-10) and to stimulate the FA oxida- 
tive pathway in the liver (11). 

In rats fed high FO diets, lowered circulating TAG 
levels have been associated with peroxisome prolifera- 
tion and a concomitant increase in peroxisomal oxida- 
tion (12). However, lower levels of FO consumption 
(below 15%, w/w of the diet) do not result in significant 
peroxisomal proliferation (13,14). In Syrian hamsters 
consuming marine oils at levels below the threshold for 
hepatic peroxisomal proliferation, the enhanced activity 
of mitochondrial carnitine palmitoyltransferase (CPT I) 
has suggested that the decreased hepatic output of TAG 
may be related to increased mitochondrial FA oxidation 
(15). In addition, dietary FO have been shown to en- 
hance CPT I activity in rats (14) and mice (16). 

The characteristics of FA oxidation are often assessed 
by measuring series of parameters, including ketone 
body production and the activity of total CPT (both 
forms) or CPT I (overt form alone) with either palmitoyl- 
CoA or palmitate as substrate in animals fed diets con- 
taining high amounts of oils (9-11). Since different lev- 
els of the same oil in the diet may influence lipogenesis 
differentially (17,18) and thus have varying effects on 
mitochondrial FA oxidation (19), the present study was 
designed to test the validity of previous findings by 
using diets containing only a moderate percentage of oil 
mixture (5%, w/w) with the same ratio of n-6/n-3 FA but 
differing in their contents of PUFA, which were supplied 
either from FO (n-3 PUFA) or arachidonic acid (AA) con- 
centrate (n-6 PUFA). Obese Zucker rats were chosen be- 
cause they are known to have a lower rate of hepatic FA 
oxidation compared to their lean littermates (20,21) and 
thus were expected to display a relatively greater en- 
hancement of oxidative pathways after feeding the diets 
enriched in PUFA. It had also been shown that  the pro- 
portion of 20:4n-6 [which is lower in liver phospholipids 
(PL) of obese rats] was enhanced after hypolipidemic 
treatment (22) concomitantly with enhanced mitochon- 
drial FA oxidation (23). These previous observations 
prompted us to study the effects of direct supplementa- 
tion of the diet with dietary n-6 and n-3 PUFA on se- 
lected mitochondrial activities and on the lipid composi- 
tion of mitochondrial outer membranes (OM) in which 
CPT I (which catalyzes a controlling step in the pathway 
of ~-oxidation) resides. In addition, the activity ofmicro- 
somal aryl-ester hydrolase, which is assumed to control 
the intracellular pool of acyl-CoA esters (13,14), was 
monitored, as its induction could reflect increased acyl- 
CoA levels. 

Copyright �9 1994 by AOCS Press LIPIDS, Vol. 29, no. 7 (1994) 



482 

I. NIOT ETAL. 

MATERIALS AND METHODS 

Materials. L-[Methyl-3H]carnitine was obtained from the 
Amersham Radiochemical Centre (Amersham, Bucks., 
United Kingdom). Unlabeled L-carnitine was from Dr. C. 
Cavazza of Sigma-Tau (Pomezia, Italy). Fa t ty  acid-free 
albumin (Fraction V) used in the homogenization mix- 
ture  was from Paesel-Lorei (Frankfurt ,  Germany).  Per- 
coll was from Pharmacia  LKB Biotechnology (Uppsala, 
Sweden). Coenzymes, CoA derivatives and other  bio- 
chemicals were purchased from Sigma Chemical Co. (St. 
Louis, MO). Standard  lipids were obtained from Nu- 
Chek-Prep (Elysian, MN). The chemicals from Prolabo 
(Paris, France) and Merck (Darmstadt ,  Germany) were 
of analytical grade. 

Animals. Obese (fa/fa) male Zucker ra ts  were bred in 
the Centre de S~lection et d'Elevage d'Animaux de Lab- 
oratoire, CNRS (Orl~ans-la-Source, France). They were 
five-weeks-old on arrival  at  the Station de Recherches 
de Nutr i t ion (INRA-CRJ, Jouy-en-Josas, France) and 
were housed in stainless-steel cages in a well-ventilated 
room maintained at  22 _+ 2~ on a 12 h l ight/dark cycle. 
All animals received a control diet containing (g/kg): ca- 
sein, 220; DL-methionine, 1.6; sucrose, 218; corn starch, 
440; cellulose powder, 20; vi tamin mixture,  10 (choline 
chloride, 0.75 g; thiamine, 10 mg; riboflavin, 10 mg, 
pyridoxin �9 HC1, 10 mg; nicotinic acid, 45 mg; Ca pan- 
tothenate,  30 mg; biotin, 0.2 mg; folic acid, 0.9 mg; 
cyanocobalamin, 13.5 ~g; inositol, 50 mg; retinoic acid, 
45 mg; cholecalciferol, 2.5 mg; ascorbic acid, 450 mg; a- 
tocopherol, 50 mg; menadione, 22.5 mg; p-aminobenzoic 
acid, 50 mg; and sucrose to 10 g); mineral  mixture,  40 
[CaHPO 4 �9 2 S 2 0  , 15.2 g; K2HPO4, 9.6 g; CaCO3, 7.24 g; 
NaC1, 2.8 g; MgO, 0.8 g; MgSO 4 - 7 H20 , 3.6 g; FeSO 4 �9 7 
H20 , 0.28 g; ZnSO 4 - H20 , 0.2 g; MnSO 4 �9 H20 , 0.2 g; 
CuSO 4 - 5 H20 , 40 mg; NaF, 40 mg; A12(SO4)3K2804 . 24 
H20, 8 mg; K1, 3.2 mg; COCO3, 3.2 mg; Na2SeO 3 �9 5 H20, 
0.4 mg]; and oil mixture,  50 (50% "primor" rapeseed oil, 
20% sunflower oil and 30% hydrogenated palm oil). The 
control diet was provided ad libitum. After five weeks, 
the animals were divided into three groups. One group 
(control) continued to receive the control diet. The other  
two groups were fed a similar diet in which the oil mix- 
ture  was replaced ei ther  by one containing FO (35% sun- 
flower oil, 50% hydrogenated palm oil and 15% salmon 
oil) or containing AA (45% "primor" rapeseed oil, 14% 
sunflower oil, 35% hydrogenated palm oil and 6% AA 
concentrate). Table 1 shows tha t  the three oil mixtures 
had a similar n-6/n-3 FA ratio close to 6. Only the FO 
and AA oil mixtures contained FA whose carbon num- 
bers were greater  than  18, so tha t  the FO mixture  was 
characterized by the presence of n-3 PUFA (20:5 and 
22:6) and the AA mixture  by the presence of n-6 PUFA 
(20:4). Animals had free access to tap water. Food intake 
was limited to 20 g per day (70% of ad libitum) to pre- 
vent  hyperphagia  of obese Zucker rats.  After seven 
weeks, the rats  were starved for 16 h and exsanguinated 
(between 0700 and 0800 h) under  diethyl e ther  anesthe- 
sia, and the livers were quickly removed (see below). 

Preparation of a percoll-purified mitochondrial frac- 
tion (PPMF). The liver was t ransferred to aqueous 

medium containing 0.25 M sucrose, 10 mM tris(hydroxy- 
methyl)aminomethane (Tris)/HC1, pH 7.4, and 1 mM 
ethyleneglycol-bis(~-aminoethyl ether)N,N'- tetraacet ic  
acid (EGTA), and kept  at  4~ The liver was cut into 
small pieces, r insed several times, blotted with paper  
and weighed. The tissue was then  homogenized in 10 vol 
of sucrose medium containing, in addition, 1% albumin 
(24,25) with three strokes of a loose-fitting Teflon pestle 
at  300 rpm in an ice-cooled Pot te r -Elvehjem homoge- 
nizer (Bioblock, Strasbourg, France). The homogenate 
was centrifuged at  2,000 • g for 2 min (at 3~ in a JA-20 
rotor, J-21 Beckman centrifuge; Beckman Instruments ,  
Fullerton, CA), and the first crude mitochondrial pellet 
(M1) was obtained by centrifugation of the superna tan t  
at 13,000 • g for 2 min. The procedure was repeated by 
homogenization of the low-speed pellet to generate  a sec- 
ond crude mitochondrial pellet (M2). A third fraction 
(M3) was generated from the second low-speed pellet in 
an identical manner.  The three  crude mitochondrial pel- 
lets were resuspended in the above medium without al- 
bumin, pooled and centrifuged at  13,000 x g for 2 min to 
generate  the crude mitochondrial fraction (CMF). The 
CMF was suspended in a mixture  of 0.25 M sucrose 
medium containing 10 mM Tris/HC1 buffer, pH 7.4, 
1 mM EGTA, and Percoll (31% by volume of the final 
mixture)  as described by Zammit  et al. (26). This mite- 
chondrial suspension (20 mL) was then  layered on top of 
20 mL of a Percoll mixture  prepared as above, but  con- 
taining a higher  concentration of sucrose (0.3 instead of 
0.25 M) using 40 mL centrifuge tubes. After centrifuga- 
tion at  30,000 x g for 20 min in a JA-20 rotor (J-21 Beck- 
man), the mitochondria, which sediment as a fluffy 
layer, were withdrawn, diluted in buffered 0.25 M su- 
crose, washed free of percoll by centr i fugat ion at  
3,500 x g for 10 min, and stored in buffered 0.3 M su- 
crose as the PPMF. 

Isolation of mitochondrial OM. Mitochondrial OM 
were prepared according to the modified procedure of 
Parsons et al. (27). The PPMF was centrifuged at  
13,000 x g. The result ing pellet was suspended in hypo- 
osmotic medium containing 20 mM KH2PO4, pH 7.4, 
and 0.02% FA-free albumin (240 to 320 mL) using two 
mild hand-driven strokes of a Dounce B homogenizer 
(Bioblock). After 20 min on ice, an amount  of ATP (mg) 
corresponding to 1:5 of the mitochondrial protein con- 
tent,  previously est imated by ultraviolet  assay (28), was 
added and the incubation was left at  0~ for a fur ther  5 
min. OM were separated from the inner membrane-ma-  
trix fraction by sedimentat ion at  30,000 x g for 8 rain, 
followed by resuspension and centrifugation at  3,500 x g 
for 8 min. The crude OM were recovered from the su- 
perna tan t  by centrifugation at 30,000 x g for 8 min. Fur- 
ther  purification was achieved on a discontinuous su- 
crose gradient  at  80,000 x g for 3 h. OM were collected 
at  the interface of the layers of density 1.1175 and 
1.1390, diluted in 3 vol of 20 mM KH2PO4, pH 7.4, con- 
centrated by centrifugation at  150,000 x g for 30 min, 
and resuspended in buffered 0.25 M sucrose as the mi- 
tochondrial OM fraction. 

Microsomal fraction. The superna tan t  of the first 
crude mitochondrial pellet (M1) was centrifuged at  
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18,000 x g for 20 min  a t  3~ to yield a pellet containing 
mitochondria,  peroxisomes and pa r t  of the microsomes 
(not shown). The s u p e r n a t a n t  was  cent r i fuged a t  
104,000 • g for 40 min  at  3~ using a Ti-60 rotor (L8-55 
Beckman),  and the resul t ing pellet was  suspended in su- 
crose medium,  layered on top of 1.2 M sucrose med ium 
and sedimented as above to remove cytosolic proteins 
and a lbumin  originat ing from the homogenizat ion step. 
The microsomal pellet was easily separa ted  from the 
lower t rans lucent  layer  of glycogen by gentle shaking,  
then  stored in buffered 0.25 M sucrose as the microso- 
mal  fraction. 

Enzyme assays. The presence of mitochondrial ,  perox- 
isomal and  microsomal organelles was es t imated  by the 
activities of monoamine  oxidase (29), u ra te  oxidase (30) 
and aryl-ester  hydrolase (31), respectively. The peroxi- 
somal fa t ty  acid-oxidizing sys tem (PFAOS) was deter- 
mined  by  CN-insens i t ive  palmitoyl-CoA dependen t  
NAD + reduction (32,33) in the presence of 75 ~ palmi- 
toyl-CoA. Measuremen t s  of CPT I activity were carr ied 
out a t  30~ according to Bremer  (34) wi th  slight modifi- 
cations (35). Because microsomes have  been shown to 
display carn i t ine  acy l t r ans fe rase  act ivi ty  (36), the  
PPMF which were leas t  contaminated  by microsomes 
(Table 4), were preferred over other  mitochondrial  frac- 
tions for CPT I measurement s .  The sensit ivity of CPT I 
to malonyl-CoA inhibition was es t imated  by incubat ing 
mitochondrial  proteins with palmitoyl-CoA (40 ruM) and 
the indicated concentrat ions of malonyl-CoA for 2 min  
before addition of L-[aH]carnitine (400 ]xM, 1 Ci/mol). 
After 4 min, the reaction was stopped by addition of 
acid, and the acyl-[3H]carnitine was extracted with 
n-butanol  (37). Radioactivity was quant i ta ted  using Pi- 
cofluor 15 (Packard  I n s t r u m e n t  Co., Meriden, CT) in a 
Packard  300 C scintil lation counter. 

Lipid analysis. Total lipids of liver and subcellular  
fractions were extracted by the procedure of Folch et al. 
(38) and saponified with  10% KOH in methanol  (wt/vol) 
a t  100~ for 1 h. Free  FA with heptadecanoic acid added 
as an in ternal  s t andard  were extracted with hexane  
from the acidified med ium and treated,  af ter  evapora-  
tion of hexane,  with H2SO4/methanol (5:95, vol/vol) a t  
100~ for 3 h. The methyl  es ters  were extracted with 
hexane and analyzed by capil lary gas- l iquid  chromatog- 
r aphy  (CGLC) on a model 419 Becke r -Packa rd  (Down- 
er 's  Grove, IL) appa ra tus  fitted with a laboratory made  
30 m x 0.3 m m  i.d. glass capil lary column coated with 
carbowax 20M. CGLC peaks  were identified based on 
their  re tent ion t ime relat ive to methyl  heptadecanoate .  
Peak  areas  were measured  using a Delsi model Enica 21 
comput ing in tegra tor  (Delsi I n s t rumen t s ,  Suresnes ,  
France). The separa t ion of PL classes was achieved by 
high-performance liquid chromatography  (39) on a Var- 
ian appa ra tus  (Walnut Creek, LA), using a Hibar  Merck 
250-4 column (Merck) packed with  Lichrosorb Si-60 
(particle diameter ,  5 lam). Mass  was es t imated  by adding 
a known amoun t  of heptadecanoic acid to each fraction 
collected. PL FA were  directly t ranses ter i f ied  wi th  
methanol/H2SO 4 afLer drying the samples,  and were an- 
alyzed by CGLC (see above). For measur ing  TAG, total  
l iver lipids were extracted in the presence of 1,2,3-tri- 
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heptadecanoylglycerol  as an in ternal  s tandard.  TAG 
were separa ted  by thin- layer  chromatography,  then  
saponified, and the FA were methyla ted  and analyzed 
by CGLC as described above. The cholesterol content  of 
the lipid extracts  was measured  by CGLC (40) on a 
model 419 Becker-Packard chromatograph  fitted with a 
10 m • 0.3 m m  i.d. glass capil lary column coated with 
SE-30. Epicoprostanol  and a-cholestane were added as 
in ternal  s tandards .  

Protein. Rapid protein es t imat ions  were obtained by 
spectrophotometry  (A280) (28) jus t  before s ta r t ing  the 
incubations; values  were la ter  more accurately deter- 
mined by the bicinchoninic acid procedure (41). 

Statistics. Results are expressed as means  _+ SE. Statis- 
tical comparisons of differences between groups were ana- 
lyzed by one-way analysis of variance and Fisher 's  test. 

RESULTS AND DISCUSSION 

Body and liver weights. An in teres t ing observat ion t ha t  
was  made  in this s tudy is t ha t  n-3 PUFA of FO, when 
present  a t  a level of only 0.2% of the diet (n-3 unsa tu-  
ra ted  FA consti tute 4.1% of the FO mixture;  see Table 1), 
are able to reduce liver weight  and liver TAG content  of 
obese Zucker ra t s  (Table 2) whose lipogenesis and ester- 
ification pa thways  are known to be very active (20,21). 
Values obtained for the ra ts  fed the diet enriched in AA 
did not differ from those of controls. 

TABLE ! 

F a t t y  A c i d  C o m p o s i t i o n  a o f  the  Oil  M ix tur e s  P r e s e n t  
in  t h e  T h r e e  D i e t s  b 

FO Control AA 
Fatty acids mixture mixture mixture 

14:0 1.7 0.8 0.6 
16:0 27.2 16.5 16.8 
18:0 6.0 4.4 3.9 
20:0 0.3 0.4 0.4 
22:0 0.4 0.3 0.3 
Total saturated 35.6 22.4 22.0 

16:1n-7 1.5 - -  - -  
18:ln-9 30.9 43.9 44.7 
18:1n-7 1.0 3.2 1.8 
20:1n-9 1.1 0.6 0.7 
22:1n-ll 0.5 - -  - -  
Total monounsaturated 35.0 47.7 47.2 

18:2n-6 25.3 25.6 21.5 
20:4n-6 - -  - -  4.2 
Total n-6 unsaturated 25.3 25.6 25.7 

18:3n-3 0.2 4.3 3.9 
18:4n-3 0.3 - -  - -  
20:5n-3 1.6 - -  - -  
22:5n-3 0.4 - -  0.4 
22:6n-3 1.6 - -  - -  
Total n-3 unsaturated 4.1 4.3 4.3 

n-6/n-3 ratio 6.2 6.0 6.0 
aThe composition of fatty acids is given as weight percentage of 
total fatty acids in the oil mixtures added to the three diets. 
bFO (fish oil) refers to the oil mixture containing salmon oil. 
Arachidonic acid (AA) refers to the oil mixture enriched in AA. 
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TABLE 2 

Effects  o f  D i e t s  a E n r i c h e d  in  n-3 a n d  n-6 F a t t y  A c i d s  on  
B o d y  a n d  Liver  Weights  b a n d  on  L i p i d  C o n t e n t  b'c of  Liver  

FO Control AA 

TABLE 3 

Effects  of  D i e t s  a on  M i t o c h o n d r i a l  a n d  P e r o x i s o m a l  
Ac t iv i t i e s  b in  the  Liver  of  O b e s e  Z uc ke r  Rats  

FO Control AA 

Body weight Monoamine oxidase 
(g) 544 _+ 18 550 _+ 16 581 _+ 30 ~tmol/min/g liver 0.78 _+ 0.05 d 0.60 -+ 0.04 e 0.48 -+ 0.02 f 

Liver weight ~tmol/min/total liver 14.5 -+ 0 .8  d 12.8 _+ 0.9 d 10.8 -+ 0.5 e 
(g) 18.5 +_ 1.0 d 21.5 _+ 0.9 e 22.7 _+ 1.3 e Urate  oxidase 
(% of body weight) 3.40 _+ 0.15 d 3.88 + 0.10 e 3.89 +__ ~mol/min/g liver 1.96 -+ 0.08 d 1.60 _+ 0.07 e 0.75 _+ 0.04 f 

Liver content in pmol/min/total liver 36.3 -+ 1.6 d 34.4 _+ 1.7 d 17.0 -+ 1.0 e 
Total lipids 122 _+ !5 d 162 _+ 19 e 171 _+ 12 e PFAOS c 
Triacylglycerols 77 _+ 8 d 101 _+ 12 e 103 _+ 9 e ~tmol/min/g liver 0.47 _+ 0.02 d 0.39 -+ 0.02 e 0.13 -+ 0.02 f 

aFO and AA refer to the diets enriched in n-3 fatty acids with FO ~mol/min/total liver 8.79 _+ 0.37 d 8.45 _+ 0.38 d 2.86 -+ 
and in n-6 fatty acids with the AA concentrate, respectively. See aFO and AA as defined in Tables 1 and 2. 
Table 1 for abbreviations, bResults are means _+ SE (n = 5). Values in a row with different sLl- 
bResults are means -+ SE (n = 5). Values in a row with different su- perscript letters (d,e,f) are significantly different at P < 0.05, as de- 
perscript letters (d,e) are significantly different at P < 0.05, as de- termined by analysis of variance and Fisher 's test  comparisons. 
termined by analysis of variance and Fisher 's test  comparisons. CpFAOS, peroxisomal fatty acid-oxidizing system. 
CThe contents in total lipids and in triacylglycerols are expressed 
as mg of fatty acids per gram of liver. 

Enzyme activities in liver tissue and mitochondrial 
fractions. I n  T a b l e  3, t h e  a c t i v i t i e s  o f  m i t o c h o n d r i a l  a n d  
p e r o x i s o m a l  e n z y m e s  p e r  u n i t  v o l u m e  o f  h o m o g e n a t e  
( c o r r e s p o n d i n g  to  1 g l ive r )  a r e  g iven .  T h e  F O  d i e t  

c a u s e d  a s i g n i f i c a n t  e n h a n c e m e n t  o f  m i t o c h o n d r i a l  

( m o n o a m i n e  o x i d a s e )  a n d  p e r o x i s o m a l  ( u r a t e  o x i d a s e  
a n d  P F A O S )  a c t i v i t i e s  p e r  g r a m  l iver ,  b u t  n o t  o n  a t o t a l  

l i v e r  b a s i s  ( c o m p a r e d  to  c o n t r o l  d ie t ) .  A s  t h e  m o n o a m i n e  
o x i d a s e  spec i f i c  a c t i v i t y  d i d  n o t  d i f f e r  to  a n y  g r e a t  e x t e n t  
i n  t h e  p u r e s t  o f  t h e  m i t o c h o n d r i a l  f r a c t i o n s  (Tab le  4), 
t h e  m i t o c h o n d r i a l  c o n t e n t  s h o u l d  be  v e r y  s i m i l a r  p e r  
w h o l e  l i v e r  b o t h  i n  F O  a n d  c o n t r o l  r a t s .  I n  a d d i t i o n ,  ac-  
c o r d i n g  to  d a t a  s h o w i n g  t h a t  F O  i n d u c e s  a n  i n c r e a s e  i n  

p e r o x i s o m a l  a c t i v i t i e s  w h e n  p r e s e n t  a t  a l eve l  g r e a t e r  
t h a n  15% in  t h e  d i e t  (13,14) ,  t h e  r e s u l t s  w e  o b t a i n e d  
u s i n g  a l ow l eve l  o f  F O  (0 .75%,  b e c a u s e  F O  r e p r e s e n t s  

TABLE 4 

Spec i f i c  Ac t iv i t i e s  a o f  E n z y m e s  P r e s e n t  in  M i t o c h o n d r i a l  a n d  M i c r o s o m a l  
F r a c t i o n s  I so la t ed  from Liver  of  O b e s e  Z u c k e r  Rats  F e d  Die t s  b E n r i c h e d  
in  PUFA 

FO Control AA 

Monoamine oxidase 
Crude mitochondrial fraction 10.8 -+ 0.4 c 8.6 _+ 0.3 d 10.4 _+ 0.5 c 
Percoll-purified fraction 12.6 _+ 0.4 c 10.3 -+ 0.3 d 12.3 _+ 0.4 c 
Outer membrane fraction 211 _+ 7 c 177 -+ 6 d 187 -+ 7 d 
Microsomal fraction 0 0 0 

Urate oxidase 
Crude mitochondrial fraction 40 +- 3 38 _+ 5 39 _+ 4 
Percoll-purified fraction 4 _+ 1 3 + 1 3 -+ 1 
Outer membrane fraction 0 0 0 
Microsomal fraction 6 + 2 5 +- 1 4 +_ 1 

Aryl-ester hydrolase 
Crude mitochondrial fraction 517 _+ 13 503 -+ 11 499 _+ 13 
Percoll-purified fraction 132 _ 4 c 104 _+ 5 d 146 +_ 4 e 
Outer membrane fraction 325 _+ 8 c 367 _+ 9 d 368 _+ 7 d 
Microsomal fraction 2940 _+ 120 c 2320 _+ 100 d 2850 _+ 110 c 

Microsomal contamination 
In crude mitochondrial fraction 17.6 21.6 17.5 
in percoll-purified fraction 4.5 4.5 5.1 
In outer membrane fraction 11.1 15.8 12.9 

aEnzyme activities are given in nmoles/min/mg protein. Values are means _ SE (n = 5). 
Values in a row with different superscript letters (c,d,e) are significantly different at 
P < 0.05, as determined by analysis of variance and Fisher 's test  comparisons. Micro- 
somal contamination is expressed as mg of microsomal protein per 100 mg of protein 
of the mitochondrial fraction studied and was calculated as follows: the specific activ- 
ity of aryl-ester hydrolase in the mitochondrial fraction studied was divided by that  in 
the microsomal fraction of the same liver, and multiplied by 100. 
bFO and AA as defined in Table 1. 
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15% of the total oil mixture; see Materials and Methods 
section) failed to show any enhancement  of PFAOS ac- 
tivity per total liver. Consequently peroxisomes were not 
likely to lower hepatic TAG levels by increasing FA oxi- 
dation, as it has been suggested for diets containing FO 
at higher levels (12,13,42) or only EPA (43). By contrast, 
the AA diet diminished mitochondrial and peroxisomal 
enzymatic activities expressed either per gram or total 
liver (Table 3). These data  and the fact tha t  the 
monoamine oxidase specific activity was similar in the 
purest  of the mitochondrial fractions from AA and con- 
trol rats (Table 4) would suggest a decrease in mite- 
chondrial mass per gram and total liver of AA rats. 
Hence, the decreased mitochondrial mass and the lower 
PFAOS activity should reduce the degree of FA oxida- 
tion per total liver in rats fed the AA diet. 

Peroxisome and microsome contamination in mito- 
chondrial fractions (Table 4). As monoamine oxidase 
specific activity was measured in mitochondrial frac- 
tions (whole mitochondria or OM) that  were not totally 
pure, it was necessary to assess the amount  of the main 
contaminat ing organelles tha t  would be likely to influ- 
ence the specific activity of the mitochondrial enzyme 
(seen above) and membrane lipid composition. Since 
urate  oxidase specific activities (Table 4) were similar in 
the liver of rats maintained on any of the three diets (in 
each fraction) and since urate  oxidase specific activity 
has been reported to be very high in pure peroxisomes, 
cross-contamination seems unlikely to affect the com- 
parisons between the diets to any extent. For micro- 
somes contaminat ing the mitochondrial fractions, the 
specific activity of aryl-ester hydrolase found in mito- 
chondrial and microsomal fractions enabled us to calcu- 
late tha t  the crude mitochondrial fractions contained 
similar amounts  of microsomes (between 17 and 21% on 
a protein basis). In percoll-purified fractions, the values 
were much lower and corresponded to about 5% of mi- 
crosomal proteins. Hence, the similar level of contami- 
nation of each fraction (for the three diets) by nonmito- 
chondrial organelles would explain the similarity of 
monoamine oxidase specific activities obtained for the 
three fractions corresponding to the three diets. In OM 
fractions, which were devoid of urate  oxidase activity, 
aryl-ester hydrolase activity per mg protein was found 
to be even greater  than  in percoll-purified fractions. 
This microsomal contamination, which represented 11.1 
and 15.8% of total protein with the FO and control diets, 
respectively, could greatly influence the true FA compo- 
sition and cholesterol content of OM. Attempts  to effect 
a more thorough removal of the microsomes failed, and 
microsomal membranes  already present in percoll-puri- 
fled fractions seemed to comigrate with OM in the su- 
crose gradient. The data suggest tha t  microsomal mem- 
b r a n e s  are tightly bound to OM, as has already been 
suggested (44-47). This also implies tha t  the degree of 
contamination has to be taken into account when deter- 
mining the lipid composition of OM. Very long-chain FA 
are poor substrates for mitochondrial FA oxidation (48) 
and probably are accumulated as CoA derivatives (49) 
even when present at low levels in the diet. Since a large 
par t  of cellular CoA may be sequestered as long-chain 

acyl-CoA esters, one role of the aryl-ester hydrolase of 
the endoplasmic reticulum has been suggested to be to 
limit the content in acyl-CoA (50). In this respect, the 
higher specific activity of the aryl-ester hydrolase found 
in microsomal fractions of rats fed the FO and AA diets 
would constitute a response to a permanent ly  higher 
ester content. I t  could then be expected that  accumu- 
lated very long-chain acyl-CoA would exert inhibitory ef- 
fects on enzyme activities related to FA synthesis, as has 
already been observed in whole animals (51) and in iso- 
lated hepatocytes (52). 

FA composition of total mitochondrial lipids. It  is well 
documented tha t  dietary FA directly influence the com- 
position of biological membranes  and corresponding en- 
zymatic activities (53). Measurements  made on whole 
mitochondria ra ther  reflected the composition of the 
inner membranes  probably because of their extensive 
surface area. In mitochondria (Table 5), the percentages 
of 20:4n-6 were 22.2 and 25.3%, while those of 22:6n-3 
were 16.9 and 13.1% in FO and control rats, respec- 
tively. These differences may not be of great  importance 
in respect to some inner membrane-bound activities 
since rats  fed a diet deficient in a-linolenic acid, 18:3n-3, 
did not display any change in the activity of the respira- 
tory chain and of FIF0-ATPase in spite of a low percent- 
age of 22:6n-3 and a higher percentage of 20:4n-6 (54). 
However, it is clear that  the FO diet favored the accu- 
mulation of DHA into mitochondrial membranes  in spite 
of the fact tha t  DHA represented only 1.6% of the FA in 
the FO mixture. In this respect, Yamaoka et al. (55) re- 
ported that  a diet containing 20% of sardine oil (com- 
pared to corn oil) enhanced the proportion of DHA up to 
two to three times in the various PL of liver mitochon- 
drial membranes.  With the FO diet, accumulation of 
20:5n-3 cannot be observed (Table 5), but  this dietary FA 
may have been derived through desaturat ion-elonga- 
tion reactions to cause the significant enhancement  of 
the level of DHA as shown above. Supplementation of 
the diet with AA was not accompanied by a correspond- 
ing enrichment  of mitochondrial lipids with this FA. 

TABLE 5 

Fat ty  Acid  Compos i t ion  a of  Total Lipids  of  Mi tochondr ia l  
Frac t ions  b Iso lated  from Liver  of  Obese  Zucker  Rats  
Fed Die t s  c Enr iched  in P o l y u n s a t u r a t e d  Fat ty  Ac ids  

Fatty acids FO Control AA 

16:0 16.2 -+ 1.8 18.0 • 1.6 17.1 • 2.0 
16:1 --  --  0.2 -+ 0.1 
18:0 14.7 • 0 . 6  d 16.0 • 0.5 e 15.8 -* 
18:1 13.1 • 0.4 d 13.0 • 0.4 d 11.0 • 0.3 e 
18:2n-6 10.3 • 0.3 7.3 • 0.3 e 8.3 • 0 . 4  e 

20:4n-6 22.2 • 2.0 25.3 • 1.9 24.7 • 2.1 
20:5n-3 0.2 • 0.1 0.1 • 0.1 0.2 • 0.1 
22:5n-3 0.4 • 0.2 0.8 • 0.2 1.1 • 0.3 
22:6n-3 16.9 • 1.2 d 13.1 • 0.7 e 11.7 • 0.5 f 
aValues are means • SE (n = 5) and are given in weight percentage 
relative to total fatty acid mass. Values in a row with different su- 
perscript letters (d,e,f) are significantly different at P < 0.05, as de- 
termined by analysis of variance and Fisher's test comparisons. 
bpercoll-purified mitochondrial fractions. 
cFO and AA as defined in Table 2. 
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This  would  provide evidence t h a t  the  r e q u i r e m e n t  for 
AA was  eas i ly  me t  t h rough  syn thes i s  s t a r t i n g  from 
18:2n-6 in  a n i m a l s  fed the  o ther  two diets. 

FA composition of  PL in OM fractions. Due to the  fact 
t h a t  CPT I is located in  the  mi tochondr i a l  OM a n d  t h a t  
i ts  ac t iv i ty  seems to be in f luenced  by the  s u r r o u n d i n g  
PL (56), t he  FA composi t ion  of the  major  PL classes,  
p h o s p h a t i d y l c h o l i n e  (PC) a n d  p h o s p h a t i d y l e t h a n o l -  
a m i n e  (PE), was  de te rmined .  I n d e p e n d e n t  of the  diet,  
PC and  PE  were shown  to r e p r e s e n t  abou t  57 a n d  29% 
of tota l  PL, respect ively  (Table 6). The  FA composi t ions  
for bo th  classes of PL appea red  qua l i t a t i ve ly  s imi l a r  to 
those ob ta ined  for to ta l  mi tochondr ia .  The  FO die t  gave 
r ise to the  h ighes t  pe rcen tage  of DHA both  in  PC a nd  
PE,  whi le  the  AA diet  led to the  lowest  pe rcen tage  of 
DHA a n d  only  to a s l ight ly  h ighe r  level  of 20:4n-6. None  
of the  differences be tween  diets  exceeded 6%. I n  genera l ,  
i t  appea r s  t h a t  d i e t a ry  DHA a n d  20:4n-6 direct ly  en- 
hanced  the i r  own presence  in  OM a n d  converse ly  d imin-  
i shed each other ' s  level. Since some microsomal  mem-  
b r a n e s  were  b o u n d  to OM m e m b r a n e s ,  the  FA composi- 
t ions  were also d e t e r m i n e d  for PC and  PE of the  
microsomal  f ract ions  (Table 7). The pe rcen tages  of PC 
a n d  PE in  tota l  PL were  s imi l a r  for each, i n d e p e n d e n t  of 
the  diet,  i.e., t hey  were 63 a n d  19%, respectively.  The  FA 
composi t ions  showed grea t  s imi la r i t i e s  wi th  those found  
for the  OM fract ions.  Therefore,  the  FA composi t ion of 
pure  OM should  be very  s imi la r  to t h a t  of OM fract ions  
c o n t a i n i n g  microsomes.  

Cholesterol content in mitochondrial and microsomal 
fractions. The cholesterol  con t en t  was  found  to be high-  
est  i n  microsomal  f rac t ions  a n d  lowest  i n  percol l-puri-  

fled mi tochondr i a l  f ract ions  (Table 8). Cholesterol  levels 
were apprec iable  in  crude  mi tochondr i a l  f ract ions  a n d  
even  h ighe r  i n  OM fract ions.  Since the  a m o u n t  of conta-  
m i n a t i n g  microsomes  in  these  f rac t ions  was  known,  the  
cholesterol  c on t e n t  in  these  f ract ions  devoid of micro- 
somes could be calculated.  The corrected va lues  were  
found  to be ex t remely  low a n d  were s imi l a r  for the  th ree  
diets  i n  the  percol l -purif ied f rac t ions  (about  0.35 ~g per  
m g  protein) .  The  OM fract ions  had  the  h ighes t  choles- 
terol  con ten t  (about  11.8 ~g per  mg  protein) ,  so t h a t  all  
mi tochondr i a l  cholesterol  m u s t  e s sen t i a l ly  be localized 
in  the  OM. 

CPT I activity and its sensitivity to malonyl-CoA. The 
specific ac t iv i ty  of CPT I i n  the  absence  of malony l -CoA 
was  found  to be h ighes t  i n  mi tochondr i a  f rom ra t s  on the  
control  diet  a n d  lowest  for r a t s  on the  AA diet  (Fig. 1) 
The  FO diet  was  shown to reduce  the  sens i t iv i ty  of CPT 
I to malonyl-CoA,  in  con t r a s t  to the  AA diet,  which  
clear ly  e n h a n c e d  th i s  sens i t iv i ty  (Fig. 2). Kolodziej a n d  
Z a m m i t  (57) showed t h a t  OM, w h e n  exposed to mem-  
b r a n e  f lu id izers  such  as benzy l  alcohol, showed a 
s l ight ly  e n h a n c e d  CPT I ac t iv i ty  a n d  a decreased sensi-  
t iv i ty  to malonyl-CoA.  Therefore,  a l t e r a t i ons  in  l ipid 
composi t ion  m a y  have  a n  effect on CPT I activity, as has  
a l r eady  b e e n  shown by Br a dy  et al. (58). The  s imi la r  cho- 
lesterol  c on t e n t  found  in  OM of FO a n d  control  r a t s  can- 
no t  account  for a n y  d i f ferent ia l  effects of th is  molecule,  
which  is cons idered  to r igidify m e m b r a n e  o rgan iza t ion  
(53). However,  the  propor t ion  of DHA was  a lways  ob- 
served to be 4 to 5% h igher  i n  PC a n d  PE of OM isola ted  
from ra t s  fed the  FO diet. The  lower specific ac t iv i ty  of 
CPT I found  wi th  the  FO diet  by compar i son  to the  con- 

TABLE 6 

F a t t y  A c i d  C o m p o s i t i o n s  a o f  PC a n d  P E  o f  M i t o c h o n d r i a l  O u t e r  M e m b r a n e s  b I s o l a t e d  f r o m  L i v e r  o f  O b e s e  Z u c k e r  R a t s  
F e d  D i e t s  c E n r i c h e d  in  P o l y u n s a t u r a t e d  F a t t y  A c i d s  

PC PE 
Fatty acids FO Control AA FO Control AA 

16:0 22.2 _+ 1.9 22.6 +_ 1.5 22.3 -+ 2.0 18.4 _+ 1.6 18.0 _+ 1.4 17.9 -+ 1.5 
16:1 1.0 -+ 0.1 1.9 + 0.2 e 2.0 .+ 0.2 e - -  - -  0.9 ,+ 0.2 
18:0 17.5 • 1.7 17.9 • 1.8 18.6 ,+ 1.5 20.8 .+ 1.9 20.4 .+ 2.0 20.8 • 1.8 
18:1 8.2 .+ 1.3 9.7 -+ 1.2 9.8 .+ 1.4 4.3 -+ 1 .0  d 5 . 9  - 0 . 9  d'e 7.2 .+ 1.0 e 
18:2n-6 4.2 .+ 0 . 4  d 3.2 • 0 . 3  e 2.5 .+ 0 . 3  f 1.4 • 0.2 1.4 .+ 0.4 1.4 .+ 0.3 
20:4n-6 26.2 • 2 . 3  d 31.1 +_ 2.1 e 33.7 • 2.2 e 20.6 .+ 1.2 a 23.6 • 1 .5  e 26.6 • 1 .6  f 

20:5n-3 0.6 _+ 0.2 0.3 _+ 0.2 0.2 .+ 0.1 1.6 .+ 0 . 2  d 0.5 .+ 0 . 1  e 0.4 -+ 0 . 1  e 

22:5n-3 0.5 ,+ 0.1 0.76 .+ 0.20 0.59 • 0.10 1.1 .+ 0 . 2  d 1.96 ,+ 0 . 2 0  e 1.57 • 0 . 3 0  d'e 

22:6n-3 13.3 _+ 1.7 d 9.4 .+ 1.2 e 8.1 .+ 1.1 e 29.0 .+ 2 . 3  d 23.8 .+ 2.0 e 20.1 • 1 .5  f 

Total saturated 39.7 .+ 1.8 40.5 .+ 1.9 40.9 .+ 2.0 39.5 ,+ 1.8 38.4 • 1.9 38.7 _+ 1.7 
Total n-6 34.4 • 2.1 35.4 • 1.9 36.2 • 2.0 22.9 .+ 1 .2  d 25.6 .+ 1.5 e 29.6 .+ 1 .6  f 

Total n-3 14.5 .+ 1 .7  d 10.4 .+ 1.2 e 8.8 .+ 1.2 e 31.7 • 2.3 d 26.3 • 2.0 e 22.0 • 1 .5  f 

Total _>C2o unsaturated 40.6 .+ 2.1 41.5 .+ 2.0 42.5 • 2.1 52.3 .+ 2.3 49.9 -+ 1.9 48.7 • 1.7 

apc and PE were separated by high-performance liquid chromatography. As a percentage of total phospholipid mass, phosphatidyl- 
choline (PC) constituted 56.8 • 0.5, 57.8 +_ 0.5, 57.0 _+ 0.3, and phosphatidylethanolamine (PE) 29.5 _+ 0.2, 29.5 -+ 0.2, 29.2 _+ 0.3 for FO, 
control and AA diets, respectively. The fatty acid compositions were analyzed by capillary gas-liquid chromatography. Values are means 
+ SE (n = 5) and are given in weight percentage relative to total fatty acids. Values in a row for PC or PE with different superscript let- 
ters (d,e,f) are significantly different at P < 0.05, as determined by analysis of variance and Fisher's test comparisons. The terms total 
saturated, total n-6, total n-3 and total unsaturated _>C2o refer to the sum of saturated, of n-6, of n-3 and of ->C20  unsaturated fatty acids, 
respectively. 
bMembranes isolated from percoll-purified mitochondrial fractions. 
cFO and AA as defined in Table 1. 
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TABLE 7 

F a t t y  A c i d  C o m p o s i t i o n s  a o f  PC a n d  P E  o f  M i c r o s o m a l  F r a c t i o n s  I s o l a t e d  f rom L i v e r  o f  O b e s e  Z u c k e r  R a t s  F e d  D i e t s  b 
E n r i c h e d  in  P o l y u n s a t u r a t e d  F a t t y  A c i d s  

PC PE 

Fat ty  acids FO Control AA FO Control AA 

16:0 22.1 • 1.5 23.8 • 1.3 22.0 • 1.3 17.2 • 1.2 c 17.9 • 1.3 c 22.8 + 1.5 d 
16:1 1.4 • 0.2 1.6 • 0.2 1.8 • 0.3 - -  0.8 • 0.2 - -  
18:0 18.2 • 1.1 17.1 • 1.2 17.1 • 1.4 22.0 • 1.9 20.5 • 2.0 20.0 • 1.8 
18:1 8.7 • 0.6 c 10.1 • 0.7 d 14.2 • 0.9 e 4.0 • 0.8 c 7.2 • 0.8 d 7.2 • 0.9 d 
18:2n-6 3.9 • 0.6 3.0 • 0.4 3.6 • 0.4 1.5 _+ 0.6 1.7 • 0.4 1.8 • 0.5 
20:4n-6 26.1 • 1.4 c 29.0 • 1.3 d 28.8 • 1.9 c'd 22.4 • 1.8 c 23.5 • 1.9 c 27.3 • 2.0 d 
20:5n-3 0.5 • 0.2 0.3 • 0.1 0.3 • 0.1 0.6 • 0.3 0.3 • 0,1 1.0 • 0.3 
22:5n-3 0.8 • 0.2 0.6 • 0.2 0.5 • 0.3 1.3 • 0.4 2.1 • 0.4 1.6 • 0.3 
22:6n-3 13.9 • 1.3 c 9.1 • 1.1 d 6.7 • 0.7 e 27.4 _ 2.2 c 20.8 _+ 2.0 d 20.2 • 2.2 d 
Total sa tura ted  40.3 • 1.5 40.9 • 1.3 39.1 • 1.4 39.2 • 1.8 38.4 • 2.0 42.8 • 1.9 
Total n-6 30.0 • 1.4 32.0 • 1.4 32.4 • 1.8 23.9 • 1.7 c 25.2 • 1.8 c 29.1 • 1.9 d 
Total n-3 15.2 • 1.3 c 10.0 • 1.2 d 7.5 • 0.7 e 29.3 • 2.1 c 23.2 • 1.9 d 22.7 • 2.2 d 
Total _>C2o unsa tu ra t ed  41.3 • 1.6 c 47.1 • 1.4 d 36.3 • 2.0 e 51.7 • 2.5 46.7 • 2.0 50.1 • 2.2 

aPC and  PE were separated by high-performance liquid chromatography. As a percentage of total  phospholipid mass,  PC consti tuted 
63.2 • 0.5, 62.2 • 0.7, 64.0 • 0.8, and  PE 19.0 _+ 0.3, 19.4 • 0.3, 18.6 • 0.4 for FO, control, and  AA diets, respectively. The fatty acid com- 
positions were analyzed by capillary gas- l iquid chromatography. Values are means  • SE (n = 5) and are given in weight percentage rel- 
ative to total  fat ty acids. Values in a row for PC or PE with different superscript  let ters (c,d,e) are significantly different at  P < 0.05, as 
determined by analysis of variance and Fisher ' s  tes t  comparisons. The te rms total  sa turated,  total  n-6, total  n-3 and total  unsa tu ra ted  
_>C2o refer to the  sum of sa tura ted,  of n-6, of n-3 and  of >C2o unsa tu ra ted  fatty acids, respectively. 
bFo and AA as defined in Table 1. See Tables 2 and 6 for other  abbreviations.  

t r o l  d i e t  s e e m s  to  b e  i n  d i s a g T e e m e n t  w i t h  p r e v i o u s  d a t a  
t h a t  h a d  s h o w n  n o  d i f f e r e n c e  i n  e n z y m e  a c t i v i t i e s  (11) 
or, o p p o s i t e l y ,  h a d  s h o w n  a m o r e  e n h a n c e d  C P T  I spe -  
cif ic a c t i v i t y  i n  r a t s  (14)  a n d  m i c e  (16)  w h e n  f e d  d i e t s  
c o n t a i n i n g  h i g h e r  l e v e l s  o f  FO .  T h e  m a j o r  d i f f e r e n c e s  
w i t h  r e s p e c t  to  o u r  s t u d i e s  w e r e  t h e  v e r y  l o w  l e v e l  o f  F O  
t h a t  w e  a d d e d  to  t h e  d i e t  a n d  t h e  o b e s i t y  o f  Z u c k e r  r a t s  
w e  u s e d .  T h e  s l i g h t  d i f f e r e n c e  i n  F A  c o m p o s i t i o n  p a r t i c -  
u l a r l y  w i t h  r e g a r d  to  D H A ,  b e t w e e n  a n i m a l s  f e d  F O  a n d  
c o n t r o l  d i e t s  w o u l d  b e  s u f f i c i e n t  to  a l t e r  t h e  e n v i r o n -  
m e n t  o f  t h e  C P T  I p r o t e i n  i n  t h e  O M  a n d  to  r e d u c e  t h e  
e f f i c i e n c y  o f  t h e  c a t a l y t i c  s i t e .  H o w e v e r ,  t h e  c o m p l e x i t y  
o f  c h a r a c t e r i s t i c s  o f  t h e  e n z y m e  (59) ,  i t s  d i f f e r e n t i a l  s u s -  
c e p t i b i l i t y  to  d e t e r g e n t s  (60) ,  a n d  t h e  a d d i t i o n a l  p o s s i -  

b i l i t y  t h a t  t h e  l o w e r  a c t i v i t y  w i t h  t h e  F O  d i e t  w a s  d u e  to  
a c h a n g e  i n  e n z y m e  m a s s ,  m a k e s  i t  d i f f i c u l t  t o  f o r m u l a t e  
a c o n c l u s i v e  e x p l a n a t i o n  a t  t h i s  s t a g e .  T h e  m o s t  i n t e r -  
e s t i n g  o b s e r v a t i o n  c o n c e r n s  t h e  l o w e r  s e n s i t i v i t y  o f  C P T  
I to  m a l o n y l - C o A  i n h i b i t i o n  w i t h  F O  r a t s .  T h i s  i s  con -  
s i d e r e d  m o r e  i m p o r t a n t  i n  t h e  c o n t r o l  o f  F A  o x i d a t i o n  
t h a n  t h e  e n z y m a t i c  a c t i v i t y  i t s e l f ,  a t  l e a s t  u n d e r  s o m e  
c o n d i t i o n s  (see ,  f o r  e x a m p l e ,  Ref .  61).  W i t h  t h e  F O  d i e t ,  
t h e  l o w e r  s e n s i t i v i t y  b e c o m e s  a n  e v e n  m o r e  p r e p o n d e r -  
a n t  f a c t o r  b e c a u s e  o f  t h e  u s u a l l y  e l e v a t e d  a m o u n t  o f  
m a l o n y l - C o A  i n  t h e  l i v e r  o f  o b e s e  Z u c k e r  r a t s  (62 ,63) .  
M o r e o v e r ,  a s  m e n t i o n e d  a b o v e ,  s o m e  P U F A  o f  F O  h a v e  
b e e n  s h o w n  to  i n h i b i t  F A  s y n t h e s i s  a n d  r e l a t e d  e n z y m e  
a c t i v i t i e s  s u c h  a s  a c e t y l - C o A  c a r b o x y l a s e .  A l o w e r  s e n s i -  

TABLE 8 

E f f e c t s  o f  D i e t s  a o n  Tota l  C h o l e s t e r o l  C o n t e n t  b in  M i t o c h o n d r i a l  a n d  M i c r o s o m a l  F r a c t i o n s  
o f  O b e s e  Z u c k e r  Rat  L i v e r  

FO Control AA 

Crude mitochondrial  fraction 
Percoll-purified fraction 
Outer  membrane  fraction 
Microsomal fraction 

Values after  correction from 
microsomal cholesterol 
contaminat ion 

Percoll-purffied fraction 
Outer  membrane  fraction 

8.20 • 0.25 8.90 • 0.28 8.40 • 0.26 
2.40 _+ 0.16 r 2.20 +_ 0.15 c 2.50 • 0.16 d 
15.7 • 0.4 16.2 • 0.5 16.5 • 0.5 

46 • 2 41 • 2 43 • 2 

0.35 • 0.02 0.37 • 0.02 0.32 • 0.02 
11.9 • 0.4 11.5 • 0.3 11.8 • 0.3 

aFO and AA as defined in Table 1. 
bResults are expressed as ~tg of total  cholesterol per  mg protein and  are means  • SE (n = 5). The values in 
a row with different superscript  let ters  (c,d) are significantly different at  P < 0.05, as determined by analy- 
sis of variance and  Fisher 's  tes t  comparisons. Microsomal cholesterol contaminat ion was calculated by mul- 
t iplying the  amount  (rag) of microsomal protein contaminat ing  one mg of a mitochondrial  fraction (see 
Table 4) by the  cholesterol content  of one mg protein of the  microsomal fraction isolated from the same liver. 
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FIG. 1. E f f e c t  o f  i n c r e a s i n g  p a l m i t o y l - C o A  c o n c e n t r a t i o n s  
on  t h e  a c t i v i t y  o f  c a r n i t i n e  p a l m i t o y l - t r a n s f e r a s e  I (CPT I) 
i n  p e r c o l l - p u r i f i e d  m i t o c h o n d r i a l  f r a c t i o n s  i s o l a t e d  f rom 
l i v e r  o f  o b e s e  Z u c k e r  r a t s  f ed  t h e  c o n t r o l  d i e t  ([3), th e  f i sh  
o i l  d i e t  ( 0 )  or  th e  a r a c h i d o n i c  a c i d  d i e t  ( ~ ) .  A s s a y s  w e r e  
p e r f o r m e d  as  d e s c r i b e d  in  t h e  M a t e r i a l s  a n d  M e t h o d s  sec-  
t i o n  u s i n g  200  ~g o f  m i t o c h o n d r i a l  p r o t e i n  i n  t h e  p r e s e n c e  
o f  p a l m i t o y l - C o A  a n d  L-[3H]carnit ine .  T h e  r a d i o a c t i v i t y  o f  
t h e  b u t a n o l i c  e x t r a c t  c o r r e s p o n d e d  to  c a r n i t i n e - b o u n d  
c o m p o u n d s .  R e s u l t s  are  e x p r e s s e d  as  n m o l e s  o f  p a l m i t o y l -  
c a r n i t i n e  f o r m e d  p e r  m i n  p e r  m g  p r o t e i n .  T-bars  s h o w  SE 
(n = 5). V a l u e s  o b t a i n e d  for  80 to  140 ~M p a l m i t o y l - C o A  be- 
t w e e n  t h e  g r o u p s  a r e  s i g n i f i c a n t l y  d i f f e r e n t  at  P < 0.05, as  
d e t e r m i n e d  b y  a n a l y s i s  o f  v a r i a n c e  a n d  F i s h e r ' s  t e s t  com-  
p a r i s o n s .  

~-~ ~o 100 

c o  60, 

.,~,~ 40. 

0 

MalonyI-CoA concentration ~M) 

FIG. 2. I n h i b i t o r y  e f f e c t  o f  m a l o n y l - C o A  o n  t h e  a c t i v i t y  o f  
c a r n i t i n e  p A I m i t o y l - t r a n s f e r a s e  I (CPT I) i n  p e r c o l l - p u r i f i e d  
m i t o c h o n d r i a l  f r a c t i o n s  i s o l a t e d  f rom l i v e r  o f  o b e s e  Z u c k e r  
ra t s  f e d  t h e  c o n t r o l  d i e t  ([3), th e  f i sh  oi l  (FO) d i e t  (Q) or  t h e  
a r a c h i d o n i c  a c i d  (AA) d i e t  ( ~ ) .  M i t o c h o n d r i a  w e r e  k e p t  2 
m i n  in  th e  p r e s e n c e  o f  40 pM p a l m i t o y l - C o A  a n d  m a l o n y l -  
CoA b e f o r e  a d d i n g  l a b e l e d  L-carni t ine .  R e s u l t s  a r e  g i v e n  as  
p e r c e n t a g e  o f  t h e  CPT I a c t i v i t y  o b t a i n e d  i n  t h e  a b s e n c e  o f  
m a l o n y l - C o A .  A 50% i n h i b i t i o n  b y  m a l o n y l - C o A  w a s  s e e n  at  
t h e  c o n c e n t r a t i o n  o f  6 ~M w i t h  t h e  c o n t r o l  d iet ,  at  16 pM 
w i t h  th e  F O  die t ,  a n d  at  4.5 p2Yl w i t h  t h e  A A  die t .  T-bars 
s h o w  SE (n = 5). V a l u e s  o b t a i n e d  for  10 to  20  pM m a l o n y l -  
CoA b e t w e e n  t h e  g r o u p s  a r e  s i g n i f i c a n t l y  d i f f e r e n t  at  P < 
0.05, as  d e t e r m i n e d  b y  a n a l y s i s  o f  v a r i a n c e  a n d  F i s h e r ' s  t e s t  
c o m p a r i s o n s .  S e e  F i g u r e  1 for  a b b r e v i a t i o n .  

t ivity to malonyl-CoA associated with  a lesser  malonyl- 
CoA synthesis  would give rise to a proport ionally higher 
activity of CPT I and a higher  ra te  of FA oxidation. 

Results  obtained with the AA diet s trongly differed 
from those obtained with the FO diet. AA was present  a t  
a level of only 0.2% of the diet (20:4n-6 represented  4.2% 
of the total  AA oil mixture;  see Table 1). In  contras t  to 
wha t  has  been seen for FO rats ,  l iver weights and TAG 
contents were s imilar  in AA and control ra t s  (Table 2). 
In  ra ts  fed the AA diet, we saw a decrease in PFAOS ac- 
t ivity and  in mitochondrial  protein mass  per  total  liver. 
Moreover, CPT I specific activity was found to be lowest 
and its sensit ivity to malonyl-CoA inhibition highest  
from ra t s  on the three  diets. A lower ra te  of FA oxidation 
by peroxisomes and mitochondria  should have favored 
TAG format ion when compared to the control group. At 
this stage, i t  is difficult to relate  the slightly higher  con- 
ten t  in 20:4n-6 and/or the lower DHA content  of OM PL 
to the al tered characteris t ics  of CPT I enzyme from AA 
ra t s  compared to controls. However, since ra t s  fed the 
control and FO diets were capable of producing 20:4n-6 
from shor ter  precursors,  it appears  tha t  AA was sup- 
plied in excess to the cell with the AA diet. As dietary 
AA (or its acyl-CoA) has  been shown to inhibit  FA syn- 
the tase  and acetyl-CoA carboxylase (64,65), less mal-  
onyl-CoA synthesis  would favor CPT I activity in the in- 
tact  cell, In  addition, the s teady intake of AA, which is 
t h e  major  m e m b r a n e  PUFA, should save a large portion 
of the energy usual ly  required for synthesis.  The lower 
mitochondrial  mass  per  total  l iver in AA ra ts  might  cor- 
respond, at  least  in part ,  to an  adapt ive  response to less 
need for energy. In  this respect,  the amount  of AA might  

represent ,  by i tself  and/or through its derivatives,  an  ef- 
fective signal to induce metabolic change allowing, in 
particular,  the regulat ion of mitochondriogenesis.  

The major  finding of this s tudy was t ha t  we could 
show tha t  the activities tha t  re late  to FA oxidation were 
al tered in the liver of obese Zucker ra t  when the diets 
contained very low levels of n-3 and n-6 PUFA. The al- 
tered composition of mitochondrial  OM in n-3 and n-6 
PUFA, but  not in cholesterol, seems to be sufficient to 
influence, via the kinetic character is t ics  of CPT I, the 
pa thway  of FA oxidation. 

ACKNOWLEDGMENTS 
The authors are grateful to Dr. V.A. Zammit for valuable advice. 
This work was supported by the Minist~re de la Recherche et de la 
Technologie (Grant number 89 G 0494). 

REFERENCES 
1. Bang, H.O., and Dyerberg, J. (1972) Acta Med. Scand. 192, 

85-94. 
2. Von Lossonczy, T.O., Ruiter, A., Bronsgeest-Schoute, H.C., Van 

Gent, C.M., and Hermus, R.J.J. (1978) Am. J. Clin. Nutr. 31, 
1340-1346. 

3. Harris, W.S., and Connor, W.E. (1980) Trans. Assoc. Am. Physi- 
cians. 43, 148-155. 

4. Lottenberg, A.M.P., Oliveira, H.C.F., Nakandakare, E.R., and 
Quint~o, E.C.R. (1992) Lipids 27, 326-330. 

5. Wong, S.H., and Marsh, J.B. (1988) Metab. Clin. Exp. 37, 
1177-1181. 

6. Clouet, P., Niot, I., and B6zard, J. (1989) Biochem. J. 263, 
867-873. 

7. Marsh, J.B., Topping, D.L., and Nestel, P.J. (1987) Biochim. 
Biophys. Acta 922, 239-243. 

LIPIDS, Vol. 29, no. 7 (1994) 



489 

EFFECTS OF DIETARY PUFA ON LIPID-METABOLIZING ENZYMES 

8. Rustan, A.C., Nossen, J.O., Osmundsen, H., and Drevon, C.A. 
(1988) J. Biol. Chem. 263, 8126-8132. 

9. Jen, K-L.C., Alexander, M., Zhong, S., Rose, K., Lin, P.K.H., 
and Kasim, S.E. (1989)Nutr. Res. 9, 1217-1228. 

10. Mohan, P.F., Phillips, F.C., and Cleary, M.P. (1991) Brit. J. 
Nutr. 66, 285-299. 

11. Wong, S.H., Nestel, P.J., Trimble, R.P., Storer, G.P., Illman, 
R.J., and Topping, D.L. (1984) Biochim. Biophys. Acta 792, 
103-109. 

12. Yamazaki, R.K., Shen, T., and Schade, G.B. (1987) Biochim. 
Biophys. Acta 920, 62-76. 

13. Berge, R.K., and Thomassen, M.S. (1985) Lipids 20, 49-52. 
14. Berge, R.K., Nilsson, A., and Huscy, A.-M. (1988) Biochim. Bio- 

phys. Acta 960, 417-426. 
15. Surette, M.E., Whelan, J., Broughton, K.S., and Kinsella, J.E. 

(1992) Biochim. Biophys. Acta 1126, 199-205. 
16. Borgeson, C.E., Pardini, L., Pardini, R.S., and Reitz, R.C. 

(1989) Lipids 24, 290-295. 
17. Griglio, S., and Malewiak, M.I. (1975) Nutr. Metab. 19, 

131-144. 
18. Malewiak, M.I., Griglio, S., Kalopissis, A.D., and Le Liepvre, X. 

(1983) Metabolism 32, 661-668. 
19. Girard, J., and Malewiak, M.-I. (1986) in Isolated and Cultured 

Hepatocytes (Guillouzo, A., and Guguen-Guillouzo, C., eds.) pp. 
87-112, John Libbey Eurotext, London/Editions INSERM, 
Paris. 

20. Triscari, J., Greenwood, M.R.C., and Sullivan, A.C. (1982) Me- 
tabolism 31,223-228. 

21. Brady, L.J., and Hoppel, C.L. (1983) Am J. Physiol. 245, 
E239-E245. 

22. Blond, J.P., Clouet, P., B6zard, J., and Legendre, C. (1989) 
Biochem. Pharmacol. 38, 2741-2744. 

23. Henninger, C., Clouet, P., Cao Danh, H., Pascal, M., and 
B6zard, J. (1987) Biochem. Pharmacol. 36, 3231-3236. 

24. Saggerson, E.D., and Carpenter, C.A. (1981) FEBS. Lett. 129, 
229-232. 

25. Lehninger, A.L., and Remmert, L.F. (1959) J. Biol. Chem. 234, 
2459-2471. 

26. Zammit, V.A., Corstorphine, C.G., and Kolodziej, M.P. (1989) 
Biochem. J. 263, 89-95. 

27. Parsons, D.F., Williams, G.R., Thompson, W., Wilson, D., and 
Chance, B. (1967) in Mitochondrial Structures and Compart- 
mentation, (Quagliariello, E., Papa, S., Slater, E.C., and Tager, 
J.M., eds.) pp. 29-73, Adriatica Editrice, Bari. 

28. Clouet, P., Niot, I., and B6zard, J. (1989) Biochem. J. 263, 
867-873. 

29. Weissbach, H., Smith, T.E., Daly, J.W., Witkop, B., and Uden- 
friend, S. (1960) J. Biol. Chem. 235, 1160-1163. 

30. Leighton, F., Poole, B., Lazarow,.P.B., and De Duve, C. (1969) 
J. Cell Biol. 41,521-535. 

31. Beaufay, H., Amar-Costesec, A., Feytmans, E., Thines-Sem- 
poux, D., Wibo, M., Robbi, M., and Berthet, J. (1974) J. Biol. 
Chem. 61,188-200. 

32. Lazarow, P.B., and De Duve, C. (1976) Proc. Natl. Acad. Sci. 
USA 73, 2043-2046. 

33. Bronfman, M., Inestrosa, N.C., and Leighton, F. (1979) 
Biochem. Biophys. Res. Commun. 88, 1030-1036. 

34. Bremer, J. (1981) Biochim. Biophys. Acta 665, 628-631. 
35. Clouet, P., Henninger, C., Pasca!, M., and B6zard, J. (1985) 

FEBS Lett 182, 331-334. 
36. Chung, C.-D., and Bieber, L.L. (1993) J Biol. Chem. 268, 

4519~524. 

37. Bremer, J., and Norum, K.R. (1967) Eur. J. Biochem. 1, 
427-433. 

38. Folch, J., Lees, M., and Sloane-Stanley, G.H. (1957) J. Biol. 
Chem. 226, 497-509. 

39. Lie, 0., and Lambertsen, G. (1991) J. Chromatogr. 565, 
119-129. 

40. Gambert, P., Lallemant, C., Archambault, A., Maume, B.F., 
and Padieu, P. (1979) J. Chromatogr. 162, 1-6. 

41. Smith, P.K., Krohn, R.I., Hermanson, G.T., Mallia, A.K., Gart- 
her, F.H., Provenzano, M.D., Fujimoto, E.K., Goeke, N.M., 
Olson, B.J., and Klenk, D.C. (1985)Anal. Biochem 150, 76-85. 

42. Neat, C.E., Thomassen, M.S., and Osmundsen, H. (1980) 
Biochem. J. 186, 369-371. 

43. Aarsland, A., Lundquist, M., B0rretsen, B., and Berge, R.K. 
(1990) Lipids 25, 546-548. 

44. Lewis, J.A., and Tata, J.R. (1973) J. Cell Sci. 13, 447-459. 
45. Shore, G.C., and Tata, J.R. (1977) J. Cell. Biol. 72, 714-725. 
46. Meier, P.J., Spycher, M.A., and Meyer, U.A. (1978) Exp. Cell 

Res. 111,479--483. 
47. Pickett, C . B., Montisano, D., Eisner, D., and Cascarano, J. 

(1980) Exp. Cell Res. 128, 343-352. 
48. Leyton, J., Drury, P.J., and Crawford, M.A. (1987) Lipids 22, 

553-558. 
49. Nilsson, A., Thomassen, M.S., and Christiansen, E. (1984) 

Lipids 19, 187-194. 
50. Berge, R.K., and Aarsland, A. (1985) Biochim. Biophys. Acta 

837, 141-151. 
51. Bloch, K., and Vance, D. (1977) Annu. Rev. Biochem. 46, 

263-298. 
52. Yang, Y.-T, and Williams, M.A. (1978) Biochim. Biophys. Acta 

531, 133-140. 
53. McMurchie, E. (1989) in Physiological Regulation of Mem- 

brane Fluidity, pp. 189-237, Alan R. Liss, Inc., New York. 
54. Angulo-Monroy, O., Guesnet, P., and Durand, G.D. (1991) J. 

Nutr. Biochem. 2, 484-491. 
55. Yamaoka, S., Urade, R., and Kito, M. (1988) J. Nutr. 118, 

290-296. 
56. Pande, S.V., Murthy, M.S.R., and No~l, H. (1986)Biochim. Bio- 

phys. Acta 877, 223-230. 
57. Kolodziej, M.P., and Zammit, V.A. (1990) Biochem. J. 272, 

421-425. 
58. Brady, P.S., Marine, K.A., Brady, L.J., and Ramsay, R.R. (1989) 

Biochem J. 260, 93-100. 
59. Lloyd, A.C., Carpenter, C.A., and Saggerson, E.D. (1986) 

Biochem. J. 237, 289-291. 
60. Woeltje, K.F., Kuwajima, M., Foster, D.W., and McGarry, J.D. 

(1987) J. Biol. Chem. 262, 9822-9827. 
61. Prip-Buus, C., P6gorier, J-P., Du6e, P-H., Kohl, C., and Girard, 

J. (1990)Biochem. J. 269, 409-415. 
62. Azain, M.J., Fukuda, N., Chao, F.F., Yamamoto, M., and Ontko, 

J.A. (1985) J. Biol. Chem. 260, 174-181. 
63. Malewiak, M.I., Griglio, S., and Le Liepvre, X. (1985) Metabo- 

lism 34, 604-611. 
64. Chu, L.-C., McIntosh, D.J., Hincenbergs, I., and Williams, 

M.A. (1969) Biochim. Biophys. Acta 187, 573-575. 
65. Muto, Y., and Gibson, D.M. (1970) Biochem. Biophys. Res. 

Commun. 38, 9-15. 

[Received December 15, 1993, and in revised form May 17, 1994; 
Revision accepted May 17, 1994] 

LIPIDS, Vol. 29, no. 7 (1994) 



Dietary Linoleic, a-Linolenic and Oleic Acids Are Oxidized 
at Similar Rates in Rats Fed a Diet Containing These Acids 
in Equal Proportions 
Peter J.H. Jones* 
Division of Human Nutrition, University of British Columbia, Vancouver, British Columbia, V6T 1Z4 Canada 

491 

The object ive  of  this  s tudy  w a s  to  e x a m i n e  w h e t h e r  
w h o l e  body  ox idat ion  rates  o f  d ie tary  l inole ic ,  a - l inolenic  
and o le ic  ac ids  differ w h e n  the  ac ids  are prov ided  in 
ident ica l  quant i t ies .  Male rats  w e r e  fed for 10 w k  a 15% 
fat (w/w) d ie t  c o n t a i n i n g  equal  a m o u n t s  of  l inole ic ,  
a-Hnolenic  and ole ic  ac ids  (22.7, 23.0 and 23.2% of  total  
fat ty  acids,  respect ive ly ) .  At w e e k  10, after  overn ight  fast- 
ing,  rats  w e r e  intragastr ica l ly  a d m i n i s t e r e d  20 ~tCi o f  
e i ther  [1-14C]-labelled l inole ic ,  a - l inolenic  or  o le ic  ac id  in 
a 200-pL bo lus  of  oi l  con ta in ing  equal  quant i t i e s  o f  each  
fatty acid.  The appearance  of  14CO2 in exp ired  air  w a s  
then  m o n i t o r e d  hour ly  for 12 h for each  animal .  A pre- 
l iminary  s tudy  had s h o w n  that  g r o w t h  and food con- 
s u m p t i o n  pat terns  in an imal s  c o n s u m i n g  the  oi l  contain-  
ing  equal  quant i t i e s  o f  each  of  the  fatty ac ids  paral le led  
the  pat terns  o f  an imal s  that  w e r e  se l f - se lect ing  a m o n g  
separate  diets ,  each  o f  w h i c h  c o n t a i n e d  one  of  the  com- 
p o n e n t  oils.  The  appearance  o f  14C, e x p r e s s e d  as p e r c e n t  
dose  admin i s tered ,  p e a k e d  at 2-3 h pos t -dose  for 14C-la- 
be l l ed  l ino le ic  (5.28 • 0.37%/h), a- l inolenic  (6.92 • 0.51~dh) 
and o le ic  (5.98 • 0.44%/h) acids.  Stat i s t ica l ly  these  va lues  
w e r e  not  s igni f icant ly  different.  C u m u l a t i v e  14CO2 excre-  
t ion  rates  over  12 h w e r e  a lso  s imi lar  for l ino le ic  (27.2 • 
0.9%), a- l inolenic  (26.8 • 1.2%) and o le ic  (25.9 • 1.2%) acids.  
The resu l t s  sugges t  that  the  rat's capac i ty  to  ox id ize  
18-carbon unsa tura ted  fatty ac ids  is  not  af fected  by fatty  
ac id  unsa tura t ion  w h e n  t h e s e  fatty  ac ids  are  prov ided  at 
equal  d ie tary  leve ls .  
Lipids 29, 491-495 (1994). 

A number of previous studies have indicated that disposal 
of dietary fat for energy rather than storage depends on 
the long-chain fatty acid composition of the fat (1-11). Res- 
piratory gas exchange data obtained in animal experi- 
ments suggested that greater peroxisomal oxidation (1) 
and oxygen consumption (2) occurs with consumption of 
fats rich in polyunsaturated fatty acids (PUFA) compared 
with fats containing monounsaturated (MUFA) or satu- 
rated fatty acids (SAFA). Similarly, energy intake/balance 
experiments have generally shown that consumption of 
n-3 PUFA results in lesser weight and energy gains when 
compared with fats containing other fatty acids (3-5). 

Discrimination between various fatty acids in the oxi- 
dation process has also been suggested from animal and 
human experiments with tracer-labelled fatty acids 
(6-11). In rats fed normal chow diets and given 14C-la- 
belled long-chain fatty acids orally, differences between 
oxidation rates for a-linolenic acid, oleic acid and linoleic 

*Address correspondence at School of Dietetics and Human Nutri- 
tion, Macdonald Campus of McGill University, 21,111 Lakeshore 
Road, Ste. Anne de Bellevue, Qu4bec, H9X 3V9 Canada. 
Abbreviations: FAME, fatty acid methyl esters; GLC, gas-liquid 
chromatography; MUFA, monotmsaturated fatty acids; PUFA, 
polyunsaturated fatty acids; SAFA, saturated fatty acids. 

acid were seen over the first 8 h of a 24 h study, with 
a-linolenic acid being converted to carbon dioxide most 
rapidly, followed by oleic acid and linoleic acid (6). Arachi- 
donic and 7-1inolenic acid exhibited the lowest rates of ox- 
idation. Other studies with labelled fatty acids suggested 
a similar trend of PUFA toward oxidation rather than re- 
tention within body pools (7-10). In humans, expired 
13CO2 from labelled oleic acid after oral administration 
appeared more rapidly than from labelled linoleic or 
stearic acids (11). The general consensus that emerged 
from these studies is that the blend of fatty acids con- 
sumed, which depends on the type of dietary fat or oil se- 
lected, can modify an individual's susceptibility to long- 
term body weight gain. 

However, limitations exist in the interpretation of the 
results from previous experiments when one compares 
tracer appearance rates in expired CO 2 derived from la- 
belled dietary fatty acids. A major difficulty has often been 
the vastly different quantity of specific fatty acids con- 
sumed. For instance, tracer fatty acids were typically 
added directly to dietary olive oil (6), or lard and corn oil 
followed by fasting (7), or were transesterified directly 
with soybean (8), olive (9) or corn oil (10). Also, tracer fatty 
acids were added directly to chow diets. Such diets con- 
tain, of course, widely varying pools of specific fatty acids. 
Thus, the quantities of tracee (i.e., the unlabelled fatty 
acid pool with which the tracer fatty acid became associ- 
ated varied between experiments and fatty acids tested. 
Differences in the tracer/tracee ratio imply that it may be 
erroneous to conclude preferential fatty acid oxidation on 
the basis of a greater proportion of label excreted, if the 
tracer was mixed with a fatty acid pool of different size. 
Moreover, endogenous pools of specific fa t ty  acids which 
are targeted for oxidation will likely be depleted or ex- 
panded in response to the exogenous fatty acid blend de- 
livered by feeding the diet. For these reasons, interpreta- 
tion of results from many of the earlier tracer studies has 
remained difficult. Various approaches aimed at control- 
ling the tracer/tracee ratio for specific fatty acids at the 
time of label administration have previously been used 
(12); however, animals previously have not been prefed a 
diet with which internal body pool sizes could be stan- 
dardized. 

To permit the study of the oxidation capacity for specific 
dietary fatty acids under identical conditions, an approach 
was chosen here in which equivalent quantities of three 
important dietary fatty acids, differing in unsaturation, 
were provided during both the precedent dietary and the 
comparison phases. The objective was to test the hypoth- 
esis that when provided in equal amounts, the capacity of 
the rat to oxidize dietary linoleic (18:2n-6), a-linolenic 
(18:3n-3) and oleic acids (18:1n-9) is similar and indepen- 
dent of the degree of unsaturation. 

Copyright �9 1994 by AOCS Press LIPIDS, Vol. 29, no. 7 (1994) 
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MATERIALS AND METHODS 

Animals and diets. Thirty male Sprague Dawley rats  
(80-100 g; Har lan  Sprague Dawley, Indianapolis, IN) 
were initially fed rodent Pur ina  Laboratory Chow (Purina 
Mills, St. Louis, MO) and water  ad libitum. Animals were 
housed at  constant tempera ture  (20~ and humidity 
(54-56%) at  a 12-h l igh t -dark  cycle throughout the exper- 
iment. After one week, ra ts  were individually housed in 
steel cages and switched to an elemental  diet containing 
15% fat blended to contain equal proportions of linoleic, 
a-linolenic and oleic acids as triglycerides for ten weeks 
(Table 1). All oils were obtained from local sources. The 
equal proportion oil diet was prepared by blending sun- 
flower, flax and olive oil, high in linoleic, a-linolenic and 
oleic acids, respectively, a t  a ratio of 1.11:3.00:0.92 
(w/w/w). Within individual oils, weight ratios of lino- 
leic, a-linoleic and oleic acids for sunflower, flax and 
olive oil were 0.456:0.007:0.153, 0.179:0.379:0.180, and 
0.116:0.008:0.479, respectively. Overall fat ty acid composi- 
tion of the oil provided was 18:2n-6, 22.69%; 18:3n-3, 
23.24%; 18:1n-9, 23.16%; 18:0, 2.48%; and 16:0, 5.88%. 
Butylated hydroxytoluene was added at  a level of 0.02%, 
and diets were prepared every two to three days. Oils were 
stored at  -5~ The fat ty acid ratio in the final diet was de- 
termined by gas-l iquid chromatography (GLC). All proce- 
dures were approved by the Animal Care Experimenta-  
tion Committee of the University of British Columbia 
(Vancouver, British Columbia, Canada). 

Fatty acid oxidation. A l ~ r  ten weeks on the blended-oil 
diet, ra ts  were randomized into three groups on the basis 
of weight. Food was removed eight hours prior to the ex- 
periment. Animals in each group were administered 
20 ~tCi each of ei ther [1-14C]linoleic, ct-[1-14C]linolenic or 
[1J4C]oleic acid (50-60 mCi/mmol; Amersham,  Oakville, 
Ontario, Canada) mixed with 200 ~L of the blended oil 

and given intragastrically via an oral catheter. Immedi-  
ately thereafter  animals  were placed in a metabolic cham- 
ber, and 14CO2 was collected for 10 min every hour for 
12 h. Carbon dioxide from the metabolic chamber was col- 
lected by passing the air  from the chamber  through a sul- 
furic acid t rap for drying, followed by two collection 
columns containing a mixture of methoxyethanolamine 
and ethanolamine (2:1, vol/vol) (6). Samples from the mix- 
ture  were removed after  each collection period and added 
to scintillation fluid. Radioactivity was assayed using a 
scinti l lation counter  (Isocap; Nuclear  Chicago, Des 
Plaines, IL). 

The trapping efficiency of the methoxyethanolamine/  
ethanolamine mixture used to collect the CO 2 exhausted 
from the metabolic chamber  was examined in a pilot 
study. I t  was determined tha t  the saturat ion point of the 
mixture occurred a t  least 3 min  after the 10-min collection 
period, thus ensuring 14CO2 collection without losses. 

Gas chromatography. The fat ty  acid composition of in- 
dividual oils and of the blended oil diet was determined 
using a gas-l iquid chromatograph (model 5890, Hewlet t  
Packard,  Palo Alto, CA) equipped with a flame-ionization 
detector and a 30 m x 0.2 gm i.d. SP-2330 (10%) capillary 
column using helium as carrier gas (1 mL/min). Fat  was 
extracted from homogenized aliquots of the blended oil 
diet using chloroform/methanol (2:1, voYvol), and the ex- 
t racts  were saponified with KOH and then transesterified 
with boron trifluoride/methanol (13). Hexane was added, 
and the mixture was shaken to parti t ion the fat ty  acid 
methyl  esters (FAME) into the hexane phase. The result- 
ing FAME were injected into the GLC column at  160~ 
After 8 rain, the column tempera ture  was increased at  
2~ for 30 min then held constant for an additional 20 
min. Chromatographic peaks  were identified by compari- 
son of retention data  with those of authentic FAME stan- 
dards (Supelco, Bellefonte, PA). 

TABLE 1 

Composit ion of Diet Containing Equal Levels of Linoleic,  
a-Linolenic and Oleic Acids 

Nutrient Content (g/100 g diet) 

Casein 18.00 
Sucrose 62.77 
Fixed ratio oil a 15.00 
DL-Methionine 0.23 
Mineral mixture b 4.00 
Vitamin mixture c ___c 

aOil contained equal proportions of linoleic, a-linolenic and oleic 
acids by combining sunflower, flax and olive oil in a ratio of 
1.11:3:0.92, respectively. 
bContained calcium carbonate, 38.14%; copper sulfate - 5H20 , 
0.048%; ferrous sulfate �9 7H20 , 2.70%; magnesium sulfate - 7H20 , 
5.73%, manganese sulfate �9 H20 , 0.45%; potassium phosphate 
monobasic (KH2PO4) , 38.90%; potassium iodide, 0.079%; sodium 
chloride, 13.93%; zinc chloride, 0.026%; and cobalt chloride �9 6H20 , 
0.002%. 
CContained (in g/kg of diet): vitamin A (50,000 IU/g), 0.040; vitamin 
D (85,000 IU/g), 0.0026; vitamin E (25,000 IU/g), 0.44; choline chlo- 
ride, 1.65; menadione, 0.049; p-aminobenzoic acid, 0.111; nicotinic 
acid, 0.10; riboflavin, 0.022; pyridoxine hydrochloride, 0.022; thi- 
amin hydrochloride, 0.022; calcium pantothenate, 0.066; biotin, 
0.0004; folic acid, 0.002; inositol, 0.111; and vitamin B12, 30 mg. 

RESULTS 

An initial s tudy was carried out to test  the palatabili ty of 
the blended oil diet compared to diets containing the indi- 
vidual composite oils. Groups of ra ts  (n = 5) consumed 
either the 15% (w/w) blended oil diet (Table 1) or chose be- 
tween three food cups containing diets identical in 
macronutr ient  content with fats added either as sun- 
flower, flax or olive oil. Figure 1 depicts the growth curves 
of groups fed both the blended oil and the three optional 
diets over a 22-d period. Body weight gains were similar 
across the groups, indicating good acceptability of the 
blended oil diet by the rat.  Food consumption of animals  
on diets containing the blended oil was also similar to 
tha t  of animals  on diets containing the individual com- 
posite oils. 

The body weights of the groups given i4C-labelled 
linoleic (508 • 22 g, mean  +_ SEM), a-linolenic (528 _+ 23 g) 
and oleic (518 • 26 g) acids were similar. Recovery of 
14C02 over the 12-h interval post-dose is shown in Fig- 
ure 2.14C appeared in expired air within in the first hour 
of collection with a rapid increase reaching a peak at  two 
to three hours for all three 14C-labelled fat ty acids exam- 
ined. Peak excretion rates  for [1J4C]linoleic (5.28 • 
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FIG. 1. B o d y  w e i g h t s  o f  rats  g i v e n  e i t h e r  (ad  l i b i t u m )  a 
c h o i c e  b e t w e e n  t h r e e  food  c u p s  c o n t a i n i n g  i d e n t i c a l  d i e t s  
w i t h  fat  a d d e d  e i t h e r  as  sunf lower ,  f lax  or  o l ive  o i l  ( so l id  
squares )  or t h e  b l e n d e d  oi l  15% (w/w)  fat  d ie t  (open  s quar e s )  
over  22 d; d a t a  are  m e a n s  • SEM. 
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FIG. 3. C u m u l a t i v e  Z4C r e c o v e r y  as  z4CO 2 over  t h e  12-h in- 
t e r v a l  p o s t - d o s e  a f t e r  a d m i n i s t r a t i o n  o f  1-Z4C-labelled 
l ino l e i c  ( so l id  squares ) ,  a - l ino l en i c  (open  s quar e s )  a n d  o le ic  
( so l id  t r iang les )  acids;  d a t a  are  m e a n s  • SEM. 

0.37%/h), a-[1J4C]linolenic (6.92 _ 0.51%/h) and [1-14C] - 
oleic (5.98 _+ 0.44%/h) acids were not significantly differ- 
ent. There were no statistically significant differences in 
the oxidation rate at two or three hours. Each peak was 
followed by a gradual decline in excretion rate of label 
until 12 h; then a levelling off occurred at an excretion 
rate of about 1%/h. 

Cumulative elimination rates for 14C from rats given 
the labelled fatty acids are shown in Figure 3. There were 
no differences in cumulative excretion of label among [1- 
14C]linoleic (27.2 _+ 0.9%), a-[1-14C]linolenic (26.8 _+ 1.2%) 
and [1J4C]oleic (25.9 +_ 1.2%) acids over the 12-h duration, 
nor did any differences become significant when data were 
corrected for body weight. 

D I S C U S S I O N  

The purpose of this study was to examine whether fatty 
acid oxidation rates would differ when both dietary and 
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FIG. 2. Z4C r e c o v e r y  a s  14C02 over  t h e  12-h in t erv a l  post-  
d o s e  a f ter  a d m i n i s t r a t i o n  o f  1-14C-labelled l ino l e i c  ( so l id  
squares ) ,  a - l ino l en i c  ( o p e n  squares ) ,  or  o le ic  ( so l id  tr ian-  
gles)  acid; d a t a  are  m e a n s  • SEM. 

endogenous pool sizes were controlled. In previous stud- 
ies, pool size olden varied when fat oxidation was com- 
pared (6-10). The present work demonstrates tha t  when 
the dietary pool size of the fatty acid examined is main- 
tained at a consistent ratio prior to and during the oxida- 
tion period, 14C elimination representative of oxidation 
rates is virtually identical for the fatty acids tested. These 
findings contrast results of a number of earher  studies 
with animals and humans that  suggested that  differences 
exist in whole body excretion of labelled fatty acids, but  in 
these previous studies the labelled fatty acids were ei ther 
provided in tracee pools of varying size, or the pretreat- 
ment  diet was not standardized. 

In mice given 14C-labelled oleic, linoleic and stearic 
acids transesterified with linoleic acid-rich corn oil (10), 
50% of the administered label in oleic acid was recovered 
in expired CO 2 at 10-h pest-administration, compared 
with 31 and 19% for linoleic acid and stearic acid, respec- 
tively. The comparative oxidation of oleic, palmitic and 
stearic acids was studied in rats (8) intubated with 14C-la- 
belled fatty acids transesterified with soybean triglyc- 
eride. Stearic acid 14C appeared in expired air more slowly 
allowing 57% recovery after 51 h, compared to 66% from 
oleic acid. More rapid oxidation of linoleic as compared to 
stearic acid had been reported in rats fed each 14C-labelled 
fatty acid mixed with olive oil (9). Similar studies in rats 
fed diets containing 15% of calories as triolein, trilinolein 
or tripalmitin, labelled with the respective 14C-labelled 
fatty acid, had shown that  64, 52 and 51% of the dietary 
oleate, linoleate and palmitate, respectively, was oxidized 
after 72 h (14). Overall, these findings suggested differ- 
ences in oxidation between MUFA, PUFA and SAFA; how- 
ever, pool sizes of unlabelled (tracee) fatty acids likely var- 
ied widely between the fatty acids that  were compared. 

A similar oxidation pat tern had been observed in hu- 
mans (11). Subjects fed 13C-labelled fatty acids mixed with 
a breakfast meal, exhibited greater 9-h cumulative 13CO 2 
excretion in expired air from absorbed oleate (15.1%) than  
from absorbed linoleate (10.2%) or stearate (2.9%)(11). 
Data from fat malabsorption studies had shown that  
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orally ingested [13C]triolein was converted to 13C02 more 
rapidly than [13C]palmitic acid when given under  the 
same conditions (15). Six hours a f a r  administration to 
healthy subjects, of each labelled fatty acid mixed in 
0.7 g/kg oflipomul, 11.3 and 6.6% of label from triolein and 
palmitic acid, respectively, had appeared in breath. Other 
work has shown that  triolein was oxidized more rapidly 
than tripalmitin when these 14C-labelled fats were ad- 
ministered to healthy humans (16). However, when a com- 
parison was made between whole body oxidation of orally 
fed ]4C:labelled oleic, linoleic and a-linolenic acids in 
healthy individuals after 24 h, no significant differences in 
14CO2 recoveries were observed (17). As with animal stud- 
ies, the tracer/tracee ratio of specific fatty acids varied 
within the fat bolus fed. Thus, the findings of tracer stud- 
ies carried out both in animals and in humans indicate 
tha t  the shift of long-chain fatty acids toward oxidation, 
ra ther  than storage, varies depending on the degree of un- 
saturation. However, without controlling fatty acid pool 
size, interpretation of the results of these studies remains 
difficult. 

In other approaches aimed at examining whether  fatty 
acid oxidation is related to structure, the tracer was di- 
rectly introduced into the bloodstream, bypassing diges- 
tive and absorptive processes. When comparing whole 
body fatty acid oxidation, direct injection can compensate 
for potential variations in gastrointestinal absorption and 
dietary pool size between the various fatty acids tested. In 
rats maintained on formula diets and injected with 14C-la- 
belled linoleic, oleic and stearic acids, the oxidation rate as 
determined from cumulative 14CO2 production was found 
to be highest for linoleic acid and lowest for stearic acid 
(18). The same group later  reported increased oxidation of 
linoleic acid over palmitic acid (19), postulating that  pro- 
duction of a highly metabolizable gluconeogenic propionyl- 
CoA from linoleic acid during oxidation explained the ele- 
vated rate of oxidation of linoleic acid. The oxidation rates 
of infused albumin bound [14C]palmitic and [14C]oleic 
acids were similar in dogs (20). Conversely, in humans,  ox- 
idation rates of injected 14C-labelled palmitic, oleic and 
linoleic acids were 9.4, 10.0 and 6.3% of the dose adminis- 
tered, respectively, a i ~ r  one hour (7). 

Although direct injection of tracer bypasses digestive 
processes, data interpretation in studies using injection 
when comparing dietary fatty acid oxidation can be diffi- 
cult as the amount  of injected label appearing in CO 2 rep- 
resents the fraction of the plasma pool oxidized, not the 
absolute amount. Net or absolute oxidation measurement  
depends on the plasma pool size as well as the fractional 
turnover rate. Markedly smaller plasma pools of linoleic 
acid in comparison with palmitic acid have been reported 
(21). Thus, whether  the appearance rate of a tracer di- 
rectly corresponds to net fatty acid oxidation remains to be 
determined. 

By contrast, other investigators have noted no differ- 
ence in fat ty acid oxidation rates. Awad et al. (22) found no 
difference in energy deposition between rats fed PUFA vs. 
MUFA/SAFA containing diets at 20% of energy for four 
weeks. Similarly, no difference was observed in humans in 
14CO 2 excretion after oral administration of 14C-labelled 
palmitic, stearic, oleic, linoleic and a-linolenic acids in 

JONES 

healthy individuals after 24 h (17). Toorop et al. (12) con- 
trolled both the specific activity and net  quanti ty of di- 
etary linoleate and palmitate given to rats and found that,  
expressed relative to fatty acid absorbed, the oxidation 
rates of each of the fatty acids were similar. In other stud- 
ies, such as those of Leyton et al. (6), enhanced conversion 
of a-[i4C]linolenic acid to 14CO2, when compared to other 
fatty acids, would be expected given the very small pool 
size of linolenic acid within the olive oil carrier. In this 
case, although the proportion of a-[14C]linolenic acid oxi- 
dized from the carrier oil was large, net  oxidation would 
have been minimal. 

During movement between gut and site of oxidation, 
labelled fatty acids must  cross several t ransport  and 
metabolite pools, the size of which will be at  least par- 
tially dependent on prior dietary intake. Given two dif- 
ferent  labelled fat ty acids entering this network of pools 
from the gut  at  equal rates, the fatty acid traversing a se- 
ries of larger pools before arriving at the site where it is 
oxidized will become more diluted when compared to a 
fat ty acid crossing smaller pools. This dilution will result  
in a diminished rate of labelled CO 2 expiration. Our find- 
ings suggest tha t  a pre t reatment  diet containing equal 
fat ty acid pools may correct for differences in oxidation 
due to variability across these internal  fat ty acid pools. 
When the labelled fatty acid is then delivered in an oil of 
equal fat ty acid pools, each fatty acid behaves in a simi- 
lar manner  from the absorptive to the oxidative stages of 
metabolism. Previous work has suggested that  absorp- 
tion efficiencies of different MUFA and PUFA are similar 
in rats (23,24) and in humans  (25), although t ransport  
from gut to liver may vary depending on chain length 
(26). Thus, it  cannot be ruled out tha t  absorption and ox- 
idation kinetics varied between the fat ty acids tested in a 
self-compensating manner. However, the similarity in the 
shape of the curves across the three fatty acids tested 
suggests similar kinetics. 

In summary, the present data suggest tha t  the capacity 
to oxidize fatty acids varying in degree of saturation is 
similar when rats are both prefed equal quantities of each 
fatty acid over a prolonged period and are administered 
the fatty acid at equivalent tracer/tracee ratios in a fat 
bolus. The results suggest tha t  differences previously ob- 
served in fat ty acid oxidation were due to the particular 
blend of fat ty acids provided in the diet and not to the ca- 
pacity of the organism to oxidize different fatty acids at 
different rates. 
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The  purpose  o f  th i s  s tudy  w a s  to  inves t iga te  the  mobi l i ty  
o f  fatty ac ids  in  ad ipose  t i s sue  of  the  c h i c k e n  and  to de- 
t e rmine  w h e t h e r  ad ipose  t i s sue  d y n a m i c s  are a l tered by  
d ie tary  repar t i t ion ing  agents .  To th i s  end,  the  turnover  
rates  of  fatty ac ids  and  tr ig lycer ides  were  e s t imated  in 
adipose  t i s sue  of  g ro wi ng  ch icks  by  u s i n g  i sopentade-  
canoic  ac id  (IPDA) and  e la id ic  acid (EA) as  marker  di- 
e tary  fatty acids.  The  half- l i fe  o f  IPDA in  a bdo min a l  and  
sartorial  ad ipose  t i s sues  of  birds  over  6 to 10 w k  of  age 
were  20 • 4 and  23 • 6 d, respect ively .  The  half- l i fe  for the  
r e m a i n i n g  total  carcass  Hpids was  23 • 3 d. The  corre- 
s p o n d i n g  half- l i fe  for EA in  a bdo mi na l  fat t i s sue  o f  birds  
over  2 to  7 w k  o f  age wa s  18 • 3 d, a half- l i fe  not  
s i g n i f i c a n t l y  d i f ferent  f rom the  IPDA hal f - l ives .  On 
the  other  hand,  a t h y r o m i m e t i c  repar t i t ion lng  agent  
(L-94901) fed to  birds at the  2 ppm leve l  from 2 to 7 w k  of  
age  s ign i f i cant ly  decreased  the  half- l i fe  o f  EA in  abdomi-  
n a l  fat t i s sue  to  6 • 2 d. The  data sugges t  that  fatty ac ids  
w e r e  re leased  from a more  labi le  ad ipose  s i te  and  subse- 
q uent ly  re incorporated  into  abdomina l  and sartorial  tis- 
sues  and  that  fat mob i l i za t ion  occurred  at the  same  t ime  
as d id  ad ipose  t i s sue  depos i t ion  in  the  g r o w i n g  ch icken .  
Lipids 29, 497-502 (1994). 

Differences in fat deposition among breeds and strains of 
chickens point at the effects of genetic factors on body 
composition. Animals selected for fast growth and feed ef- 
ficiency often show a propensity to deposit excessive 
amounts of fat (1-3), and genetic factors often affect body 
weight and tissue and plasma lipid composition. Also, the 
activities of lipogenic and lipolytic enzymes have been 
shown to significantly correlate with the genetic factors 
that  favor high or low body weight (4-6). More recently, 
lipoprotein lipase activity and lipid content of abdominal 
fat tissue were used to predict the degree of fatness of 
broiler chickens (7). 

Nutritional factors and the age of the birds also affect 
patterns of fat deposition and lipid metabolism (8-11). 
Other factors that  control fatness in animals include feed 

1presented in part at the XVIII World Poultry Congress, Nagoya, 
Japan, September 1988. 
2Reference to a brand or firm name does not constitute an en- 
dorsement by the U.S. Department of Agriculture over others of a 
similar nature not mentioned. 
*To whom correspondence should be addressed at USDA, ARS, 
ERRC, 600 East Mermaid Lane, Philadelphia, PA 19118. 
3present address: Texas A&M University, Poultry Science Depart- 
ment, College Station, TX 77843-2472. 
4present address: MacroChem Corporation, 110 Hartwell Avenue, 
Lexington, MA 02173. 
Abbreviations: ANOVA, analysis of variance; EA, elaidic acid; 
FAME, fatty acid methyl ester; GLC, gas-liquid chromatography; 
IPDA, isopentadecanoic acid, 13-methyltetradecanoic acid; L- 
94901, 3,5-dibromo-3'[(6-oxo- 1,6-dihydropyridazin-3-yl)methyl]- 
DL-thyronine; 13-MTDG, tri-13-methyltetradecanoyl)-glycerol; ty2, 
half life/lives; T3, triiodothyronine; TE, trielaidin. 

restriction to slow fat deposition, and the use of growth 
promoters and partitioning agents to depress fattening 
and to enhance muscle accretion (12). 

Triglyceride dynamics, such as fatty acid turnover, 
clearance, oxidation or uptake by adipose tissue have been 
investigated in humans and animals (13-15). Adipose tis- 
sue from the chicken serves as an excellent model for the 
study of direct incorporation and release of dietary fatty 
acids. The liver accounts for 90% of de novo fatty acid syn- 
thesis in young chickens (16), and other studies confirm 
that  in birds hepatic lipogenesis is much greater  than adi- 
pose tissue lipogenesis. Accordingly, nearly all fat that  ac- 
cumulates in broiler adipose tissue either evolves from 
synthesis in the liver or derives from the diet (17). 

Among the methods used to measure lipid turnover, 
in vivo techniques using structurally isomeric fat ty acids 
that  occur naturally in trace amounts have often been 
used. To this end, we reported in a preliminary account of 
this work that  isopentadecanoic acid (IPDA) is a suitable 
fatty acid marker  for triglyceride turnover rates in the 
adipose tissues of growing chickens (18). While this work 
was in progress, Lemarchal et al. (19) reported the use of 
elaidic acid (EA) for determining triglyceride turnover 
rates in 11- to 21-week-old chickens that  had been selected 
for either fatness or leanness. Aside from our earlier re- 
pert  (18), no measures of fat turnover have been published 
for young chickens when adipose growth rate is most 
rapid. 

This study reports the half-life of the fatty acid mark- 
ers, IPDA and EA in adipose depots of growing chickens 
between 6 and 10 wk and 2 to 7 wk of age, respectively. 
The effect of the thyromimetic repartit ioning agent, 
L-94901 on the turnover rate of elaidic acid in abdominal 
tissue of the growing chick from 2 to 7 wk of age also was 
measured. 

MATERIALS AND METHODS 

Synthesis of  labeled oils. The method for large-scale syn- 
thesis  of t r i isopentadecanoin [(tri-13-methyltetrade- 
canoyl)-glycerol; 13-MTDG)] by acid-catalyzed condensa- 
tion of 13-methyltetradecanoic acid (IPDA) with glycerol 
has been published (20). Trielaidin (TE) was prepared 
similarly from EA obtained by the isomerization of oleic 
acid (21). 13-MTDG (400 g) was blended with a commer- 
cially available unhydrogenated soybean oil (1 kg). Fat ty  
acyl chains were randomized by heating the oil mixture to 
80~ for 2 h in the presence of 0.4% sodium methoxide 
under  a nitrogen atmosphere (22,23). Similarly, EA-la- 
beled oil was prepared starting with TE. The randomized 
oils had the fatty acyl compositions reported in Table 1. 

Animals  and diets. In Experiment 1, forty female 
broiler chicks (Shaver Poultry Breeding Farms Ltd., On- 
tario, CA) were tagged with wing bands and fed commer- 
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TABLE 1 

Fatty Acid Composit ion of  Oil Supplements  
and Dietary Lipids a 

Fatty Soy oil Soy oil Unlabeled Labelled Labelled 
acids and IPDA b and EA b diet e diet A d diet B e 

14:0 0.15 0.16 0.09 0.08 0.12 
iso 15:0 f 22.20 - -  - -  11.73 - -  
16;0 7.90 7.91 11.48 10.70 7.80 
16:1n-9 0.35 0.33 0.13 0.12 0.17 
18:0 3.64 3.64 2.32 2.09 2.35 
t 18:1n-9 - -  18,04 - -  - -  8.45 
c 18:1n-9 20.40 22.30 22.94 21.55 26.54 
18:1n-7 1.68 1.80 0.70 0.62 0.77 
18:2n-6 38.60 38.62 54.19 49.94 46.76 
18:3n-3 4.83 4.75 6.77 1.70 2.31 
20:0 0.32 0.34 0.41 0.37 0.44 
aLipids from the unlabeled and labeled diets were isolated by Soxh- 
let extraction with diethyl ether. Fatty acid compositions are ex- 
pressed in wt% as determined by gas chromatography (see Materi- 
als and Methods section). 
bIPDA, isopentadecanoic acid, added as tri(13-methyltetrade- 
canoyl)glycerol; EA, elaidic acid, added as trielaidoylglycerol. 
CLipid composition of diet with 2% soy oil added to feed. 
dLipid composition of diet with 2% soy oil-IPDA mixture added to 
feed. 
eLipid composition of diet with 2% soy oil-EA mixture added to 
feed. 
fIsopentadecanoic acid, 13-methyltetradecanoic acid. 

cial s tar ter  rat ion until the diet was changed to unlabeled 
diet formulation at  eight days of age. The unlabeled diet 
(3.1 kcal/g; 23.1% crude protein; 11.9% moisture; 4.1% 
crude fat; 5.8% ash; 50.9% nitrogen-free extract; 2.3% 
crude fiber) was given ad libitum. At 25 d of age, birds 
were weighed and housed in individual cages equipped 
with individual feeder trays. At 28 d of age, birds were 
weighed and given individual feeders containing a fat ty 
acyl-labeled diet (Diet A). The composition of the two diets 
was the same, except tha t  labeled diet was formulated 
with 2% soy oil containing 22.2% of its triglyceride fat ty 
acids as IPDA (soy oil and IPDA), which replaced 2% un- 
labeled soy oil in the unlabeled diet (Table 1). After two 
weeks of feeding the labeled diet, feeders were weighed 
and replaced with clean feeders containing unlabeled diet. 

Exper iment  2 was designed similarly to Experiment  1 
with the exceptions tha t  younger birds were used, and EA 
was the label. Two groups of 35 birds each were raised as 
described in Exper iment  1 until birds were placed in indi- 
vidual cages at  14 d of age. A control group of 35 birds was 
given feeder t rays containing a diet (Diet B) tha t  was for- 
mulated as the unlabeled diet except tha t  2% soy oil was 
replaced with 2% soy oil tha t  contained 18.0% of its 
triglyceride fat ty  acids as EA. Fat ty  acyl composition of 
the labeled oil (soy oil and TE) and the hpid isolated from 
the unlabeled and EA-labeled diet (Diet B) are given in 
Table 1. Feeders for the t reated group contained the same 
labeled diet to which was added 2 ppm thyromimetic 
repart ioning compound L-94901 (Smithkline Beecham 
Animal Heal th  Products, West Chester, PA). Feeders of 
control and t reated birds were removed after two weeks of 
feeding the labeled diet. Control birds subsequently were 
given feeders tha t  contained unlabeled diet while t reated 

birds were given feeders containing unlabeled diet with 
2 ppm of L-94901. 

Experimental design. In the IPDA study, Experiment  1, 
four birds were killed a t  28, 33, 38, 42, 49, 56, 63 and 70 d 
of age. These ages correspond to 0, 5, 10 and 14 d of con- 
sumption of labeled diet and 7, 14, 21 and 28 d of subse- 
quent  consumption of unlabeled diet. Birds were killed by 
exsanguination after electrical stunning. Carcasses were 
chilled for 1 h in ice water  immediately after scalding, de- 
feathering and weighing. Abdominal and sartorial fat  de- 
pots were excised and frozen at  -20~ before lipid analy- 
sis. After removal of ingesta from the gastrointestinal 
tract, residual carcasses (defeathered carcasses without 
the removed adipose tissues) were ground with a mea t  
grinder, and homogeneous samples were frozen for hpid 
analysis. 

For both the t reated and control birds of Exper iment  2, 
feed consumption and body weight were recorded at  least  
every other day from 14 d of age until death. Three birds 
from each group were killed at  day 14, 18, 21, 28, 35, 39, 
42 and 49 of age. These ages correspond to 0, 4, 7, and 14 d 
of consumption of labeled diet with (treated) or without 
(control) L-94901 and 7, 11, 14, and 21 d of unlabeled diet 
with (treated) or without (control) L-94901. Abdominal 
adipose t issues were collected and stored using the proce- 
dures described in Experiment  1. 

Lipid isolation and analyses. Lipids were extracted 
from the diets with diethyl ether in a Soxhlet apparatus.  
Lipids were extracted from samples of abdominal (2 g) and 
sartorial (1 g) fat  tissues, and residual carcass (5 g) by the 
method of Marmer  and Maxwell (24). All tissue samples 
were analyzed in duplicate. Lipid extracts were stored in 
dichloromethane, and aliquots taken for percent hpid de- 
terminat ion (wt/wt) and fat ty acid composition. 

Fat ty  acid compositions (Table 1) were determined by 
gas-l iquid chromatography (GLC) of the fat ty acid methyl  
esters (FAME). FAME were prepared and quanti ta ted by 
the procedure of Slover and Lanza (25). FAME were sepa- 
rated on a Hewlet t -Packard (Avondale, PA) Model 5890 
gas chromatograph equipped with a split capillary injec- 
tor, a flame-ionization detector and a fused silica capillary 
column, 60 m x 0.25 m m  i.d., coated with SP-2340 (Su- 
pelco, Bellefonte, PA). He served as carrier gas (linear ve- 
locity of methane,  22.9 cm/s) a t  a split ratio of 80:1. FAME 
were separated by oven tempera ture  programming: initial 
t empera ture ,  140~ then  0.5~ to 150~ then  
2~ to 200~ hold for 20 min. Methyl heneicosanoate 
(21:0) served as internal standard. Signal analysis was ac- 
complished by routing the detector output  to a Hewlett- 
Packard Model 3396A integrator  and a Hewlet t -Packard 
Model 9122C mass  storage unit  for subsequent statistical 
analyses. The described chromatographic conditions gave 
complete baseline separation of all the fat ty acids listed in 
Table 1. 

Statistical analyses. The weight percent label found in 
the various tissues were analyzed by analysis of covari- 
ance using body weight as a covariate to determine the ef- 
fect of diet and age. Unadjusted means  for each combina- 
tion of diet and age were then subjected to a nonlinear re- 
gression analysis using an exponential decay model. 
Half-lives (ty2, the t ime required for label content to 
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decline by one-half) of IPDA or EA for each tissue were 
calculated from the coefficients of the exponential decay 
model (19) of the form Y = Ae -bt, where Y is the amount  of 
IPDA or EA at time t in days, A is the amount of IPDA or 
EA at the apex value, and b is the rate of decline of IPDA 
or EA. Statistical comparison of data from experiments 
were made by analysis of variance (ANOVA). All analyses 
were performed using the SAS sofLware system (26). 

RESULTS AND DISCUSSION 

IPDA and EA were used to determine fatty acid turnover 
rates in adipose tissues of growing chickens. In Experi- 
ment 1, four-week-old chicks were fed an IPDA-labeled 
diet for two weeks and subsequently fed an unlabeled diet 
for a four-week period. In Experiment 2, two-week-old 
birds were fed an EA-labeled diet for two weeks and sub- 
sequently fed an unlabeled diet for a three-week period. 
Chicks in the EA study were also fed the triiodothyronine 
analog L-94901 to determine if thyromimetic effects could 
be detected in fatty acyl turnover rates (27,28). All formu- 
lated diets had 4% total lipid content with fatty acid com- 
positions as listed in Table 1. Unlabeled diets had no de- 
tectable amounts of IPDA or EA. Fat ty acyl profiles were 
similar for each diet except for the impact of IPDA and EA 
substitution. Nearly 12% of the acyl residues in Diet A 
were IPDA, while approximately 8.5% of the fatty acyl 
residues in Diet B were EA. 

The abdominal adipose depot was selected for study 
since it is the largest discrete depot and is an early devel- 
oping adipose site (29). A second fat depot studied in the 
IPDA experiment was the sartorial fat pad. Like the ab- 
dominal depot, it is a discrete, though smaller adipose site 
that  is well-defined at hatch but is a later developing fat 
depot (30). Lipids extracted from the defeathered carcass 

with the abdominal and sartorial depots excised were also 
analyzed. Lipids extracted from the residual carcass were 
analyzed to follow fatty acid turnover in lipids throughout 
the chicken, predominantly skin-associated, intermuscu- 
lar and liver lipids. 

Carcass weight, adipose depot weight and total lipid 
content of depots increased with growth of the birds dur- 
ing the IPDA (Table 2) and EA (Table 3) experiments. 
The general t rend was for the residual carcass, and for 
the abdominal and sartorial fat tissues to increase in ab- 
solute mass during the IPDA study (Experiment 1). In 
each case, proportional lipid content remained constant 
as the absolute amount  of lipid increased with age and 
body weight of the birds. Fat ty  acid marker  analysis was 
designed to account for this dilution of the label with in- 
creasing tissue size by using body weight as a covariant 
in the data  analyses. 

The concentration of IPDA in fat depots (Table 2) in- 
creased from an undetectable level at the start of Experi- 
ment 1 (28 d of age) to a maximum of 19.3 mg/g of tissue 
for abdominal fat pad, 13.0 mg/g of tissue for sartorial fat 
pad, and 2.0 mg/g residual carcass after 14 d of feeding the 
IPDA diet (42 days of age). During this time, the total 
amount of IPDA in the tissues increased until 508, 43 and 
2,351 mg was present in the abdominal, sartorial and 
residual carcass depots, respectively. However, the maxi- 
mum amount of IPDA in the depots was reached at a tis- 
sue collection time subsequent to IPDA-diet withdrawal. 
The total amount  of IPDA increased to 652 mg in abdom- 
inal fat, 57.6 mg in sartorial fat and 2,695 mg in residual 
carcass at 49 d of age or 7 d after labeled-diet withdrawal. 
The percentage total IPDA increase between 42 and 49 d 
of age was larger for abdominal (28%) and sartorial (35%) 
depots than for carcass (15%). These data suggest differ- 
ences in mobilization and deposition rates among fat de- 
pots. However, for all tissues, total IPDA content consis- 

TABLE 2 

Abdominal  Adipose Deport, Sartorial Adipose Depot and Clean Carcass Weight, Lipid Content, 
Proportional Isopentadecanoic  Acid (IPDA) Content and Total IPDA in Fed Chickens a 

Age (days) 
28 33 38 42 49 56 63 70 

Abdominal fat pad 
Weight (g) 10.6 (0.4) b 17.6 (0.4) 15.3 (1.0) 25.8 (1.2) 45.9 (1.2) 40.1 (1.3) 52.5 (3.3) 45.7 (2.7) 
Lipid content (g) 8.3 (0.4) 14.5 (0.3) 12.4 (1.0) 22.0 (1.1) 40.2 (1.2) 35.5 (1.1) 48.1 (3.4) 38.2 (2.2) 
IPDA (mg/g tissue) 0.0 (0.0) 9.5 (0.3) 15.6 (0.4) 19.3 (0.3) 14.4 (0.3) 12.0 (0.4) 9.3 (0.4) 6.6 (0.2) 
Total IPDA (mg) 0.0 (0.0) 168 (6.5) 242 (19.0) 508 (18.0) 652 (11.0) 476 (11.0) 499 (41.0) 309 (23.0) 

Sartorial fat pad 
Weight (g) 1.5 (0.3) 2.1 (0.2) 2.6 (0.5) 3.4 (0.4) 5.0 (0.8) 4.4 (0.6) 4.6 (0.3) 7.7 (1.2) 
Lipid content (g) 1.3 (0.3) 1.8 (0.2) 2.0 (0.4) 2.9 (0.3) 4.2 (0.7) 3.6 (0.5) 4.0 (0.3) 5.8 (1.1) 
IPDA (mg/g tissue) 0.0 (0.0) 5.5 (0.7) 9.7 (0.9) 13.0 (0.7) 11.3 (1.1) 9.0 (1.5) 7.3 (0.8) 4.1 (0.4) 
Total mg IPDA 0.0 (0.0) 11.5 (1.4) 25.2 (4.8) 42.8 (3.2) 57.6 (14) 37.4 (2.5) 33.3 (3.9) 31.7 (6.3) 

Carcass 
Weight (g) 622 (7.2) 803 (14.0) 1017 (13.0) 1197 (14.0) 1622 (24.0) 1845 (42.0) 1831 (107)2113 (70.0) 
Lipid content (g) 65.8 (3.3) 89.8 (3.3) 103 (4.3) 141 (4.4) 215 (13.5) 236 (15.0) 225 (20.0) 297 (25.0) 
IPDA (mg/g tissue) 0.0 (0.0) 0.9 (0.1) 1.5 (0.1) 2.0 (0.1) 1.7 (0.1) 1.4 (0.1) 1.0 (0.3) 1.0 (0.1) 
Total IPDA (mg) 0.0 (0.0) 702 (53) 1563 (68) 2351 (90) 2695 (180) 2505 (158) 2121 (169) 1864 (119) 

aWhe 28-day-old birds were fed an IPDA-labeled diet for two weeks followed by four weeks of feeding an unlabeled diet. 
bData presented are means and SEM of at least three birds. 
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TABLE 3 

Abdominal  Adipose Depot Weight, Lipid Content, Proportional Elaidic Acid (EA) Content and Total EA Content 
of  Control and Thyromimetic-Treated Chickens a 

Age (days) 

14 18 21 28 35 39 42 49 

Carcass 
Weight (g) Control b 267 (17) 378 (34) 503 (12) 722 (102) 1195 (87) 1377 (57) 1399 (107) 1763 (74) 

Treated c 242 (17) 388 (10) 496 (17) 771 (29) 1247 (92) 1301 (52) 1455 (120) 1942 (105) 
Abdominal fat pad 

Weight (g) Control 5.0 (1.4) 7.7 (1.9) 10.5 (1.0) 18.1 (1.4) d 35.1 (1.8) d 39.7 (1.8) d 41.0 (6.9) 49.9 (6.5) 
Treated 2.0 (0.1) 7.6 (0.8) 9.4 (1.0) 14.4 (1.1) d 27.9 (2.1) d 31.5 (2.1) d 34.5 (3.4) 52.8 (9.9) 

Lipid Content (g) Control 3.8 (1.4) 6.4 (1.6) 8.4 (0.8) 15.4 (1.8) 30.3 (2.5) 38.1 (2.2) 36.8 (7.0) 42.0 (6.1) 
Treated 1.8 (0.1) 6.5 (0.8) 7.7 (0.9) 12.2 (0.9) 24.8 (1.8) 27.6 (1.6) 30.5 (3.2) 47.6 (8.6) 

EA (mg/g tissue) Control 2.8 (0.4) 7.2 (0.8) 10.1 (0.2) 11.5 (0.3) 7.3 (0.6) 6.3 (0.2) 5.5 (0.3) 4.1 (0.50) 
Treated 3.2 (0.3) 8.3 (2.0) 9.3 (0.5) 10.6 (1.5) 13.0 (1.7) 9.6 (1.2) 3.1 (0.9) 1.1 (0.1) 

Total EA (rag) Control 13.2 (1.6) 55.5 (15) 106 (11) 207 (22) 270 (30) e 250 (18) 226 (40) e 200 (24) e 
Treated 6.6 (0.4) 63 (8.2) 87 (10) 151 (19) 357 (22) e 303 (51) 105 (26) e 47.4 (8.5) e 

aData presented are means and SEM of at least three birds. 
bThe 14-day-old birds were fed EA labeled diet for two weeks followed by three weeks on unlabeled diet. 
CFed as control birds except that EA diet and unlabelled diet contained 2 ppm thyromimetic L-94901. 
dpaired (control-treated) values within a column with the same superscript are significantly different at P < 0.10 level using analyais of 
variance (ANOVA). 
epaired (control-treated) ~/alues within a column with the same superscript are significantly different at P < 0.05 level using ANOVA. 

tently declined a f a r  the peak IPDA content was deter- 
mined at 49 d until the end of the study. 

The occurrence of maximal IPDA content at  49 d indi- 
cated tha t  incorporation of IPDA from ingesta in the di- 
gestive t ract  after removal of labeled diet was signifi- 
cant. Labeled feed was removed from all birds in the ex- 
periment  before they were killed at 42 d. Ingesta were 
removed from gastrointestinal tracts before 42-d birds 
were processed for analysis. Birds remaining on the 
study for observations beyond 42 d (49, 56, 63 and 70 d) 
were allowed to digest and adsorb ingested labeled diet. 
The increased IPDA content can be explained by this 
factor when combined with the variation associated with 
individual birds killed at these times. Approximately 
12% of fat ty acids in the 5% crude fat of the labeled diet 
was IPDA. The average daily feed intake for broilers at  
42 d of age is over 100 g per day. Accordingly, digestive 
tract  contents can include substantial  amounts  of feed 
stored in the crop. This residual absorption potential 
when considered with the size of s tandard errors rela- 
tive to the amount  of IPDA increase between 42 and 49 d 
supports this explanation. The delay in maximal IPDA 
content perhaps also includes loss of dietary fat in trans- 
port to the liver and lipoprotein particles during exsan- 
guination (31). 

Gross trends of abdominal adipose mass, lipid content 
and label incorporation data from Experiment 2 were sim- 
ilar to those of Experiment 1 (Table 3). Carcass weight, 
adipose tissue mass and total lipid content generally in- 
creased from the start, two weeks of age, to the end, seven 
weeks of age, of the study for both control and thy- 
romimetic-treated (2 ppm L-94901) birds. There were no 
significant differences in body weight or feed intake be- 
tween control and treated birds. However, significant (P < 
0.10) decreases in the size of the fat pads were detected for 
thyromimetic-treated birds as compared to control birds 

at 28, 35 and 39 d of age, which correspond to 14, 21 and 
25 d of exposure to thyromimetic (Table 3). The tri- 
iodothyronine analog L-94901 was observed to markedly 
decrease the abdominal adipose tissue mass in broilers 
(Gyurik, R.J., unpublished results) but  the mechanism of 
this effect has not been published. Since thyromimetic 
compounds increase lipid mobilization and tissue 
turnover, they should also up-regulate fatty acid turnover 
rates. Moreover, increased thyroid hormone-like activity 
decreases relative abdominal adipose tissue mass in 
chickens (32). 

EA incorporation into control birds exhibited character- 
istics similar to those observed for IPDA incorporation in 
Experiment 1. The concentration of EA in the abdominal 
adipose tissue of control chicks increased to an apex of 
11.5 mg/g at 28 d of age (Table 3). This apex of EA con- 
centration occurred at the time of EA diet withdrawal and 
is consistent with the data from all fat depots from IPDA 
Experiment 1. On the other hand, the apex at an EA con- 
centration of 14.6 mg/g was not reached in thyromimetic- 
treated birds until 35 d of age. This anomalous observa- 
tion suggests that  fatty acid adipose tissue dynamics are 
altered by thyromimetic treatment. 

In general, there were no significant differences in the 
total amount of EA deposited into the abdominal depot of 
treated birds relative to the amount deposited in control 
birds over 14 days of feeding the labeled diet. However, 
significant (P < 0.05) differences in total EA content were 
found a ~ r  removal of the label that  also suggested al- 
tered adipose tissue dynamics. The maximal total amount 
of EA incorporated into the abdominal adipose tissue was 
seen in 35 days of age for both control and treated birds 
(270 and 357, respectively). These maxima of total EA con- 
tent are significantly different (P < 0.05) (Table 3) and fol- 
lowed cessation of feeding fatty acid-labeled diet, just  as 
observed in the IPDA experiment. 
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The previously emphas ized  differences in responses be- 
tween thyromimet ic- t rea ted  birds and  control birds from 
Exper iment  2, and the repletion da ta  from Exper iment  1 
can be explained by al tered lipid and  t issue dynamics.  The 
increased EA concentrat ion tha t  was  seen later  in thy- 
romimet ic- t rea ted birds t h a n  in control birds would resul t  
f rom a reduced dilution ra te  of EA with unlabeled fat ty 
acids t h a t  occurs as a normal  consequence of  growth.  An  
increased tu rnover  of  deposited triglyceride in t rea ted  
birds would be consistent  with this observation. However, 
the  grea ter  accumula t ion  of  total EA in thyromimetic-  
t rea ted  birds relative to control birds (357 vs. 270 mg) sug- 
gests  t ha t  thyromimet ic-s t imula ted  fat  mobilization was  
followed by a disproport ionate redeposit ion of fat in ab- 
dominal  adipose t issue from other  more labile pools. This 
phenomenon  also was  observed i n  Exper iment  1 where  
h igher  proport ional  increases of  IPDA incorporat ion affmr 
label wi thdrawal  (42 vs. 49 d of age) occurred in abdomi- 
nal  and sartorial  depot lipid relative to the higher  incor- 
porat ion observed in carcass lipid (28, 35 and 15%, re- 
spectively). These site differences could resul t  e i ther  from 
modifications of  the  d ie tary  fa t ty  acid profile and the effect 
of d e  n o v o  fa t ty  acid synthesis  by the  liver before subse- 
quen t  delivery to fat depots (33) or from mobilization of  
fa t ty  acids f rom labile depots and redeposit ion in less la- 
bile depots. The thyromimet ic  t r i iodothyronine analog 
L-94901 also m a y  have suppressed de n o v o  triglyceride 
synthesis  (28). 

The  depletion ra tes  of  IPDA and  EA from adipose de- 
pots and  carcass lipids were measured  as a decline in total 
fa t ty  acid m a r k e r  content.  The  tl] 2 of  fa t ty  acids, IPDA 
and  EA, were de termined  from functions of total mg  fat ty  
acid label in the t issue over the age of the  birds. These 
da ta  are presented graphical ly in Figures  1 and  2 for Ex- 
per iments  1 and  2, respectively. Two stages of IPDA con- 
t en t  are  depicted in Figure  1. An  IPDA loading phase  oc- 
curred f rom 28 to 49 d corresponding to 7 d beyond which 
the  IPDA-labeled diet was  fed. A depletion phase  followed 
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FIG. 1. Total  i s o p e n t a d e c a n o i c  a c i d  (IPDA) c o n t e n t  o f  adi-  
p o s e  t i s s u e s  (n = 3) as  f u n c t i o n  of  t i m e  for  b i rds  f ed  a n  IPDAo 
l a b e l e d  d ie t  f rom 4 to 6 w k  o f  a g e  f o l l o w e d  b y  u n l a b e l e d  d ie t  
to  10 w k  o f  age.  
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FIG. 2. Total  e l a id i c  a c i d  (EA) c o n t e n t  of  a b d o m i n a l  fat  p a d  
(n ffi 3) as  f u n c t i o n  of  t ime.  Contro l  b i rds  w e r e  f ed  a n  EA-la- 
b e l e d  d ie t  f rom 2 to 4 w k  of  a g e  f o l l o w e d  b y  3 w k  on  un la -  
b e l e d  diet .  Treated  b i r d s  w e r e  f ed  t h e  s a m e  d ie t  as  contro l s  
b u t  c o n t a i n i n g  2 p p m  of  the  t h y r o m i m e t i c  L-94901. 

from day 49 to 70 d of  age when  birds were fed the IPDA- 
free, unlabeled diet. Similar  repletion (14 to 35 d) and  de- 
pletion (35 to 49 d) phases  were observed for EA over the 
course of  Exper iment  2 (Fig. 2). Measures  of  fa t ty  acid dy- 
namics  can be obtained from da ta  collected dur ing  the de- 
pletion phase  (13-15) since IPDA and EA are used as en- 
ergy sources like normal  const i tuent  sa tu ra ted  and  unsa t -  
u ra ted  fa t ty  acids. 

The t y  2 of  IPDA and  EA are listed in Table 4. For  the  
abdominal  and sartorial  fat depots, tl/2 of  IPDA were 20 • 
4 and 23 • 6 d, respectively. These values are  not  statisti- 
cally different. For  total  carcass lipids, the  tl/2 of  IPDA 

TABLE 4 

Half -Lives  (tl/2) a n d  T ur nove r  T i m e s  (T) 
for  I s o p e n t a d e c a n o i c  Ac id  (IPDA) 
a n d  E la id i c  A c i d  (EA) in  the  G r o w i n g  C h i c k  

IPDA EA 

Tissue ty 2 (d) a T (d) b tl/2 (d) c T (d) b 

Clean carcass d 23 _+ 3 33 _+ 5 
Sartorial d 23 • 6 33 -+ 9 
Abdominal d 20 _+ 4 29 • 6 
Abdominal (control) e 18 -+ 3 f 20 • 2 g 
Abdominal (treated) h 6 • 2 f 9 • 3# 
aHalf-life _+ SE (days) of IPDA calculated from decay curve (Y = 
A e  -bt, Y = total mg IPDA) from Figure 2. 
bTurnover times of IPDA and EA were calculated from T = 1/b from 
decay curve Y = A e  ~t .  
CHalf-life +_ SE (days) of EA in days calculated from decay curve 
( Y  = A e  ~'t, Y = total mg of EA) from Figure 3. 
dData for 28-day-old birds fed IPDA-labeled diet for two weeks fol- 
lowed by four weeks on unlabeled diet. 
eData for 14-day-old birds fed EA-labeled diet for two weeks fol- 
lowed by three weeks on unlabeled diet. 
f~Mean values within the same column with a letter in common 
are significantly different (P < 0.05) using analysis of variance con- 
trasts. 
hBirds fed as control except that EA-labeled diet and unlabeled 
diet contained 2 ppm of the tyromimetic L-94901. 
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was 27 _+ 2 cl, which is not significantly larger than  the 
former half-lives. The ty  2 for EA in abdominal adipose tis- 
sue of growing birds was 18 _+ 3 and 6 _+ 2 d for control and 
thyromimetic-treated birds, respectively. These t la  are 
significantly (P < 0.05) different, which suggests that  the 
thyromimetic L-94901 affects adipose tissue dynamics. 
The t y  2 for IPDA determined in the adipose depots and 
carcass lipids of Experiment 1 are comparable to those re- 
ported for the rat  in epididymal fat (ty 2 = 18 d) (13) and 
for adipose tissue using other structurally isomeric fatty 
acids (34). In Experiment 2, the tl/2 of elaidic acid found in 
abdominal tissue of control birds (18 d) was lower than the 
reported ty  2 of EA in abdominal tissue for 11- to 21-week- 
old-chickens (29 d) reported by another laboratory (19). 
This difference may be due to the more rapid development 
and tissue turnover rates of fat depots in two- to seven- 
week-old birds as compared with older birds. 

Turnover times (T), defined as the time required for a 
given amount of given fatty acid triglyceride to be re- 
moved from an adipose site, were calculated from the re- 
lationship T = ty2/ln2 = 1/b where b is the slope of the ex- 
ponential curve used to determine the ty  2 of the fatty acid. 
This relationship assumes no exogenous source of the 
fatty acid during the measurement of the depletion phase 
of the study. Under this condition, T for IPDA and EA 
were measured as reported in Table 4. As with tl/2, no dif- 
ferences in T for IPDA in the adipose tissues studied were 
observed with T on average being 30 d (Table 4). The T for 
EA in abdominal adipose tissue were statistically differ- 
ent (P < 0.05) for untreated and treated birds (20 -+ 2 vs. 
9 +_ 3 d, respectively). These times are shorter than those 
found (18) for older birds where a T of 43 and 46 d was re- 
ported. The data indicate that  coincident with rapid 
growth and fat depostion, significant amounts of triglyc- 
eride are mobilized in the growing chick. The data also 
suggest that  the T3 analog L-94901 significantly affects 
the turnover rates of fatty acids in abdominal adipose tis- 
sue and affects fat pad growth. 
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Effects of Dietary Fat and Fatty Acids on Sterol Balance in Hamsters 
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Departments of Surgery, Beth Israel Medical Center and the Mount Sinai School of Medicine of the City University of New York, 
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Sterol  ba lance  studies ,  us ing  both  i so top ic  and chromato-  
graphic  techniques ,  were  carried out  in hRm~ters fed 
semipur i f i ed  d ie ts  to de tec t  changes  in s tero l  metabof i sm 
during  the  ear ly  per iod  of  the  l i thogenic  s t imulus .  The 
ba lance  s tudies  e x a m i n e d  animals  in the  first t w o  w e e k s  
on  the  e x p e r i m e n t a l  l i thogenic  diets.  The var iables  w e r e  
as  fol lows: dose  o f  cho les tero l  (group 1, 0.05% vs. group 2, 
0.2%); d ie tary  fat (fatty acid) (group 2, butterfat  vs. group 
4, pa lmi t i c  acid); source  o f  h a m s t e r  [group 2, Sasco  
(Omaha,  NE) vs.  group 3, Charles  River  (Wilmington, 
MA)]; average  w e i g h t  of  Animals (group 4, 60 g VS. group 5, 
119 g). Stnimals in groups  1, 2, 3 and 5 main ta ined  Almost 
cons tant  w e i g h t  throughout  the  t w o - w e e k  balance  study. 
Liver  and p lasma  cho les tero l  l eve ls  increased  in groups  
2-5 w i th  increas ing  dose  o f  d ie tary  choles terol .  The  high- 
e s t  l eve l s  w e r e  f o u n d  in group  4 ( l iver  cho le s t ero l ,  
32.7 rag/g; p la sma  choles tero l ,  367 mg/dL). Sterol  ba lance  
m e a s u r e m e n t s  s h o w e d  that  b i le  acid synthes i s  r e m a i n e d  
l o w  (range 0.55-1.01 mg/d) for all  groups  regardless  o f  the  
i n t a k e  o f  d ie tary  cho les tero l  (range, 3.27-20.90 rag/d). The 
d ie tary  cho les tero l  absorbed from the  in tes t ine  (renge,  
2.91-18.91 mg/d) w a s  s tored in the  liver;, th is  s torage  w a s  
re f lec ted  in the  negat ive  va lues  for cho les tero l  ba lance  
for all groups  (range, -0 .70 to -14.97 mg/d). These  s tudies  
did not  revea l  any  corre la t ions  b e t w e e n  parameter s  of  
s terol  ba lance  and chole l i th ias is .  
Lipids 29, 503-508 (1994). 

The etiology of cholesterol cholelithiasis is probably multi- 
factorial-metabolism of biliary lipids and proteins, the 
gallbladder and, indirectly, the diet all play a role in pro- 
ducing supersaturated bile, nucleating factors, vesicles, 
cholesterol crystals and stones (1-9). The systematic ex- 
amination of factors believed to be important  for the initi- 
ation/propagation of cholesterol cholelithiasis requires an 
effective and reliable animal model. Our laboratory has 
used the Sasco hamster  (Omaha, NE), fed a nutritionally 
adequate semipurified diet (SPD) containing corn oil plus 
4% butterfat  and 0.3% cholesterol, for several reasons. 
First, animals fed this diet consistently had a cholesterol 
gallstone incidence of 50-60%, remained healthy and con- 
tinued to grow (10-13). This was in contrast to animals 
fed fat-free lithogenic diets, which also form stones; how- 
ever, many animals developed diarrhea, became ill and 
died during the experiment (14). 

We have reported that  cholesterol gallstones can be in- 
fluenced by several factors, including (i) the intake of var- 
ious dietary fats (12,13) and (ii) the source of hamster. A 
group of Sasco hamsters  fed the SPD plus 0.3% cholesterol 
and 4% butterfat  had a gallstone incidence of 63% (12). 

*To whom correspondence should be addressed at the Department 
of Surgery, Beth Israel Medical Center, First Avenue at 16th 
Street, New York, NY 10003. 
1Permanent address: Institute of Pharmaceutical Sciences, Hi- 
roshima University School of Medicine, Hiroshima 734, Japan. 
Abbreviations: GLC, gas-liquid chromatography; PAD, palmitic 
acid diet; SPD, semipurified diet. 

Replacement of butterfat  with either olive oil, corn oil, 
menhaden oil or safflower oil prevented gallstone forma- 
tion, whereas substitution of palmitic acid for butterfat  in- 
tensified cholelithiasis (12). Animals from Charles River 
(Wilmington, MA), fed the identical lithogenic diet and 
treated in a similar manner, formed significantly fewer 
gallstones (10). The cholesterol metabolism/sterol balance 
in the hamsters  from these two sources might be different, 
and this difference could alter cholelithiasis. 

The sterol balance method was developed to provide a 
reliable estimate of cholesterol absorption, synthesis and 
turnover in the steady or near-steady state (15-23). The 
present study extends our preliminary sterol balance 
studies in hamsters  (23) and examines in detail the effect 
of various factors as follows: (i) the effect of dose of choles- 
terol (0.05% vs. 0.2%) (group 1 vs. group 2), (ii) differences 
between strains (source) of hamster  (group 2 vs. group 3), 
and (iii) cholesterol metabolism in animals with weights 
(ages) similar to those at the beginning (group 4) and at 
the end (group 5) of our gallstone prevention studies. Em- 
phasis was placed on initial events (a two-week balance 
study) of our dietary manipulations prior to the develop- 
ment of cholesterol gallstones in this model. The data sug- 
gest tha t  dietary fat (butter or palmitic acid) can produce 
an increase in plasma and liver cholesterol with little en- 
hancement  in endogenous bile acid synthesis. Cholesterol 
balance was a negative value, suggesting accumulation of 
dietary cholesterol in this model. 

MATERIALS AND METHODS 

Animals and diets. Male golden Syrian hamsters  
(Mesocricetus auratus), weighing ei ther  57-66 g or 
102-124 g, were purchased from Sasco, Inc. or from 
Charles River Breeding Lab. Animals were quarantined 
for one week after arrival. All animals (five per group) 
were placed in individual metabolic cages (Acme Research 
Products, Cincinnati, OH) for four days prior to the exper- 
iment, and fed powdered chow and water  ad libitum. The 
cages used allow for quantitative recovery of feces from 
each hamster. 

The methods were those commonly used for humans or 
rats, but  with certain modifications necessary for the 
hamster  (15-18). All food was finely ground and weighed 
every two days to allow accurate measure of food intake. 
On day 1 of the experiment, each hamster  was injected in- 
traperitoneally with 5 ~Ci of R-[2-14C]mevalonolactone in 
sterile saline. Feeding of the experimental diet was begun 
immediately after the injection. All animals were main- 
tained under  similar conditions, using a 12-h light/dark 
cycle for the duration of the 14-d experiment. Feces were 
collected quantitatively on days 6, 8, 11 and 14 after iso- 
topic labeling. Blood to measure the specific activity of 
serum cholesterol could not be collected v/a the tail vein as 
reported earlier (23), but  was obtained by cannnlation 
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(under local anesthesia) of the jugular  vein (days 8 and 11) 
(followed by electrocautery to minimize bleeding) and by 
cardiac puncture (day 14). At sacrifice (day 14), samples of 
bile and liver were obtained for determination of biliary 
cholesterol specific activity, liver cholesterol concentration 
and liver cholesterol specific activity. 

Labeled compound. R-[2-14C]Mevalonolactone (Amer- 
sham Corp., Arlington Heights, IL) in toluene was found 
to be greater  than 98% pure by thin-layer chromatogra- 
phy on silica gel 60 using acetone/benzene (1:1, vol/vol). 
Solvents were evaporated under  nitrogen, and the meval- 
onolactone was redissolved in sterile saline (5 x 106 
dpm/0.5 mL). 

Reference compounds. Cholesterol (Sigma Chemical Co., 
St. Louis, MO) was recrystallized from boiling ethanol. 
The material  was dried in vacuo and stored under  nitro- 
gen. 5a-Cholestane (Alltech Associates, Inc., Deeriield, IL) 
was used as the internal standard for gas-liquid chro- 
matography (GLC) when separating the neutral  sterols 
and acidic steroids after preparation of the trimethylsilyl 
derivatives. 

GLC. The methods and conditions were similar to those 
described earlier, with certain modifications (15,16). All 
analyses were carried out on a Hewlett-Packard (Palo 
Alto, CA) 5890A gasch romatograph  equipped with a 
flame-ionization detector. The column used was a capil- 
lary Econo Cap SE-30 (30 m, 0.32 mm) (Alltech). Condi- 
tions for the analyses, including injector (265~ detector 
(265~ and oven temperature  (245~ were identical to 
those used for packed columns (15,16). 

Preparation of diets. The diets fed to all groups were 
purchased from Dyets Inc. (Bethlehem, PA). They con- 
tained the following basic components: 43.7% corn starch, 
20% casein, 14.6% dyetrose (soluble starch), 10% fiber 
(cellulose), 5% salt mix (modified U.S.P. XIV salt mix no. 
200951), 2% corn oil, 0.5% vitamin mix (no. 300000), 0.2% 
choline chloride and 4% butterfat.  This diet is defined as 
semipurified diet + 4% butterfat,  or butterfat  diet. Cho- 
lesterol and 1.2% palmitic acid (in place of butterfat)  was 
added and the groups/diets defined as follows: group 1, 
butterfat  diet + 0.05% cholesterol; groups 2 and 3, butter- 
fat diet + 0.2% cholesterol; groups 4 and 5, palmitic acid 
diet (PAD) + 0.3% cholesterol. 

Methods for the isolation and quantitation of neutral 
and acidic steroids. The analyses were carried out using 
procedures described earl ier  (17). Fecal samples 
(0.8-1.0 g) were dried, powdered and extracted with 
ethanol for 48 h. After evaporation to 20 mL, 2 mL of 10 N 
NaOH was added, and the samples were refluxed for 1 h. 
Water was added, and the neutral  sterols were extracted 
with hexane (50 mL, 2• The neutral  sterols were quanti- 
tated by GLC using 5a-cholestane as an internal standard 
after preparation of the trimethylsilyl derivatives. The 
weight of each neutral  sterol component was directly pro- 
portional to the area of the 5a-cholestane (17). 

The aqueous solution containing the acidic steroids was 
evaporated to dryness, redissolved in 18 mL of water  and 
brought to 2 N in respect to NaOH by addition of 10 N 
NaOH. The acidic steroids were hydrolyzed at  14-16 psi 
in an autoclave for 3 h. Each sample was cooled and the 
pH adjusted to 1-2 by addition of HC1. The bile acids were 

extracted once with 50 mL of Folch mixture,  
CHC13/MeOH (2:1, vol/vol), followed by 50 mL of chloro- 
form. All samples were evaporated to dryness. Bile acid 
methyl esters and trimethylsilyl derivatives were pre- 
pared using conditions as described earl ier  (17,18). Total 
bile acids were quanti tated by capillary GLC using condi- 
tions similar to those for packed columns. The helium flow 
ra te  was 35 mL/min. 3a,7a-Dihydroxy-12-keto-5~- 
cholanoic acid was used as quantitative internal standard. 

Calculations (Refs. 19,23). Fecal neutral  sterols and 
fecal acidic steroids (rag/g, rag/d) were determined by 
GLC. Cholesterol in the diet was assayed following ex- 
traction of the food (1-2 g) with ethanol using procedures 
similar to those used for fecal neutral  sterols. Endogenous 
neutral  sterols (mg/d) were calculated from the value for 
the total radioactivity in the neutral  sterol fraction di- 
vided by the specific activity of the plasma cholesterol de- 
termined two days earlier. Cholesterol absorption was de- 
termined by the difference between the intake of dietary 
cholesterol (determined from analyses of food) and the un- 
absorbed neutral  sterols. Cholesterol turnover was the 
total of endogenous neutral  sterols (mg/d) plus total (en- 
dogenous) bile acids (mg/d). Cholesterol balance was the 
difference between cholesterol turnover and cholesterol 
absorption. 

Statistics. The numerical data are expressed as mean _+ 
SD. Differences between data in experimental groups were 
calculated using analysis of variance to determine the F 
statistic. When the F statistic was significant, the level of 
significance was determined by Student's t-test (24). 

RESULTS 

Sterol balance studies were undertaken to determine 
whether  diets tha t  were used for gallstone formation (con- 
taining either butterfat  or palmitic acid, a major fat ty acid 
component of but terfa t )  al tered cholesterol absorp- 
tion/synthesis in the hamster. We fed nutritionally ade- 
quate semipurified diets that  were altered to examine var- 
ious parameters  as follows: (i) cholesterol absorption by 
varying the amounts of cholesterol (0.05% and 0.2%), 
group i vs. group 2; (ii) cholesterol absorption by varying 
dietary fat (fatty acid) and dose of cholesterol, group 2 vs. 
group 4; (iii) comparison of a hamster  in which stones 
form readily (Sasco) to one in which few stones form 
(Charles River), group 2 vs. group 3; and (iv) comparison 
of cholesterol balance in Sasco hamsters  that  are four 
weeks old (and weigh about 60 g) to those that  are eight 
weeks old (and weigh about 120 g), group 4 vs. group 5. 
Groups 4 and 5 were studied because gallstone incidence 
was significantly higher in younger vs. older hamsters  fed 
identical diets for six weeks. It  would be important  to de- 
termine whether  factors affecting cholesterol metabolism 
were related to this difference. The balance period in these 
studies was for two weeks (in which stones and crystals 
had not yet formed) vs. six weeks for our gallstone forma- 
tion studies. Our goal was to evaluate early changes in 
cholesterol metabolism using diets tha t  affect stone inci- 
dence. Animals in all groups maintained almost constant 
weight throughout the experiment; daily food intake 
ranged from an average of 7.1 g/d (group 2) to 11.0 g/d 
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TABLE 1 

E f f e c t  o f  D i e t a r y  C h o l e s t e r o l  a n d  F a t t y  A c i d s  o n  A n i m a l  Weight ,  F o o d  I n t a k e  a n d  F e c a l  O u t p u t  a 
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Init ial  weight Final  weight Food intake b Fecal output  c 
Group Source Diet (g) (g) (g/d) (g/d) 

1 Sasco d 
(four weeks old) 

2 Sasco 
(four weeks old) 

3 Charles  River d 
(four weeks 01d) 

4 Sasco 
(four weeks old) 

5 Sasco 
(eight weeks old) 

Semipurified diet  + 4% but te r fa t  106 • 10 
+ 0.05% cholesterol (99-116) 

But ter fa t  diet + 0.2% cholesterol 87 • 8 
(76-96) 

But ter fa t  diet  + 0.2% cholesterol 86 • 4 
(83-94) 

Palmitic acid diet  + 0.3% cholesterol 60 _* 4 
(57--66) 

Palmitic acid diet  + 0.3% cholesterol 119 • 7 
(112-124) 

105 _.+. 11 
94-120) 

95 • 10 
86-104) 

84 • 12 
(66-96) 

80 _+ 20 
59-102) 

124 _+ 12 
(106-134) 

7.8 • 1.3 1.1 _+ 0.2 
(5.5-9.8) (0.7-1.5) 

7.1 • 1.9 1.0 _+ 0.3 
(1.0-9.1) (0.4-1.3) 

8.4 • 2.3 1.2 • 0.3 
(5.5-12.1) (0.6-2.1) 

8.5 • 2.8 1.0 • 0.3 
(2.7-13.0) (0.4-1.5) 

11.0 _+ 2.4 1.2 _+ 0.4 
(6.7-14.0) (0.3-1.8) 

aNumbers are averages • SD; numbers  in parentheses  represent  the  range. But te r fa t  diet = semipurified diet + 4% butterfat ;  palmitic 
acid diet  = semipurified diet + 1.2% palmitic acid. See Materials  and Methods section for components of the  semipurified diet. 

bA daily average for the  14-day experimental  period. 

eDetermined from the  feces collected on days 6, 8, 11 and  14 of the  experiment.  

dHamsters  from Sasco (Omaha, NE) or Charles River (Wilmington, MA). 

( g r o u p  5). D a i l y  feca l  o u t p u t s  w e r e  a l m o s t  i d e n t i c a l  i n  a l l  
f ive  g r o u p s  ( r a n g e  o f  1 . 0 - 1 . 2  g/d)  ( T a b l e  1). T h e  spec i f i c  ac-  
t i v i t i e s  of  c h o l e s t e r o l  i n  l iver ,  p l a s m a  a n d  b i l e  w e r e  s imi -  
l a r  i n  e a c h  g r o u p  o n  t h e  d a y  o f  sac r i f i ce  ( d a y  14). N e i t h e r  
c h o l e s t e r o l  c r y s t a l s  n o r  s t o n e s  w e r e  p r e s e n t  i n  t h e  b i l e  o f  
a n y  o f  t h e  a n i m a l s .  A n i m a l s  f ed  b u t t e r f a t  ( g r o u p s  1 - 3 )  

h a d  s i m i l a r  w e i g h t  g a i n ,  food i n t a k e ,  a n d  feca l  o u t p u t  a n d  
r e m a i n e d  a s  h e a l t h y  a s  a n i m a l s  f ed  t h e  P A D  ( g r o u p s  4 

a n d  5). 
T i s s u e  c h o l e s t e r o l  l e v e l s  a r e  s u m m a r i z e d  i n  T a b l e  2. 

P l a s m a  c h o l e s t e r o l  w a s  s i m i l a r  i n  h a m s t e r s  f ed  d i e t s  con-  
r a i n i n g  e i t h e r  0 . 0 5 %  c h o l e s t e r o l  ( g r o u p  1) o r  0 .2% cho les -  

TABLE 2 

E f f e c t  o f  D i e t a r y  C h o l e s t e r o l  a n d  F a t t y  A c i d s  o n  C h o l e s t e r o l  C o n c e n t r a t i o n  i n  B o d y  T i s s u e s  a n d  G a l l s t o n e  F o r m a t i o n  a 

Group Source Diet 

Cholesterol 
Liver Liver P lasma gallstone 

weight cholesterol cholesterol incidence 
(g) (rag/g) (mg/dL) week 6 b 

Semipurified diet 
1 Sasco + 4% but te r fa t  

(four weeks old) + 0.05% cholesterol 4.9 -+ 0.7 6.1 • 1.9 c 192 • 50 0/14 d 

2 Sasco But te r fa t  diet 
(four weeks old) + 0.2% cholesterol 5.6 • 0.7 17.4 • 3.2 208 • 26 8/16 e 

3 Charles River But te r fa t  diet 
(four weeks old) + 0.2% cholesterol 6.1 • 0.6 16.1 • 4.8 212 _* 40 0/10 f 

4 Sasco Palmitic acid diet  
(four weeks old) + 0.3% cholesterol 5.4 • 1.4 32.7 -+ 6.5 367 • 97 g 14/15 h 

5 Sasce Palmitic acid diet  
(eight weeks old) + 0.3% cholesterol 5.8 -+ 1.0 16.0 -+ 2.3 i 361 • 82 / 10/15 h 

aNumbers are averages • SD. See Table 1 for information on diets and sources. 

bGallstone incidence determined from earl ier  studies after  feeding exper imental  diets for six weeks. 

eDifiers from groups 2-5,  P < 0.01. 

dGallstone incidence for an imals  t rea ted  similarly but  fed semipurified diets + 4% but te r fa t  + 0.1% cholesterol. 

eFrom Reference 13. 

fGallstone incidence for animals  t rea ted  similarly but  fed but te r fa t  diet + 0.3% cholesterol. 

gDiffers from group 1, P < 0.01. 

hFrom Reference 26. 

/Differs from group 4, P < 0.0I. 

JDiffers from group 1, P < 0.01. 
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te ro l  (group 2, 192 vs. 208 mg/dL,  respect ively) .  The re  was  
no s igni f icant  difference in  p l a s m a  choles terol  for Sasco 
vs. Cha r l e s  River  a n i m a l s  (group 2 vs. group 3). P l a s m a  
choles terol  levels  i nc r ea sed  s ign i f ican t ly  w i th  t h e  add i t i on  
of  1.2% pa lmi t i c  acid  p lus  0.3% choles terol  to t he  diet;  the  
inc rease  in  p l a s m a  choles terol  ( compared  to a n i m a l s  fed 
0.05% cholesterol)  was  s im i l a r  when  the  s t a r t i n g  we igh t s  
were  e i t he r  60 g (group 4) or  119 g (group 5; 367 vs. 
361 mg/dL,  respect ively) .  A n i m a l s  fed pa lmi t i c  acid  p lus  
0.3% choles terol  h a d  p l a s m a  choles terol  levels  h i g h e r  t h a n  
those  fed b u t t e r f a t  + 0.2% cholesterol ,  r ega rd l e s s  of  age 
(367 a n d  361, g roups  4 a n d  5 vs. 208 a n d  212, g roups  2 
a n d  3, respect ively) .  L ive r  cholesterol  levels  i nc reased  sig- 
n i f ican t ly  in  groups  2 - 5  vs. group 1 (P < 0.01), w i th  sev- 
e ra l  i n t e r e s t i n g  d i f fe rences  a n d  s i m i l a r i t i e s  b e t w e e n  
groups.  Young Sasco h a m s t e r s  (group 4) h a d  s ign i f ican t ly  
h ighe r  choles terol  levels  c o m p a r e d  to o lder  a n i m a l s  (group 
5) g iven the  iden t i ca l  diet .  L iver  we igh t s  were  s im i l a r  a n d  
r a n g e d  f rom 4.9 g (group 1) to 6.1 g (group 3). These  
weigh t s  t e n d e d  to be h ighe r  in  t he  cholesterol-fed groups  
(groups 2-5).  No s igni f icant  difference in  l iver  cholesterol  
was  obse rved  in  Sasco or  Char l e s  River  h a m s t e r s  fed the  
iden t ica l  d ie t  a n d  t r e a t e d  u n d e r  iden t ica l  condi t ions.  The  
incidence of  cholesterol  ga l l s tones  (af te r  six weeks  of  feed- 
ing) was  d i f ferent  d e p e n d i n g  on fat ,  source of hams te r ,  a s  
wel l  a s  t he  a m o u n t  of d i e t a r y  cholesterol .  We prev ious ly  
s tud i ed  a n i m a l s  s imi l a r  to those  of  g roups  1 and  3 (10,13); 
t he se  a n i m a l s  were  g iven  0.1 a n d  0.3% cholesterol  i n s t e a d  
of 0.05 a n d  0.2% cholesterol .  

The  effect of the  va r ious  d ie ts  on s terol  ba l ance  is sum-  
m a r i z e d  in  Table 3. D i e t a r y  choles terol  (g/d) was  3.27 
(group 1), 11.70 a n d  11.90 (groups  2 a n d  3), and  18.70 and  
20.90 (groups 4 a n d  5). These  doses were  chosen to enab le  
us  to de tec t  differences in  choles terol  absorp t ion  t h a t  

could ( a j a r  six weeks)  affect s tone  incidence.  Rega rd l e s s  
of  t he  a m o u n t  of  d i e t a r y  choles terol  absorbed ,  da i ly  acidic 
s te ro id  o u t p u t  r e m a i n e d  low for a l l  a n i m a l s  in  a l l  g roups  
( range  0 .55-1 .01  mg/d). Q u a n t i t a t i o n  of  acidic s te ro ids  
was  ob t a ined  f rom GLC m e a s u r e m e n t s  as  no exogenous  
bi le  ac ids  were  inc luded  in  the  diet .  Da i ly  endogenous  
fecal n e u t r a l  s te ro ls  were  d e t e r m i n e d  iso topica l ly  u s ing  
the  specific ac t iv i ty  of  p l a s m a  choles terol  two days  p r io r  to 
feces collection. I n  al l  cases,  endogenous  n e u t r a l  s te ro ls  
exceeded  acidic s te ro l  o u t p u t  1.5- to 4-fold. Th i s  va lue  w a s  
h ighe s t  in  o lder  ma le  Sasco h a m s t e r s  (group 5, 3.13 mg/d)  
fed pa lmi t i c  acid  a n d  lowest  in  Sasco m a l e s  fed 0.05% cho- 
les te ro l  (group 1, 1.42 mg/d)  or  young  Sasco m a l e s  fed 
pa lmi t i c  acid  (group 4, 1.42 mg/d). Endogenous  n e u t r a l  
s te ro ls  were  s imi l a r  in  groups  fed b u t t e r f a t  (groups  1-3)  
vs. pa lmi t i c  ac id  (groups  4 a n d  5). 

Choles tero l  absorp t ion  r a n g e d  f rom 67% (groups  2 a n d  
3) to 89 -90% (groups  1 a n d  5). No differences  in  choles- 
terol  absorp t ion  were  no ted  b a s e d  on source (groups 2 a n d  
3 vs. g roup  1) or  age of h a m s t e r  (group 4 vs  g roup  5). An-  
i m a l s  fed the  pa lmi t i c  acid  d ie t s  (group 5) abso rbed  more  
of  the  d i e t a ry  choles terol  (18.91 mg/d,  91% of to ta l  d i e t a r y  
cholesterol)  t h a n  o the r  groups.  

Choles te ro l  t u r n o v e r  ( m e a s u r e d  by  combined  isotopic 
a n d  ch roma tog raph i c  me thods )  r a n g e d  f rom 1.84 mg/d  to 
3.94 mg/d. Choles te ro l  ba lance  was  a nega t ive  va lue  in  a l l  
groups ,  i nd i ca t i ng  a ne t  absorp t ion  a n d  s to rage  of  choles- 
terol  in  body pools. 

DISCUSSION 

The  s terol  ba l ance  t echn ique  was  or ig ina l ly  des igned  to 
e s t i m a t e  da i ly  choles terol  syn thes i s  in  h u m a n s  (15,16). 
The  me thods  were  modif ied  so t h a t  t h e y  could be u sed  in  

TABLE 3 

Effect  o f  D i e t a r y  Cho le s t ero l  a n d  F a t t y  A c i d s  o n  Stero l  B a l a n c e  in  H a m s t e r s  a 

Group Source Diet 

Daily Daily Daily Daily 
acidic steroid Daily endogenous cholesterol Daily cholesterol Daily 

output neutral sterol sterol output absorption cholesterol turnover cholesterol 
(nag/d) output (mg/d) (rag/d) (rag/d) intake (rag/d) (mg/d) balance (rag/d) 

Semipurified diet 
+ 4% 

1 Sasco butterfat 0.86 _* 0.37 1.39 _+ 0.36 b 1.42 -+ 0.49 2.91 -+ 0.39 c 3.27 -+ 0.54 c 2.21 -+ 0.60 -0.70 -+ 0.40 c 
(four weeks old) + 0.05% 

cholesterol (0.35-1.66) (0.62-2.06) (0.77-2.28) (2.52-3.64) (2.29-4.12) (1.17-3.56) [+0.52-)-6.25)] 
2 Sasco Butterfat diet 1.01 _+ 0.45 d 4.51 _+ 1.39 2.23 -+ 0.98 7.93 -+ 1.66 e 11.90 _+ 3.22 e 2.90 -+ 1.09 -5.02 • 1.50 e 

(four weeks old) + 0.2% 
cholesterol (0.49-2.05) (1.84-6.31) (0.93-3.52) (6.45-10.93) (7.76-16.99) (1.40-4.26) [-2.76-(-7.78)] 

3 Charles River Butterfat diet 0.64 _+ 0.28 5.66 -+ 1.65 2.41 +- 0.82 7.94 -+ 0.98 11.70 -+ 2.38 2.92 -+ 0.90 -5.03 -+ 1.14 
(four weeks old) + 0,2% 

cholesterol (0.25-1.28) (1.17-7.61) (1.20-3.72) (5.94-9.45) (7.52-16.36) (1.45-4.49) [-3.65-(-7.27)] 
Palmitic acid 

4 Sasco diet 0.55 • 0.31 3.65 +_ 1.29 1.42 -+ 0.67 13.37 • 5.87 18.70 -+ 6.06 1.84 -+ 0.75 -11.53 + 6.44 
(four weeks old) + 0.3% 

cholesterol (0.10-1.30) (1.75-6.31) (0.69-2.77) (3.51-17.57) (7.09-29.82) (0.92-3.45) [-0.06-(-19.95)] 
Palmitic acid 

5 Sasco diet 0.78 • 0.39 8.64 • 2.98 f 3.13 • 1.85 18.91 -+ 3.77 20.90 -+ 6.66 3.94 -+ 2.09 -14.97 • 2.70 
(eight weeks old) + 0.3% 

cholesterol (0.26-1_59) (2.59-13.92) (1.22-7.56) (14.72-23.67) (6.16~30.00) (1.534.78) [-10.93-(-20.12)] 

aNumbers are averages _+ SD. See Table 1 for information on diets and sources, bDiffers from groups 2-5, P < 0.01. CDiffers from groups 
2-5, P < 0.01. dDiffers from group 3, P < 0.02. eDifiers from groups 4 and 5, P < 0.01. fDiffers from group 4, P < 0.02. 
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various animal models, such as the rat (17,18) and ham- 
ster (23). These animal models are useful for testing vari- 
ous synthetic and natural compounds using dietary modi- 
fications and administering new drugs in situations where 
human studies cannot be carried out. Our laboratory has 
reported that the hamster can form cholesterol gallstones 
in a reproducible and reliable manner in only 2-6 wk 
(10-13). The effect of the cholesterol diets (similar to those 
used to induce cholelithiasis) on total sterol balance has 
not been determined. The differences in stone formation 
observed between different hamsters might have their ori- 
gin in differences in cholesterol metabolism. Conse- 
quently, we used the sterol balance method (modified for 
hamsters) to determine cholesterol absorption, endoge- 
nous" sterol production and cholesterol balance in ham- 
sters fed two lithogenic diets (butterfat + 0.2% cholesterol 
and palmitic acid + 0.3% cholesterol). The incidence of 
gallstones (after six weeks) when using butterfat + 0.2% 
cholesterol was almost identical to one using butterfat + 
0.3% cholesterol (13). We felt it would be preferable to ex- 
amine sterol balance at the lowest dose of dietary choles- 
terol where we could measure cholesterol absorption by 
using the methods of Quint~o et al. (16). 

Measurements of sterol balance are dependent on the 
following conditions (16)--constant plasma cholesterol 
concentration, unchanging fecal steroid output and con- 
stant body weight. All animals in our experiments fulfilled 
the first two criteria; constant body weight was main- 
tained in all groups except in group 4 (the youngest of all 
groups at the start of the experiment). Nevertheless, 
group 4 is important for comparison because animals in 
this group are identical to those in which gallstone forma- 
tion occurs within six weeks (10). 

The measurement of endogenous neutral sterols re- 
quired that we determine the specific activity of plasma 
cholesterol at three time points. In human studies, as well 
as in sterol balance studies in rats (where blood was ob- 
tained from the tall vein), this measurement is simple and 
required no special surgical procedures. However, we were 
unable to obtain blood from the tail vein of either Sasco or 
Charles River hamsters. Cardiac puncture frequently 
proved fatal. We abandoned these approaches and ob- 
tained blood via dissection of the jugular vein (under anes- 
thesia) followed by electrocauterization to stop any exces- 
sive bleeding. No hamsters became ill or died as a result 
of this new procedure. The blood we obtained by this 
method was analyzed for cholesterol concentration and ra- 
dioactivity in the usual manner. As in the rat, the specific 
activities of cholesterol in liver, plasma and bile were sim- 
ilar in all animals at sacrifice. 

The balance studies were carried out for 14 d; this time 
frame enabled us to evaluate "early" changes in sterol me- 
tabolism and correlate these changes to stone develop- 
ment seen in previous studies (at six weeks) (10). Animals 
ingested an average of 8.6 g of food per day. Our earlier 
balance studies were carried out in rats (19) rather than 
in hamsters. There are several important differences be- 
tween these two species--presence of a gallbladder in 
hamsters vs. none in rats, and ability of hamsters to ab- 
sorb higher amounts of dietary cholesterol (24) and store 
this cholesterol in the liver as cholesteryl ester. In this re- 

gard, hamsters absorb more cholesterol per unit body 
weight than rats (19). 

Animals in group 2 (Sasco males) and group 3 (Charles 
River males) were compared to determine whether source 
of hamster, which dramatically affected cholesterol 
cholelithiasis (10), also affected sterol balance. Acidic 
steroid output (mE/d) was higher in Sasco male hamsters 
compared to Charles River hamsters fed the identical diet 
(1.01 vs. 0.64 mE/d, P < 0.02). This value represents the 
daily bile acid synthesis in animals fed no exogenous bile 
acids and maintaining almost constant weight (25). When 
bile acid synthesis was calculated, values of 1.06 and 0.76 
(rag/100 g animal/day), respectively, were obtained. The 
lower bile acid output in feces was associated with a lower 
biliary lipid concentration observed for the Charles River 
(Lakeview) hamster (10). The fecal bile acid output in the 
hamsters in this experiment fed SPD was considerably 
lower than that for the rat (17,18) and hamsters fed chow 
diets (23). The daily fecal output averaged 4-6 g/d for rats 
(17,18) and 2-3 g/d for hamsters fed chow diets. Fecal out- 
put in the current experiment averaged 1.0-1.2 g/d for 
hamsters fed SPD. We suggest that an increased absorp- 
tion of bile acids in hamsters fed SPD resulted in an in- 
creased return of bile acids to the liver with decreased 
synthesis (as compared to chow diets) to maintain bile 
acid balance. The explanation, however, for the lower inci- 
dence of cholelithiasis in Charles River vs. Sasco hamsters 
was not immediately evident from differences in sterol 
balance. 

Hamsters in all groups, with the possible exception of 
group 1, responded to the increased load of dietary choles- 
terol by absorbing this cholesterol and storing most of it in 
the liver. As a result, cholesterol balance (mE/d) was a neg- 
ative value, reflecting no net synthesis but rather the stor- 
age of this dietary cholesterol. Presumably, cholesterol 
synthesis in groups 2-5 was completely inhibited by the 
doses of exogenous cholesterol fed to these animals. Inter- 
estingly, liver cholesterol levels were significantly lower 
for eight-week-old (group 5) vs. four-week-old (group 4) 
hamsters. This is reflected in the increased excretion of 
total neutral sterols and increased turnover of cholesterol 
in the older (group 5) animals. Because cholesterol ab- 
sorption is higher for the older animals, it suggests in- 
creased mobilization of cholesterol prior to cholesterol ex- 
cretion. 

The balance studies attempted to elucidate any differ- 
ences between animals fed palmitic acid + 0.3% choles- 
terol vs. those fed butterfat + 0.2% cholesterol. Daily 
acidic steroid output (synthesis in our studies) was signif- 
icantly reduced with 1.2% palmitic acid in the diet (group 
4) vs. animals where this component was not added (group 
2) even though cholesterol absorption was almost doubled 
for group 2 vs. group 4. Interestingly, animals in group 4 
excreted the least amounts of acidic steroids, neutral 
sterols and had the smallest cholesterol turnover (com- 
pared to animals in group 3 and in group 5). Animals in 
group 4, studied earlier under identical conditions and fed 
for six weeks, had the highest incidence of cholesterol 
stones (95%) (13). We have reported that animals fed 
palmitic acid + 0.3% cholesterol have elevated biliary cho- 
lesterol levels (when stones are present at week 6) com- 
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pared to animals  fed bu t te r fa t  + 0.2% cholesterol (4.99 vs. 
3.70 mg/mL,  respectively) (13). This suggests  t ha t  the  in- 
ability of  the an imals  to compensate  for the increased cho- 
lesterol load (by e i ther  fecal excretion or bile acid synthe- 
sis) m a y  be a factor responsible for stone development.  

In  conclusion, the sterol balance method  elucidated sev- 
eral  impor t an t  differences be tween the exper imenta l  
groups, such as acidic steroid and  neut ra l  sterol output ,  
and  cholesterol turnover.  Cholesterol  absorpt ion was  
grea ter  t h a n  50% (of cholesterol intake) in all animals .  
Net  cholesterol balance was  negative,  showing an  influx of  
cholesterol into body pools. There  were no significant dif- 
ferences in sterol ba lance  measu remen t s  in hams te r s  
f rom Sasco as compared  to those from Char les  River. 
Whe the r  observable differences exist with o ther  fats or 
fa t ty  acids remains  to be elucidated. 
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The tropical  mar ine  sponge Amphimedon terpenensis 
(family Niphatidae, order  Haplosclerida) has previously 
been shown to possess unusual  lipids, including unusual  
fatty acids. The biosynthetic origin of these fat ty acids is 
of interest  as the sponge supports  a significant popula- 
tion of eubacter ia l  and cyanobacter ial  symbionts.  The 
total  fatty acid composition of the sponge was analyzed 
by gas chromatography/mass  spect rometry  of the methyl  
esters. Among the most abundan t  of the fatty acids in 
intact  tissue were  16~, 18.~ and 3,7,11,15-tetramethyl- 
hexadecanoic (phytanic) acid. In addition, three  bromi- 
nated fatty acids, (5E,9Z)-6-bromo-5,9-tetracosadienoic 
acid (24:2Br), (5E,9Z)-6-bromo-5,9-pentacosadienoic acid 
(25:2Br) and (5E,9Z)-6-bromo-5,9-hexacosadienoic acid 
(26:2Br) were also present. The three  brominated  fat ty 
acids, together  with phytanic  acid, were  isolated f rom 
both ectosomoal (superficial) and choanosomal (internal) 
regions of the sponge. Analysis of extracts  p repa red  from 
sponge/symbiont cells, partitioned by density gradient  
centr i fugat ion on Ficoll, indicated tha t  phytanic  acid and  
the three bromlnated fat ty  acids were  associated with 
sponge cells only. Further,  a fatty acid methyl ester sam- 
ple f rom intact  tissue ofA~ terpenens/s was partitioned ac- 
cording to phospholipid class, and the bromlnated fat ty  
acids were  shown to be  associa ted  with  the phos- 
phatidylserine and phosphatidylethanolamine fract ions 
that are commonly present in mar ine  sponge lipids. The 
phosphatidylcholine and phosphatidylglycerol fractious 
were r ich in the relatively shorter chain fatty acids (16.~ 
and 18~). The association of b romina ted  long-chAiu fat ty  
acids (LCFA) with sponge cells has been confirmed. The 
findings allow comment  on the use of fatty acid profiles in 
chemotaxonomy and permit fur ther  in terpre ta t ion  of 
LCFA biosynthetic pathways in sponges. The assignment 
of  the sponge studied, which is currently placed as A~ ter- 
penensis, is being suppor ted  to some extent, but the 
species is unusual  in having C25 fa t ty  acids as the major  
constituent in this group. Other  factors, such as season or 
microenvironmenta l  conditions, may  influence observed 
fat ty  acid composition which tends to reduce  the useful- 
ness  of fatty acid profiles as markers in sponge chemo- 
taxonomy. 
Lipids 29, 509-516 (1994). 
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phatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidyli- 
nositol; PS, phosphatidylserine; TEM, transition electron mi- 
croscopy; VLFA, very long-chain fatty acid. 

Marine sponges have  a t t rac ted  the a t tent ion of lipid 
chemists  because they f requent ly  contain unconven- 
t ional sterols with nuclear  or side chain modifications, 
or possess high levels of fa t ty  acids character ized by 
very long chains (VLFA, C24-C34). A number  of the fa t ty  
acids isolated possess unusua l  functional groups such as 
hydroxy, methoxy, acetoxy or halogen subst i tuents .  The 
physiological role of such unusua l  lipid const i tuents  is 
unclear, bu t  they  certainly separa te  sponges from other  
eukaryotes  (1-4). The tropical mar ine  sponge Amphime- 
don terpenensis (family Niphat idae,  order Haploscle- 
rida), which has  been the subject of extensive chemical 
and biochemical s tudy by our group in recent  years  
(5-9), possesses a lipid composition unique even by 
sponge s t andards .  Three  f ea tu re s  d i s t inguish  this  
species: (i) the presence of bioactive di terpene isoni- 
triles, notably the major  metabol i te  diisocyanoadociane 
(1) (10); (ii) the  presence of low levels of A5,7-sterols, 
with conventional side chains, relat ive to terpene levels 
(7,8); and (iii) the  presence of b romina ted  long-chain 
fa t ty  acids (LCFA), e.g., 2-4,  which we identified by two- 
dimensional  nuclear  magnet ic  resonance (NMR) spec- 
troscopy (9). The s t ruc tures  of l ip ids  1-4 are  all s u m m a -  
rized in Figure 1. The absence of unusua l  sterols, to- 
ge ther  with the novel terpenes ,  suggested tha t  the 
te rpenes  may  play a p r imary  role in m e m b r a n e  function 
in this sponge. This  hypothesis  is suppor ted  by  observa- 
t ions t ha t  the te rpene  1 was found to be associated with  
sponge cell m e m b r a n e s  isolated from A. terpenensis and 
purified by differential  centr i fugat ion (8). This associa- 
tion is, however, complex and the degree to which the 
te rpene  subst i tu tes  for sterols appears  to be re la ted  to 
sponge cell type. Larger  archaeocytes  and spherulo- 
cytes, in part icular ,  exhibited higher  m e m b r a n e  te rpene  
concentrat ions relat ive to the  smal ler  pinacocytes and  
collencytes.  A unice l lu la r  cyanobac te r ium,  possibly 
Aphanocapsa feldmanni, and  numerous  s t ra ins  of eu- 
bacter ia  were also present  wi thin  the  sponge, and in 
vary ing  concentrat ions in separa ted  cell lines, a l though 
no correlat ions of bacter ial  densi ty  with te rpene  concen- 
t ra t ion  were evident.  

H 
. . . . . . . . . . . .  CI-~(CH=) n C H = ~  (cH=~CO=Me 

No"" 
~ i  2 n=12 

3 n = 1 3  
4 n = 1 4  

1 

FIG. 1. Chemical structures of diisocyanoadociane (1) and 
selected fatty acids (2-4) from A~phi~don t e r p e ~ .  
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The association of bacterial symbionts with marine 
sponges represents a major problem in utilizing sterol 
(11-13) and terpene (14) profiles in sponge chemotaxon- 
omy. The continued discovery of novel terpene and sterol 
components is, however, of great physiological and phar- 
macological significance and generates intriguing hy- 
potheses concerning their possible biosynthetic origin. 
The lipid content of A. terpenensis is interesting in a 
chemotaxonomic sense as it does not clearly distinguish 
the species affiliation. It was therefore deemed prudent 
to confirm the origin of the unusual brominated fatty 
acids 2-4 as being associated with sponge or symbiont 
cells. The membrane structure of A. terpenensis is per- 
haps unique and, therefore, this sponge is deserving of a 
more detailed fatty acid compositional analysis. The 
fatty acid content of the differing sponge and microbial 
cell types in A. terpenensis was therefore evaluated by 
the following three experimental methods: (i) separation 
of cyanobacteria by dissection of surface tissue; (ii) sep- 
aration of phospholipid types according to class; and (iii) 
separation of dissociated cells, using methods recently 
developed for marine sponges (9,15-18) to yield prepa- 
rations of low and high density sponge cell types. The re- 
sults of these studies are reported in this paper. 

MATERIALS AND METHODS 

Sponge collection. Seasonal variation in fatty acid con- 
tent has been reported (4,19,20); therefore, all the sam- 
ples used in this study were collected at the same time 
of year. Specimens of A. terpenensis (Australian Mu- 
seum No. 4978) were collected near Townsville at -15 m 
from John Brewer Reef in November 1987 for intact tis- 
sue fatty acid analysis and preliminary cell separation. 
A. terpenensis was collected from Davies Reef in Novem- 
ber 1989 for intact tissue fatty acid analysis, cell sepa- 
ration experiments and preparative isolation of fatty 

acids, and in November 1991 for analysis by phospho- 
lipid class. Sponges collected in November 1987 were 
place in aerated sea water maintained at ambient tem- 
perature while transported to the Sir George Fisher 
Centre for Tropical Marine Studies (Townsville, Aus- 
tralia), then placed in a small aquarium overnight at 
18~ prior to the cell separation procedure. Samples se- 
lected for whole animal analysis were frozen for exami- 
nation a few days later. Sponges collected in November 
1989 were maintained in a flowing aquarium system at 
ambient temperature and with a normal light/dark 
regime at the Australian Institute of Marine Science for 
two days prior to cell separation. Unfortunately, this co- 
incided with heavy sedimentation problems in this 
aquarium which effectively cut out all incident light. 
Sponges collected in November 1991 were maintained in 
a flowing aquarium system at ambient temperature and 
with a normal light/dark regime at the Australian Insti- 
tute of Marine Science overnight before workup. 

Chemicals and materials. Proteinase enzyme (No. 
P-2143), Ficoll type 400 and 14% BF3-MeOH were pur- 
chased from Sigma Chemical Co. (St. Louis, MO). Cal- 
cium magnesium free artificial sea water (CMF-ASW) 
was prepared from doubly distilled water and contained 

462 mM NaC1, 8.4 mM Sa2SO4, 11 mM KCI and 2.1 mM 
NaHCO 3. All solvents were distilled prior to use or were 
of high-performance liquid chromatography (HPLC) 
grade (Mallinckrodt, Melbourne, Australia). 

Cell separation. Method A: Dissection of whole sponge. 
Sponge tissue collected in November 1989 was carefully 
cleaned of all debris and separated into ectosomal tissue 
(66 g wet weight) and choanosomal tissue (70 g wet 
weight). A sample of intact animal tissue (380 g) was 
also retained for analysis. The three tissue samples 
were freeze-dried, then extracted and analyzed by gas 
chromatography (GC) for fat ty acid methyl esters 
(FAME) as described previously (9). 

Cell separation. Method B: Cell dissociation and den- 
sity gradient separation. Cell separation ofA. terpenen- 
sis was carried out on a sponge specimen (500 g wet 
weight, collected in November 1989) using previously 
described methods (8). The heavy sponge cell pellet (H 1) 
obtained by centrifugation of a dissociated sponge cell 
preparation at 600 • g at 10~ for 5 min (Damon IEC 
B-20A preparative centrifuge; Damon, Needham 
Heights, MA) was resuspended in a minimum volume of 
CMF-ASW and repelleted at 600 x g at 10~ for 5 min 
to remove bacterial and low density sponge cell contam- 
inants prior to Ficoll treatment. The sponge cell pellet 
(H 2) obtained was divided into two portions; the major 
portion (90%) was resuspended in CMF-ASW, and cells 
were separated according to density by centrifugation 
(600 • g at 10~ across discontinuous Ficoll gradients 
for 5 min. The bands of cells which accumulated at the 
interface between successive Ficoll fractions were iso- 
lated by pipette according to Figure 2, washed with 
CMF-ASW to remove Ficoll and pelleted (600 • g at 
10~ for 5 min), then samples were taken for transmis- 

Whole Sponge 

Dissociated Cells 
~ 600 x g15 min/10~ 

Supernetant Heavy Ceil Pellet H1 

15,000 x g/15 min/10~ I 600 x g/5 min/10~ 
/ 

Heavy Cell Pellet H2 
Light Cell Pellet I-1 / Ficoll Density 

f Gradient Centrifugation 

H3 
5% 

H4 
10% 

H5 
14% 

H6 
19% 

H7 
22% 

He 
26% 

H9 

FIG. 2. Cell separat ion scheme us ing  d i scont inuous  Ficoll  
gradients.  Capital  letters wi th  subscripts  refer to cel l  pel- 
lets c i ted in text. Ficoll  concentrat ions  are we ight  percent- 
age in ca lc ium m a g n e s i u m  free artificial  sea water. 
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sion electron microscopy (TEM). The two supe rna tan t s  
from H 1 and H 2 were combined and  centrifuged a t  
15,000 x g a t  10~ for 15 min  to isolate a pelleted low 
densi ty cell fraction L r The pellets H 3 - H  9 and L 1 were 
lyophilized prior  to chemical analysis.  The minor  portion 
of the sponge cell pellet  H 2 (10%) was also lyophilized 14.00 
and then  analyzed. Each pellet  (approximate  weight, 14.62 
5-10 mg, except for H7, <1 mg) was extracted with 3 x 1 14.71 
m L  of CHC13/MeOH (1:1, vol/vol). The soluble mater ia l  15.00 
was separa ted  from other  cellular debris by fi l t rat ion 15.63 

15.82 through a small  plug of glass wool and  sand. The extract  
16.00 

was dried under  a s t r eam of nitrogen, then  t rea ted  with 16.42 
HC1-MeOH (1.4N; 1 mL) in screw-capped vials for 1 h a t  16.63 
reflux. Solvents and reagents  were azeotropically re- 16.73 
moved with toluene under  a s t r eam of ni t rogen and the 17.00 
resul t ing mate r ia l  dissolved in toluene (0.25 mL) and 17.61 
passed through a 0.5 g florisil column eluting with 17.70 e 
toluene (3 mL). A ~ r  evaporat ion of the solvent, the 17.77 
straw-colored ext rac t  was  dissolved in hexane (0.25 mL) 17.85 
and passed through a 0.5 g silica (Anasil) column elut- 18.00 
ing with hexane (10 mL). The resul t ing clear solution 18.41 

18.63 
was evapora ted  prior to GC analysis  as before. 18.73 

Analysis of  sponge tissue by phospholipid class. A 19.00 
CHC13/MeOH (1:1 vol/vol) extract,  p repared  from 9 g of 19.40 
diced whole sponge (collected in November  1991), was  19.65 
concentrated in vacuo, dried azeotropically, and diluted 19.73 
to 15 m L  with  CHC13/MeOH. An aliquot (2 mL) was sep- 20.64 e 
a ra ted  by prepara t ive  silica thin- layer  chromatography  20-74e 
under  conditions (CHC13/MeOH/H20 , 65:35:4, by vol) in 21"63e 
which s tandard  samples  of phosphat idyle thanolamine  21"73e 
(PE), phosphatidylcholine (PC), phosphat idylser ine  (PS) 22"64e 

22.74 ~ 
and phosphatidylinositol  (PI) gave Rf values  of 0.76, 23.61 e 
0.18, 0.55 and  0.46, respectively, us ing molybdenum 24.64 e 
blue for detection (18,21,22). Each phospholipid class 25.64f 
was t r ansme thy la t ed  with 1.4M HC1 in MeOH and the  26.35 e 
resul t ing FAME mixture  purified by Florisil chromatog- 27.31 e 
raphy, as described above, then  analyzed by GC/mass  28.34 e 
spect rometry  (GC/MS) using a Hewle t t -Packard  (Palo 
Alto, CA) 5890A in s t rumen t  equipped with a 25 m 
(0.22 m m  i.d.) bonded phase  (BP 5) column (SGE, Mel- 
bourne,  Austral ia)  and a Hewle t t -Packard  5970 series 
mass  selective detector wi th  hel ium as carr ier  gas. 

Preparation of  thin sections and electron microscopy. 
Whole an imal  tissue, ectodermal  and choanodermal  tis- 
sue, and cell pellets L 1 and  H 2 - H  9 were examined by 
TEM using methods  detailed by Lawson et al. (22,23). 

TABLE 1 

Major Fatty Acids from the Phospholipids 
of  A m p h i m e d o n  t e rpenens i s  a 

ECL Fatty acid Abundance 

Tetradecanoic (14:0) 
13-Methyltetradecanoic (iso-15:0) 
12-Methyltetradecanoic (anteiso-15:0) 
Pentadecanoic (15:0) 
14-Methylpentadecanoic (/so-16:0) 
9-Hexadecenoic (16:1n-7) 
Hexadecanoic (16:0) 
Methylhexadecanoic (Mel6:0) 
15-Methylhexadecanoic ( iso-17 :0 ) 
14-Methylhexadecanoic acid (anteiso-17:0) 
Heptadecanoic (17:0) 
5,9-Octadecadienoic (18:2) 
3,7,11,15-Tetramethylhexadecanoic 
9-Octadecenoic (18:1n-9) 
ll-Octadecenoic (18:1n-7) 
Octadecanoic (18:0) 
Methyloctadecanoic (Mel8:0) 
17-Methyloctadecanoic (iso-19:0 ) 
16-Methyloctadecanoic (anteiso-19:0 ) 
Nonadecanoic (19:0) 
5,8,11,14-Docosatetraenoic (20:4) 
18-Methylnonadecanoic (iso-20:O) 
17-Methylnonadecanoic (anteiso-20:O ) 
19-Methyleicosanoic (iso-21:O) 
18-Methyleicosanoic (anteiso-21:O ) 
20-Methylheneicosanoic (iso-22:0) 
19-Methylheneicosanoic (anteiso- 22.0 ) 
21-Methyldocosanoic (iso-23:0) 
20-Methyldocosanoic (anteiso-23:0) 
5,9-Tetracosadienoic (24:2) 
5,9-Pentacosadienoic (25:2) 
5,9-Hexacosadienoic (26:2) 
6-Bromo-5,9-tetracosadienoic (24:2Br) 
6-Bromo-5,9-pentacosadienoic (25:2Br) 
6-Bromo-5,9-hexacosadienoic (26:2Br) 

0.3 b 0.7 c 
1.1 1.4 
0.3 d 
0.3 0.8 
0.2 0.3 
1.4 3.5 
5.9 13.9 
1.9 2.1 
0.6 0.8 
0.4 1.1 
1.5 1.0 
0.3 0.6 

10.1 10.3 
2.1 5.3 
0.5 0.9 
2.4 2.7 
3.1 2.9 
0.4 0.7 
0.3  d 

0.9 0.8 
0.7 d 
1.6 1.7 
0.7 0.5 
1.0 1.0 
1.5 1.8 
0.4 0.7 

d d 

d 0.6 
d 1.2 

1.3 2.1 
1.9 2.5 
0.3 0.3 
2.9 0.7 

19.0 2.7 
5.2 1.2 

aBy equivalent chain length (ECL). Minor peaks at ECL 17.06, 
23.40, 24.30, 25.99, 26.80, 26.85 and 27.03 were not identified. 
Mel6:0 and Mel8:0 refer to mixtures of monomethyl-branched C17 
and C19 fatty acids. 
bNovember 1987 collection; HCI-MeOH. 
CNovember 1989 collection; BF3-MeOH. 
dLess than 0.2% abundance. 
eBy ECL, nuclear magnetic resonance and mass spectrometry. 
fBy ECL and mass spectrometry. 

RESULTS 

Fatty acid analysis. The major  FAME (C9-C20) were 
identified in s tandard  fashion by establ ishing GC equiv- 
a lent  chain length values and by reference to the 
Hewle t t -Packard  Peak  Library  AEROBE, used previ- 
ously for sponge fa t ty  acid analysis  (17,18,22,24). LCFA, 
>C20, together  with 3,7,11,15-tetramethylhexadecanoic 
acid (phytanic acid), were also isolated by HPLC, and 
the methyl  es ters  and N-acyl  pyrrolides were analyzed 
by NMR and MS (9,25). A s u m m a r y  of the fa t ty  acids de- 
tected in A. terpenensis is presented in Table 1. In  No- 
vember  1987, the most  abundan t  fa t ty  acids were found 
to be 16:0 (5.9%), 18:0 (2.4%), phytanic  acid (10.1%), the 

bromina ted  fa t ty  acids (24:2Br, 2.9%; 25:2Br, 19.0%; 
26:2Br, 5.2%) and branched chain acids such as Mel6:0 
(1.9%) and Mel8:0  (3.1%). A FAME sample,  p repared  
using BF3-MeOH ra the r  t han  HC1-MeOH, from sponge 
mater ia l  collected in November  1989, gave much  lower 
abundances  for the bromina ted  fa t ty  acids. 

Distribution of  fatty acids---dissection of  whole sponge. 
Tables 2 -4  show the percentage abundance  of fa t ty  acids 
between whole animal,  superficial and choanosomal tis- 
sue. The da ta  shown in Table 2 indicate tha t  the two 
major  acids in A. terpenensis are  25:2Br and  phytanic  
acid, respectively, and bromina ted  acids 24:2Br and 
26:2Br are also present  in significant quantity. All three  
brominated  acids 2-4,  together  with phytanic  acid, are 
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TABLE 2 

Distribution of Major Fatty Acids in Amphimedon terpenensis ~b 

Whole animal (%) Surface tissue (%) Internal tissue (%) 
Fatty acid 
methyl esters HC1-MeOH a BF3-MeOH b HC1-MeOH b BF3-MeOH b HCI-MeOH b BF3-MeOH b 

16:0 5.9 13.9 9.4 17.5 11.6 9.7 
18:0 2.4 2.7 1.7 2.7 2.6 1.8 
Phytanic 10.1 10.3 11.7 9.2 21.7 11.2 
24:2Br 2.9 0.7 1.7 1.2 3.7 0.6 
25:2Br 19.0 2.6 10.0 5.7 26.9 5.6 
26:2Br 5.2 1.2 3.6 2.3 8.2 1.4 
~November 1987 collection, bNovember 1989 collection. 

found  in  b o t h  supe r f i c i a l  a n d  c h o a n o s o m a l  t i s sue .  The  
b r o m i n a t e d  f a t t y  ac ids  a r e  s ens i t i ve  to t h e  u se  of  B F  3- 
MeOH,  as  i n d i c a t e d  by  t h e i r  m u c h  lower  a b u n d a n c e s  
( c o n t r a s t e d  w i t h  h i g h e r  a b u n d a n c e s  for t h e  s a t u r a t e d  
f a t t y  ac ids)  in  e x t r a c t s  p r e p a r e d  w i t h  t h i s  r e a g e n t  a s  
c o m p a r e d  to use  of  1.4M HC1 in  m e t h a n o l .  The  pe rcen t -  
ages  l i s t ed  shou ld  be  t a k e n  as  m i n i m u m  e s t i m a t e s  of  
b r o m i n a t e d  f a t t y  ac id  in  s a m p l e s  p r e p a r e d  w i t h  B F  3- 
MeOH.  

Table  3 l i s t s  t h e  p e r c e n t a g e  a b u n d a n c e s  in  A. terpe- 
nensis of  f a t t y  ac ids  n o r m a l l y  a t t r i b u t a b l e  to cyanobac-  
t e r i a  (26,27), in  p a r t i c u l a r  C16 a n d  C18 s a t u r a t e d  a n d  
u n s a t u r a t e d  acids.  Amphimedon terpenensis whole  t i s -  
s u e  c o n t a i n s  h igh  leve ls  of  C16 acids ,  bo th  s a t u r a t e d  a n d  
u n s a t u r a t e d ,  a n d  t h e  r a t i o  of  16:0 to 18:0 is  >1, as  ex- 
pec t ed  for  a sponge  r i ch  in  c y a n o b a c t e r i a l  s y m b i o n t s  
(17). The  m a j o r  u n s a t u r a t e d  ac id  p r e s e n t  is  16:1n-7, in  
a c c o r d a n c e  w i t h  ou r  i d e n t i f i c a t i o n  of  a u n i c e l l u l a r  
c y a n o b a c t e r i a l  s y m b i o n t  s i m i l a r  to Aphanocapsa sp. 
(7,8). I f  t h e  d a t a  a r e  n o r m a l i z e d  to a p e r c e n t a g e  a b u n -  
dance  o f  10% for  p h y t a n i c  ac id  [c.f. m e t h o d  of  G i l l a n  
et al. (26)], t h e  r e l a t i v e  a b u n d a n c e s  of  ac ids  such  as  16:0, 
18:0 a n d  16:1n-7, w h i c h  c h a r a c t e r i z e  t he  c y a n o b a c t e r i a l  
s y m b i o n t  o f A .  terpenensis, are seen  to  be  more  p r eva -  
l en t  in  t h e  supe r f i c i a l  t i s sue ,  w h e r e  t h e  c y a n o b a c t e r i a  
a r e  loca l ized ,  t h a n  in  t h e  c h o a n o s o m a l  t i s sue .  

Table  4 l i s t s  t h e  d i s t r i b u t i o n  of  f a t t y  ac ids  in  A. terpe- 
nensis w h i c h  a r e  n o r m a l l y  a t t r i b u t e d  to b a c t e r i a l  sym-  
b ion t s  in  m a r i n e  sponges  (26,28-30) .  A p a r t  f rom t h e  
m o n o m e t h y l - b r a n c h e d  f a t t y  ac ids  M e l 6 : 0  a n d  M e l 8 : 0 ,  

TABLE 3 

Distribution of  Fatty Acids in Amphimedon terpenensis 
Which Are Normally Attributed to Cyanobacterial  
Symbionts  

Fatty acid Whole animal Surface tissue a Internal tissue a 
methyl esters (%) (%) (%) 

14:0 0.3 b 0.7 a 0.3 0.3 c 0.8 0.4 c 
16:0 5.9 13.9 9.4 8.0 11.6 5.4 
16:1n-7 1.4 3.5 2.5 2.1 1.5 0.7 
18:0 2.3 2.7 1.7 1.5 2.6 1.2 
18:1n-9 2.1 5.3 3.8 3.3 1.5 0.7 
18:2 0.3 0.6 0.7 0.6 d d 
aNovember 1989 collection, bNovember 1987 collection. CNormal- 
ized to phytanic acid at 10%. dNot detectable. 

none  of t h e  f a t t y  ac ids  c h a r a c t e r i s t i c  of  b a c t e r i a  a r e  
p r e s e n t  in  s ign i f i can t  a m o u n t s  in  whole  a n i m a l  t i s s u e  of  
A. terpenensis; mos t  a r e  p r e s e n t  in  a m o u n t s  l ess  t h a n  
t h o s e  of  t h e  t y p i c a l  c y a n o b a c t e r i a l  ac ids  d e s c r i b e d  
above.  The  low levels  of  i n d i v i d u a l  b a c t e r i a l  ac ids  a r e  
no t  u n e x p e c t e d ,  g iven  the  d i v e r s i t y  of  b a c t e r i a l  t y p e s  de- 
t e c t e d  w i t h i n  t h e  sponge  in  our  p r e v i o u s  T E M  study.  
The  b r a n c h e d  c h a i n  F A M E ,  o t h e r  t h a n  iso-15:0, iso-16:0 
a n d  iso-19:0, were  even ly  d i s t r i b u t e d  b e t w e e n  super f i -  
c ial  a n d  c h o a n o s o m a l  t i s sue ,  c o n s i s t e n t  w i t h  ou r  prev i -  
ous  w o r k  w h i c h  h a d  d e m o n s t r a t e d  the  p re sence  of  bac-  
t e r i a  in  bo th  t i s s u e  t y p e s  (9). B a c t e r i a l  s y m b i o n t s  a r e  
t h e r e f o r e  no t  p r e s e n t  in  l a rge  e n o u g h  q u a n t i t i e s  to dom- 
i n a t e  t he  f a t t y  ac id  compos i t i on  ofA. terpenensis. D u r i n g  
t h e  H P L C  pu r i f i ca t i on  of  b r o m i n a t e d  f a t t y  ac id  e s t e r s ,  a 
n u m b e r  of  b r a n c h e d  LCFA,  such  as  iso-21:0, anteiso-21:O 
a n d  t h e i r  22:0 a n d  23:0 homologues ,  were  i s o l a t e d  in  
s m a l l  q u a n t i t y  a n d  c h a r a c t e r i z e d  by  N M R  a n d  MS.  

Distribution of fatty acids according to phospholipid 
class. The  m a j o r  p h o s p h o l i p i d s  in  A. terpenensis were  
PE,  PC, PS  a n d  PI.  The  PC f rac t ion ,  c h a r a c t e r i s t i c  o f e u -  
c a r y o t e s  (18), c o n t a i n e d  the  s t a n d a r d  f a t t y  ac ids  16:0, 
18:0 a n d  18:1, b u t  no LCFA. The  P E  f rac t ion  and ,  to a 
l e s s e r  ex ten t ,  t h e  P I  f r ac t ion  c o n t a i n e d  t h e  t r i a d  of  
b r o m i n a t e d  acids ,  whi l e  p h y t a n i c  ac id  w a s  loca ted  in  t h e  
P E  a n d  P I  f rac t ions ,  b u t  no t  in  t h e  PS  or  PC f rac t ions .  

TABLE 4 

Distribution of Fatty Acids in Amphimedon terpenensis 
Which Are Normally Attributed to Bacterial Symbionts  

Surface Internal 
Fatty acid Whole animal tissue a tissue a 
methyl esters (%) (%) (%) 

i15:0 b 1.0 c 1.4 a d 0.6 
ai15:0 0.3 d d 0.8 
i16:0 0.3 0.3 0.2 0.7 
Mel6:0 1.9 2.1 1.8 1.5 
i17:0 0.6 0.8 0.4 0.5 
ai17:0 0.4 1.1 0.9 0.4 
18:1(11) 0.5 0.9 0.9 0.5 
Mel8:0 3.1 2.9 3.5 3.0 
i19:0 0.4 0.7 0.3 d 
ai19:0 0.3 d d d 

aNovember 1989 collection, bi and ai refer to/so and ante~so, re- 
spectively. CNovember 1987 collection, dNot detectable. 
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No at tempt  was made to separate a phosphatidylglyc- 
erol fraction [characteristic of cyanobacteria and also 
the major phospholipid of gram positive bacteria (18)] 
from the PE fraction. 

Distribution of fatty acids by cell type--cell dissocia- 
tion and density gradient separation. Dissociation of 
sponge tissue and cell separation on the basis of density 
was accomplished using methods previously applied to 
A. terpenensis (8). As in the earlier work, the experi- 
mental  conditions used damaged many cells, and small 
pellet samples were routinely obtained. Electron mi- 
croscopy indicated tha t  the dissociation process had 
yielded intact  cells independent of the collagenous, ex- 
tracellular matrix together with many  cell f ragments  
and other debris result ing from the dissociation process. 
Bacterial contamination of H 2, the dense sponge cell 
fraction, was low (less than  1%), whereas the low den- 
sity cell fraction, L1, was enriched in bacteria (6.4 +_ 
2.2%; mean  +_ SD) but also contained small sponge cells. 
After Ficoll separation of H 2, bacteria were located in H 3 
(<1%) and H 5 (15.8 _+ 1.3%). The specimen ofA. terpe- 
nensis used contained lower levels of cyanobacteria than  
expected from previous work, possibly as a result  of the 
sample having been stressed under  the abnormal aquar- 
ium conditions. As a result, none of TEM samples H1-H 9 
showed significant levels of cyanobacteria; traces only 
were detected in H2, H6, and H 8. The fate of individual 
sponge cell types could not be determined completely as 

many of the pellets (H3-H 9) contained much cell debris 
(10-30%, except for H 3 45%, H 5 66% and H 7 75%), most  
likely as a result  of sponge cell lysis in the presence of 
proteinase in addition to disruption when in contact 
with Ficoll. The few intact cells in H3-H 9 did not fix 
well, a problem that  was also encountered in our previ- 
ous work. Small rounded cells were noted in L1, H 3 and 
H 4 (including unidentified vacuolated cells, possibly 
small spherulous cells) whereas H 6, H 8 and H 9 con- 
tained larger spherulous cells and archaeocytes. H 4 also 
contained archaeocytes. The only two fractions which 
were significantly different from those seen in our pre- 
vious cell separation work were H 5 (containing many  
bacteria, no sponge cells, but  possibly cell organelles and 
membrane material) and H 7 (with no sponge or sym- 
biont types discernible). 

Detailed chemical analysis was possible for all pellets 
created from Ficoll density gradient  separation except 
H7, for which the amount  of pellet remaining after TEM 
sampling was very small. Extracts were methylated 
with MeOH-HC1 and analyzed sequentially by GC using 
an  automatic sampling program. Table 5 shows the per- 
centage abundance of the major FAME in each cell 
preparation. The major fat ty acid phytanic acid was pre- 
sent in all samples. There were larger amounts  of phy- 
tanic acid in the denser sponge cell preparat ion (8.4% of 
FAME extract for H 2) as compared with the lighter cell 
preparat ion (5.1% of FAME extract for L1); the highest 

TABLE 5 

D i s t r i b u t i o n  o f  FAME i n  Amphimedon terpenensis A c c o r d i n g  to  Cel l  T y p e  I s o l a t e d  via D e n s i t y  
G r a d i e n t  C e n t r i f u g a t i o n  ~b 

L1 H2 H 3 H 4 H5 H6 H7 c H s H 9 

(%) 

M~orFAME 
16.0 5.4 13.9 6.1 5.6 14.3 17.2 28.6 14.9 13.9 
18:0 3.0 8.1 3.1 3.5 11.1 14.1 21.3 14.5 5.6 
Phytamc 5.1 8.4 11.8 15.4 6.7 4.1 4.9 3.7 7.2 
24:2Br 4.1 2.4 3.0 1.4 1.5 0.1 d 1.6 2.5 
25:2Br 20.8 11.2 14.4 6.7 6.7 2.4 d 7.3 10.5 
26:2Br 7.9 4.6 5.9 3.2 3.3 2.1 1.1 4.0 4.0 

~herFAMEattribu~bletecyan~ac~na 
14:0 1.0 1.1 0.9 0.7 1.3 1.4 2.1 0.8 0.6 
16:1n-7 0.8 d 1.0 3.7 3.8 4.0 3.7 2.5 1.8 
18:1n-9 2.7 2.5 4.3 3.9 6.9 7.7 5.9 6.6 6.7 

FAME attributable to (nonphototrophie) bacteria 
i15:0 e 1.4 0.6 1.0 0.5 0.4 0.4 d d 0.8 
ai15:0 0.2 0.7 0.2 0.8 0.4 0.4 d d 0.7 
i16"0 0.3 0.3 0.4 0.2 0.3 0.3 d d 0.4 
Mel6:0 1.7 1.2 1.5 1.5 0.9 0.7 d d 1.8 
i17:0 0.6 0.5 0.5 0.5 0.5 0.4 d 0.4 0.5 
ai17:0 0.3 0.7 0.4 0.5 0.4 0.5 d 0.4 0.5 
18"1n-9 0.8 0.3 1.3 1.1 1.2 1.1 d 1.1 1.1 
Mel8:0  2.2 2.3 2.0 2.3 1.2 0.9 2.1 0.8 2.0 
i19:0 0.5 0.3 0.5 0.3 0.5 0.1 d d 0.3 
ai19:0 0.3 0.8 0.3 0.4 0.6 0.5 d 0.3 d _ 

aNovember 1989 collection. FAME, fatty acid methyl esters, bSee Figure 2 for identification of L 1 and 
H2-H 9. CSmall pellet size allowed detection of major FAME only. aNot detectable, ei and ai refer to iso and 
ante/so, respectively. 

UPIDS, VoL 29, no. 7 (1994) 



514 

M.J. GARSON ETAL. 

amounts of phytanic acid were located in H 3 and H 4 
(11.8 and 15.4% of FAME extract as compared with 8.4% 
for H2). The brominated fatty acids were also present in 
all cell preparations (percentages ranged from 20.8% of 
FAME extract for L 1 to 2.4% of FAME extract for H6). 
The amounts of brominated acids in L 1 (for example, 
20.8% for 25:2Br) were higher than the amounts in H 2 
(11.2%), suggesting that  the small rounded sponge cells 
in L 1 might contain these acids; when H 2 was parti- 
tioned by density gradient centrifugation, significant 
amounts of brominated fatty acid were present in frac- 
tions H3-H 5. The pellets H 3 and H 4 had been identified 
by TEM as containing small rounded sponge cells. The 
electron micrographs also showed that  H 3 contained in- 
significant numbers of eubacteria, H 4 was bacteria-free, 
while H 5 contained large quantities of bacteria. It is no- 
table (Table 5) that cell pellet H8, identified by TEM as 
a fraction containing archaeocytes, contained high levels 
of brominated fatty acids (7.3% for 25:2Br); therefore, 
heavier sponge cells may also contain these novel fatty 
acids. We attach little significance to the increased lev- 
els of brominated fatty acid in cell pellet H 9 as much of 
the material in this fraction represents reaggregated 
cells. 

The amounts of 16:0, 18:0 and of other fatty acids, 
such as 16:1n-7, normally associated with cyanobacteria 
increased notably in Hs-H 8. Pellets H 6 and H 8 con- 
tained cyanobacteria as judged by TEM. The presence of 
cyanobacteria in H 5 and H 7 was not indicated by TEM, 
although the dark colors observed for these pellets (com- 
pared with cell preparations H 3 and H4) was consistent 
with them containing cyanobacteria. The distribution of 
fatty acids usually attributed to bacteria in the sponge 
cell-enriched fractions H3-H 9 was then compared with 
that  in the bacteria-rich fraction L 1 (Table 5), and with 
the fatty acid composition of the whole animal (Table 4). 
Fraction L 1 contained amounts of typical bacterial fatty 
acids similar to those in whole animal, whereas these 
acids are generally present in smaller quantities in the 
dense cell preparation H2, the only significant exception 
being anteiso-15:0, anteiso-17:0 and anteiso-19:0. The 
levels of Mel6:0 and Mel8:0 remained quite high in all 
the heavy cell pellets, but were not present in the same 
quantities as in whole animal. 

DISCUSSION 

There is now substantial evidence that  marine sponges 
are sources of unusual fatty acids which are generally 
associated with the phospholipid fractions rather  than 
other lipid fractions (1). In some recent cases, unusual 
fatty acids from marine sponges have been identified as 
membrane components (16,22-24). There have, how- 
ever, been few studies on the lipid distribution according 
to cell type (16-18), even though an understanding of 
the cellular location of fatty acids is central to under- 
standing their biosynthesis, their usefulness as chemo- 
taxonomic markers and the physiological role of mem- 
brane constituents which potentially differentiate 
sponge cell membranes from other eukaryotic mem- 
branes. The major focus of our work was to determine 

whether the unusual triad of brominated LCFA were of 
sponge or symbiont origin. Cyanobacteria are not known 
to produce LCFA, and bacteria do not generally produce 
fatty acids with chain length >22:0 (28). Other possible 
symbionts, such as fungi or algae, were excluded from 
consideration as they were not apparent in light or TEM 
examination of sponge samples. The pigment patter for 
A. terpenensis is consistent with that elicited by a uni- 
cellular cyanobacterial symbiont and does not conform 
to any other algal type. Furthermore, brominated fatty 
acids have not yet been isolated from algae, although 
they have been isolated from a number of sponges of the 
orders Nepheliospongida, Haplosclerida, Halichondrida 
and Axinellida (25,31--41), each presumably with a dif- 
ferent symbiont population. Sponges contain greater 
quantities of odd and branched fatty acids than do other 
plant or animal species, and contain the greatest range 
of unusual fatty acids of any phylum (1,19,20). All the 
brominated fatty acids isolated in our work possessed 
the A5,9cis, cis substitution pattern, which is character- 
istic of the VLFA ascribed to marine sponges (1,42). 
Therefore we hypothesized that brominated acids are lo- 
cated in sponge cells~on both chemotaxonomic and phy- 
logenetic grounds. 

The experimental work described in this paper con- 
firms that  the suite of brominated fatty acids found in A. 
terpenensis are located in sponge cells rather than the 
diverse symbiont cell types associated with this sponge. 
Firstly, all three brominated acids were shown to be 
major components of both superficial and choanosomal 
tissues. The two tissue types both contain sponge cells, 
but differ in the nature of their symbiont populations. 
Fatty acids ascribed to cyanobacteria predominated in 
the superficial tissue whereas the range of fatty acids 
usually ascribed to eubacteria were present in low quan- 
tities in both superficial and choanosomal tissue, consis- 
tent with our previous electron microscopic identifica- 
tion of several morphologically distinct strains of eubac- 
teria, each of which presumably has its own 
characteristic fatty acid composition. Secondly, the 
brominated fatty acids were found to be uniquely asso- 
ciated with the PE and PS classes. Lam et al. (25) iso- 
lated the C26 acid (4) from a Californian Hymeniacidon 
sp. and found that it was also a major component of the 
PE fraction. The association between sponge VLFA and 
amino-containing headgroups has been noted by other 
investigators (1,42,43). Finally, sponge cell preparations 
which were bacteria-free by TEM contained high levels 
of brominated acids. Fatty acids which are considered 
characteristic of bacterial or cyanobacterial symbionts 
showed distributions that were markedly different from 
those of the brominated acids in the cell preparations 
obtained; the fatty acid profile was generally consistent 
with the presence or absence of symbionts as deter- 
mined by TEM. 

The highest levels of brominated acids were associ- 
ated with preparations (fractions L1, H 3 and H 4) con- 
taining small sponge cells. Dissociated sponge cells com- 
monly take on a more rounded shape than when present 
in whole tissue; this fact, together with the poor fixation 
which we have routinely encountered in our work on 
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A. terpenensis, prevented thorough morphological as- 
s ignment of the cell types present.  However, our  earl ier  
work has shown tha t  these fractions might be expected 
to contain choanocytes and vacuolated cells (8), which 
together  with the detection of increased levels of bromi- 
na ted  acids in choanosomal t i ssue suggests  t h a t  
choanocytes may  be the cell type which contains the 
brominated fat ty acids. Although fur ther  analysis is re- 
quired to confirm this possibility, our prel iminary data  
are consistent with other  reports in which purified 
choanocyte cells from Tethya aurant ia  and from 
Pseudaxinyssa sp. were shown to contain LCFA (17,18). 

Biosynthetic experiments have shown tha t  marine  
sponges can synthesize LCFA by chain elongation, fol- 
lowed by desaturat ion,  of shorter  chain (C14 , C16) acids 
obtained from dietary sources or from symbionts (1). 
Precursor  incorporation experiments by Lam et al. (25) 
on 4 established tha t  bromination occurs at a late stage 
in the biosynthetic pathway, and this is consistent with 
the observation tha t  brominated acids are of sponge ori- 
gin as the chain elongation of short carbon chain fat ty  
acid precursors is known to be carried out by the sponge 
host (1). The ability to introduce bromine into fat ty  acyl 
chains therefore appears to be a specific metabolic char- 
acteristic of sponge ra ther  than  of cyanobacterial or eu- 
bacterial  cells. Bromination is most likely carried out on 
the preformed VLFA (perhaps by addition of Br  2 across 
a double or triple bond followed by elimination of HBr). 

Phytanic  acid is an isoprenoid fat ty  acid frequently 
isolated from marine sponges, but  which has also been 
isolated from halophilic bacteria and is known to be 
t ransferred through marine food webs (43,44). In A. ter- 
penensis,  phytanic acid was shown to be a major con- 
s t i tuent  of the PE fraction. As aminophospholipids, such 
as PE and PS, have been found to predominate  in 
sponge phospholipids (1,25), this suggested to us tha t  
phytanic acid is stored in sponge cells r a the r  than  in, or 
associated with, symbiont cells. Three  other  isoprenoid 
fat ty acids have been isolated from marine sources. The 
fat ty  acid 4,8,12-trimethyltridecanoic acid has been 
demonstra ted to be a component of the sponge cell pop- 
ulation ofPseudaxinyssa sp., where it plays a s t ructural  
role in membranes  (17,22). This acid has also been use- 
ful as a taxonomic marker  for sponges of the family Spi- 
rastrel l idae (45). Carballeira and Maldonado (46) iso- 
lated a third isoprenoid acid, 3,7,11-trimethyldodecanoic 
acid, while Barna than  et al. (47) reported the isolation of 
5,9,13-trimethyltetradecanoic acid. The increasing num- 
ber of reports on the isolation of isoprenoid fat ty  acids 
from diverse sponge taxa with differing symbiont popu- 
lations consti tutes circumstantial  evidence tha t  these 
isoprenoid acids may be considered as a t rue  component 
of sponge cells. 

The use of fat ty acids as a chemotaxonomic marker  for 
sponges has  been evaluated by Bergquist  et al. (19), but  
is limited by seasonal, geographic and environmental  
variat ion (4,19,20). Fur thermore ,  as our work, and tha t  
of others has shown, the fat ty  acid profile may  be related 
to symbiont levels (18,26,42), al though in many sponges 
the influence of symbionts may  be minimal (19,48). 
Brominated fat ty acids have been isolated previously 

from sponges of the families Nepheliospongidae (order 
Nepheliospongida), Hymeniacidonidae (order Halichon- 
drida) and Agelasidae (order Axinellida) (25,31-41). The 
precise taxonomic status of the sponge used in this 
s tudy is unclear as it shows certain taxonomic charac- 
teristics of the closely-related orders Nepheliospongida 
and Haplosclerida, but  current  information places the 
sponge as closest to the genus Amphimedon  (order Hap- 
losclerida) (49). Haplosclerid sponges are characterized 
by higher  than  average C27-C30 acid levels, whereas 
sponges of the order Nepheliospongida are characterized 
by high levels of unsa tura ted  LCFA, and by high C16 lev- 
els (19,20); some species are low in C17-C23 acids (19). In 
its fa t ty  acid composition, A. terpenensis shows many  
characteristics closely identified with nepheliospongids, 
but  the sponge differs from other  nepheliospongid 
species by having C25 as its major LCFA and in not con- 
taining measurable quanti t ies of C27 acids. The levels of 
C25 acids in nepheliospongid species are usually lower 
than  those of C27 acids (20). The recent report  of bromi- 
nated fat ty  acids from a Caribbean Agelas sp. (40) is of 
interest  given tha t  other sponges from this order contain 
isonitrile metabolites, as does A. terpenensis. 

In an analysis of sponges of the genus Amphimedon  
from the Caribbean, Carballeira's group (50,51) found 
novel a-hydroxylated C22 and C23 acids, C23, C25 and C27 
monounsa tu ra ted  acids together  with C29 and C3o 
trienoic acids in A. compressa, while A. complanata was 
found to be rich in diunsaturated acids and in the rare  
eicosadienoic acids 6,11-20:2 and 11,15-20:2 (52). These 
two analyses differ significantly from those reported for 
the Austral ian A. terpenensis, highlighting the contin- 
ued need to verify chemotaxonomic data  with classical 
taxonomy and to examine fur ther  ecological influences 
on fat ty  acid variat ion within marine sponges. 
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Spectrophotometric Assay of 2,4-Dienoyl Coenzyme A Reductase 
with 5-Phenyl-2,4-pentadienoyI-Coenzyme A as Substrate 
Mohamed A. Nada 1, Khaled Shoukry and Horst Schulz* 
Department of Chemistry, City College of the City University of New York, New York, New York 10031 

The spec trophotometr ic  assay  of  2 ,4 .dienoyl  c o e n z y m e  A 
(CoA) reductase  (EC 1.1.1.34) was  modi f i ed  to improve  
the  l inear i ty  and  sens i t iv i ty  of  th is  method.  5-Phenyl-2,4- 
pentadienoyl -CoA,  w h i c h  has  an  absorbance  m a x i m u m  at 
340 n m  wi th  an ex t inc t ion  coef f ic ient  of  44,300 M -1 cm -1, 
was  s y n t h e s i z e d  and used  as substrate .  This  c o m p o u n d  is  
reduced  by  n i c o t i n a m i d e  a d e n i n e  d inuc l eo t ide  phos-  
phate  (NADPH)-dependent  2,4-dienoyl-CoA reductase  to 
5 -pheny l -3 -pentenoy l -Co~  When a t i s sue  h o m o g e n a t e  
serves  as  an  e n z y m e  source,  the  product  is  further  
metabo l i zed  by  A3,A2-enoyl-CoA i somerase  (EC 5.3.3.8) to 
5 .pheny l -2 -pentenoy l -CoA,  w h i c h  is  h y d r a t e d  to  5- 
pheny l -3 -hydroxypentanoy l -CoA by enoyl -CoA hydratase  
(EC 4.2.1.17). The  modi f i ed  assay  method,  w h i c h  mea- 
sures  the  decrease  in  absorbance  at 340 n m  due  to the  re- 
duc t ion  of  5-phenyl-2 ,4-pentadienoyl-CoA and the  oxida- 
t ion  of  NADPH, is  l inear  for a longer  per iod of  t ime  and  
is  tw ice  as sens i t ive  as  the  c o n v e n t i o n a l  assay  w i t h  
2 ,4-decadienoyl-CoA as  substrate .  
Lipids 29, 517-521 (1994). 

2,4-Dienoyl coenzyme A (CoA) reductase (EC 1.3.1.34) 
functions in the ~-oxidation of unsaturated fatty acids by 
reductively removing even-numbered double bonds such 
as, for example, the 12-cis double bond of linoleic acid (1). 
Linoleoyl-CoA is chain-shortened by ~-oxidation to 4-cis- 
decenoyl-CoA, which is converted by medium-chain acyl- 
CoA dehydrogenase (EC 1.3.99.3) to 2-trans-4-cis-de- 
cenoyl-CoA. The latter compound is reduced by nicoti- 
namide adenine dinucleotide phosphate  (NADPH)- 
dependent 2,4-dienoyl-CoA reductase to 3-trans-decenoyl- 
CoA which, after conversion to 2-trans-decenoyl-CoA by 
A3,A2-enoyl-CoA isomerase (EC 5.3.3.8), can be completely 
degraded v/a the ~-oxidation spiral. More recently, evi- 
dence was presented in support of a pathway by which 
odd-numbered double bends, the 15-cis double bond of 
linolenic acid, for example, are also removed by 2,4-di- 
enoyl-CoA reductase (2). 

Fur ther  studies of 2,4-dienoyl-CoA reductase require a 
simple and sensitive assay method, especially as the spe- 
cific activity of this enzyme in tissue extracts is low. The 
first report of a disorder of unsaturated fatty acid oxida- 
tion due to a deficiency of 2,4-dienoyl-CoA reductase (3) 
prompted the design of a sensitive radioactive assay of 

1Current address: Duke University Medical Center, Mass Spec- 
trometry Facility, Durham/RTP, NC 27709. 
*To whom correspondence should be addressed at Department of 
Chemistry, City College of CUNY, Convent Ave. at 138th St., New 
York, NY 10031. 
Abbreviations: A, absorbance; CoA, coenzyme A; HPLC, high-per- 
formance liquid chromatography; NADPH, nicotinamide adenine 
dinucleotide phosphate, reduced form; Pi, phosphate; U, unit; UV, 
ultraviolet. 

2,4-dienoyl-CoA reductase (4). However, the need to syn- 
thesize [4S-3H]NADPH for this assay limits its use. We 
therefore decided to improve the available spectrophoto- 
metric assay method, which is based on the measurement  
of NADPH oxidation at 340 nm, with either 2,4-deca- 
dienoyl-CoA or sorboyl-CoA as a substrate (5). By using 
5-phenyl-2,4-pentadienoyl-CoA as a substrate, which has 
an absorbance maximum at 340 nm, the sensitivity and 
also the linearity of the assay method was improved. 

EXPERIMENTAL PROCEDURES 

Materials. Acyl-CoA oxidase from Athrobacter species, 
NADPH, CoA and other s tandard biochemicals were pur- 
chased from Sigma Chemical Co. (St. I~uis, MO). Aldrich 
(Milwaukee, WI) was the source of 2-trans-4-trans-decadi- 
enal, trans-cinnamaldehyde and 4-cis-decenal. The follow- 
ing enzymes were purified or partially purified by the in- 
dicated procedures: enoyl-CoA hydratase or crotonase 
(4.2.1.17) from bovine liver (6), 2,4-dienoyl-CoA reductase 
from rat  liver (7) and peroxisomal trifunctional enzyme 
from rat  liver (8,9). 4-cis-Decenal and 2-trans-4-trans- 
decadienal were oxidized with Ag20 to 4-cis-decenoic acid 
and 2-trans-4-trans-decadienoic acid, respectively, by a 
general procedure for the oxidation of aldehydes to acids 
tha t  are sensitive to strong oxidizing agents (10). 5- 
Phenyl-2,4-pentadienoic acid was synthesized by reacting 
trans-cinnamaldehyde with malonic acid in the presence 
of pyridine using a general procedure described by Lin- 
stead et al. (11). In brief, 2.5 g of trans-cinnamaldehyde 
were mixed with 2 g of dry pyridine and then combined 
with 2 g of dry malonic acid. The mixture was kept for 48 h 
at 25~ and then heated at 80~ for approximately 8 h 
until CO 2 ceased to evolve. The reaction mixture was acid- 
ified with 50% (vol/vol) I-I2SO 4 and extracted with diethyl 
ether. The ether phase was extracted several times with 
10% (wt/vol) Na2CO 3. The aqueous solution was acidified 
with 50% (vol/vol) H2SO 4 and extracted with diethyl ether. 
After drying the ether phase over anhydrous Na2SO 4, the 
ether  was removed under reduced pressure. 5-Phenyl-2,4- 
pentadienoic acid was obtained in approximately 50% 
yield. The acid crystallized at -20~ from petroleum ether 
(b.p. 37-52~ ether in the form of white needles 
with an m.p. of 166-168~ (literature m.p. 166-167~ 
(12). CoA thioesters of 2-trans-4-trans-decadienoic acid, 
4-cis-decenoic acid and 5-phenyl-2,4-pentadienoic acid 
were prepared by the mixed anhydride procedure as de- 
tailed by Fong and Schulz (13). Acyl-CoA compounds used 
for spectral or high-performance liquid chromatography 
(HPLC) analyses were purified by HPLC, whereas their 
use as substrates in enzyme assays did not require any 
purification. The concentrations of all acyl-CoA solutions, 
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including 5-phenyl-2,4-pentadienoyl-CoA, were deter- 
mined by quantifying free CoA by the Ellman procedure 
(14) after completely cleaving the thioester bond with 1M 
hydroxylamine at  pH 7 (13). 2-trans-4-cis-Decadienoyl- 
CoA was prepared from 4-cis-decenoyl-CoA by acyl-CoA 
oxidase under aerobic conditions as described previously 
(15), except tha t  catalase was omitted from the incubation 
mixture. The ultraviolet (UV) spectrum of HPLC-purified 
5-phenyl-2,4-pentadienoyl-CoA showed two broad peaks 
centered around 260 and 340 nm. The ratio of A340/A260 
was 1.95. The extinction coefficient of the absorbance peak 
at 340 nm was 44,300 M -1 cm -1. Liver mitochondria were 
isolated according to a general procedure (16). For the 
preparation of a soluble extract, ra t  liver mitochondria 
were sonicated ten times for 8 s each with a Heat  Systems 
(Plainview, NY) sonifier (Model W-385) equipped with a 
microtip and centrifuged at 105,000 x g for 1 h. The 
supernatant  served as a source of soluble mitochondrial 
enzymes. 

Assays of 2,4-dienoyl-CoA reductase and protein. 2,4- 
Dienoyl-CoA reductase was assayed spectrophotometri- 
cally by measuring the absorbance change at 340 nm with 
a Gilford (Oberlin, OH) Model 250 recording spectropho- 
tometer at  25~ Absorbance scans of the UV region were 
recorded with a microprocessor-controlled Gilford 2600 
UV-VIS spectrophotemeter equipped with a graphics plot- 
ter. The assay mixture (1 mL) contained 0.2 M KP i (Pi, 
phosphate) (pH 8), 0.1 mM NADPH, 25 p_M 2-trans-4- 
trans-decadienoyl-CoA or 25 ~tM 2-trans-4-cis-deca- 
dienoyl-CoA or 25 p_M 5-phenyl-2,4-pentadienoyl-CoA and 
partially purified 2,4-dienoyl-CoA reductase (4-10 ~g of 
protein), or a soluble extract of ra t  liver mitochondria 
(40-100 ~tg of protein) to give an absorbance change of 
0.01 to 0.025 A/min. The assay was started by the addition 
of enzyme. One unit  (U) of enzyme activity is defined as 
the amount  of enzyme that  catalyzes the conversion of 
1 pmol of substrate to product per min. Protein concen- 
trations were determined by the dye binding assay as de- 
scribed by Bradford (17), with bovine serum albumin as 
standard. 

HPLC analysis and purification of acyl-CoA. Prior to 
analysis by HPLC, incubations were terminated by acidi- 
fication to pH 1-2 with conc. HC1. Samples were filtered 
through 0.22 ~tm (pore size) membranes, after which the 
pH was adjusted to 5 with 4N KOH. The filtrates were ap- 
plied to a Waters (Milford, MA) ~Bondapak ClS reverse- 
phase column (30 cm x 3.9 mm) attached to a Waters gra- 
dient HPLC system. The absorbance of the effluent was 
monitored at 254 nm. Separation was achieved by linearly 
increasing the acetonitrile content of the 25 mM ammo- 
nium Pi elution buffer (pH 5.5) from 20 to 80% in 20 min 
at a flow rate of 2 mL/min. When acyl-CoA was purified by 
HPLC, fractions containing the compound of interest  were 
concentrated at  room temperature  on a rotary evaporator 
under  reduced pressure generated by a water  aspirator. 

RESULTS AND DISCUSSION 

2,4-Dienoyl-CoA reductase, which is an essential enzyme 
for the G-oxidation of unsaturated fatty acids, is routinely 
assayed by measuring the substrate-dependent oxidation 

of NADPH spectrophotometrically at 340 nm. Because the 
specific activity of this enzyme in tissue extracts is as low 
as 13 mU/mg in human liver (3), 4.6 mU/mg in human 
muscle (3) and 3.4 mU/mg in bovine liver (4), the sensitiv- 
ity of the spectrophotometric assay with 2,4-decadienoyl- 
CoA as a substrate is frequently insufficient, especially 
when only small tissue samples are available. In an at- 
tempt  to increase the sensitivity of the convenient spec- 
trophotemetric assay method, we set out to design and 
synthesize a substrate with an absorbance maximum 
close to that  of NADPH at 340 nm and with a large ex- 
tinction coefficient. 2,4,6-Octatrienoyl-CoA, which has an 
absorbance maximum at 337 nm with an extinction coef- 
ficient close to 50,000 M -1 cm -1, was previously shown to 
be a substrate of 2,4-dienoyl-CoA reductase (7). However, 
this compound is not very stable and, hence, it was de- 
cided to synthesize and evaluate (as a reductase sub- 
strate) a compound that  has a phenyl group in conjugation 
with the basic 2,4-dienoyl-CoA chromophore. These con- 
siderations prompted the synthesis of 5-phenyl-2,4-penta- 
dienoyl-CoA, which has an absorbance maximum at 
340 nm with an extinction coefficient of 44,300 M -1 cm -1 
and which was found to be more stable than the commonly 
used substrate 2,4-decadienoyl-CoA. 5-Phenyl-2,4-penta- 
dienoic acid was conveniently synthesized from trans-cin- 
namaldehyde and malonic acid in the presence of pyridine 
(11). Because the condensation reaction results in the for- 
mation of a trans double bond, 5-phenyl-2,4-pentadienoic 
acid prepared by this method was expected to have a 
trans, trans configuration. This assumption was confirmed 
by its melting point of 166-167~ which is close to tha t  re- 
ported for the trans, trans isomer (12). 

When 5-phenyl-2,4-pentadienoyl-CoA was incubated 
with NADPH in the presence of 2,4-dienoyl-CoA reduc- 
tase, the absorbance at 340 nm due to both substrates 
with a combined extinction coefficient of 50,500 M -1 cm -1 
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FIG. 1. Spectral  changes  associated wi th  the reduct ion of  
5 .phenyl -2 ,4 -pentadienoyl -coenzyme A (CoA) by  nicoti-  
n a m i d e  aden ine  d inuc leot ide  phosphate  (NADPH) cat- 
a lyzed by 2,4-dienoyl-CoA reductase.  Curve 1, prior to the 
addi t ion  of  2,4-dienoyl-CoA reductase; curve 2, 3 min; 
curve 3, 8 min; curve 4, 30 m i n  after ini t iat ion of  the reac- 
tion. The reaction mixture  conta ined 0.2 M KP i (pH 8.0), 
0.1 mM NADPH, 12.5 ~M 5-phenyl-2,4-pentadienoyl-CoA, 
and part ia l ly  pur i f i ed  2,4-dienoyl-CoA reductase  (15 
~g/mL). The reference cuvette  contained the same mixture,  
except  that 5-phenyl-2,4-pentadienoyl-CoA was  omitted.  
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FIG. 2. High-performance liquid chromatography ~n~!ysis o f  
metabolites formed from 5-phenyl-2,4-pentadienoyl-CoA b y  
2,4-dienoyl-CoA reductase or  b y  a s o l u b l e  e x t r a c t  o f  ra t  l i v e r  
mitochondria. A, 5-Phenyl-2,4-pentadienoyl-CoA; B, product 
f o r m e d  from 5-phenyl-2,4-pentadienoyl-CoA by partially pu-  
r i f i e d  2,4-dienoyl-CoA reductase in t h e  p r e s e n c e  o f  NADPH; 
C, metabolites formed when 5-phenyl-2,4-pentadienoyl-CoA 
w a s  incubated with a s o l u b l e  e x t r a c t  o f  ra t  l i ver  mitochon- 
dria in t h e  p r e s e n c e  o f  NADPH. Peak 1, 5-phenyl-2,4-penta- 
dienoyl-CoA; peak 2, 5-phenyl-3-pentenoyl-CoA or  5 -pheny l -  
2 -pentenoy l -CoA;  peak 3, 5-phenyl-3-hydroxypentanoyl-CoA. 
For  d e t a i l s  a b o u t  the  assay, see Experimental Procedures 
section. Abbreviations as in Figure 1. 
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FIG. 3. High-performance liquid chromatography (HPLC) 
i d e n t i f i c a t i o n  o f  m e t a b o l i t e s  f o r m e d  from 5-phenyl-2,4-pen- 
tadienoyl-CoA b y  e n z y m e s  o f  ~-oxidation. A, HPLC-purified 
5-phenyl-3-pentenoyl-CoA formed from 5-phenyl-2,4-penta- 
dienoyl-CoA b y  p a r t i a l l y  p u r i f i e d  2 , 4 - d i e n o y l - C o A  re-  
d u c t a s e  i n  t h e  p r e s e n c e  o f  NADPH; B, after i n c u b a t i o n  
o f  5-phenyl-3-pentenoyl-CoA with p u r i f i e d  c r o t o n a s e  
(0.25 Ilg/mL); C, after i n c u b a t i o n  o f  5 - p h e n y l - 3 - p e n t e n o y l -  
CoA with peroxisomal trifunetional enzyme (3.5 ~g/mL); 
D, HPLC-purified 5-phenyl-3-hydroxypentanoyl-CoA; E, 
after i n c u b a t i o n  o f  5-phenyl-3-hydroxypentanoyl-CoA with 
purified crotonase. Peak 2, 5-phenyl-3-pentenoyl-CoA or  
5-phenyl-2-pentenoyl-CoA; peak 3, 5-phenyl-3-hydroxypen- 
tanoyl-CoA. Abbreviations as  in Figure 1. 

decreased in a time-dependent manner (Fig. 1). When par- 
tially purified 2,4-dienoyl-CoA reductase was used, only 
one product was identified by HPLC (Fig. 2B). This com- 
pound, which was eluted slightly ahead of the substrate 
5-phenyl-2,4-pentadienoyl-CoA (Fig. 2B), was assumed to 
be 5-phenyl-3-pentenoyl-CoA because both mitochondrial 
isoforms of the reductase catalyze the reduction of 
2,4-dienoyl-CoA to 3-trans-enoyl-CoA (1,18). When a 
soluble extract of rat liver mitochondria served as a source 
of 2,4-dienoyl-CoA reductase, most of the product was a 
more polar compound (Fig. 2C). This compound was 
presumed to be 5-phenyl-3-hydroxypentanoyl-CoA, be- 
cause 5-phenyl-3-pentenoyl-CoA would be converted to 
5-phenyl-3-hydroxypentanoyl-CoA by the sequential ac- 
tions of A3,A2-enoyl-CoA isomerase and enoyl-CoA hy- 
dratase (crotonase) present in the mitochondrial extract. 
The product formed from 5-phenyl-2,4-pentadienoyl-CoA 
by partially purified 2,4-dienoyl-CoA reductase was puri- 
fied by HPLC (Fig. 3A). When this compound, presumably 
5-phenyl-3-pentenoyl-CoA, was incubated with enoyl-CoA 
hydratase (crotonase), most of it remained unchanged ex- 
cept for a small amount that was converted to the more 
polar compound (Fig. 3B). The formation of the latter com- 
pound was most likely due to the presence of a residual 
amount of A3,A2-enoyl-CoA isomerase in the preparation 
of purified crotonase. However, when the reduction prod- 
uct was incubated with the peroxisomal trifunctional en- 
zyme, which contains enoyl-CoA hydratase, 3-hydroxya- 
cyl-CoA dehydrogenase and A3,A2-enoyl-CoA isomerase 
activities (8,9), a significant part of the compound was 
converted to the polar compound (Fig. 3C). Together, these 

observations support the conclusion that the product 
formed by reduction of 5-phenyl-2,4-pentadienoyl-CoA is 
5-phenyl-3-pentenoyl-CoA, which cannot be hydrated by 
enoyl-CoA hydratase. However, if the reduction product is 
first isomerized to 5-phenyl-2-pentenoyl-CoA by A3,A 2- 
enoyl-CoA isomerase present in the mitochondrial extract 
or associated with the trifunctional enzyme, it can be hy- 
drated to 5-phenyl-3-hydroxypentanoyl-CoA by the enoyl- 
CoA hydratase activity present in the extract or associ- 
ated with the trifunctional protein. The identity of the 
polar reaction product, presumed to be 5-phenyl-3- 
hydroxypentanoyl-CoA, was established by purifying 
(Fig. 3D) and incubating it with crotonase. Part of the 
compound was dehydrated to 5-phenyl-2-pentenoyl-CoA, 
which was eluted from the HPLC column at the same po- 
sition where 5-phenyl-3-pentenoyl-CoA emerged (compare 
Fig. 3A and 3E). The relative intensities of peaks 3 and 2 
(Fig. 3E) agree with the equilibrium ratio of 3.2 reported 
for hydrated vs. dehydrated forms of 2-enoyl-CoA (19). 

The above characterization of products establishes that 
the NADPH-dependent reduction of 5-phenyl-2,4-penta- 
dienoyl-CoA (Fig. 4, compound 1) by 2,4-dienoyl-CoA re- 
ductase present in a soluble extract of rat liver mitochon- 
dria initially yields 5-phenyl-3-pentenoyl-CoA (Fig. 4, 
compound 2). However, as other ~-oxidation enzymes are 
present in the tissue homogenate, 5-phenyl-3-pentenoyl- 
CoA will be converted to 5-phenyl-2-pentenoyl-CoA 
(Fig. 4, compound 3) by A3,A2-enoyl-CoA isomerase, and 
the latter compound will be partially hydrated by enoyl- 
CoA hydratase to 5-phenyl-3-hydroxypentanoyl-CoA 
(Fig. 4, compound 4). None of the reactions subsequent to 
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FIG. 4. N A D P H - d e p e n d e n t  r e d u c t i o n  of  5-phenyl-2 ,4-penta-  
d i e n o y l - C o A  a n d  s u b s e q u e n t  B-oxidat ion r e a c t i o n s  cat- 
a l y z e d  by  a so lub le  extract  o f  rat l iver  m i t o c h o n d r i a .  1, 5- 
Phenyl -2 ,4 -pentadienoy l -CoA;  2, 5 -phenyl -3-pentenoyl -CoA;  
3, 5 - p h e n y l - 2 - p e n t e n o y l - C o A ;  4, 5 - p h e n y l - 3 - h y d r o x y p e n -  
tanoyl-CoA.  A b b r e v i a t i o n s  as  in  F i g u r e  1. 

the reduction of 5-phenyl-2,4-pentadienoyl-CoA are con- 
tributing to the absorbance change at 340 nm. If NAD + 
were present in the incubation mixture, 5-phenyl-3-hy- 
droxypentanoyl-CoA might be oxidized by 3-hydroxyacyl- 
CoA dehydrogenase to yield NADH, and thereby give rise 
to an increase in the absorbance at 340 nm. 

When 2,4-dienoyl-CoA reductase, present in a soluble 
extract from rat liver mitochondria, was assayed with 
5-phenyl-2,4-pentadienoyl-CoA and for comparison with 
2-trans-4-trans-decadienoyl-CoA or 2-trans-4-cis-deca- 
dienoyl-CoA as substrates, the results shown in Figure 5 
w e r e  obtained. With 5-phenyl-2,4-pentadienoyl-CoA as 
substrate, the change in absorbance at 340 nm as a func- 
tion of time was linear for at least 5 rain. By contrast, the 
progress curves obtained with the other two substrates 
deviated from linearity almost immediately after the re- 
action was initiated. Consequently, reliable values for ini- 
tial velocities could not be obtained with 2,4-decadienoyl- 
CoA thioesters as substrates. The decline in rates seen to- 
ward the end of the reaction (Fig. 5A) was due to subs!rate 
depletion. The greater linearity of the novel assay is partly 
due to the greater absorptivity of the substrate. Thus, the 
amount of 5-phenyl-2,4-pentadienoyl-CoA that must be 
converted to product to obtain a certain absorbance 
change is only one-eighth of the amount of 2,4-deca- 

-0 .3  
E 
e l .  

"~-0.2 
o e- 

.Q 

O .~ -0.1 
,< 

0 0 

I i i i 

A. 

i t i a ! 

I 2 .% 4 5 

Time (rain) 

! i i 

B. 

0.2 0 .4  0.6 

Protein (mg) 

6 
E 
O 
E 

4 

._> 
"6 < 

2 

FIG. 5. N A D P H - d e p e n d e n t  r e d u c t i o n  of  5-phenyl-2 ,4-penta-  
d i enoy l -CoA or 2 ,4 -decadienoyl -CoA by  2 ,4-dienoyl-CoA re- 
duc tase  p r e s e n t  in  a so lub le  extract  o f  rat l iver  m i t o c h o n -  
dria.  A, a b s o r b a n c e  c h a n g e  at  340 n m  as a f u n c t i o n  o f  t ime .  
The  reac t ion  m i x t u r e  (1 mL)  c o n t a i n e d  0.2 M K P  i (pH 8), 
0.1 mM NADPH,  0.12 m g  of  m i t o c h o n d r i a l  p r o t e i n  a n d  ei- 
ther  25 ttM 5-pheny l -2 ,4 -pentad ienoy l .CoA (e) ,  or 25 t~M 2- 
trans-4~is-decadienoyloCoA (1),  or  25 vM 2-trans-4-trans- 
decad ienoyI .CoA (&); B, ac t iv i ty  o f  2 ,4-dienoyl-CoA reduc-  
tase  as  a f u n c t i o n  o f  so lub le  m i t o c h o n d r i a l  pro te in  f r o m  rat 
l iver,  w i t h  2-trans~-cis.decadienoyI-CoA (1) or  5ophenyl-  
2 ,4 -pentadienoy l -CoA as  subs tra te  (0).  Assay  c o n d i t i o n s  
w e r e  ident i ca l  to those  g i v e n  u n d e r  A. A b b r e v i a t i o n s  as in  
F igure  1. 

dienoyl-CoA. This situation greatly reduces the likelihood 
that nonlinear progress curves will be obtained with the 
modified assay method. Another advantage of the novel 
assay procedure is that under identical conditions the ab- 
sorbance change with 5-phenyl-2,4-pentadienoyl-CoA as 
substrate is twice the change obtained with either of the 
isomeric 2,4-decadienoyl-CoA thioesters (Fig. 5A). How- 
ever, when reductase activities are calculated from ab- 
sorbance changes, a different picture is obtained. As 
shown in Figure 5B, the reductase activity with 2-trans-4- 
cis-decadienoyl-CoA as substrate is almost four times 
higher than with 5-phenyl-2,4-pentadienoyl-CoA. The ap- 
parent difference between the results shown in Figure 5 
(A and B) is due to different extinction coefficients at 
340 nm associated with the reduction of 5-phenyl-2,4-pen- 
tadienoyl-CoA by NADPH (e = 50,500 M -1 cm -1) and of 
2,4-decadienoyl-CoA by NADPH (e = 6,220 M -1 cm-1). 
What is crucial, when the sensitivity of the assay method 
is considered, is the greater absorbance change with 
5-phenyl-2,4-pentadienoyl-CoA as a substrate as com- 
pared to the conventional assay with either isomer of 2,4- 
decadienoyl-CoA. Kinetic parameters (Km, Vma x) were de- 
termined for the reduction of 5-phenyl-2,4-pentadienoyl- 
CoA and 2-trans-4-cis-decadienoyl-CoA by 2,4-dienoyl- 
CoA reductase at a fixed concentration of 0.1 mM 
NADPH. The apparent K m values for 5-phenyl-2,4-penta- 
dienoyl-CoA (9.5 tLM) and 2-trans-4-cis-decadienoyl-CoA 
(9.1 ~Vl) were virtually identical, whereas the maximal 
velocity with the new substrate was eight times slower 
(0.1 U/mg) than the Vma x (0.8 U/mg) of the conventional 
assay. 

The modified spectrophotometric assay of 2,4-dienoyl- 
CoA reductase described in this report represents an ira- 
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p r o v e m e n t  over  t he  c u r r e n t l y  used  m e t h o d  due  to t he  
g r e a t e r  abso rbance  change  t h a t  r e m a i n s  l i n e a r  for a 
longer  per iod  of t ime.  As 5-phenyl -2 ,4-pentad ienoyl -CoA 
a n d  2 ,4-decadienoyl-CoA are  p r e p a r e d  by  two-s tep  syn- 
t he se s  of  equa l  difficulty, t he  modif ied  m e t h o d  is recom- 
m e n d e d  for rou t ine  a s s a y s  of  2 ,4-dienoyl-CoA reduc tase .  
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Phosphatidylethanolamines 
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I 

The distribution of C14-C22 fatty acids in the phos- 
phatidylethanolamines  isolated from the sponges Agelas 
sp. and Spongia tampa was  invest igated.  Se lec t ive  
changes with  phospholipase A 2 (from Agkistrodon halys 
blomhoffii) fol lowed by thin-layer chromatographic sep- 
aration of  the result ing lysophosphatidylethanolamines  
and free fatty acids and subsequent methylat ion with 
HCI/MeOH and diazomethane,  respectively,  revealed that 
the 5 ,9-octadecadienoic  acid and the 9,12-octadeca- 
dienoic acid present  showed no preference for e i ther  po- 
s it ion sn-1 or sn-2 in these  phosphatidylethano|amlnes .  
The other saturated and unsaturated fatty acids with  
chains be tween  14 and 22 carbons long were  also found to 
be equally distributed be tween  posit ions sn.1 and sn-2 in 
the phosphatidylethanolamlues  in these  sponges.  The re- 
suits contrast with  what  is  known about the distribution 
in most  mammal ian  phospholipids,  such as the phos- 
phatidylchol ines  from human erythrocytes,  where  oc- 
tadecadienoic  acid typically occupies  the sn.2 position. 
Lipids 29, 523-525 (1994). 

There is little information available on the positional 
distribution of fatty acids (FA) in the phospholipids of 
marine organisms (1). However, some interesting 
species differences in the distribution of individual phos- 
pholipid FA have been reported. For example, docosa- 
hexaenoic acid has been shown to exclusively occupy the 
sn-2 position in the phospholipids from whale and lob- 
ster (1), while in phosphatidylcholines (PC) from muscle 
of salmon and tuna, more than 40% of this acid was 
found at the sn-1 position (2). Oleic acid has also been 
found in some species of whale to occupy the sn-1 posi- 
tion in PC whereas in cod and scallop muscle, oleic acid 
seems to prefer the sn-2 position (2). In fish and other 
animal PC, 9,12-octadecadienoic acid (18:2) is typically 
found at the sn-2 position (1). 

Sponge phospholipids with very long-chain FA 
(C26~C3o) have a random FA distribution between sn-1 
and sn-2 (3). For example, 1,2-di-(5Z,9Z)-5,9-hexacosa- 
dienoyl-sn-glycero-3-phosphoethanolamine was isolated 
from the sponges Microciona prolifera and Parasperella 
psila and characterized by fast-atom bombardment and 
tandem mass spectrometry (4). The sponge Aplysina fis- 
tularis was found to contain 1,2-di-5,9,23-triaconta- 
trienoyl-sn-glycero-3-phosphoethanol-amine (5). Phospho- 
lipids with polyunsaturated FA (e.g., 20:4 and 22:6) have 
also been found in sponges. For example, the sponge H/g- 

*T6 whom correspondence should be addressed at the Department 
of Chemistry, University of Puerto Rico, P.O. Box 23346, San Juan, 
Puerto Rico 00931-3346. 
Abbreviations: FA, fatty acid(s); GC/MS, gas chromatography/mass 
spectrometry; PC, phosphatidylcholine(s); PE, phosphatidyletha- 
nolamine(s); TLC, thin-layer chromatography; tris, tris(hydroxy- 
methyl)aminomethane. 

ginsia tethyoides contains 1,2-di-5,8,11,14-docosate- 
traenoyl-sn-glycero-3-phosphocholine (5), whereas M. pro- 
lifera synthesizes 1,2-di-(4Z,7Z, lOZ,13Z,16Z,19Z)docosa- 
hexaenoyl-sn-glycero-3-phosphocholine as the major PC 
molecular species (4). Phospholipid molecular species 
found in higher organisms, such as those found in human 
erythrocytes, possess a more ordered FA distribution (6). 
Thus, saturated FA are normally found at the 1-position, 
and unsaturated FA normally occupy the 2-position (6,7). 

The positional distribution of octadecadienoic acids, 
including linoleic acid, in phospholipids from marine 
sponges has not been studied previously. In the present 
work, we determined the positional distribution of two 
octadecadienoic acids, namely 5,9-octadecadienoic acid 
and 9,12-octadecadienoic acid, in phosphatidylethanol- 
amines (PE) isolated from the sponges Agelas sp. and 
Spongia tampa. 

MATERIALS AND METHODS 

Agelas sp. was collected August 1, 1992, near Mona Is- 
land, Puerto Rico, at a depth of 25 m. Spongia tampa 
was collected in July 1992 at a depth of 1 ft from the 
mangroves of La Parguera, Puerto Rico. The sponges 
were freeze-dried in a Labconco Freeze Dryer 4.5 (Model 
77510; Labconco, Kansas City, MO). The sponges 
(30-50 g) were then carefully cleaned of all nonsponge 
debris and cut into small pieces. Extraction with 250 mL 
of chloroform/methanol (1:1, vol/vol) yielded the total 
lipids. The neutral lipids, glycolipids and phospholipids 
(20 mg) were separated by column chromatography on 
silica gel (60-200 mesh) using the procedure of Privett 
et al. (8). The phospholipid classes were fractionated by 
thin-layer chromatography (TLC) on silica gel 60 using 
chloroform/methanol/NH4OH (65:35:5, by vol) as sol- 
vent. Spray reagents such as molybdenum blue (phos- 
pholipids) and ninhydrin (amino groups) were used for 
the identification of the phospholipids. PE was isolated 
by preparative TLC under the conditions described 
above. The TLC fraction identified as PE was scraped 
from the plate, and the phospholipids were extracted 
from the silica gel with CHC13/MeOH]H20 (50:45:5, 
by vol). 

PC from human erythrocytes was isolated as follows. 
Duplicate samples of 1.0 mL of a 25% cell suspension in 
tris [tris(hydroxymethyl)aminomethane] buffered saline 
(1.2 ~mol total phospholipid) were extracted according 
to Folch et al. (9). The total extract was applied to a 5 x 
20 cm Whatman pre-coated silica gel plate and devel- 
oped with CHC13/MeOH/H20 (64:32:5, by vol), which 
contained 0.01% butylated hydroxytoluene as antioxi- 
dant. Lipid was visualized with 2',7'-dichlorofluorescein, 
and the band corresponding to PC was scraped off. 
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Phosphol ipids  were enzymat ica l ly  cleaved by dissolv- 
ing the  purif ied phospholipid fraction (1.2 ~mol) in 
1.0 mL of die thyl  e ther /MeOH (95:5, vol/vol) together  
wi th  10 ]~g of neu t ra l  phosphol ipase  A 2 (purif ied from 
A g k i s t r o d o n  h a l y s  b l o m h o f f i i )  containing 140 mM tris-  
HC1 (pH = 7.4) and 10 mM CaC12 (10-12). The react ion 
mix ture  was thoroughly mixed by vor texing and incu- 
ba ted  a t  room t e m p e r a t u r e  for 10 min. The react ion t ime 
was kept  shor t  to minimize  acyl migrat ion.  The l ipids 
were ext rac ted  according to Folch et al. (9), and the re- 
su l t ing  free FA, unreac ted  phosphol ipids  and lysophos- 
pholipids were sepa ra t ed  by p repa ra t ive  TLC on silica 
gel us ing  CHC13/MeOH/H20 (65:35:5, by vol) as solvent. 
The resu l t ing  free FA from the sn-2  posit ion of the  phos- 
pholipids were ester i f ied with  d iazomethane  by adding  
200 ~L of a s a tu r a t ed  solution of d iazomethane  in ether. 
The e therea l  layer  was washed wi th  H20 (2 x 0.5 mL) 
and dr ied under  a s t r eam of nitrogen.  The fa t ty  acyl 
components  of the lysophospholipids  were analyzed  as 
methyl  es te rs  by react ion with  methanol ic  hydrogen 
chloride (13) followed by chromatographic  purif icat ion 
on a smal l  column and elut ion wi th  hexane/die thyl  e ther  
(9:1, vol/vol). The resu l t ing  methyl  es te rs  were analyzed  
by gas  ch romatography /mass  spec t romet ry  (GC/MS) 
us ing  a H e w l e t t - P a c k a r d  59970 MS C h e m S t a t i o n  
(Hewlet t -Packard ,  Palo Alto, CA) equipped with  a 30 m 
x 0.32 mm nonpolar  fused silica column (Supelco, Belle- 
fonte, PA) with  SPBTM-1 as the  bonded phase.  

GC/Four ier  t r ans form inf rared  (FTIR) spec t ra  were 
recorded on a Nicolet (Madison, WI) 740 FTIR spec- 

trometer .  The double bonds of the monoenoic and dienoic 
methyl  es ters  were localized by p repa r ing  the corre- 
sponding d imethyl  disulfide der ivat ives  by dissolving 
the es ters  (2 mg) in d imethyl  disulfide (0.2 mL), add- 
ing a solution (0.05 mL) of iodine in die thyl  e ther  
(60 mg/mL), and  hea t ing  the solution at  50~ for 24 h as 
described previously (14). 

RESULTS AND DISCUSSION 

The total  phosphol ipid FA composition of the  sponge 
A g e l a s  sp. was previously repor ted  (15), and a ser ies  of 
novel b romina ted  FA from the phospholipids of th is  
sponge was isolated. The to ta l  phosphol ipid FA from 
S.  t a m p a  have not been repor ted  previously. In  the  pres- 
ent  study, we ident if ied the 5,9-pentacosadienoic acid 
and 5,9-hexacosadienoic acid as the  more p rominen t  
phosphol ipid FA of S. t a m p a .  We also identified,  in t race  
amounts ,  the  9- and  16-pentacosenoic acids as well as 
the 9-, 15- and 16-hexacosenoic acids, which had  previ- 
ously been found in sponge phospholipids (3). We were 
able to isolate (by TLC) a pure  PE fraction, which con- 
t a ined  C14-C22 FAs and was free of contaminants .  PC 
was only found in minor  amounts  in the sponges, and  we 
were not able to isolate  a pure  PC fract ion t ha t  was free 
of o ther  lipids. 

The purif ied PE, from both A g e l a s  sp. and  S. t a m p a ,  
afforded C14-C22 FA af ter  MeOH/HC1 t ranses ter i f ica-  
tion. The pr incipal  s a t u r a t e d  FA in the  isola ted PE were 
te t radecanoic  acid (14:0), hexadecanoic acid (16:0) and  

TABLE 1 

Posit ional  Distr ibution of  Fatty Acids in  Phosphol ip ids  from A~elas sp. 
and Spongia tampa a 

Distribution (wt%) 
Agelas sp. S. tampa Control b 

Fatty acid sn-1 sn-2 sn-1 sn-2 sn-1 sn-2 

Tetradecanoic (14:0) 5 3 3 6 - -  - -  
13-Methyltetradecanoic (i-15:0) c 1 1 1 1 - -  - -  
12-Methyltetradecanoic (ai-15:0) c 1 1 1 1 - -  - -  
Pentadecanoic (15:0) 2 2 1 3 - -  - -  
9-Hexadecenoic (16:1) 2 3 2 4 0 0.4 
Hexadecanoic (16:0 20 14 20 23 53 5 
15-Methylhexadecanoic (i-17:0) 1 1 1 1 - -  - -  
14-Methylhexadecanoic (ai-17:0) 2 1 1 1 - -  - -  
Heptadecanoic (17:0) 1 1 1 2 - -  - -  
5,9-Octadecadienoic (18:2) 4 4 . . . .  
9,12-Octadecadienoic (18:2) - -  - -  5 4 0.5 32 
9-Octadecenoic (18:1) 32 38 34 28 0.5 29 
ll-Octadecenoic (18:1) 4 7 7 4 - -  - -  
Octadecanoic (18:0) 13 11 8 12 46 0.3 
13-Docosenoic (22:1) 12 13 15 10 - -  - -  
aThe experimental error was calculated to be about 1%. No alkyl ethers or alkenyl ethers 
were identified in these phospholipids. 
bThe data were obtained on phosphatidylcholines from human erythrocytes when ana- 
lyzed under the same conditions as the sponge phosphatidylethanolamines. Other fatty 
acids exclusively identified at the sn-2 position of the phosphatidylcholines from human 
erythrocytes were: 20:3 (4.2%), 20:4r (21%), 22:4o6 (2.2%), 22:5~6 (0.9%), 22:5o3 
(0.9%) and 22:6o3 (3.8%). No polyunsaturated fatty acids were detected at the sn-1 po- 
sition. 
ci, iso; ai, anteiso. 
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octadecenoic acid (18:0). These acids were identified by 
GC/MS and by GC co-injection with authent ic  s tandards  
(Table 1). The sa tu ra ted  FA accounted for 28-41% of the 
total  FA in PE from both sponges. The principal FA in 
the PE were monounsa tu ra t ed  acids of the n-9 family, 
i.e., 9-octadecenoic acid (18:1A9) and 13-docosenoic acid 
(22:1A13), which together  accounted for more t han  ha l f  
of the total  acids in this phospholipid (38-51%). Other  
monounsa tu ra t ed  FA belonging to the n-7 family were 
also found, namely  9-hexadecenoic acid (16:1A9) and 
l l -octadecenoic acid (18:lAll) ,  which accounted for 
6-10% of the total  FA observed. The only octadeca- 
dienoic acid in Agelas sp. was character ized as 5,9-oc- 
tadecadienoic acid (18:2A5,9) by MS of its methyl  es ter  
and dimethyl  disulfide derivative,  and based on GC re- 
tent ion t imes  (4). On the other  hand,  the  sponge 
S. tampa contained the 9,12-octadecadienoic acid as the 
only dienoic acid in the isolated PE, 

The positional distr ibution of the C14-C22 FA in the 
PE from Agelas sp. and S. tampa was examined by 
means  of enzymatic  digestion with neut ra l  phospholi- 
pase  A 2 from A. halys blomhoffii, which releases  FA 
from the sn-2 position (10-12). The purified enzyme was 
obtained from A. halys blomhoffii as previously reported 
(12), and it  showed a single band on sodium dodecyl sul- 
fate gel electrophoresis,  excluding contaminat ion with 
lipase or phospholipase A 1 (12). The FA composition a t  
the sn-1 and sn-2 positions, as de termined by this 
method,  is presented  in Table 1. I t  is appa ren t  t ha t  the 
FA distr ibution between sn~ and sn-2 is quite similar. 
For  example,  the sa tu ra ted  FA 14:0, 16:0 and 18:0 were 
equally found at  positions sn-1 and sn-2, with a slight 
preference for position sn-1 in both sponges. The typical 
odd-chain branched FA iso- and anteiso-15:0 and 17:0 
were also found to occupy both positions, with no clear 
preference for sn-1 or sn-2. The most  abundan t  FA in the 
mixture,  namely  18:1A9 and 22:1A13, were also found 
both at  positions sn-1 and sn-2, but  a slight preference 
for sn-2 was observed in Agelas sp. Thus,  in these 
sponges sa tu ra ted  and monounsa tu ra t ed  FA can equally 
occupy the sn-1 and sn-2 positions in PE. Such lack of 
positional specificity has  been observed before in several  
bacter ia  (16,17). 

The lysoPE and free FA formed af ter  PLA 2 hydrolysis 
in the presen t  s tudy were produced in an  approximate ly  
1:1 molar  ratio. We es t imated  tha t  the extent  of hydrol- 
ysis was ca. 60%. The FA compositions of the PE before 
hydrolysis and of the residual  PE af ter  hydrolysis were 
shown to be similar. As a control, we also applied the  
methodology we used to PC isolated from h u m a n  ery- 
throcytes.  We selected these phospholipids because the 
positional distr ibution of FA, and specifically t ha t  of the 
9,12-octadecadienoic acid, has  been thoroughly studied 
(6). As can be seen from Table 1, no significant 1,2-acyl 
migra t ion  occurred in the method we used. 

One interes t ing finding in these sponges was the lack 
of any  positional specificity for the octadecadienoic 
acids, i.e., for example  in Agelas sp. the 5,9-octadeca- 
dienoic acid was  equally found at  positions sn-1 and sn-2 
in the PE. This m a y  imply the presence of the identically 
subs t i tu ted  1,2-di-(5Z,9Z)-5,9-octadecadienoyl-sn-glyc- 

ero-3-phosphoethanolamine,  s imilar  to wha t  has  been 
reported for the longer chain "demospongic" FA of 
sponges (3). In  S. tampa,  a s imilar  observat ion was 
made  with the methylene- in te r rupted  9,12-octadeca- 
dienoic acid, present  both a t  positions sn-1 and sn-2 of 
PE. 

This s tudy represents  the first  effort to elucidate the 
positional distr ibution of C14-C22 FA in the phospho- 
lipids of sponges. The PE studied have  FA similar  to 
cyanobacter ia  (blue-green algae) as the 16:1A9 acid is 
considered a major  cyanobacterial  acid (18). However, 
the 18:2(A5,9) and 18:2(A9,12) acids are not common in 
bacter ia  (18). In particular,  the 18:2(A5,9) acid has  not 
been found in bacteria.  Thus,  the PE we isolated could 
originate from microbial symbionts  and sponge cells. I t  
is also in teres t ing to note tha t  the two sponges collected 
from two different hab i ta t s  have a very s imilar  PE FA 
distribution. 
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Five  bacter ia l  s tra ins  i so la ted  f rom the  in te s t ine  o f  deep  
sea  f ish w e r e  s h o w n  to  produce  d o c o s a h e x a e n o i c  acid 
(22.~n-3; DHA) at a l eve l  of  6.4 to 11.6% of  total  fatty  ac ids  
w h e n  incubated  in DHA-free m e d i u m .  In  all of  the  s tra ins  
examined ,  o ther  p o lyunsa tura ted  fatty  ac ids  w e r e  bare ly  
detec table ,  e x c e p t  for e i c o s a p e n t a e n o i c  ac id  (20:5n-3). A 
typica l  strain,  such  as T3615, p r o d u c e d  DHA at a concen-  
trat ion  o f  about  0.8 mg/L w i t h i n  s ix  days  of  aerobic  incu- 
bat ion  at 5~ and under  a t m o s p h e r i c  pressure .  The T3615 
strAin~ b e l o n g i n g  to  the  genus  TC~br/o, is  rod . shaped,  
Gram-negat ive ,  m o t i l e  and facu l ta t ive ly  anaerobic .  
Lipids 29, 527-528 (1994). 

I t  is now commonly believed tha t  docosahexaenoic acid 
(22:6n-3; DHA) has  some beneficial heal th effects. Hence, 
DHA has a t t racted considerable scientific, as well as pub- 
lic, at tention (1,2). DHA is also known to be essential for 
the normal  growth offish at  the larval stage (3). DHA con- 
centrates are currently produced from fish oils. However, 
it is still difficult to obtain highly pure DHA preparations,  
which is par t ly  due to the fact tha t  the DHA content offish 
oils fluctuates widely depending on the species of fish 
used, as well as the season. 

Other  sources of DHA are being sought among algae 
and fungi (4,5). Bacterial production of DHA would be of 
interest  because of the ease with which bacteria can be 
cultured in modern biotechnology equipment. Only one 
study dealing with the bacterial production of DHA has 
been published so far (6), although there are some papers 
describing bacteria tha t  can produce other polyunsatu- 
rated fat ty acids, such as eicosapentaenoic acid (20:5n-3; 
EPA) (7-10). We now found tha t  out of nine bacterial 
s trains isolated from the intestine of deep sea fish, five 
produced DHA. 

MATERIALS AND METHODS 

Isolation and cultivation of microorganisms. The bacterial 
s trains were isolated from the intestines of two species of 
deep sea fish, Histiobranchus sp. and Coryphaenoides 
yaquinae, which were caught at  depths of 3,200-5,300 m 
during crab-pot fishing. Diluted intestinal contents were 
spread on mar ine  agar  2216 (Difco Laboratories, Detroit, 
MI) plates and incubated a t  5~ for two months. Colonies 
were purified by being streaked in a series of three trans-  
fers onto the plates. Nine strains isolated in this manne r  
were fur ther  analyzed, lipids were recovered and the fat ty 
acid composition was determined. The strain numbers,  
species names  of the fish specimens and the depths at  
which the fish were caught are given in Table 1. Bacterial 

*To whom correspondence should be addressed at National Re- 
search Institute of Fisheries Science, 2-12-4, Fukuura, Kanazawa- 
ku, Yokohama, Kanagawa 236, Japan. 
Abbreviations: DHA, docosahexaenoic acid; EPA, eicosapentaenoic 
acid. 

TABLE 1 

Strains of  Bacteria and the Fish Species  from Which 
the Bacteria Were Isolated 

Strain Fish Depth 
number number Species name of fish (m) a 

T3602 36 Histiobranchus sp. 4,700 
T3615 36 Histiobranchus sp. 4,700 
T4607 46 Coryphaenoides yaquinae 4,300 
T4609 46 C. yaquinae 4,300 
T4714 47 C. yaquinae 3,200 
T4715 47 C. yaquinae 3,200 
T5301 53 C. yaquinae 5,300 
T5603 56 C. yaquinae 5,200 
T5611 56 C. yaquinae 5,200 

aThe depth at which the fish were caught. 

growth was monitored by counting 4,6-diamidino-2- 
phenylindole-stained cells by epifluorescence microscopy. 
Strains were classified by taxonomic tests following an es- 
tabhshed identification scheme (11). 

Lipid analyses. The strains were grown in marine broth 
2216 (Difco Laboratories) at  5~ and under  atmospheric 
pressure while shaking. Cells were harvested by centrifu- 
gation, and the lipids were extracted according to the pro- 
cedure of Folch et al. (12). Extraction of the same medium 
before use served as control. Fa t ty  acids were trans- 
methylated in 2.5% methanolic HC1 by heat ing at  85~ for 
3 h. The fat ty acid methyl  esters were analyzed by gas 
chromatography using an Omegawax 250 capillary col- 
umn  (25 m x 0.25 m m  i.d.; Supelco, Bellefonte, PA) and he- 
l ium as carrier gas. The oven tempera ture  was 180~ The 
samples were fur ther  analyzed using a SP-2330 capillary 
column (30 m x 0.25 m m  i.d.; Supelco) with the oven tem- 
perature  at  150~ The fat ty acid methyl  esters were iden- 
tified by comparison with known s tandards  (Sigma, 
St. Louis, MO). Tricosanoic acid was used as internal 
standard. The fat ty acid methyl  esters were also con- 
firmed by gas chromatography/mass spectrometry using a 
JMS-DX303 ins t rument  (JEOL, Tokyo, Japan)  with an 
Omegawax 320 column (30 m x 0.32 m m  i.d.). The oven 
tempera ture  was 200~ Electron impact  mass  spectra 
were measured at  70 eV. 

RESULTS AND DISCUSSION 

The fat ty acid compositions of nine of the strains exam- 
ined are given in Table 2. Five strains out of the nine 
strains examined produced DHA. The DHA produced by 
the strains accounted for 6.4 to 11.6% of the total fat ty 
acids when incubated in mar ine  broth 2216. Small  
amounts  (<0.01 mg/L) of palmitic acid (16:0), palmitoleic 
acid (16:1n-7) and oleic acid (18:1n-9) were present  in the 
medium before use. Polyunsaturated fat ty acids, such as 
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TABLE 2 

Fatty Acid Composi t ions  of  Cultured Bacteria Original ly  
Isolated from Intest inal  Contents  o f  Deep Sea Fish 

Fatty Strain number of fish 
acids T3615 T 4 7 1 4  T 4 7 1 5  T 5 6 0 3  T5611 

14:0 17.8 6.9 9.0 16.8 15.8 
14:1n-5 12.2 2.0 2.4 4.2 5.2 
15:0 trace a 0.5 0.6 1.0 0.8 
16:0 10.7 16.8 16.9 15.7 16.4 
16:1n-7 45.3 53.4 56.9 48.3 49.8 
18:0 trace 0.5 0.5 trace trace 
18:1n-9 trace 1.2 0.9 trace trace 
18:1n-7 0.6 2.8 2.2 trace trace 
18:3n-6 trace nd nd 0.9 0.6 
20:3n-3 nd b trace trace nd nd 
20:4n-3 0.6 0.8 0.5 trace trace 
20:5n-3 1.1 2.7 1.9 2.5 2.6 
22:6n-3 9.4 11.6 8.1 9.4 6.4 
aTrace, <0.5%. bnd, Not detectable. 

EPA and DHA, were not detected (not listed in Table 2). 
The results indicated that the bacterial strains synthe- 
sized DHA de novo. T h e  other major fatty acids in the five 
strains were myristic acid (14:0), myristoleic acid (14:1n- 
5), palmitic acid and palmitoleic acid. EPA was also de- 
tected in all strains, although DHA-producing bacteria 
were not shown to produce EPA in an earlier study (6). 
Other polyunsaturated fatty acids were barely detectable. 
This simple fatty acid composition would suggest that  the 
purification of DHA from bacterial lipids should be much 
easier than from other DHA sources, including fish oils or 
fungal lipids. 

The growth curve for a typical strain, T3615, is shown 
in Figure 1. The cell count reached a maximum of 1.5 • 108 

~9 

E 

-6 

o 

5 F 

0 2 4 6 8 

Time (days) 

FIG. 1. Growth curves o f  the strain T3615 at 5~ under  at- 
mospher ic  pressure and at 41.4 Mpa. �9 Atmospheric  pres- 
sure wi th  shaking; A, atmospheric  pressure wi thout  shak- 
ing;, and A, 41.4 Mpa wi thout  shaking.  

cells/mL after six days during aerobic incubation at 5~ 
and under atmospheric pressure while shaking. Under 
these conditions, 122 mg of dry cells and 11.9 mg of total 
lipids per L of culture were obtained. The DHA yield was 
0.8 mg/L. The strain was shown to be barophilic as it grew 
to 1.2 x 10 s cells/mL afLer three days at  5~ at higher pres- 
sure (41.4 MPa). The strain also produced DHA under 
high pressure, but  a quantitative comparison of DHA 
yields obtained at atmospheric pressure and at high pres- 
sure is different because other factors affecting growth, 
such as the supply of oxygen, cannot be kept constant. 

Cells of the strain T3615 were 1-2 ~tm in diameter and 
2-3 ~tm in length, although the size was somewhat depen- 
dent on culture conditions. The strain is rod-shaped, 
motile and Gram-negative, and not luminous. It produced 
acids but not gas from glucose, and required sea water or 
artificial sea water for growth. These characteristics indi- 
cate that  the strain belongs to the genus Vibrio. 

The results suggest tha t  bacteria may become useful for 
the production of DHA, although the productivity of the 
strains studied here seems lower than that  of algae or 
fungi (4, 5). EPA synthesis has already been reported for 
Escherichia coli that  carry part  of the DNA of EPA-pro- 
ducing bacteria (13). As the cultivation ofE. coli is much 
easier and requires less energy, bacterial DHA production 
could be improved by using biotechnological approaches 
and gene manipulation and, for example, DNA of the iso- 
lates described in this study. 
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The  d i s t r i b u t i o n  o f  c h o l e s t e r o l  a m o n g  i t s  c a r r i e r s  w a s  
s t u d i e d  in the  b i l e  o f  m a l e  a n d  f e m a l e  h a m s t e r s .  S a s c o  
h a m s t e r s  (Sasco  Inc. ,  O m a h a ,  NE) w e r e  fed a s e m i p u r i -  
f l ed  d i e t  w i t h  0.0% c h o l e s t e r o l  and  4% b u t t e r f a t  (group  
1, males;  g r o u p  4, females) ;  a s e m i p u r i f i e d  d ie t  w i t h  0.3% 
c h o l e s t e r o l  and  1.2% p a l m i t i c  ac id  (group  2, ma le s ;  
group  5, females) ;  and a s e m i p u r i f i e d  d i e t  w i t h  0.3% cho-  
l e s t ero l  and 4% sa f f lower  oi l  (group 3, males;  group  6, fe- 
m a l e s ) .  At t h e  e n d  o f  s i x  w e e k s ,  g a l l s t o n e s  w e r e  f o u n d  
on ly  in m a l e  h a m s t e r s  r e c e i v i n g  bo th  c h o l e s t e r o l  and di- 
e t a r y  fat  ( fat ty  ac id)  ( i n c i d e n c e  o f  c h o l e s t e r o l  s tones :  
90% in g r o u p  2; 22% in  g r o u p  3). The  b i l i ary  c h o l e s t e r o l  
carr iers  w e r e  s e p a r a t e d  and i so la ted  f rom the  bi le  o f  the  
h a m s t e r s  by  ge l  f i l t r a t i o n  c h r o m a t o g r a p h y ,  u s i n g  t h e  
m e t h o d  o f  P a t t i n s o n  [ P a t t i n s o n ,  N.R.,  Will is ,  K.E., a n d  
F r a m p t o n ,  C.M. (1991) J. Lipid Res. 32, 205-214].  In  t h o s e  
m a l e  h a m s t e r s  tha t  f o r m e d  c h o l e s t e r o l  g a l l s t o n e s ,  s ig-  
n i f i cant  a m o u n t s  of  c h o l e s t e r o l  w e r e  p r e s e n t  in the  vo id  
v o l u m e  w h i c h  c o n t a i n e d  large  c h o l e s t e r o l  p h o s p h o l i p i d  
v e s i c l e s  (vo id  v o l u m e  v e s i c l e s )  (23% in group  2 and  15% 
in g r o u p  3). S m a l l e r  c h o l e s t e r o l / p h o s p h o l i p i d  v e s i c l e s  
w e r e  e l u t e d  n e x t  ( fract ions  30-45) and c o n t a i n e d  15% of  
b i l i a r y  c h o l e s t e r o l  in g r o u p  2 a n d  21% in g r o u p  3. The  
r e m a i n d e r  of  the  c h o l e s t e r o l  w a s  a s s o c i a t e d  w i t h  m i x e d  
c h o l e s t e r o l / p h o s p h o l i p i d / b i l e  sa l t  m i c e l l e s .  The  cho l e s -  
t e ro l /p h osp h o l ip id  rat io  w a s  larger  in both  the  vo id  vol-  
u m e  v e s i c l e s  and  s m a l l  v e s i c l e s  (2.40 and  1.48 in  g r o u p  
2; 2.56 and  1.33 in group  3, r e spec t ive ly )  c o m p a r e d  to  the  
m i c e l l e s  (about  0.3 in  g r o u p s  2 and  3). In  c o n t r a s t ,  t h e  
b i l e  o f  t h e  f e m a l e  h a m s t e r s  c o n t a i n e d  f e w  v e s i c l e s  (3% 
s m a l l  v e s i c l e s  in  g r o u p  5) and  the  c h o l e s t e r o l / p h o s p h o -  
l ip id  ra t io  o f  t h e s e  v e s i c l e s  w a s  l o w e r  (0.94). H a m s t e r s  
fed cho le s t ero l - f ree  d i e t s  (groups  I and 4) had  no  b i l iary  
c h o l e s t e r o l / p h o s p h o l i p i d  v e s i c l e s ;  al l  c h o l e s t e r o l  w a s  
p r e s e n t  in  m i c e l l e s .  T h e  r e s u l t s  s u g g e s t  t h a t  b o t h  t h e  
g e n d e r  and the  d ie t  o f  the  h a m s t e r s  a f fec ted  the  distrib-  
u t i o n  o f  b i l i a r y  c h o l e s t e r o l  b e t w e e n  v e s i c l e s  a n d  mi-  
ce l l es .  The  d e v e l o p m e n t  o f  c h o l e l i t h i a s i s  in th i s  a n i m a l  
m o d e l  ap p ears  to  d e p e n d  on  the  rap id  n u c l e a t i o n  o f  cho-  
l e s t ero l - r i ch  p h o s p h o l i p i d  v e s i c l e s  in bile.  
Lipids 29, 529-534 (1994). 

Cholesterol/phospholipid vesicles and cholesterol/phos- 
pholipid/bile salt mixed micelles are the main cholesterol 
carriers in gallbladder bile (1-3). It  has recently become 
apparen t  tha t  the vesicles play an impor tan t  role in 
cholesterol gallstone formation (4-8). Nucleation of 

1Permanent address: Institute of Pharmaceutical Science, Hi- 
roshima University School of Medicine, Kasumi 1-2-3, Minami-ku, 
Hiroshima 734, Japan. 
*To whom correspondence should be addressed at Department of 
Surgery, Beth Israel Medical Center, First Avenue at 16th Street, 
New York, NY 10003. 
Abbreviations: CDCA, chenodeoxycholic acid; CSI, cholesterol sat- 
uration indices; HDCA, hyodeoxycholic acid; MDCA, murideoxy- 
cholic acid; SPD, semipurified diet. 

cholesterol, the  initial step in cholelithiasis, is a conse- 
quence of vesicular aggregation, and rapid cholesterol nu- 
cleation is associated with high cholesterol/phospholipid 
ratios of vesicles (4,7-9). 

A hamster  model of cholesterol cholelithiasis has been 
in use in our laboratory for a number  of years  (10-16). 
Lithogenesis in this model is a function of several factors, 
part icularly of d ie tary  const i tuents  and source, age and 
sex of the experimental  animals (11,14-16). Recently, we 
reported tha t  under  s tandard  conditions (lithogenic diet 
fed for six weeks) gallstones were formed in male ham- 
sters but  not in female hamsters  of either the Sasco (Sasco 
Inc., Omaha,  NE) or Charles River (Charles River Labo- 
ratories, Wilmington, MA) "strains" (16). We hypothesized 
that  lithogenesis might occur more rapidly in mate ham- 
sters as compared to female hamsters  af ter  a six-week 
feeding if (i) the bile of the former contains biliary choles- 
terol in the form of vesicles, and (ii) in the males, the vesic- 
ular  cholesterol/phospholipid ratio is relatively higher  
than in females. To test this hypothesis, we studied the ef- 
fect of the gender of the experimental animals on gallstone 
incidence, the distribution of biliary cholesterol between 
vesicles and micelles and the vesicular cholesterol/phos- 
pholipid ratio in bile. 

As observed previously, only the male hamsters  devel- 
oped gallstones in response to the s tandard  lithogenic 
diet. In these animals, a relatively large amount  of choles- 
terol was carried in void volume vesicles with high choles- 
terol/phospholipid ratios. These results suggest tha t  the 
observed sex difference in our hamste r  model of choles- 
terol cholelithiasis is due, a t  least  in part ,  to differences 
between cholesterol carriers in bile. 

MATERIALS AND METHODS 

Animals. Male and female golden Syrian hamsters  (28 
males and 32 females) were obtained from Sasco Inc. Male 
and female animals were each divided into three groups 
of nine to eleven animals; their  weights averaged 75 g (av- 
erage age, six weeks). The basal, semipurified diet (SPD) 
purchased from Dyets, Inc. (Bethlehem, PA) contained 
43.7% corn starch,  20% casein, 14.6% dyetrose (soluble 
starch), 10% fiber (cellulose), 5% salt mix (modified U.S.P. 
XIV salt mix, no. 200951), 2% corn oil, 0.5% vitamin mix 
(no. 300000) and 0.2% choline chloride. To this diet was 
added 4% but ter fa t  (group 1, males; group 4, females); 
0.3% cholesterol, 1.2% palmitic acid and 2.5% cornstarch 
(group 2, males; group 5, females); or 0.3% cholesterol and 
4% safflower oil less 0.3% cornstarch (group 3, males; 
group 6, females). These diets were fed for a period of six 
weeks. An additional 25 animals (8-9 animals/group) 
were fed the SPD with 0.3% cholesterol and 1.2% palmitic 
acid (for two weeks) in order  to obtain sufficient bile to 
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check the reproducibility of the gel filtration technique 
(groups A-C). 

At the end of the experimental period, the hamsters in 
each group were fasted for 24 h and anesthetized with 
20 mg of ketamine hydrochloride (Aveco Co., Inc., Fort 
Dodge, IA). The gallbladder was examined for the presence 
of gallstones, and bile was removed with a 100-pL Hamil- 
ton syringe and examined by polarized light microscopy 
(Olympus MCHAP microscope; Olympus Corp., Lake Suc- 
cess, NY) for the presence of cholesterol stones or choles- 
terol crystals. The remaining fresh bile of each group was 
combined and centrifuged in 1.5-mL microfuge tubes using 
an Eppendorf 5415C centrifuge (Brinkmann Instruments, 
Westbury, NY) at 2000 rpm for 30 min. The fresh super- 
natant solution was used immediately for separation of the 
vesicles and micelles by gel filtration chromatography. 

Column chromatography. A toluene solution of 0.25 ~Ci 
[la,2a(n)-3H]cholesterol (45.6 Ci/mmol) and a chloro- 
form/methanol (1:1, vol/vol) solution of 0.15 pCi 1-palmi- 
toyl-2-[1-14C]oleoyl-sn-glycero-3-phosphocholine (53 mCi/ 
mmol) (Amersham Life Science, Arlington Heights, IL) 
were mixed and evaporated under N 2. The bile samples 
were added to the labeled compounds and incubated for 
1 h at 37~ with shaking. The labeled bile samples 
(200 pL) were applied to Sepharose CL-4B-200 (Sigma 
Chemical Co., St. Louis, MO) columns (20 cm x 1.5 cm i.d.) 
and eluted with saline buffered with 0.01 M phosphate 
(pH 7.4) containing 0.04% sodium azide and 6 mM sodium 
taurocholate as described by Pattinson et al. (17); the flow 
rate was 15.5 mL/h. Fractions of 500 pL each were col- 
lected, and an aliquot (100 pL) of each fraction was 
counted in a Beckman LS 3801 liquid scintillation system 
(Beckman Instruments, Fullerton, CA) with automatic 
quench correction, using Aquasol-2 (NEN Research Prod- 
ucts, Boston, MA) as the scintillation fluid. 

Chemical analyses. After hydrolysis, bile acids were de- 
termined as the methyl ester acetates by capillary gas-liq- 
uid chromatography as described previously (18). Biliary 
phospholipids were determined enzymatically using the 
Wako phospholipid B kit (Wako Pure Chemical Industries, 
Ltd., Osaka, Japan). Biliary cholesterol was determined 
as the trimethylsilyl ether by capillary gas-liquid chro- 
matography (11). The cholesterol saturation indices (CSI) 
of the bile were calculated as reported previously (19,20). 

After gel filtration chromatography, the percentage of 
cholesterol and phospholipid in vesicles and micelles was 

calculated by determining the total radioactivity of the 
area under each peak (shown later in Figs. 1 and 2). The 
cholesterol/phospholipid ratio of vesicles and micelles was 
calculated using the above percentages. 

Statistics. The data for the distribution of cholesterol 
among vesicles and micelles in animals maintained with 
SPD, containing 0.3% cholesterol and 1.2% palmitic acid 
for two weeks, were obtained in triplicate and are summa- 
rized as the mean _+ SD (Table 5 later in text). Differences 
in gallstone incidence between groups were determined 
by chi square. 

RESULTS 

All hamsters remained healthy during the six-week feed- 
ing period, and the animals in all six groups gained simi- 
lar amounts of weight. The incidence of cholesterol gall- 
stones and biliary cholesterol crystals is shown in Table 1. 
The groups (1 and 4) receiving the cholesterol-free diet 
had no gallstones. Male hamsters maintained with 0.3% 
cholesterol plus 1.2% palmitic acid (group 2) had a 90% in- 
cidence of gallstones; those receiving 0.3% cholesterol plus 
4.0% safflower oil (group 3) had an incidence of only 22%. 
In contrast, female hamsters fed the identical diets 
(groups 5 and 6) did not form gallstones or biliary choles- 
terol crystals. None of the animals in any group had pig- 
ment stones. 

Molar proportions of biliary lipids, CSI and choles- 
terol/phospholipid ratios in bile are summarized in 
Table 2. In the cholesterol-fed groups, the male hamsters 
had higher CSI and cholesterol/phospholipid ratios than 
the females (groups 2 and 3 vs. groups 5 and 6); the CSI of 
stone-forming groups 2 and 3 was greater than uni ty--  
1.27 in group 2 and 1.13 in group 3. The total lipid concen- 
trations of the six groups were similar. 

The biliary bile acid composition of the six experimen- 
tal groups is shown in Table 3. As observed previously 
(11), cholesterol feeding increased the chenodeoxycholic 
acid (CDCA)/cholic acid ratio in both male and female 
hamsters. The biles of male animals contained higher pro- 
portions of hyodeoxycholic acid and lower proportions of 
lithocholic acid and deoxycholic acid as compared with the 
corresponding groups of female animals. 

Figure 1 illustrates the elution patterns of the combined 
biIes of each of the six groups as determined by gel filtra- 
tion chromatography. In groups 2 and 3, which form cho- 

TABLE 1 

Incidence  o f  Bi l iary Cholesterol  Gallstones and Bi l iary Cholesterol  Crystals at Sacrif ice  a 

Cholesterol stones 

Group Sex Diet Number % 
Cholesterol crystals 

Number % 

1 Male SPD + 4.0% but terfa t  + 0.0% cholesterol 0/9 0 
2 Male SPD + 1.2% palmitic acid + 0.3% cholesterol 9/10 b 90 
3 Male SPD + 4.0% safflower oil + 0.3% cholesterol 2/9 22 
4 Female  SPD + 4.0% but ter fa t  + 0.0% cholesterol 0/11 0 
5 Female SPD + 1.2% palmitic acid + 0.3% cholesterol 0/10 0 
6 Female SPD + 4.0% safflower oil + 0.3% cholesterol 0/11 0 

0/9 0 
9/10 b 90 
2/9 22 
0/11 0 
0/10 0 
0/11 0 

aSee Materials and Methods section for details of the hamster diets. SPD, semipurified diet. Feeding period, six weeks. 
bDiffers significantly from groups 1 and 3-6; P < 0.005 by chi square. 
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Group Sex Diet 

mole % 
Bile acid Phospholipid Cholesterol 

Total 
lipid 
(g/dL) 

Cholesterol/ 
phospholipid 

CSI ratio 

1 Male 
2 Male 
3 Male 
4 Female 
5 Female 
6 Female 

SPD + 4.0% butterfat + 0.0% cholesterol 90.7 6.9 2.4 11.5 0.67 
SPD + 1.2% palmitic acid + 0.3% cholesterol 77.0 15.8 7.2 9.3 1.27 
SPD + 4.0% safflower oil + 0.3% cholesterol 84.2 10.8 5.0 10.5 1.13 
SPD + 4.0% butterfat + 0.0% cholesterol 91.4 7.3 1.3 8.5 0.37 
SPD + 1.2% palmitic acid + 0.3% cholesterol 90.3 7.1 2.6 12.1 0.71 
SPD + 4.0% safflower oil + 0.3% cholesterol 88.2 9.2 2.6 9.9 0.66 

0.34 
0.46 
0.47 
0.19 
0.36 
0.29 

aSee Materials and Methods section for details of the hamster diets. SPD, semipurified diet; CSI, cholesterol saturation index. 

l e s t e r o l  g a l l s t o n e s  (see  Tab le  1), s i g n i f i c a n t  a m o u n t s  of  
choles terol  were  p r e s e n t  in  t he  void vo lume vesicles ,  frac-  
t ions  2 0 - 3 5 ,  a n d  s m a l l  ves ic les ,  f r ac t i ons  35--45. I n  a l l  
g roups ,  a c o n s i d e r a b l e  p r o p o r t i o n  of  t h e  l a b e l e d  choles-  
terol  was  e lu t ed  in  f rac t ions  45 -75  (micelles).  The  pe rcen t  
of  choles terol  in  the  combined  ves i cu la r  f rac t ions  (void vol- 
u m e  ves ic les  a n d  s m a l l  ves ic les )  a m o u n t e d  to  38.3% in  
g roup  2 a n d  35.9% in  g roup  3 (Table  4). In  g r o u p s  1, 4, 5 
a n d  6, t he  b i l i a ry  choles terol  was  p rac t i ca l ly  a l l  in  t he  mi-  
c e l l a r  f r ac t ion ,  a n d  none  of  t h e  a n i m a l s  h a d  cho l e s t e ro l  
ga l l s tones .  The  cho le s t e ro l /phospho l ip id  r a t i o  of  t h e  void  
v o l u m e  ves ic les  a n d  s m a l l  ves ic les  in  g r o u p s  2 a n d  3 ex- 
ceeded u n i t y  (2.40 and  1.48, group 2; 2.56 a n d  1.33, group 
3) (Table 4). The  bile of  t he  female  h a m s t e r s  rece iv ing  the  
l i t hogen ic  d i e t  (group 5) a p p e a r e d  to con t a in  some  s m a l l  
ves ic les  (2.9%); t h e  cho l e s t e ro l / phospho l ip id  r a t i o  of  t h i s  
f r ac t ion  w a s  l ess  t h a n  1 (0.94). I n  t h e  b i le  of  a n i m a l s  re-  
ce iving choles tero l - f ree  d ie t s  (groups  1 a n d  4), choles tero l  
a p p e a r e d  to be p r e s e n t  solely in  t h e  form of  micel les .  The  
choles te ro l /phosphol ip id  r a t io  of  the  mice l les  r a n g e d  f rom 
0.17 (group 4) to 0.35 (group 5). 

I n  o r d e r  to d e t e r m i n e  t h e  r e p r o d u c i b i l i t y  of t he  gel  fil- 
t r a t i o n  technique ,  we pe r fo rmed  co lumn c h r o m a t o g r a p h y  
in  t r i p l i c a t e  u s i n g  t h e  b i le  of  h a m s t e r s  fed the  SPD w i t h  

0.3% cho le s t e ro l  a n d  1.2% p a l m i t i c  ac id  for  two weeks .  
F i g u r e  2 shows  t h e  e lu t ion  prof i le  of  t he  combined  bi le  of  
t he se  t h r e e  groups.  Al l  g roups  (A-C)  h a d  s imi l a r  a m o u n t s  
of  void  vo lume  ves ic les  a n d  s m a l l  ves ic les  in  bi le  a n d  the  
choles te ro l /phosphol ip id  r a t io  of  the  vesicles was  also s im- 
i l a r  in  t hese  g roups  (Table 5). 

DISCUSSION 

Male  Sasco h a m s t e r s  fed a n  SPD wi th  a d d e d  0.3% choles- 
t e ro l  a n d  1.2% p a l m i t i c  ac id  h a d  a h igh  inc idence  of  cho- 
l e s t e r o l  ga l l s t ones ;  c h o l e l i t h i a s i s  w a s  r e d u c e d ,  b u t  no t  
a b o l i s h e d  w h e n  4% sa f f lower  oil was  s u b s t i t u t e d  for  t h e  
pa lmi t i c  acid  (14). F e m a l e  h a m s t e r s  fed the  s a m e  die ts  de- 
ve loped n e i t h e r  b i l i a ry  choles terol  c rys ta l s  nor  ga l l s tones .  
No choles terol  ga l l s tones  were  fo rmed  w i thou t  exogenous  
cho les t e ro l  r e g a r d l e s s  of  w h e t h e r  4% b u t t e r f a t  or  1.2% 
pa lmi t i c  acid  were  incorpora ted  into  the  d ie t  (14). 

The  f o r m a t i o n  of  cho les te ro l  g a l l s t o n e s  a n d  c r y s t a l s  is  
be l i eved  to occur  f rom n u c l e a t i o n  of  ves ic les  of  h i g h  cho- 
les te ro l  con ten t  (7-9).  We hypo the s i z e d  t h a t  in  the  s tone-  
fo rming  groups  vesicles  were  p r e s e n t  in  bile. I t  was  neces-  
s a r y  to i so la te  a n d  q u a n t i t a t e  t h e  a m o u n t  of  ves ic les  a n d  
mice l les  to conf i rm th i s  hypothes is .  Consequent ly ,  we car-  

TABLE 3 

Bi le  A c i d  C o m p o s i t i o n  of  H a m s t e r  Bi le  a 

Bile 
acid LCA DCA CDCA CA ACA HDCA MDCA Others 

Group Sex Diet (mg/mL) (%) (%) (%) (%) (%) (%) (%) (%) 

SPD + 4.0% butterfat + 0.0% 
1 Male cholesterol 82.38 1.54 11 .91  17.92 44.97 2.68 12.97 3.83 4.18 

SPD + 1.2% palmitic acid 
2 Male + 0.3% cholesterol 54.12 1.93 8.66 28.55 44.57 2.10 6.02 1.65 6.52 

SPD + 4.0% safflower oil 
3 Male + 0.3% cholesterol 68.21 1.99 7.59 33.03 34.30 2.41 12.46 4.08 4.14 

SPD + 4.0% butterfat 
4 Female + 0.0% cholesterol 61.20 4.57 19.76 14.01 52.85 0.42 1.63 0.98 5.78 

SPD + 1.2% palmitic acid 
5 Female + 0.3% cholesterol 85.76 4.89 12.65 30.86 38.52 0.25 4.91 2.33 5.59 

SPD + 4.0% safflower oil 
6 Female + 0.3% cholesterol 68.03 4.42 16.82 25.40 39.34 0.32 3.93 1.84 7.93 

aSee Materials and Methods section for details of hamster diets. LCA, lithocholic acid; DCA, deoxycholic acid; CDCA, chenodeoxycholic 
acid; CA, cholic acid; ACA, allocholic acid; HDCA, hydeoxycholic acid; MDCA, murideoxycholic acid; SPD, semipurified diet. 
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FIG. 1. Gel f i l trat ion  c h r o m a t o g r a p h y  of  hamster  ga l lb ladder  bi le  on 
Sepharose CL-4B-200 (Sigma Chemical  Co., St. Louis, MO). The e lut ion profiles 
show percent  recovery of  [~I]cholesterol  (@). 1) Male, semipuri f ied  diet  (SPD) 
w i t h  0.0% cholesterol  and 4% butterfat  (group 1); 2) male ,  SPD w i t h  0.3% cho- 
les terol  and 1.2% pa lmi t i c  ac id  (group 2); 3) male ,  SPD w i t h  0.3% choles tero l  
and 4% saff lower oil  (group 3); 4) female,  SPD wi th  0.0% cholesterol  and 4% but- 
terfat (group 4); 5) female ,  SPD w i t h  0.3% choles tero l  and 1.2% pa lmi t i c  ac id  
(grottp 5); 6) female ,  SPD w i t h  0.3% cholesterol  and 4% saff lower oil  (group 6). 
The bl les  o f  groups 1, 4 and 6 conta in  mice i l e s  only  (fractions 45-75). The bi le  
of  group 2 contains  both void  vo lume ves ic les  and micel les .  The bi le  of  group 3 
conta ins  vo id  v o l u m e  ves ic les ,  smal l  ves i c l e s  ( fract ions  35-45) and mice l les .  
The bi le  o f  group 5 conta ins  largely  mice i l e s  w i t h  a smal l  ves icu lar  shoulder.  
See Table 4 for quantitation~ 

ried out gel f i l tration chromatography to obtain these 
data. The method employed was tha t  of Pat t inson et al. 
(17), using Sepharose CL-4B-200. The biles of 9-11 ham- 
sters in each group had to be combined. The small quanti- 
ties of bile obtained from the individual animals made it 
necessary to pool bile samples in order to have sufficient 
material  for column chromatography. It  would be ideal to 
carry out column chromatography on individual samples 
of bile using the exact bile acid concentration and bile acid 
species in the eluting buffer. However, this is impractical 
when dealing with the relatively minute quantities of bile 
available from each hamster  (20-50 t~L/animal). The use 
of 6 mM sodium taurocholate, pH 7.4, as the eluting buffer 

was identical to tha t  of Patt inson et al. (17). The choice of 
6 mM sodium taurocholate is an estimate based on previ- 
ous data (17). Because hamster  bile and human  gallblad- 
der bile are similar (but not identical in composition), we 
used the same bile acid concentrat ion for our el'ution 
buffer (6 mM sodium taurocholate).  It  would have been 
ideal to determine the intermicel lar  bile acid concentra- 
tion (21), but  the small amounts  of bile available made 
this impossible. We verified the reproducibility of our col- 
umn method using three  groups of animals (8-9 ani- 
mals/group), each fed the SPD containing 0.3% cholesterol 
and 1.2% palmitic acid for two weeks. The vesicle fractions 
(%) were very  similar in all cases (Table 5 and Fig. 2). It  
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TABLE 4 

D i s t r i b u t i o n  o f  C h o l e s t e r o l  A m o n g  I ts  Carriers in H a m s t e r  B i l e  a 
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Group Sex Diet 

Cholesterol Cholesterol/phospholipid 
(%) ratio 

Ves s-Ves Mic Ves s-Ves Mic 

1 Male 
2 Male 
3 Male 
4 Female 
5 Female 
6 Female 

SPD + 4.0% butterfat + 0.0% cholesterol 0 0 100.0 - -  - -  0.34 
SPD + 1.2% palmitic acid + 0.3% cholesterol 23.1 15.2 61.7 2.40 1.48 0.31 
SPD + 4.0% safflower oil + 0.3% cholesterol 14.8 21.1 64.1 2.56 1.33 0.33 
SPD + 4.0% butterfat + 0.0% cholesterol 0 0 100.0 --  - -  0.17 
SPD + 1.2% palmitic acid + 0.3% cholesterol 0 2.9 97.1 - -  0.94 0.35 
SPD + 4.0% safflower oil + 0.3% cholesterol 0 0 100.0 --  - -  0.29 

aVesicles and micelles were separated by gel filtration chromatography (Ref. 17). See Materials and Methods section for details. Ves, 
void-volume vesicles; s-Yes, small vesicles; Mic, Mieelles; SPD, semipurified diet. 

seems highly plausible that  the results of the other gel fil- 
tration chromatographic separations (Table 4) would also 
be reproducible if larger groups of animals were used for 
each study. However, the cost of each experiment because 
of the large number of animals required limits our ability 
to obtain this additional data. 

Patt inson et al. (17) reported three types of cholesterol 
carriers in bile, namely, vesicles (eluted in the void vol- 
ume), small vesicles and mixed micelles. Only gallstone 
patients, but not the stone-free control subjects, had vesi- 
cles in their  gallbladder bile. In addition, Schriever and 
Jtingst (6) also reported that  biliary vesicles were present 
in 18 of 19 gallbladder biles of stone-containing patients 
but in only 3 of 14 biles of control subjects. In the present 
study, vesicles were detected in those groups of animals 
(groups 2 and 3) in which gallstones were formed. Pre- 
sumably, cholesterol nucleates from vesicles with high 
cholesterol/phospholipid ratios (7,9). Table 4 shows that  
the vesicles in groups 2 and 3 had high cholesterol/phos- 
pholipid ratios (2.40 and 2.56, respectively). In contrast, 
in the female animals in groups 5 and 6, no vesicles were 
detected in the gallbladder bile and no gallstones formed. 
These results seem to confirm that  a relationship between 
the presence of vesicles and cholelithiasis in these animals 
may well exist. 

Both total biliary lipid concentration and the cholesterol 
saturation of bile play an important  role in modifying the 
relative concentrations of biliary cholesterol carriers 
(6,9,22). In  the present  study, the total biliary lipid con- 
centration of males and females was similar. The choles- 
terol saturation indices of groups 2 and 3 exceeded unity, 

and vesicles were present  in only these two groups. Al- 
though stone incidence in groups 2 and 3 differed, the bile 
of both groups contained considerable proportions of bil- 
iary cholesterol in vesicles. It  appears tha t  a high CSI is 
only one of the factors determining vesicle stability and 
cholesterol nucleation. However, bile is a complex mixture 
of lipids, electrolytes, mucus, proteins and other sub- 
stances, all of which can play a role in promoting or in- 
hibiting the nucleation of cholesterol from cholesterol-rich 
vesicles. In the other four groups, the CSI were less than 
unity, and vesicles were not detected. However, high cho- 
lesterol saturat ion of bile alone does not account for the 
presence of vesicles in these animals. Recently, Chijiiwa 
et al. (22) reported that  in the bile of gallstone patients, a 
high concentration of cholesterol in biliary vesicles was as- 
sociated with high CSI and a high biliary total protein 
concentration. Halpern et al. (4) discussed the possibility 
that  factors promoting nucleation may affect biliary vesi- 
cle formation and aggregation. In the present study, we 
measured neither biliary protein concentration nor nucle- 
ation time. Again, the small volume of bile (20-50 pL) ob- 
tained from each hamster  makes it difficult to perform 
such experiments. 

The bile acid composition of the animals was affected 
by gender. There was an increased proportion of 6-hydrox- 
ylated bile acids [hyodeoxycholic acid (HDCA) and 
murideoxycholic acid (MDCA)] in the bile of male ham- 
sters, compared to females. Although hamster  bile con- 
tains small concentrations of l-muricholic acid (23,24), the 
7-dehydroxylation of the latter seems quantitatively inad- 
equate to account for the presence of MDCA and [v/a bac- 

TABLE 5 

R e p r o d u c i b i l i t y  o f  t h e  D i s t r i b u t i o n  o f  C h o l e s t e r o l  A m o n g  I ts  C a r r i e r s  in  H a m s t e r  B i l e  A f t e r  F e e d i n g  t h e  S e m i p u r i f i e d  
D i e t  P l u s  1.2% P a l m i t i c  A c i d  P l u s  0.3% C h o l e s t e r o l  for  T w o  W e e k s  a 

Number Cholesterol (%) Cholesterol/phospholipid ratio 
Group of animals Ves s-Ves Mic Ves s-Ves Mic 

A 8 26.9 14.0 59.1 2.70 1.91 0.32 
B 9 34.2 12.3 53.5 2.42 1.48 0.32 
C 8 34.9 19.0 46.1 2.63 1.01 0.24 

Mean _+ SD 32.0 _+ 4.43 15.1 _+ 3.48 52.9 • 6.52 2.58 • 0.15 1.42 _+ 0.47 0.29 • 0.05 
aWhe data represent results from three groups of hamsters receiving identical diets. Vesicles and micelles were separated by gel filtra- 
tion chromatography (Ref. 17). See Materials and Methods section for details. See Table 4 for abbreviations. 
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FIG. 2. Gel filtration chromatography of three samples of 
hamster gallbladder bile on Sepharose CL-4B-200, demon- 
strating reproducibility of the ~procedure. The elution pro- 
files show percent recovery of [~H]cholesterol (e). Hamsters 
were fed the semipurified diet with 0.3% cholesterol and 
1.2% palmitic acid for two weeks (groups A-C). See Table 5 
for quantitation. See Figure 1 for company source address. 

terial action (12)] of HDCA. Further,  it seems unlikely 
that  these 6-hydroxylated bile acids arise via the 7-dehy- 
droxylation of CDCA followed by 6-hydroxylation of the 
result ing lithocholic acid. Fur ther  studies are needed to 
elucidate the differences and origin of 6-hydroxy bile acids 
in our hamsters. 

In  conclusion, total biliary cholesterol concentration 
and the distribution of cholesterol between vesicles and 
micelles in bile was affected by the gender  of the ham- 
sters. Cholesterol gallstone formation (in the males) was 
strongly associated with the presence of vesicles in gall- 
bladder bile. Such vesicles were absent  in the females, 
possibly because their rates of biliary cholesterol secretion 
were inherently lower. These results suggest that  the sex 
difference observed in this animal model may be related 
to the formation (in males) or lack of formation (in fe- 
males) of vesicular cholesterol carriers. Additional studies 
will be needed to define the mechanism(s) underlying this 
difference. 
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Arachidonic  acid and i ts  l eukotr i ene  metabo l i t e s  have  
been shown to st imulate surfactant secret ion by alveolar 
type H cells. The present  study was  undertaken to d e t e r  
mine  the  effects  of var ious  unsaturated  fatty acids,  in- 
c luding  e i cosapentaeno ic  acid, on surfactant  secret ion.  
Surfactant  secre t ion  was  expres sed  as the percent  of  
[3H]choline-derived phosphol ipids  re leased into culture 
medium by type II pneumocytes  of  adult rats. Consistent 
with  the earlier findings, arachidonic acid st imulated se- 
cre t ion  in a concentrat ion-dependent  fashion (3.5-21 
p-M), doubl ing base l ine  secre t ion  at 21 ~M. Eicosapen-  
taenoic  acid was  found to be equally effect ive as arachi- 
donic  acid in s t imulat ing  secret ion.  A compar i son  wi th  
palmltic,  oleic and l inoleic acids revealed that highly un- 
saturated fatty acids st imulated secret ion to the greatest  
extent .  This was  supported by a pos i t ive  correlat ion be- 
t w e e n  degree  of  unsaturat ion (i.e., 0, 1, 2, 4 and 5 double 
bonds)  and s t imulat ion  of  surfactant  secret ion.  In the 
present  study, exogenous  l eukotr iene  E 4 (10-13-10 -6) did 
not  s t imulate  surfactant  secret ion.  Ne i ther  nordihy-  
droguaiaretic acid (0.1 p_M) nor indomethacin  (0.1 ~M) af- 
fected arachidonic acid-st imulated secretion.  The stimu- 
latory effects  of  arachidonic  acid and e i eosapentaeno ic  
acid on surfactant  secre t ion  w e r e  re lated  to the highly  
unsaturated nature of  the fatty acids and were  not  medi- 
ated by increased  l eve l s  of  cyc l ic  adenos ine  monophos -  
phate or calcium. 
Lipids 29, 535-539 (1994). 

Surfactant is a lipoprotein complex that reduces the sur- 
face tension of water lining the lumen of the alveoli en- 
abling respiration (1). It is synthesized, stored and se- 
creted by the alveolar type II cells (2). Deficiency of sur- 
factant can cause respiratory distress syndrome in 
premature infants and adults (3,4). 

Fish oil rich in n-3 fatty acids [i.e., eicosapentaenoic 
(EPA) and docosahexaenoic acids] may have beneficial ef- 
fects on the treatment and/or prevention of cardiovascu- 
lar disease (5), cancer (6), psoriasis (7), arthritis (8) and 
atherogenesis (9). Despite these potential benefits, fish oil 
could also exert adverse effects, such as those associated 
with high intake of cholesterol and vitamin A and D (10), 
and prolonged bleeding times (5). Surfactant secretion by 
alveolar type II cells has been shown to be stimulated by 
arachidonic acid (11). One proposed mechanism underly- 
ing such stimulation involves leukotrienes derived from 
arachidonic acid (12). In other tissues, EPA perturbs 

*To whom correspondence should be addressed at Nutrition De- 
partment, The Pennsylvania State University, S-126 Henderson 
Building, University Park, PA 16802-6504. 
Abbreviations: AA, arachidonic acid; ATP, adenosine triphosphate; 
cAMP, cyclic adenosine monophosphate; C-DMEM, complete Dul- 
becco's modified Eagle's medium; CMF-PBS, calcium-/magnesium- 
free phosphate-buffered saline; EPA, eicosapentaenoic acid; LTE4, 
leukotriene E4; OA, oleic acid; PA, palmitic acid. 

leukotriene formation from arachidonic acid (AA) and 
thereby hinders the metabolic effects of AA (6-8,13,14). 
However, it is not known whether EPA antagonizes AA ac- 
tion leading to impairment of surfactant secretion. The 
present study was undertaken to compare the effects of 
EPA and AA on surfactant secretion by alveolar type II 
cells. The study showed that EPA is as effective as AA in 
stimulating surfactant secretion by alveolar type II cells. 

MATERIALS AND METHODS 

Cell isolation and culture. Pathogen-free, male Sprague- 
Dawley rats, weighing approximately 300 g, were used to 
isolate type II pneumocytes according to the procedure of 
Mason et al. (15) with minor modifications (16). The final 
step of the purification used cell differential adherence in 
culture. The purity of the adhering cells was 86 +_ 1% (n = 
4) as determined by tannic acid staining (17). The viabil- 
ity of the cells was 95 _+ 1% (n = 10) as judged by trypan 
blue exclusion. 

A 2-mL aliquot of cell suspension in C-DMEM (com- 
plete Dulbecco's modified Eagle's medium) supplemented 
with 10% fetal bovine serum, penicillin (100 I~U/mL) and 
streptomycin (100 Ilg/mL) was plated at a density of 2.0 • 
106 cells/well on six-well plates and incubated for 18-20 h 
under an atmosphere of 5% CO 2 and 95% air saturated 
with water at 37~ in the presence of 0.1 mL [methyl- 
3H]choline chloride (specific activity, 2.5 IICi/IJmol). Lower 
than typical amounts of radioactivity could be used be- 
cause the siliconized glassware employed minimized 
losses. 

Immediately after the 18--20 h incubation, surfactant 
secretion was measured according to the procedure previ- 
ously described (11,18). The adhering cells were washed 
three times with 2 mL of C-DMEM and then incubated at 
37~ in 1.3 mL of serum-free and antibiotic-free DMEM 
for 30 min prior to addition of the test compounds. The 
cultured cells were incubated for 3 h after the test com- 
pounds had been added. In a preliminary study, a linear 
rate of the secretion was observed between 1 and 4 h of in- 
cubation. 

The measurement of 3H-labeled total lipids released 
into the medium is an established marker of surfactant 
secretion (19). Surfactant secretion was expressed as per- 
cent of the radioactivity of [3H]lipid recovered in the 
medium over the sum of the radioactivity found in cells 
plus the medium multiplied by 100. Lactate dehydroge- 
nase activity was measured (20) in the cultured cells and 
in the incubation media to determine if cell injury or lysis 
had occurred. 

Preparation of test compounds. AA, EPA, linoleic acid, 
nordihydroguaiaretic acid and indomethacin were dis- 
solved in ethanol, while leukotriene E 4 (LTE 4) and the 
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sodium salts of palmitic acid (PA) and oleic acid (OA) were 
dissolved in distilled water as stock solution. The solutions 
were diluted in serum-free and antibiotic-free DMEM prior 
to adding to cells. The concentration of ethanol introduced 
in all experiments was less than  0.05%. Ethanol  at  this 
concentration neither induced cell lysis nor stimulated sur- 
factant secretion (unpublished data). 

Measurement of cyclic adenosine monophosphate 
(cAMP) and intracellular calcium. The cAMP levels were 
measured using Amersham's cAMp[125I]assay kit (Amer- 
sham Corp., Arlington Heights,  IL). The cells were pre- 
pared and t rea ted  as before using two concentrat ions of 
the fat ty acids, i.e., 7 and 21 pM. After the 3-h fat ty acid 
treatment,  the cells were washed with phosphate-buffered 
saline, and the cellular cAMP content determined. 

Intracellular calcium was measured with a biolumines- 
cent photoprotein as described elsewhere (21). The cells 
were preloaded with aequorin (a calcium-sensitive lumi- 
nescent  probe) prior to the experiment.  Approximately 
4-5 • 106 adhering cells, on a 100-mm Coming dish, were 
washed twice with 10 ~ ethyleneglycol-bis(~-aminoethyl 
ether)N,N,N;N'-tetraacetic acid in Ca 2+- and Mg2+-free 
phosphate-buffered saline (CMF-PBS) and twice with 
CMF-PBS. The cells were scraped using a rubber police- 
man in the presence of 50 ~L of 1.0 mg/mL aequorin (Fri- 
day Harbor  Photoproteins,  Fr iday Harbor, Washington). 
After 5 min, the cells were diluted with phenol red-free 
DMEM to a concentration of 1-2 • 106 per mL, and 0.8 mL 
of this cell suspension was injected into Sykes-Moore 
chambers  (Bellco, Vineland, NJ). After a 3-h adhering 
time, the floating cells along with the cell debris, were 
washed away. The cells were then  t rea ted  with the vari- 
ous fatty acids, and luminescence was recorded for 5 min. 
An established intracellular calcium mobilizer, adenosine 
triphosphate (ATP), was used as a positive control (22). 

Culture media and chemicals. DMEM, fetal bovine 
serum and antibiotics were purchased from Gibco Labs 
(Grand Island, NY). [Methyl-UH]choline chloride was 
obtained from Amersham Corporation. Ecoscint counting 
solvent was from National  Diagnostics (Manville, NJ). 
LTE 4 was a gift from Merck Frosst Centre for Therapeu- 
tic Research (Pointe Claire, Dorval, Quebec, Canada). 
Organic solvents were reagent grade and purchased from 
Fisher Scientific (Pittsburgh, PA). All other chemicals and 
compounds were from Sigma Chemical Co. (St. Louis, 
M O ) .  

Data and statistical analysis. For each cell isolation, the 
type II cells from two to three  lungs were combined and 
distributed in culture plates consisting of six wells (4-cm 
diameter).  The control and t r ea tmen t  groups were ana- 
lyzed in triplicate for each isolation. The number  of isola- 
tions for each of the different exper iments  are reported 
along with the mean  and s tandard  error, and were ana- 
lyzed statistically. A one-way analysis of variance was 
used (Minitab Statist ical  Software Program, State Col- 
lege, PA). In a series of experiments evaluating the effects 
of saturated and unsaturated fatty acids on surfactant se- 
cretion, the error variance was tested by Bartlett 's test  for 
homogeneity (23), and the error variance was found to be 
heterogeneous.  Therefore,  a log10 t ransformat ion of the 
data  was performed before the analysis of variance. This 

was followed by Fisher 's  least significant test  (24) to de- 
termine where the difference existed. 

To establish a linear relationship between the indepen- 
dent and dependent variables in some of the experiments, 
a regression analysis was performed and the correlation 
coefficient was obtained. Covariate analysis was used to 
test  the difference between the slope and intercept of two 
regression lines (Minitab Statistical Software Program). 

R E S U L T S  

AA, EPA and surfactant secretion. The type II pneumo- 
cytes isolated and maintained in culture under the exper- 
imental  conditions were responsive to known secreta- 
gogues. When treated with 10 pM ATP and 1 mM adeno- 
sine, the rates of surfactant  secretion were stimulated by 
178 and 82%, respectively. These results  are similar to 
those reported by Gilfillan and Rooney (25). Under  the 
same experimental  conditions, both AA and EPA stimu- 
lated secretion in a concentration dependent fashion with 
a correlation coefficient of 0.73 and 0.79 for AA (four ex- 
periments)  and EPA (three experiments),  respectively 
(Fig. 1). A significant linear regression line was found for 
both fat ty acids at a level o f P  < 0.001 for the individual 
exper iments  as well as when combined. A polynomial 
model did not significantly improve the fit of the data, sug- 
gesting that  a linear relationship best represents the data. 
A sa tura t ion effect could not be observed for these fat ty  
acids as concentrations at  approximately 50 ~M or greater 
caused cell lysis, as was indicated by cell detachment and 
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FIG. 1. A c o m p a r i s o n  o f  t h e  e f f e c t  o f  a r a c h i d o n i c  a c i d  (AA) 
a n d  e i c o s a p e n t a e n o i c  a c i d  (EPA)  o n  s u r f a c t a n t  s e c r e t i o n .  
V a l u e s  a r e  m e a n s  • SE o f  d a t a  f r o m  t h r e e  a n d  f o u r  c e l l  i so-  
l a t i o n s  for  EPA (O) a n d  A A  ( I ) ,  r e s p e c t i v e l y .  D a t a  f r o m  e a c h  
i s o l a t i o n  w e r e  d e t e r m i n e d  in  t r i p l i c a t e .  T h e  s l o p e  a n d  in-  
t e r c e p t  for  t h e  t w o  r e g r e s s i o n  l i n e s  a r e  n o t  d i f f e r e n t .  P e r -  
c e n t  s e c r e t i o n  (%SECR) is  d e f i n e d  as  t h e  a m o u n t  o f  
[ 3 H ] l i p i d  r a d i o a c t i v i t ~  r e c o v e r e d  in  t h e  m e d i a  d i v i d e d  b y  
t h e  r a d i o a c t i v i t y  o f  ~ H ] l i p i d  f o u n d  in  t h e  c e l l s  p l u s  t h e  
m e d i a  m u l t i p l i e d  b y  100. 
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permeat ion of t rypan blue into the nuclei. Lactate dehy- 
drogenase release at  the lower fat ty  acid concentrations 
used in these experiments was not different from control 
values (i.e., 2.6 _+ 0.5% of total cellular enzyme activity, 
mean  _+ SE, n = 3), suggesting tha t  release of surfactant  
was by a secretory process and did not resul t  from cell 
lysis. 

A fur ther  comparison of the regression lines derived 
from the secretory responses of AA and EPA by covariate 
analysis revealed that  the two response curves shared the 
same slope and intercept (F = 0.029). This indicates tha t  
AA and EPA are equally effective in promoting surfactant 
secretion. 

Effects of other fatty acids. In order to determine 
whether  the stimulation of surfactant secretion is specific 
to highly unsa tu ra t ed  fa t ty  acids, the effects of linoleic 
acid, OA and PA at  21 ~M concentrations were also inves- 
tigated (Fig. 2). Consistent with observations made in the 
preceding experiments,  EPA and AA st imulated surfac- 
tan t  secretion. The st imulat ion by the polyunsatura ted  
fa t ty  acids, EPA, AA and linoleic acid, were 116, 85 and 
50% above baseline, respectively. The stimulatory effect of 
these fa t ty  acids was significantly greater  t han  tha t  
caused by PA. It should be noted that  the percent stimula- 
tion caused by EPA was significantly higher  than  tha t  
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FIG. 2. T h e  e f f e c t s  o f  d i f f e r e n t  f a t t y  a c i d s  o n  s u r f a c t a n t  s e -  
c r e t i o n .  T h e  c o n c e n t r a t i o n  o f  f a t t y  a c i d s  w e r e  21 ~M. V a l u e s  
a r e  m e a n s  • SE for  t h r e e  to  f i v e  c e l l  i s o l a t i o n s .  D a t a  f r o m  
e a c h  i s o l a t i o n  w a s  d e t e r m i n e d  i n  t r i p l i c a t e .  P e r c e n t  s e c r e -  
t i o n  a b o v e  b a s e l i n e  w a s  c a l c u l a t e d  b y  t h e  e q u a t i o n :  d i f f er -  
e n c e  i n  p e r c e n t  s e c r e t i o n  b e t w e e n  t e s t e d  a n d  c o n t r o l  
g r o u p / p e r c e n t  s e c r e t i o n  o f  c o n t r o l  g r o u p  • 100. T h e  a v e r a g e  
b a s e l i n e  s e c r e t i o n  w a s  0.93 • 0.27%. A n  a n a l y s i s  o f  v a r i a n c e  
w a s  p e r f o r m e d  w i t h  t r a n s f o r m e d  d a t a  f o l l o w e d  b y  a F i s h -  
er% l e a s t  s i g n i f i c a n t  d i f f e r e n c e  t e s t  ( s e e  M a t e r i a l s  a n d  
M e t h o d s ) .  U n s h a r e d  s u p e r s c r i p t  l e t t e r s  i n d i c a t e  s i g n i f i c a n t  
d i f f e r e n c e s  a m o n g  t h e  r e s p o n s e s  o f  f a t t y  a c i d s  to  s u r f a c t a n t  
s e c r e t i o n .  A b b r e v i a t i o n s  as  i n  F i g u r e  1; LA, l i n o l e i c  ac id ;  
OA, o l e i c  ac id;  PA, p a l m i t i c  ac id .  

caused by linoleic acid which, in turn,  was significantly 
higher than that  elicited by PA. 

Eicosanoids and surfactant secretion. AA-derived LTE 4 
has previously been shown to stimulate surfactant  secre- 
tion (12). The results shown in Figure 3 appeared to indi- 
cate an inhibition of surfactant secretion by LTE 4 ranging 
from pM to ltM concentrations. However, because the 
slope of the regression line did not significantly differ from 
that  for the untreated group, the data suggested that  lipid 
secretion by the type II pneumocytes was not affected by 
LTE 4 . 

A comparison was made between groups of cells t reated 
with AA (21 ~M) alone or in combination with 0.1 pM 
nordihydroguaiaret ic  acid or 0.1 ~M indomethacin.  The 
concentration of nordihydroguaiaretic acid chosen for this 
experiment has been previously shown to impair AA-stim- 
ulated secretion (11). The indomethacin concentrat ion 
used in this exper iment  has been shown to inhibit  
prostaglandin synthesis in other cells (26). At higher con- 
centrations,  indomethacin inhibits both prostaglandin 
and leukotriene synthesis (26). Therefore, we only tested 
indomethacin at  the lower concentration. Nei ther  the 
lipoxygenase nor the cyclooxygenase inhibitor altered AA- 
st imulated surfactant  secretion at  these concentrations 
(Fig. 4). 

The roles of cAMP and calcium. When the cells were 
t rea ted  for 3 h with fat ty  acids at  7 or 21 ~tM concentra- 
tion, there  was no consistent t rend of the effect of fa t ty  
acid on the respective cAMP level (Fig. 5). At the lower 
concentration, PA increased cellular cAMP content,  
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FIG.  3. T h e  e f f e c t  o f  l e u k o t r i e n e  E 4 (LTE 4) o n  s u r f a c t a n t  
s e c r e t i o n .  T h e  f o u r  d i f f e r e n t  s y m b o l s  r e p r e s e n t  f o u r  d i f fer-  
e n t  c e l l  i s o l a t i o n s .  E a c h  p o i n t  r e p r e s e n t s  a m e a n  o f  t r ip l i -  
c a t e  m e a s u r e m e n t s  f o r  e a c h  i s o l a t i o n .  P e r c e n t  s e c r e t i o n  
a b o v e  b a s e l i n e  w a s  c a l c u l a t e d  b y  t h e  e q u a t i o n :  d i f f e r e n c e  
i n  p e r c e n t  s e c r e t i o n  b e t w e e n  e x p e r i m e n t a l  a n d  c o n t r o l  
g r o u p / p e r c e n t  s e c r e t i o n  o f  c o n t r o l  g r o u p  • 100. T h e  P a n d  r 
r e p r e s e n t  t h e  P v a l u e  a n d  c o r r e l a t i o n  c o e f f i c i e n t  o f  t h e  re-  
g r e s s i o n  l ine ,  r e s p e c t i v e l y .  
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g e n a s e  i n h i b i t o r  o n  a r a c h i d o n i c  a c i d  ( A A ) - s t i m u l a t e d  sur-  
f a c t a n t  s e c r e t i o n .  T h e  c e l l s  w e r e  i n c u b a t e d  w i t h  21 ~M A A  
in  t h e  a b s e n c e  or  p r e s e n c e  o f  e i t h e r  0.1 p_M n o r d i h y d r o g u a -  
i a r e t i c  a c i d  (NDGA) or  0.1 p_M i n d o m e t h a c i n  (INDO).  V a l u e s  
are  m e a n s  • SE for  t h r e e  ce l l  i s o l a t i o n s .  D a t a  f r o m  e a c h  iso-  
l a t i o n  w e r e  d e t e r m i n e d  i n  t r i p l i c a t e .  P e r c e n t  s e c r e t i o n  
a b o v e  b a s e l i n e  w a s  c a l c u l a t e d  b y  t h e  e q u a t i o n :  d i f f e r e n c e  
i n  p e r c e n t  s e c r e t i o n  b e t w e e n  e x p e r i m e n t a l  a n d  c o n t r o l  
g r o u p / p e r c e n t  s e c r e t i o n  o f  c o n t r o l  g r o u p  x 100. T h e  a v e r a g e  
b a s e l i n e  s e c r e t i o n  w a s  0.93 • 0.16%. 
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FIG.  5. T h e  e f f e c t s  o f  d i f f e r e n t  f a t t y  a c i d s  o n  c y c l i c  a d e n o -  
s i n e  m o n o p h o s p h a t e  ( cAMP)  l e v e l s .  V a l u e s  a r e  m e a n s  • SE 
fo r  t r i p l i c a t e  s a m p l e s  f r o m  o n e  e x p e r i m e n t .  U n s h a r e d  
s u p e r s c r i p t  l e t t e r s  i n d i c a t e  s i g n i f i c a n t  d i f f e r e n c e  i n  l e v e l s  
o f  c A M P  a m o n g  t h e  c e l l s  t r e a t e d  w i t h  v a r i o u s  f a t t y  a c i d s .  
B l a c k  a n d  s t r i p e d  b a r s  i n d i c a t e  c e l l s  t r e a t e d  w i t h  7 a n d  
21 ~M f a t t y  ac id ,  r e s p e c t i v e l y .  A b b r e v i a t i o n s  as  in  F i g u r e  2; 
C, contro l .  

whereas  the highly unsa tu ra ted  fat ty  acids slightly de- 
creased it. However, at  the higher  concentration, the 
highly unsa tu ra ted  fa t ty  acids (i.e., EPA and AA) 
markedly reduced cAMP, while no effect was noted for the 
other fat ty acids. 

The cells t reated with ATP as a positive control had cy- 
toplasmic-free calcium increased to 463 from 73 nM at 
baseline level. The extent  of the stimulation was compa- 
rable to tha t  reported by Dorn et al. (22). Despite the ap- 
parent  response of the cells to ATP, the cellular-free cal- 
cium level was not altered by any of the fatty acids tested 
(data not shown). 

D I S C U S S I O N  

Surfactant  secretion is known to be regulated by a num- 
ber of secretagogues, including calcium (27), [~-adrenergic 
agonists (28) and purines (29,30). The role of AA in modu- 
lat ing the secretion, however, has  not been fully estab- 
fished. Gilfillan and Rooney (11) first reported a stimula- 
tion of surfactant secretion by AA in alveolar type II cells, 
but  such s t imulatory effects were not observed by Sano 
et al. (18). Consistent  with the former study, we found a 
significant increase in surfactant  lipid secretion by AA in 
the cultured alveolar type II cells, and the stimulatory ac- 
tion of AA was found to be concentrat ion-dependent.  In 
view of the known antagonistic action of n-3 and n-6 fatty 
acid in metabolic processes (6-8,13,14), the present study 
was expanded to investigate the effect of EPA on surfac- 
tant  secretion. Contrary to our expectations, EPA was as 

effective as AA in enhancing surfactant  secretion in the 
cultured type II cells. 

The mechanisms underlying stimulation of secretion by 
EPA and AA are not  fully understood. AA-stimulated se- 
cretion has been par t ly  a t t r ibuted to lipoxygenase prod- 
ucts derived from AA (11,12). This mechanism, however, 
is not supported by the data  of the present  s tudy for the 
following reasons. First,  despite a wide range of concen- 
trations tested, exogenous LTE 4 did not alter the baseline 
secretion of surfactant  lipid. This finding is consistent  
with the results of an earlier study, which had shown that  
leukotr iene C 4 and leukotr iene D 4 were ineffective in 
stimulating surfactant secretion (18). Second, in the pres- 
ent  study, AA-stimulated secretion was not affected by 
lipoxygenase nor cyclooxygenase inhibitors. Furthermore,  
if leukotrienes were involved, one should have seen oppos- 
ing effects of EPA and arachidonic acid since five-series 
leukotrienes derived from EPA are known to be less bio- 
logically active than  the four-series leukotrienes gener- 
ated from AA (31,32). However, because other eicosanoid 
inhibitors and concentrations were not thoroughly inves- 
tigated, a role of leukotrienes and/or prostaglandins can- 
not be entirely ruled out. The reason for the discrepancy 
between our  findings and those of Gilfillan and Rooney 
(11,12) in regard to the role of leukotrienes in surfactant  
secretion by alveolar type II cells is not clear, a l though 
they also found tha t  indomethacin at  the concentrations 
used in our exper iments  did not affect secretion (11). It  
should also be noted tha t  eicosanoid-independent AA- 
stimulated secretion has been demonstrated in GH 3 pitu- 
i tary  cells (33). In these secretory cells, AA-stimulated 
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prolact in secretion was  not reduced by leukotr iene or 
prostaglandin inhibitors (33). 

The mos t  impor t an t  f inding of the  presen t  s tudy  was 
the differential s t imulatory effect on surfactant  secretion 
exhibited by fat ty  acids varying in chain length and in the 
number  of double bonds. The level of st imulation produced 
was highest  for highly unsa tu ra t ed  fa t ty  acids (EPA and 
AA), lowest for the sa tura ted  PA, and intermediate for mo- 
nounsa tu r a t ed  (oleic) and d iunsa tu ra ted  (linoleic) fa t ty  
acids. Thus,  the s t imulat ion of surfactant  secretion is de- 
penden t  on the  degree of unsa tu ra t ion  of the fa t ty  acids 
as supported by an analysis  of the da ta  which revealed a 
positive correlation (r = 0.71, P < 0.01) between the degree 
of unsatura t ion (e.g., 0, 1, 2, 4 and 5 double bonds) and the 
s t imulat ion of secretion. This is consistent  wi th  the  ear- 
lier finding by Kolesnick et al. (33) which showed tha t  pro- 
lactin secretion by  p i tu i t a ry  cells was  s t imula ted  to a 
g rea te r  extent  by AA followed, in decreasing order, by 
linolenic acid, linoleic acid, OA and steric acid. However, 
our  da ta  do not exclude the  possibility t ha t  the  s t imula-  
tion m a y  also be related to carbon chain length, as there  
was a significant correlation (r = 0.67, P < 0.01) between 
chain length (e.g., 16, 18 and 20 carbons) and stimulation. 

The physiological significance of fat ty acid-enhanced re- 
lease of surfactant  is not known. Tissue fat ty  acid compo- 
sition is susceptible to modification by dietary fat. In a re- 
cent study, we demons t ra ted  tha t  m enhaden  oil supple- 
men ta t ion  in diet increased the levels of highly 
u n s a t u r a t e d  fa t ty  acids, e.g., EPA and docosahexaenoic 
acid, in type II  pneumocyte phospholipids (34). I f  polyun- 
sa tu ra ted  fa t ty  acids enhance surfactant  release relative 
to s a tu ra t ed  fats, the composit ion of the  diet m a y  be an 
impor tant  factor to consider for those who have problems 
with surfactant  production and/or release. 

The precise mechan i sm by which highly u n s a t u r a t e d  
fat ty  acids s t imulate  surfactant  secretion is unclear. Cal- 
cium and cAMP are known to enhance  sur fac tan t  secre- 
tion (27,28,35), but  changes in cellular levels of these two 
mediators are not likely to be responsible for the observed 
st imulat ion.  The mechan i sm m a y  r a t he r  be re la ted to 
changes  in m e m b r a n e  fluidity, which, when increased,  
m a y  facil i tate fusion of su r fac tan t  wi th  the cell mem-  
brane. In fact, highly unsatura ted  fat ty  acids, such as AA, 
have  been demons t ra t ed  to facil i tate fusion of secretory 
vesicles into cell m e m b r a n e s  (36). Conversely, when AA 
was replaced by OA, the ra te  of fusion was marked ly  re- 
duced (36). Whe the r  enhanced fusion of vesicles wi thin  
the alveolar type II  cells by highly unsa tura ted  fat ty acids 
promotes surfactant  secretion remains  to be determined. 
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Evidence That Palmitic Acid Is Absorbed as sn-2 Monoacylglycerol 
from Human Milk by Breast-Fed Infants 
Sheila M. Innis*, Roger Dyer and Carolanne M. Nelson 
Department of Pediatrics, University of British Columbia, Vancouver, British Columbia, V5Z 4H4 Canada 

Milk fatty  ac ids  cons i s t  o f  about  20-25% pa lmi t i c  ac id  
(16:0), w i t h  about  70% of  16.-0 e s ter i f i ed  to the  sn-2 posi- 
t ion  o f  the  m i l k  tr iacy lg lycero l s .  Hydro ly s i s  o f  d i e tary  
t r iacy lg lycero l s  by  e n d o g e n o u s  l ipases  p r o d u c e s  sn-2 
m o n o a c y l g l y c e r o l s  and free  fat ty  ac ids ,  w h i c h  are  ab- 
sorbed,  rees ter i f i ed ,  and t h e n  s e c r e t e d  into  p lasma.  Un- 
e s ter i f i ed  1 6 ~  is no t  we l l  absorbed  and readi ly  forms  
soaps  w i t h  c a l c i u m  in the  in tes t ine .  The  p o s i t i o n i n g  of  
1 6 ~  at the  sn-2 pos i t i on  o f  mi lk  t r iacy lg lycero l s  cou ld  
exp la in  the  h igh  coe f f i c i ent  of  absorpt ion  o f  m i l k  fat. 
However ,  the  m i l k  l ipase ,  bi le  sa l t - s t imula ted  l ipase ,  has  
b e e n  s u g g e s t e d  to c o m p l e t e  the  hydro ly s i s  o f  m i l k  fat to 
free  fatty  ac ids  and glycerol .  T h e s e  s tud ie s  d e t e r m i n e d  
w h e t h e r  1 6 ~  is absorbed  f rom h u m a n  m i l k  as sn.2 
m o n o p ~ l m i t i n  by c o m p a r i s o n  o f  the  p l a s m a  tr iacylg lyc-  
erol  tota l  and sn-2 pos i t i on  fatty  ac id  c o m p o s i t i o n  be- 
t w e e n  breast - fed  and formula- fed  t e r m  ges ta t ion  infants .  
The  h u m a n  m i l k  and  formula  had  21.0 and 22.3% of  16.~, 
respec t ive ly ,  w i t h  54.2 and 4.8% 1 6 ~  in  the  fatty  ac ids  es- 
ter i f i ed  to the  2 pos i t ion .  The p l a s m a  tr iacy lg lycero l  
tota l  fatty  ac ids  had  26.0 • 0.6 and 26.2 • 0.6% of  16.~, and 
the  sn.2 pos i t i on  fatty ac ids  had  23.3 _* 3.3 and 7.4 • 0.7% 
of  16.~ in the  th ree -month -o ld  e x c l u s i v e l y  breast - fed  (n = 
17) and formula- fed  (n = 18) infants ,  respect ive ly .  Marked  
d i f f erences  w e r e  found in the  p l a s m a  tota l  and the  2 po- 
s i t ion  p h o s p h o l i p i d  p e r c e n t a g e  o f  20:4(o6, i.e., 11.6 • 0.3 
and 6.9 • 0.6 (total) ,  17.7 • 1.4 and 9.7 • 0.6 (sn-2 pos i t ion)  
and p e r c e n t a g e  of  2 2 . ~ 3 ,  4.6 • 0.3 and 2.1 • 0.3 (total) ,  5.6 
• 0.6 and 2.0 • 0.2 (sn-2 pos i t ion)  for the  breast - fed  and 
formula- fed  infants ,  respect ive ly .  T h e s e  s tud ie s  prov ide  
c o n v i n c i n g  e v i d e n c e  that  1 6 ~  is  absorbed  f r o m  h u m a n  
m i l k  as  sn-2 monoacy l -g lycero l .  The  m e t a b o l i c  s ignif i -  
c a n c e  o f  the  d i f f erences  in pos i t i ona l  d i s t r ibut ion  o f  
fatty ac ids  in t h e  p l a s m a  l ip ids  o f  breast - fed  and  for- 
mula- fed  infants  is  not  k n o w n .  
L i p i d s  29, 541-545 (1994). 

Palmitic acid (16:0) usually represents 20-25% of 
human milk fatty acids, and about 70% of 16:0 is ester- 
ified to the sn-2 position in the triacylglycerols (1-3). 
The reason for the preferential esterification of 16:0 to 
the 2 position of glycerol during triacylglycerol synthesis 
in the mammary gland, and any potential physiological 
significance of this to infant nutrition, is not yet clear. It 
is known that the products of gastric and pancreatic 
colipase-dependent lipase hydrolysis of dietary fat are 
free fatty acids, released from the sn-l,3 positions and 
sn-2 monoacylglycerols (4). The efficiency of absorption 
of unesterified 16:0 by infants is relatively low, only 
about 63% compared to over 90% for the unsaturated 
fatty acids oleic acid (18:1co9) and linoleic acid (18:2r 
(5). This is believed to be due in part to a melting point 
above body temperature (63 ~ and a tendency for rapid 

*To whom correspondence should be addressed at Department of 
Paediatrics, University of British Columbia, B.C. Research Insti- 
tute for Child and Family Health, 950 West 28th Ave., Vancouver, 
BC, V5Z 4H4 Canada. 
Abbreviation: LCAT, lecithin:cholesterol acyltransferase. 

formation of hydrated fatty acid soaps at the pH of the 
intestine (4). Consistent with this, studies have been re- 
ported that showed that fat absorption is higher in in- 
fants fed fats with 16:0 esterified to the triacylglycerol 
sn-2 rather than the sn-l,3 positions (6-8). This sup- 
ports the hypothesis that the high efficiency of human 
milk fat absorption may be the result of the specific po- 
sitioning of milk 16:0 at the sn-2 position of the triacyl- 
glycerol moiety (8). 

The significance of sn-2 monoacylglycerol absorption 
in infants fed fresh human milk is, however, controver- 
sial because of the hypothesized role of the milk lipase, 
bile salt-stimulated lipase, in milk fat digestion. This 
enzyme is synthesized in the mammary gland, survives 
the acid environment of the stomach, and, at least 
in vitro, is able to complete the hydrolysis of milk tria- 
cylglycerols to form glycerol and free fatty acids (9-13). 
Additional hydrolysis of the products of endogenous li- 
pase digestion of milk fat by bile salt-stimulated lipase 
has been suggested to explain the high efficiency of ab- 
sorption of human milk (9-13). Hydrolysis to release 
16:0 from sn-2 monoacylglycerols formed by endogenous 
lipase activity, however, does not seem consistent with 
the specific positioning of 16:0 at the sn-2 position of 
human milk triacylglycerols, the low coefficient of ab- 
sorption of unesterified 16:0, or the high coefficient of 
absorption of human milk fat in infants. 

In contrast to human milk, 16:0 in vegetable oils and 
nonmilk-derived animal fats, other than lard, is pre- 
dominantly esterified to the triacylglycerol sn-l,3 posi- 
tions, and unsaturated fatty acids occupy the sn-2 posi- 
tion (2). Since endogenous lipases do not hydrolyze the 
sn-2 ester bond of dietary fats (4,9), it is reasonable to 
assume that infants fed formula will absorb sn-2 monoa- 
cylglycerols containing unsaturated fatty acids. The 
composition of monoacylglycerols absorbed from the in- 
testinal lumen is important to the fatty acid distribution 
of circulating lipids because about 70% of the fatty acids 
absorbed as sn-2 monoacylglycerols are conserved in the 
original position during reesterification to form triacyl- 
glycerols in the intestinal cells (4). Several studies have 
shown that the rate of hydrolysis and composition of 
remnant particles formed by lipoprotein and hepatic li- 
pase is influenced by the plasma triacylglycerol fatty 
acid composition and positional distribution (4,14,15). It 
is possible, therefore, that the distribution of fatty acids 
in milk or formula triacylglycerols could have important 
metabolic effects beyond that on fat absorption. As a 
first step in understanding the metabolic significance of 
the fatty acid distribution in milk fat, the present stud- 
ies sought to determine if sn-2 monoacylglycerol con- 
taining 16:0 is absorbed from human milk. This was 
done by the comparing of the composition of total and 
sn-2 position fatty acids in plasma lipids between 
breast-fed infants and infants fed formula containing 
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similar  amounts  of 16:0 to milk but  predominant ly  es- 
terified to the formula  fat  sn- l ,3  positions. 

MATERIALS AND METHODS 

Subjects and methods. Infants  were eligible for this 
s tudy if  they were ful l - term (>37 wk gestat ion a t  birth), 
appropr ia te  weight  for ges ta t ional  age, and if  the 
mothe r  had chosen to exclusively breast-feed or feed for- 
mula  for a t  least  3 mon. The infants  were enrolled into 
the s tudy by 14 d of age following writ ten,  informed 
paren ta l  consent  prior to 14 d of age. Infants  assigned to 
the formula  group were fed a ready-to-feed liquid for- 
mula  (Enfalac; Mead Johnson Nutri t ionals ,  Evansville,  
IN) containing amounts  of 16:0 similar  to those in 
h u m a n  milk  (Table 1). Body weight, length, head cir- 
cumference and skin-fold thickness (subscapular,  ab- 
dominal  and triceps) were recorded for all infants  a t  14 d 
and a t  1,2 and 3 mon of age. Breast-feeding mothers  pro- 
vided a mid-feed sample  of b reas t  milk  a t  14 d and 3 
mon  postpartum. Blood samples  were  obtained by 
venipuncture  from each infant  at  3 mon (90 _+ 4 d) of age 
dur ing an out-pat ient  visit  to the BC's Children's  Hospi- 
tal. In fan ts  were not fasted, and had been fed between 1 
and  3 h prior to blood sampling.  The protocol and proce- 
dures  involving the infants  were approved by the Uni- 
vers i ty  of Brit ish Columbia Screening Commit tee  for 
Research Involving H u m a n  Subjects, and by the Re- 
search Screening Commit tee  of the BC's Children's  
Hospital .  

Following collection, blood samples  were immedia te ly  
placed on ice and t ransfer red  to the research laboratory 
no more t han  15 min af ter  collection. P l a sma  was sepa- 
ra ted  by centrifugation, total  lipids were extracted,  and 
triacylglycerols, phospholipids and cholesteryl es ters  

TABLE 1 

C o m p o s i t i o n  o f  H u m a n  Mi lk  a n d  I n f a n t  F o r m u l a  F a t  Tota l  
and sn-2 P o s i t i o n  F a t t y  A c i d s  (wt%) a 

Fatty acid Human milk Formula 
(wt%) Total sn-2 Position Total sn-2 Position 

12:0 4.1 _+ 0.4 2.5 _+ 0.4 8.9 4.5 
14:0 5.5 _+ 0.4 6.2 +_ 0.8 4.7 1.0 
16:0 21.0 _+ 0.5 54.2 _+ 1.5 22.3 4.8 
16:1 3.1 _+ 0.2 3.5 _+ 0.3 0.2 0.2 
18:0 7.1 -+ 0.3 2.9 .+ 0.4 5.1 1.3 
18:1 40.2 ,+ 0.7 17.1 .+ 0.8 37.1 58.8 
18:2(o6 13.4 _+ 0.8 8.1 _+ 0.7 17.9 27.1 
18:3(o3 1.5 _+ 0.1 0.9 ,+ 0.1 2.1 1.8 
20:2to6 0.4 _+ 0.0 0.1 _+ 0.0 nd nd 
20:3(o6 0.4 _+ 0.0 0.2 _+ 0.0 nd nd 
20:4~6 0.5 .+ 0.0 0.7 .+ 0.1 nd nd 
20:5m3 0.1 .+ 0.0 0.1 +_ 0.0 nd nd 
22:4m6 0.1 .+ 0.0 0.2 .+ 0.0 nd nd 
22:5m3 0.2 _+ 0.0 0.3 .+ 0.0 nd nd 
22:6~3 0.2 _+ 0.0 0.4 .+ 0.0 nd nd 
aValues given are percentage of total fatty acids and for human 
milk represent means -+ SEM (range) of mid-feed milk collected 
when the infants were 3 months old. Values for formula are the av- 
erage of three separate analyses; <0.1 indicates value >0.00 and 
<0.10%; nd, not detected. 

were separa ted  by thin- layer  chromatography  (16,17). 
Analysis  of the composition of fa t ty  acids a t  the sn-2 po- 
sition of the p l a sma  phospholipids and triacylglycerols, 
and of the formula  and milk  fat  was  based on the meth-  
ods published by Kuksis  (18) and Christ ie (19), as de- 
scribed elsewhere (17). The enzymatic  hydrolysis uti- 
lized pig pancreat ic  l ipase (EC 3.1.1.3, type II)  for the 
milk  and formula  fat  and p lasma  triacylglycerols, and 
phospholipase A 2 (EC 3.1.1.4) (Sigma Chemical  Co., 
St. Louis, MO) for p lasma phospholipids. After hydroly- 
sis, 17:0 monoacylglycerol was added as an in ternal  
s tandard ,  the sample  was extracted,  and the monoacyl- 
glycerols s e p a r a t e d  by th in - l ayer  chromatography .  
Monoacylglycerol recovery and the composition of the 
fa t ty  acids in the sn-2 position of the milk  and formula  
diet, and in the p lasma lipid fractions was de termined 
by fa t ty  acid methyl  ester  analysis  on the monoacylglyc- 
erol fraction. The fa t ty  acid compositions of the milk and 
formula  fat  were analyzed by the method of Lepage and 
Roy (20) wi thout  solvent extraction. Fa t ty  acid methyl  
es ters  were analyzed using a Varian 3400 gas- l iquid  
chromatograph  equipped with an RTx 2330 capil lary 
column, 30 m x 25 m m  i.d. (Restek Corporation, Belle- 
fonte, PA) and a Varian S ta r  da ta  sys tem (Varian 
Canada  Inc., Georgetown, Ontario,  Canada)  as de- 
scribed elsewhere (17). The flow rate  of the carr ier  gas 
(helium) was 1 mL/min; the injector and flame-ioniza- 
tion detector were main ta ined  at  240 and 260~ respec- 
tively. The samples  were injected with the column oven 
at  80~ The t empera tu re  of the oven was p rogrammed  
to increase to 170~ at  10~ af ter  2 min, then  in- 
crease to 195~ at  20~ aider 25 min,  and to in- 
crease to 245~ at  20~ af ter  18 min. The fa t ty  acid 
methyl  es ters  were identified by comparison of thei r  re- 
tent ion t imes with those of authent ic  s tandards .  

Statistical analysis. Comparisons  of resul ts  to deter-  
mine the effect of breast-feeding vs. formula-feeding on 
the fa t ty  acid compositions of the infants '  p l a sma  lipids 
were conducted using Student ' s  t- test  with a P < 0.05 as 
stat ist ically significant. All calculations were performed 
using the GLM procedure in the Number  Cruncher  Sta- 
tistical System, version 5.01 (Kaysville, UT). 

RESULTS 

Formula and milk triacylglycerol composition and fatty 
acid distribution. The fa t ty  acid composition of the 
h u m a n  milk  samples  was s imilar  to tha t  reported in 
other  recent  studies (2) with mean  levels of 21.0% 16:0, 
13.3% 18:2~06, 0.5% 20:4(o6 and 0.2% 22:6o3 (Table 1). 
The fa t ty  acids a t  the sn-2 position of the milk fat  had 
54.2% 16:0, indicating t ha t  over 80% of the milk total  
16:0 was esterified to the sn-2 position. This resul t  is 
consistent  with the value of 51.2% 16:0 in fa t ty  acids a t  
the sn-2 position of ma tu r e  h u m a n  milk  triacylglycerols 
reported by Mar t in  et al. (3). In  contras t  to 16:0, only 
about  14% of the total  18:1 and 20% of the total  18:2(o6 
in the milk  fat  was  esterified to the sn-2 position 
(Table 1). The longer chain o~6 and 0)3 fa t ty  acids, 20:4(o6 
and 22:6o)3, were approximate ly  equally dis tr ibuted be- 
tween the sn-2 and the sn-1/-3 positions, with about  46% 
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of the 20:4r and 66% of the 22:6co3 being recovered in 
the sn-2 monoacylglycerols (Table 1). Martin et al. (3) 
used chemical degradation to show tha t  about 49% of 
the 20:4r and 66% of the 22:6r was in the sn-2 posi- 
tion, and about 45% of the 20:4r and 33% of the 22:6o~3 
was esterified to the sn-3 position of human  milk tria- 
cylglycerols. The infant formula contained an amount  of 
16:0 (22.3%) similar to tha t  in human  milk. The for- 
mula,  however, contained predominant ly  18:1 and 
18:2co6, and had only 4.8% of 16:0 in the fat ty acids es- 
terified to the 2 position of the formula fat. 

Total and sn-2 fatty acid composition of plasma tria- 
cylglycerols from breast-fed infants and infants fed for- 
mula. These studies provide unambiguous evidence tha t  
16:0 esterified to the sn-2 position of human  milk is ab- 
sorbed intact by human  infants and re-esterified to tria- 
cylglycerols for secretion into plasma (Table 2). The tri- 
acylglycerol total fat ty acids of the breast-fed infants 
had significantly higher  levels of 14:0, 16:1, 18:0, 
20:4co6, 20:5co3 and 22:5o~6 and lower levels of 18:2o~6 
than  the formula-fed infants. The significantly higher 
percentage of 16:0 in the triacylglycerol sn-2 position 
fat ty acids of the three-month-old breast-fed compared 
to formula-fed infants (23.3 _+ 3.3 and 7.4 _+ 0.7% 16:0, 
respectively) was accompanied by significantly lower 
levels of 18:1 and 18:2r The formula-fed infants also 
had significantly lower levels of 16:1, 20:3r 20:4r 
20:5a~3, 22:5a~3 and 22:6o~3 in their  plasma triacylglyc- 
erol sn-2 position fat ty acids than  did the breast-fed in- 
fants. 

Total and sn-2 fatty acid composition of plasma phos- 
pholipids from breast-fed infants and infants fed for- 
mula. The plasma phospholipid total fat ty acids of the 
breast-fed infants had significantly lower levels of 16:0 

TABLE 2 

C o m p o s i t i o n  o f  P l a s m a  T r i a c y l g l y c e r o l  Tota l  a n d  sn-2 
P o s i t i o n  F a t t y  A c i d s  i n  T h r e e - M o n t h - O l d  B r e a s t - F e d  
a n d  F o r m u l a - F e d  G e s t a t i o n  I n f a n t s  a 

Fatty acid 
(wt%) 

Triacylglycerol total sn-2 Position 
Breast-fed Formula-fed Breast-fed Formula-fed 

12:0 0.5• 1.0• 0.2• 0.5• 
14:0 2.9• 2.2• b 1.8• 0.7• 
16:0 26.0• 26.2• 23.3• 7.4• 
16:1 2.7• 1.2• b 2.6• 1.3• 
18:0 6.6• 5.2• b 4.4• 6.0• 
18:1 ~ .0•  42.7• 41.8• 53.3• 
18:2~ 12.8• 17.7• b 19.5• 27.4• 
18:3~ 0.7• 0.9• 0.9• 1.1• 
20:2~ 0.3• 0.3• 0.2• 0.2• 
20:3~ 0.3• 0.3• 0.4• 0.2• 
20:4~6 0.8• 0.3• 2.0• 0.5• c 
20:5~ 0.1• 0.0• b 0.1• 0.0• 
22:4~ 0.2• 0.1• 0.2• 0.1• 
22:5~ 0.1• 0.0• b 0.0• 0.0• 
22:5~ 0.2• 0.2• 0.7• 0.1• 
22:6~ 0.3• 0.2• 0.9• 0.1• 
aValues given are means • SEM for seventeen breast-fed and eigh- 
teen formula-fed infants. 
b'~Value for total or sn-2 fatty acids, respectively, significantly dif- 
ferent from respective values for breast-fed infants; P < 0.05. 

TABLE 3 

C o m p o s i t i o n  o f  P l a s m a  P h o s p h o l i p i d  Tota l  a n d  sn-2 
P o s i t i o n  F a t t y  A c i d s  (wt%) in  I n f a n t s  F e d  H u m a n  
Mi lk  or  F o r m u l a  a 

Fatty acid Phospholipid total sn-2 Position 
( w t % )  Breast-fed Formula-fed Breast-fed Formula-fed 

12:0 0.1• 0.1• 0.5• 0.3• 
14:0 0.4• 0.4• 1.0• 0.8• 
16:0 26.1• 28.4• b 13.4• 12.4• 
16:1 0.5• 0.4• 0.8• 0.7• 
18:0 18.4• 17.7• b 10.8• 9.5• 
18:1 12.5• 12.6• 14.4• 15.3• 
18:2~ 19.8• 26.4• 25.0• 40.2• 
18:3~ 0.1• 0.2• 0.1• 0.2• 
20:2~ 0.4• 0.3• b 0.5• 0.4• 
20:3~ 2.8• 2.3• b 4.5• 3.6• c 
20:4o~6 11.6• 6.9• 17.7• 9.7• 
20:5~ 0.4• 0.2• b 0.6• 0.2• c 
22:4co6 0.4• 0.3• b 0.8• 0.9• 
22:5~ 0.3• 0.3• 0.4• 0.6• 
22:5~ 1.0• 0.5• b 1.5• 0.6• c 
22:6r 4.6• 2.1• b 5.6• 2.0• c 

aValues given are means • SEM for seventeen breast-fed and 
eighteen formula-fed infants. 
b'CValue for total or sn-2 fatty acids, respectively, significantly dif- 
ferent from respective infants; P < 0.05. 

and 18:2a~6, but higher levels of 18:0, 20:2a~6, 20:3(o6, 
20:4r 20:5co3, 22:4r 22:5o~3 and 22:6r than  those of 
infants who were fed formula (Table 3). Similarly, the 
phospholipid sn-2 position fat ty acids of the breast-fed 
infants had significantly lower levels of 18:2r and 
18:3o~ and higher 20:4r 20:5o)3, 22:5o~3 and 22:6c~)3 
than  those of the formula-fed infants. 

Fatty acid composition of plasma cholesteryl esters 
from breast-fed infants and infants fed formula. The 
major difference in the plasma cholesteryl ester fat ty 
acid composition due to feeding formula ra ther  than  
breast  feeding was in the percentage of 20:4o}6 and 
22:6r Levels of 20:4o}6 and 22:6a~3 in the plasma cho- 
lesteryl esters of the infants who were fed formula were 
approximately one-third of the levels in the infants who 
were breast-fed. The cholesteryl ester percentages of 
14:0, 16:0, 16:1 and 20:5o}3 were also significantly lower, 
whereas the percentage of 18:2o~6 and 18:3a~3 were sig- 
nificantly higher in the formula-fed than  breast-fed in- 
fants. 

DISCUSSION 

The results of these studies provide convincing evidence 
tha t  16:0 esterified to the sn-2 position of human  milk is 
conserved throughout  digestion and absorption, and the 
conversion to triacylglycerols in the enterocyte, and then 
secreted into plasma as lipoprotein triacylglycerols. 
In vitro studies have shown that  the milk lipase, bile 
salt-stimulated lipase, can complete the digestion of 
sn-2 monoacylglycerols formed by gastric acid colipase- 
dependent lipase hydrolysis of triacylglycerols to give 
unesterified fat ty acids and glycerol (9,13). Information 
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on the extent of hydrolysis of sn-2 monoacylglycerols 
with 16:0 in vivo in young infants has not been pub- 
lished. Strong circumstantial evidence that bile salt- 
stimulated lipase does not quantitatively hydrolyze 16:0 
from the sn-2 position of human milk fat is provided by 
the results of these studies that show approximately 
26% of 16:0 in fatty acids esterified to the plasma tria- 
cylglycerol sn-2 position of breast-fed infants compared 
to only about 7.4% 16:0 in infants fed a formula con- 
taining comparable amounts of 16:0 to the milk, but pre- 
dominantly esterified to the glycerol sn-l,3 positions. 
These results are evidence in support of the hypothesis 
(8) that the preferential esterification of 16:0 to the sn-2 
position of human milk triacylglycerols is one of the rea- 
sons for the high coefficient of absorption of human milk 
fat. Although the studies reported here indicate that bile 
salt-stimulated lipase does not quantitatively complete 
the hydrolysis of milk triacylglycerols to free fatty acids 
and glycerol in infants in vivo, other studies have sug- 
gested a possible role in the hydrolysis of milk long- 
chain co6 and 0)3 fatty acids. The positioning of a sub- 
stantial proportion of the 20:4a)6 and 22:6(o3 at the sn-3 
position in milk triacylglycerols (3) is believed to render 
these fatty acids relatively resistant to hydrolysis by 
pancreatic colipase-dependent lipase (21,22). Whether 
or not bile salt-stimulated lipase is important in the di- 
gestion of long-chain o)6 and a)3 fatty acids from human 
milk has still to be fully clarified. 

The plasma phospholipid levels of 20:4o)6 and 22:6(o3 
are known to be lower in infants fed formula than in in- 
fants fed human milk (23,24). The analyses reported 
here show that  this difference involves substantially 
lower 20:4o)6 and 22:6a)3 levels, but much higher 18:2o)6 
levels in the fatty acids esterified to the sn-2 position of 
plasma phospholipids in infants fed formula rather than 
breast-fed (mean • SEM 18:2o)6, 40.2 • 1.6 and 25.0 • 
1.4%, 20:4r 9.7 • 0.6 and 17.7 • 1.4%; 22:6(o3, 2.0 • 0.2 
and 5.6 • 0.6%; for the formula and breast-fed infants, 
respectively). The higher levels of 18:2o)6 at the sn-2 po- 
sition of plasma phospholipids in the formula-fed com- 
pared to breast-fed infants seems to reflect the higher 
amount of 18:2o)6 at the 2 position of the formula com- 
pared to the human milk fat (27.1 and 8.1% 18:2(o6 for 
the formula and human milk, respectively), and not the 
small difference in 18:2o)6 between the formula and 
milk total fatty acids (17.7 and 12.8% 18:2(o6, respec- 
tively). Although recent studies have shown that phos- 
pholipid synthesis in intestinal cells may proceed via the 
monoacylglycerol pathway (25), it is not clear to what 
extent this occurs in vivo in young infants. It may also 
be of relevance that recent studies have shown that  the 
incorporation of 20:4(o6 into rat lymph phospholipids 
was higher when 20:4o)6 was given with 18:1 and mono- 
palmitin than when given with 18:2(o6 and monoolein 
(26). This may suggest that  absorption of monopalmitin 
following hydrolysis of human milk fat could facilitate 
incorporation of 20:4(o6 into intestinal lipoprotein phos- 
pholipids of breast-fed infants. Future studies on the 
fatty acid composition and structure of intestinal chy- 
lomicron and very low density lipoprotein would provide 
more specific information on this. 

In recent studies, higher levels of 16:0 were found in 
plasma cholesteryl esters of piglets fed milk or formula 
containing 16:0 esterified to the 2 position of the fat 
than in piglets fed formula with 16:0 predominantlY es- 
terified to the triacylglycerol 1,3 positions (17). A'simi - 
lar, but smaller difference was found in the present 
studies with infants; that is, the percentage of 16:0 was 
about 15% higher in the cholesteryl esters of the breast- 
fed than of the formula-fed infants. Neither the origin 
nor metabolic significance of the relatively high 
amounts of cholesteryl palmitate in plasma seems to be 
known. Recent studies have suggested that lecithin:cho- 
lesterol acyltransferase (LCAT) from human plasma 
preferentially uses the sn-1 acyl group from phos- 
phatidylcholines when 20:4a)6 or 22:6o)3 is esterified to 
the sn-2 position (26). Since molecular species of phos- 
phatidylcholines containing 20:4a)6 and 22:6(o3 in the 
sn-2 position have 16:0 and 18:0 in the sn-1 position, 
this could explain the origin of 16:0 in plasma choles- 
teryl esters. The higher proportions of 20:4o)6 and 
22:6a)3 in the plasma cholesteryl esters of infants who 
are breast-fed rather than fed formula (Table 4), how- 
ever, suggests LCAT is able to use these fatty acids as 
substrates and form cholesteryl esters. Whether or not 
cholesteryl esters are quantitatively important in the 
transfer of fatty acids to tissues, possibly via low density 
lipoprotein receptors or via high density lipoprotein 
transfer, and the significance of the fatty acid composi- 
tion to cholesteryl ester metabolism is not known. 

The studies reported here provide in vivo data to show 
that the distribution of saturated and unsaturated fatty 
acids in human milk and infant formula is a determi- 
nant of the fatty acid distribution of infant plasma tria- 
cylglycerols and phospholipids. The high amount of 16:0 
in the sn-2 position of plasma triacylglycerols in breast- 
fed infants shows that 16:0 is absorbed as sn-2 mono- 

TABLE 4 

C o m p o s i t i o n  o f  P l a s m a  C h o l e s t e r y l  E s t e r  F a t t y  A c i d s  
(wt%) i n  I n f a n t s  F e d  HumR~! Mi lk  o r  F o r m u l a  a 

Fatty acid (wt%) Breast-fed Formula-fed 

12:0 0.2 • 0.0 0.2 • 0.0 
14:0 1.1 -+ 0.0 0.8 • 0.0 b 

16:0 17.2 • 0.5 15.0 • 0.6 b 

16:1 2.6 -+ 0.1 1.9 • 0.1 b 

18:0 3.1 -+ 0.3 3.2 • 0.2 

18:1 25.4 -+ 0.6 27.1 • 0.7 
18:2o~6 40.1 • 0.7 45.8 • 0.8 b 

18:3o)3 0.4 • 0.0 0.5 • 0.0 b 

20:2(06 0.1 • 0.0 0.1 • 0.0 

20:3m6 0.7 • 0.0 0.5 • 0.1 
20:4(o6 6.3 • 0.3 2.3 • 0.2 b 

20:5m3 0.2 • 0.0 0.1 • 0.0 b 

22:4o)6 0.3 • 0.1 0.5 • 0.1 

22:5a)6 0.0 • 0.0 0.1 • 0.0 

22:5o)3 0.1 • 0.0 0.1 • 0.0 
22:6(n3 0.6 -+ 0.1 0.2 • 0.0 b 

aValues given are means • SEM for seventeen breast-fed and 
eighteen formula-fed infants. 
bValues significantly different from respective values for breast-fed 
infants. 
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pa lmi t in  by in fan ts  fed h u m a n  milk. I n  contras t ,  it is 
probable  t h a t  16:0 is absorbed  p r e d o m i n a n t l y  as  an  un-  
esterif ied fa t ty  acid f rom convent ional  in fan t  formula .  I t  
is l ikely t h a t  ana lyses  of  isolated chylomicrons  will show 
h igher  a m o u n t s  of  16:0 in the  t r iacylglycerol  sn-2 posi- 
t ion  t h a n  were  found in p l a sma  total  t r iacylglycerols.  
Lipoprote in  l ipase is stereospecific and  is k n o w n  to hy- 
drolyze t r iacylglycerols  wi th  s a t u r a t e d  fa t ty  acids a t  the  
sn-2 posi t ion more  slowly t h a n  t r iacylglycerols  wi th  un-  
s a t u r a t e d  fa t ty  acids at  the  sn-2 posit ion (4,14,15). 
W h e t h e r  or not  hydrolys is  of  p l a sma  t r iacylglycerols  
proceeds at  s imilar  ra tes  in in fan ts  fed fo rmula  and  in- 
fan ts  fed h u m a n  milk  is no t  known.  F u t u r e  work,  possi- 
bly involving analys is  of  the  complete  posi t ional  distr ib- 
u t ion  of  fa t ty  acids in t r iacylglycerols  and  phosphol ipids  
in s epa ra t ed  l ipoproteins  m a y  help elucidate  the  impli- 
cat ions of  h u m a n  milk  fat  s t ruc tu re  to fa t ty  acid metab-  
olism and  t i ssue  del ivery in the  infant .  
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To u n d e r s t a n d  h o w  d i e t a r y  fa t ty  a c i d s  d i f f e r e n t i a l l y  
m o d u l a t e  m o u s e  s k i n  t u m o r i g e n e s i s ,  t h e  ab i l i ty  o f  spe-  
c i f ic  fat ty  ac ids  and the i r  d e r i v a t i v e s  to  ac t iva te  m u r i n e  
e p i d e r m a l  p r o t e i n  k i n a s e  C (PKC) in vitro w a s  i n v e s t i -  
ga ted .  Total  PKC f r o m  u n t r e a t e d  f e m a l e  SSIN m o u s e  
s k i n  w a s  par t ia l l y  p u r i f i e d  and  i n c u b a t e d  w i t h  s p e c i f i c  
fa t ty  a c i d s  at  c o n c e n t r a t i o n s  up to  300 ~LM in t h e  pres -  
e n c e  o f  Ca 2+ a n d  p h o s p h a t i d y l s e r i n e .  The  cis-unsatu- 
r a t e d  fat ty  ac ids  t e s t ed ,  r a n g i n g  f r o m  16:1 to 22:6, s t im-  
u la ted  PKC ac t iv i ty  in a s imi lar  d o s e - d e p e n d e n t  m a n n e r  
w i t h  an  a p p r o x i m a t e  t h r e e f o l d  m a x i m u m  i n c r e a s e  o v e r  
contro l .  N e i t h e r  the  n u m b e r  o f  cis-double b o n d s  nor  the  
c h a i n l e n g t h  o f  t h e s e  fa t ty  a c i d s  a f f e c t e d  t h e i r  r e l a t i v e  
ab i l i t y  to  a c t i v a t e  PKC. t rans-Fatty  ac ids ,  w i t h  t h e  ex-  
c e p t i o n  o f  l i n o e l a i d i c  ac id  (t,t-18:2n-6), e x h i b i t e d  a b o u t  
ha l f  of  the  p o t e n c y  o f  the i r  c o r r e s p o n d i n g  c / s - i s o m e r s  in  
s t i m u l a t i n g  PKC at the  p l a t e a u  c o n c e n t r a t i o n  (200 ~uM) 
or  lower .  S u b s t i t u t i o n s  c l o s e  to  the  d o u b l e  b o n d  o n  cis- 
fa t ty  a c i d s  a b o l i s h e d  t h e i r  ab i l i ty  to  a c t i v a t e  PKC. The  
h y d r o x y l a t e d  m e t a b o l i t e s  o f  a r a c h i d o n i c  ac id  (20:4n-6) 
a n d  l i n o l e i c  ac id  (c,c-18:2n-6), i .e.,  the  h y d r o x y e i c o s a t e -  
t r a e n o i c  a c i d s  (HETE) a n d  h y d r o x y o c t a d e c a d i e n o i c  
a c i d s  (HODE),  a l so  a c t i v a t e d  m o u s e  s k i n  PKC in vitro, 
b u t  o n l y  a b o u t  h a l f  as  e f f e c t i v e l y  as  d id  t h e  r e s p e c t i v e  
p a r e n t  fa t ty  ac ids .  T h e  r e s u l t s  s u g g e s t  t h a t  b o t h  hy-  
d r o x y l  s u b s t i t u t i o n  a n d  t rans.configurat ion o f  HETE 
a n d  HODE are  r e s p o n s i b l e  for  t h e i r  r e d u c e d  ab i l i t y  to  
a c t i v a t e  PKC. O v e r a l l  the  da ta  s u g g e s t s  tha t  t h e  re-  
d u c e d  s k i n  t u m o r  y i e l d  o b s e r v e d  in m i c e  fed d i e t s  h igh  
in  c,c-18:2n-6 is  n o t  l ike ly  to  be  due  to  d i f f erences  in  the  
ab i l i t y  o f  c ,c-18:2n-6 or  20:4n-6, or  t h e i r  m e t a b o l i t e s ,  to  
a c t i v a t e  PKC. 
Lipids 29, 547-553 (1994). 

Protein kinase C (PKC) is a crucial enzyme in cellular 
signal transduction, and it is also a target receptor pro- 
tein for phorbol ester (1). In  vitro studies have shown 
that  PKC phosphorylates a broad range of endogenous 
proteins containing seryl and threonyl residues (1,2). 
Numerous physiological functions of PKC have been de- 
termined, such as its involvement in cell secretion, exo- 
cytosis, smooth muscle contraction, gene expression and 
cell proliferation (3). Ten isozymes of PKC have been 
identified in mammalian tissues thus far; the character- 
istics and tissue specificity of several PKC isozymes 

*To whom correspondence should be addressed at The University 
of Texas M.D. Anderson Cancer Center, Science Park Research Di- 
vision, P.O. Box 389, Smithville, TX 78957. 
Abbreviations: ATP, adenosine 5'-triphosphate; DEAE-cellulose, 
diethyl-aminoethyl cellulose; 5,6-DHT, 5,6-dihydroxyeicosatrienoic 
acid; DTT, dithiothreitol; EDTA, ethylenediaminetetraacetic acid; 
EGTA, ethyleneglycol-bis(~-aminoethyl ether)-N,N,N',N'-tetra- 
acetic acid; 12,13-EODE, 12(13)-epoxyoctadienoic acid; HETE, hy- 
droxyeicosatetraenoic acid; HpETE, hydroperoxyeicosatetraenoic 
acid; HODE, hydroxyoctadecadienoic acid; HpODE, hydroperoxy- 
octadecadienoic acid; PKC, protein kinase C; PMSF, phenylmethyl- 
sulfonyl fluoride; PS, phosphatidylserine; TPA, 12-O-tetrade- 
canoylphorbol- 13-acetate. 

have been reviewed by Nishizuka (4). PKC isozymes a, 
~, T, 5, e and ~ have been identified in mouse epidermal 
cells by different groups (5-9). PKC was first described 
as a Ca 2+- and phospholipid-dependent enzyme that  
could be activated by diacylglycerol (1). Various studies 
have shown that  unsatura ted fatty acid and some of 
their  oxygenated metabolites can activate PKC 
isozymes from rat  brain (10,11) or human placental cy- 
tosol (12) in vitro and in intact human platelets (13). The 
phorbol ester, 12-O-tetradecanoylphorbol-13-acetate 
(TPA), which has a diacylglycerol-like structure, can 
increase the affinity of PKC for Ca 2+ and activates 
PKC (1). 

Arachidonic acid (20:4n-6) and other fat ty acids can 
be released from phospholipids by phospholipase A 2 in 
many tissues and may subsequently activate PKC (1,4). 
Numerous studies have also shown that the composition 
of membrane phospholipids can be altered by modifying 
dietary fat composition (14-17). As shown previously, 
linoleic acid can compete with arachidonic acid for incor- 
poration into epidermal cell membranes in mice fed a 
diet rich in corn oil (18). This, in turn, would alter the 
composition of the free fatty acids liberated from phos- 
pholipids by phospholipases. Fan et al. (13) reported 
that  arachidonic acid and linoleic acid exhibited a simi- 
lar potential to activate rat  brain PKC in vitro; however, 
arachidonic acid showed a much greater ability to stim- 
ulate the phosphorylation of a 43-kDa protein than did 
linoleic acid in intact human platelets. 

Both 20:4n-6 and c,c-18:2n-6 are substrates of lipoxy- 
genase and can be metabolized to hydroxy metabolites 
(19). In a previous study, we have demonstrated that ap- 
proximately 20% of 20:4n-6 was metabolized by lipoxy- 
genase in mouse epidermal cells, which resulted in the 
in vitro formation of four major monohydroxy metabo- 
lites (5-,8-,12- and 15-hydroxyeicosatetraenoic acid, 
HETE) (20). We also tentatively identified 9- and 13-hy- 
droxyoctadecadienoic acid (HODE) as the major metabo- 
lites when [1-14C]c,c-18:2n-6 was incubated with mouse 
epidermal cells. Therefore, in addition to 20:4n-6 and 
c,c-18:2n-6, we studied the ability of the hydroxylated 
metabolites of 20:4n-6 and c,c-18:2n-6 (HETE and 
HODE) to activate PKC in mouse skin. 

Previous work in our laboratory has demonstrated that 
diets high in c,c-18:2n-6 caused changes in the fatty acid 
composition of epidermal phospholipids such that  c,c- 
18:2n-6 levels increased while 20:4n-6 levels decreased. 
The high c,c-18:2n-6 diets also inhibited TPA-induced skin 
tumor promotion, when compared to low c,c-18:2n-6 diets 
(20). While the direct activation of PKC by TPA is believed 
to be responsible for most, if not all, the effects of TPA, in- 
cluding promotion (1), other nonphorbol ester promoters, 
such as chrysarobin, do not directly activate PKC but do 
cause loss of PKC activity (21). This apparent down-regu- 
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lation of PKC is likely to be due to the activation of PKC 
by ligands produced in response to chrysarobin (22). It 
was therefore the goal of this study to compare the rela- 
tive ability of different fatty acids to activate epidermal 
PKC and to determine whether the activation observed 
correlated with the known effects of these dietary fatty 
acids on carcinogenesis. 

MATERIALS AND METHODS 

Mater ia l s .  5(S)-, 8(S)-, 12(S)- and 15(S)-HETE, 9(S)- or 
13(S)-HODE, 5 , 6 - d i h y d r o x y e i c o s a t r i e n o i c  acid (5,6- 
DHT) and 12(13)-epoxyoctadecadienoic acid (12,13- 
EODE) were purchased from Cayman Chemical (Ann 
Arbor, MI). All fatty acids tested (see Table 1), histone 
(Type III-S), adenosine 5"-triphosphate (ATP), phos- 
phatidylserine (PS), phenylmethylsulfonyl fluoride 
(PMSF), dithiothreitol (DTT), ethylenediaminetetra- 
acetic acid (EDTA), e t h y l e n e g l y c o l - b i s ( ~ - a m i n o e t h y l  
e ther ) -N ,N ,N ' ,N ' - t e t raace t i c  acid (EGTA), diethylamino- 
ethyl (DEAE) cellulose, and the protease inhibitors 
aprotinin, leupeptin and pepstatin were purchased from 
Sigma Chemical Co. (St. Louis, MO). Whatman phos- 
phocellulose paper, grade p81, was purchased from 
Fisher Scientific (Houston, TX). [y-32p]ATP (specific ac- 
tivity, 25 Ci/mmol; concentration 10 mCi/mL) was pur- 
chased from ICN Biomedicals, Inc. (Irvine, CA). 

P K C  prepara t ion .  Untreated female SSIN (SENCAR) 
mice (from The University of Texas M.D. Anderson Can- 
cer Center, Science Park Veterinary Division breeding 
colony, Smithville, TX), each 6-12 weeks old and weigh- 
ing 25-40 g were used in all experiments. Mice were 
shaved and then killed by cervical dislocation. The dor- 
sal skin was removed immediately and placed on ice. 
Epidermal cells were scraped and placed in homogeniza- 
tion buffer (20 mM Tris, pH 7.4, 2 mM EDTA, 2 mM 
EGTA, 1 mM DTT, 1 mM PMSF, 20 }~g/mL aprotinin, 

TABLE 1 

Nomenclature of Fatty Acids 
Common name of fatty a c i d  Shorthand cis / trans a 

Stearic acid 18:0 
Palmitoleic acid c-16:1n-7 Z 
Palmitelaidic acid t-16:1n-7 E 
c/s-Vaccenic acid c-18:1n-7 Z 
trans-Vaccenic acid t-18:ln-7 E 
Oleic acid c-18:1n-9 Z 
Elaidic acid t-18:ln-9 E 
Linoleic acid c,c-18:2n-6 Z,Z 
Linoelaidic acid t,t-18:2n-6 E,E 
Linolenic acid 18:3n-3 all Z 
y-Linolenic acid 18:3n-6 all Z 
Methyl y-linolenate Me- 18:3n-6 all Z 
Arachidonic acid 20:4n-6 all Z 
Eicosapentaenoic acid 20:5n-3 all Z 
Docosatrienoic acid 22:3n-3 a/l Z 
Adrenic acid 22:4n-6 all Z 
Docosahexaenoic acid 22:6n-3 all Z 

az, double bond with a cis-configuration; E, double bond with a 
trans-configuration. 

ET AL. 

50 ~g/mL leupeptin, 10 pg/mL pepstatin and 0.5% Tri- 
ton X-100). Skin scrapings were homogenized and cen- 
trifuged at 540,000 xg  (100,000 rpm) for 10 min at 4~ 
using a Beckman TL-100 ultracentrifuge (Beckman In- 
struments, Fullerton, CA). The protein concentration of 
the supernatant was determined by the Coomassie blue 
reaction (Bio-Rad, Richmond, CA). Protein (2 mg) was 
loaded onto a 1-mL DEAE-cellulose column, partially 
purified PKC was eluted with 0.12 M NaC1. 

P K C  a c t i v i t y  assay .  Total PKC activity was deter- 
mined as described by Ashendel et al. (23) and as modi- 
fied by Fischer et al. (24). In brief, PKC activity was 
measured by comparing the transfer of [32p]phosphate 
from [y-32p]ATP to histone (Type III-S) in the presence 
(plus) and absence (minus) of Ca 2+ (0.5 mM) and PS 
(20 lag/mL). Ten pL of ethanol, or various concentrations 
of HETE and HODE or fatty acids in 10 ~L of ethanol, 
were added into tubes containing 75 pL of assay mix- 
ture. Assay mixtures consisted of 20 mM Tris, pH 7.6, 
10 mM MgC12, 375 ~g/mL histone, and 20 pM ATP along 
with 20 pCi/mL [7-32p]ATP. For each assay, 25 ~L of 
PKC eluate (elution buffer for background samples) was 
added into each tube at 15-s intervals and incubated at 
30~ for 10 min, after which 25 pL of reaction mixture 
was spotted on grade p81 phosphocellulose paper 
(1 square inch) and then immersed into 75 mM phos- 
phoric acid solution (10 mL per sample). After three sub- 
sequent washes with distilled water, the radioactivity of 
each sample was counted in 5 mL of scintillation cock- 
tail using a Beckman LS-1801 Liquid Scintillation 
Counter. The specific activity of PKC was calculated as 
pmol phosphate incorporated/min/mg protein in the 
PKC eluate. 

To minimize variations in the actual PKC activities 
between different experiments, the PKC activity of each 
compound was normalized using the activity induced by 
arachidonic acid at 300 pM as 100% activity. Data were 
standardized as percentage of PKC activity relative to 
that  observed in the presence of 300 pM arachidonic 
acid. 

S t a t i s t i c a l  ana ly s i s .  Results are expressed as means 
_ standard errors (n = 9); data were analyzed by Fisher 
PLSD analysis performed at a 95% confidence level. 

RESULTS 

Basal PKC activity in the presence of Ca 2§ (0.5 mM) and 
PS (20 l~g/mL), without any addition of fatty acid, was 
approximately 30 pmol/min/mg protein (Fig. 1). The 
maximum PKC activity observed in the presence of 
20:4n-6 at 200 and 300 p_M was about 100 pmol/min/mg 
protein (Fig. 1). Stearic acid (18:0) only activated PKC 
minimally in that  the maximum PKC stimulation 
caused by 18:0 was less than 40% of that  caused by 
20:4n-6 at 300 I~M (Fig. 1). 

Fat ty  acids differing in the number of c i s -doub le  
bonds, namely, oleic acid (c-18:1n-9), c,c-18:2n-6, 
y-linoleic acid (18:3n-6), 20:4n-6, eicosapentaenoic acid 
(20:5n-3) or docosahexaenoic acid (22:6n-3), activated 
PKC in a similar dose-response manner (Fig. 1). PKC 
activity reach a plateau at a concentration of 200 DM for 
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FIG. 1. A dose-response  compar i son  of  prote in  k inase  C 
(PKC) ac t iv i ty  i n d u c e d  by  a saturated  fatty acid,  18:0 
(cross) or unsa tura ted  fatty  ac ids  w i t h  d i f ferent  n u m b e r s  
o f  double  bonds: c-18:1no9 (open circles), 18:2n-6 (closed cir- 
cles),  18:3n-6 (open tr iangles) ,  20:4n-6 (closed tr iangles) ,  
20:5n-3 (open squares) or 22:6n-3 (closed squares). An inter- 
nal  s tandard,  arach idonic  ac id  (AA) (20:4n-6) 300 ~M, was  
inc luded in each assay. The PKC activity o f  each compound 
is expressed  as the  percentage  o f  act iv i ty  i n d u c e d  by 
20:4n-6 at 300 DM. Three  separate  e x p e r i m e n t s  for each  
fatty acid were  performed,  w i th  triplicates for each concen- 
tration. 

Concentration (ttM) 

FIG. 2. Effect  o f  cha in  l ength  on the  po tency  of  cis-fatty 
acids to activate PKC. Three pairs ofcis-fatty acids wi th  the 
same  n u m b e r  of  double  bonds  but  d i f ferent  c h a i n l e n g t h  
were  tested: c-16:1n-7 (closed triangles),  c-18:1n-7 (open tri- 
angles);  18:3n-3 (c losed circles) ,  22:3n-3 (open circles); 
20:4n-6 (c losed squares) ,  22:4n-6 (open squares) .  The PKC 
act iv i ty  for each c o m p o u n d  is expressed  as the percentage  
of  act ivity induced  by 20:4n-6 at 300 pM. Three separate ex- 
p e r i m e n t s  for each  fatty ac id  were  performed,  w i t h  tripli-  
cates  for each  concentrat ion .  See  Figure  1 for abbrevia-  
tions. 

most of the cis-fatty acids followed by a decline in activ- 
i ty  a t  300 ~M (Fig. 1). There  was no significant  differ- 
ence between the max imum PKC activit ies a t ta ined  in 
the  presence  of these different  fa t ty  acids. This sug- 
gested t h a t  the  presence  of a cis-double bond is essen- 
tial for fa t ty  acids to activate PKC and tha t  the presence 
of addit ional double bonds in these fa t ty  acids does not 
fur ther  affect their  potency. 

Compar ison of the PKC-act iva t ing  potency of th ree  
pairs of cis-fatty acids having the same number  of dou- 
ble bonds bu t  differing in chainlength ,  namely,  palmi- 
toleic acid (c-16:1n-7) and cis-vaccenic acid (c-18:1n-7), 
l inolenic acid (18:3n-3) and docosatr ienoic acid 
(22:3n-3), and arachidonic  acid (20:4n-6) and adrenic  
acid (22:4n-6), suggested tha t  there  is no apparen t  cor- 
relat ion between the length of the chain and the potency 
of the cis-fatty acid (Fig. 2). 

To define the effect of the configurat ion of the  fa t ty  
acid double bond on the activation of PKC, four pairs of 
fa t ty  acids were examined.  Of four trans-fatty acids, 
namely  palmitelaidic  acid (t-16:ln-7),  trans-vaccenic 
acid (t-18:ln-7), elaidic acid (t-18:ln-9), and linoelaidic 
acid (t,t-18:2n-6), all except t,t-18:2n-6 exhibited a much 
reduced ability to activate PKC compared to their  corre- 
sponding cis-fatty acids, i.e., palmitoleic acid (c- 16: ln-7), 
cis-vaccenic acid (c18:1n-7), oleic acid (c-18:1n-9) and 
linoleic acid (c,c-18:2n-6), respect ively  (Fig. 3). At the  
p la teau  concent ra t ion  for cis-fatty acid (200 I~M) or 
lower (50 and 100 ~M), PKC activity in the presence of 

most  cis-fatty acids was about  twice t h a t  seen for the  
corresponding trans-fatty acids (Fig. 3). When the con- 
centrat ion was increased from 200 to 300 ~M, most cis- 
fa t ty  acids showed a sl ight decease in PKC activation,  
whereas  trans-fatty acids exhibi ted a cont inuing in- 
crease in PKC activity. Even though the trans-fatty 
acids showed a different dose response from the cis-fatty 
acids, the max imum PKC activi ty cause by trans-fatty 
acids did not  exceed the value  a t t a ined  by the corre- 
sponding cis-fatty acids wi th in  the dose range  tes ted  
(10-300 tLM). However, linoelaidic acid (t,t-18:2n-6), con- 
ta ining two trans-double bonds, caused a dose response 
and a max imum PKC activity similar  to tha t  of its cis- 
analog linoleic acid (c,c-18:2n-6) (Fig. 3). 

A subst i tuent  on the chain markedly reduced the abil- 
i ty of cis-fatty acid to ac t ivate  PKC. Two subs t i tu ted  
fa t ty  acids were  chosen to examine  the  subs t i tuen t  ef- 
fect, namely,  5,6-DHT, a d ihydroxyla ted  20:3 cis-fatty 
acid which represents  a 20:4n-6 with its C-5 double bond 
replaced by two hydroxyl  subs t i tu ted  carbons, and 
12,13-EODE, a 12(13)-epoxy oleic acid. Both subst i tuted 
fa t ty  acids gave the  same dose-response curve with the 
maximum activity reaching approximate ly  50% of tha t  
caused by 20:4n-6 at  300 lzM (Fig. 4). 

Changes on the carboxyl group of a cis-fatty acid, such 
as the methyl  es ter  of 18:3n-6 (Me-18:3n-6), completely 
abolished its ability to activate PKC (Fig. 4). 

All HETE tested were capable of activating PKC at  a 
dose of 100 tzM or higher  (Fig. 5). In general ,  all HETE 
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FIG. 3. Comparison of PKC activities induced by cis- or 
trans-fatty acids. Four pairs of cis- and trans.fatty acids 
were used: c-16:1n-7 (open squares), t-16:1n-7 (closed 
squares); c-18:1n-7 (open triangles), t-18:ln-7 (closed trian- 
gles); c-18:1n-9 (open circles), t-18:ln-9 (closed circles); 
c,c-18:2n-6 (open diamonds), t,t-18:2n-6 (closed diamonds). 
All cis-fatty acids are represented by open symbols; all 
trans-fatty acids are represented by closed symbols. The 
PKC activity for each compound is expressed as the per- 
centage of activity induced by 20:4n-6 at 300 I~M. Three sep- 
arate experiments for each fatty acid were performed, with 
triplicates for each concentration. See Figure 1 for abbrevi- 
ations. 
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FIG. 4. Comparison of PKC activities induced by cis-fatty 
acids and their derivatives. Stearic acid (open circles), 
c-18:1n-9 (open triangles), 20:4n-6 (open squares), 5,6-dihy- 
droxyeicosatrienoic acid, 20:3n-6 (closed squares), 12(13)- 
epoxyoctadienoic acid, 18:1n-9 (closed triangles) and 
Me-18:3n-6 (closed circles) were used. The PKC activity for 
each compound is expressed as the percentage of activity 
induced by 20:4n-6 at 300 pM. Three separate experiments 
for each fatty acid were performed, with triplicates for each 
concentration. See Figure I for abbreviations. 

isomers act ivated PKC to a s imilar  extent,  namely, be- 
tween 150 and 200% of control values or between 35 and 
55% of the act ivat ion caused by 20:4n-6 at  300 ~M 
(Fig. 5). Al though 9- and 13-HODE act ivated PKC at 
doses of 200 and 300 ~M (Fig. 6), 9-HODE caused a 
higher maximal PKC activity than  did the 13-HODE or 
4 HETE isomers, which was about 60% of tha t  induced 
by 20:4n-6 at 300 ]dVl (Fig. 6). All hydroxylated metabo- 
lites of 20:4n-6 and c,c-18:2n-6 were capable of mini- 
mally activating PKC at concentrations above 100 pM. 

DISCUSSION 

In  general, the potencies of the fat ty acids and their  de- 
rivatives to activate un t rea ted  mouse skin PKC can be 
ranked  in decreasing order as follows: cis-fatty acids > 
trans-fatty acids _> subs t i tu ted  cis-fatty acids _> HETE 
and HODE > saturated fat ty acids and methyl  esters of 
cis-fatty acids. 

Nei ther  the sa tura ted  fat ty acid 18:0 nor the methyl  
ester  of a cis-fatty acid, Me-18:3n-6, act ivated PKC to 
any appreciable extent; both s t imulated PKC less than  
30% above control levels while 20:4n-6 at  300 ~M re- 
sulted in an at least 300% increase over controls. These 
findings are in agreement  with the resul ts  of studies 
done on ra t  brain (10,13). Seifert et al. (10) and Fan et al. 
(13) showed tha t  18:0 did not activate PKC in ra t  brain 
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F I G .  5 .  Comparison of PKC activation induced by 20:4n-6 
and its hydroxylated metabolites, hydroxyeicosatetraenoic 
acid (HETE). AA (20:4n-6) (open circles) and four HETE, i.e., 
5(S)-HETE (closed triangles), 8(S)-HETE (open triangles), 
12(S)-HETE (closed squares) and 15(S)-HETE (open 
squares) were used in this comparison. The PKC activity 
for each compound is expressed as the percentage of activ- 
ity induced by 20:4n-6 at 300 pLM. See Figure 1 for other ab- 
breviations. 
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FIG. 6. Comparison of  PKC activation induced by c,c.18:2n-6 
and its hydroxylated metabolites ,  hydroxyoctadecadienoic  
acid (HODE), Linole ic  acid (open circles)  and two HODE, 
i.e., 9(S)-HODE (closed circles) and 13(S)-HODE (closed tri- 
angles),  were  used in the comparison.  The PKC act ivity  for 
each  c o m p o u n d  is  expressed  as the  percentage  of  act iv i ty  
induced by 20:4n-6 at 300/IM. See Figure 1 for other abbre- 
viations.  

at 100 or 500 t~r respectively. Shinomura et al. (25) re- 
ported that  at 50 ]aM concentration neither palmitic acid 
(16:0) nor 18:0 activated PKC in rat  br a i n  cytosol, 
whereas 20:4n-6 stimulated PKC activity to at least 
200% of control levels. Seifert et al. (10) also showed that  
methyl arachidonate at 100 ~M did not activate PKC 
while the parent fatty acid, 20:4n-6, stimulated PKC ac- 
tivity three- to fourfold above basal levels. Fan et al. (13) 
reported that  methyl esters of c-18:1n-9, c,c-18:2n-6, 
18:3n-3 and 20:4n-6 at 500 ~M caused very little PKC 
activation (less than 20% of their parent fatty acids) in 
rat  brain in vitro (13). Thus, at least one fatty acid dou- 
ble bond and the carboxyl group appear to be required 
to induce activation of PKC. 

The number of double bonds and the chainlength of 
the fatty acids do not appear to be important factors in 
influencing activating potency, since most fatty acids 
containing one or more cis-double bonds gave virtually 
identical dose-response curves at concentrations be- 
tween 10 and 200 ldYl. These findings are different from 
those reported by McPhail et al. (26) or Seifert et al. (10). 
McPhail et al. (26) indicated that  the ability of fatty 
acids to activate PKC increased to some degree with an  
increase in the number of cis double bonds. The PKC ac- 
tivating potential of the three fatty acids studied by 
McPhail et al. (26) in decreasing order was found to be 
18:3n-6 > c,c-18:2n-6 > c-18:1n-9. The dose response 
curves for c,c-18:2n-6 and c-18:1n-9 reported by McPhail 
et al. (26) were almost identical between 30 and 300 ~M 
and the maximum PKC activity induced by 18:3n-6 was 
not much higher than that  induced by either c,c-18:2n-6 
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or c-18:1n-9 in the presence of diolein. Also, 18:3n-6 ap- 
peared to be a less potent stimulator than c,c-18:2n-6 
and c-18:1n-9 at concentrations other than the optimal 
one. Seifert et al. (10) reported that  the maximum PKC 
activity induced by fatty acids increased with chain- 
length; however, among four cis - fa t ty  acids, namely 
myristoleic acid (c-14:1n-5), c-16:1n-7, c-18:1n-7, 
c-18:1n-9, c-16:1n-7 induced the same maximum PKC 
activity as did c-18:1n-9, and c-16:1n-7 caused a higher 
PKC activity than either of the 18:1 fatty acids at 
100 ~Yl. The differences observed between different lab- 
oratories might be due to tissue-specific PKC isozyme 
distribution and activity. Studies on the activation of 
three types of PKC isozymes (a, ~ and T) by fatty acids, 
including 20:4n-6, c,c-18:2n-6 and c-18:1n-9, clearly in- 
dicated isozyme specificity with regard to fatty acid- 
stimulated activation (27). The decreasing order of PKC 
activity induced by fatty acids for PKC a and ~ isozymes 
was 20:4n-6 > c,c-18:2n-6 > c-18:1n-9; however, the order 
was reversed with PKC 7- Wang et al. (5) demonstrated 
that mouse epidermal PKC isozymes exhibited different 
dose responses to treatment with 20:4n-6. They reported 
that  PKC a, ~, and 5 showed one- to threefold increases 
in PKC activity when the concentration of 20:4n-6 was 
increased from 25 to 400 ]IM in the presence of PS and 
Ca 2§ PKC 7 and ~, on the other hand, exhibited high ac- 
tivity when stimulated with 20:4n-6 at 25 ]aM; at 
400 ~M concentration, 20:4n-6 almost completely inhib- 
ited the activity of PKC 7 and 4- Even though different 
potencies for c is - fa t ty  acids were seen in rat  brain in 
other studies and in mouse skin in our study, the effec- 
tive dose ranges found in our study were in agreement 
with those observed by Seifert et al. (10) and McPhail 
et al. (26) (approximately 50 to 300 ~Yl). 

As discussed above, numerous studies have suggested 
that  at least one cis-double bond is essential for activa- 
tion of PKC. Leach and Blumberg (28) reported that sat- 
urated fatty acids such as butyric (4:0), lauric (12:0), 
myristic (14:0) and palmitic (16:0) acids showed very low 
ability to activate PKC, and they did not inhibit 
[3H]phorbol 12,13-dibutyrate ([3H]PDBu) binding activ- 
ity in mouse brain cytosol (with the exception of lauric 
acid). On the other hand, c,c-18:2n-6, 18:3n-3 and  
20:4n-6 markedly inhibited [3H]PDBu binding in a con- 
centration-dependent manner in the presence of phos- 
phatidylcholine and PS. Leach and Blumberg (28) sug- 
gested that  fatty acids may interact with PKC at a hy- 
drophobic site which in turn  allows the binding of 
[3H]PDBu and the activation of PKC. 

c i s -Unsa tura ted  fatty acids are known to perturb the 
lipid membrane and to increase membrane fluidity to a 
much greater extent than do saturated fatty acids or 
t r a n s - u n s a t u r a t e d  fatty acids (10,13,29,30). Although 
these rules cannot necessarily be applied to in vitro con- 
ditions, they suggest that  configurational difference be- 
tween cis- and t rans - fa t t y  acids could play a role in the 
ability of a fatty acid to interact with PKC. Seifert et al. 
(10) suggested that  PKC activity stimulated by fatty 
acids might relate to fatty acid hydrophobicity and 
might not be due to a detergent effect. We found that  
fatty acids containing one t rans -double  bond exhibited 
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lower potencies  t h a n  did the  cor responding  c i s - f a t t y  
acids in ac t iva t ing  PKC a t  the  doses tes ted.  These  
resul ts  were  not in complete ag reemen t  wi th  the obser- 
vat ion made  on ra t  bra in  by Seifert  et al. (10) who found 
tha t  t r a n s - f a t t y  acids containing 16 or 18 carbons,  with 
the exception oft-18: ln-9, induced the same PKC activi- 
t ies as the i r  c i s - i somers .  Ashendel  et al. (31) had  re- 
ported t ha t  PKC activity in mouse bra in  is much higher 
than  in epidermis.  Also, the differential distr ibution and 
act ivi t ies  of i sozymes in t i ssues  do probably  contr ibute  
to the differences observed between brain and epidermal  
PKC activation. 

The PKC activities induced by the two subst i tu ted cis- 
fa t ty  acids, 5,6-DHT and 12,13-EODE, were even lower 
t h a n  those induced by t r a n s - f a t t y  acids. This  gives fur- 
the r  credence to the  sugges t ion  t h a t  the  c i s -con f igura-  
tion might  be very impor tan t  in the interact ion between 
fa t ty  acid and the hydrophobic site of PKC which would, 
in turn,  modula te  the PKC active site. The carbon chain 
of a c i s - fa t t y  acid exhibits a minimal  44 ~ bend a t  the site 
of the double bond (32); this  exposes the double bond far 
more t han  it does in a t rans - fa t t y  acid which essential ly 
resembles  a s t r a igh t  carbon chain. Subs t i tu t ion  with a 
hydroxyl or epoxy group in the vicinity of the cis-double 
bond would provide s tear ic  h indrance  nea r  the  double 
bond. Thus ,  both  t r a n s - c o n f i g u r a t i o n  and subs t i tu t ion  
close to the  c i s -doub le  bond would reduce exposure  of 
the double bond of the fa t ty  acid and reduce interact ion 
with PKC. 

All HETE and HODE exhibited much  lower potencies 
in ac t iva t ing  PKC than  did the i r  pa r en t  c i s - f a t t y  acids, 
i.e., 20:4n-6 and  c,c-18:2n-6, respectively. The hydroxy- 
la t ion of 20:4n-6 or c,c-18:2n-6 via l ipoxygenase  intro-  
duces one hydroxyl  group a t  the  si te of one of the  cis- 
double bonds; the cis-double  bond is then  shif ted to the 
ad jacen t  posi t ion and  is conver ted  into t rans .  The re- 
sults  of our s tudy  sugges t  t h a t  both  the  subs t i t uen t  ef- 
fect and  the  conf igura t ional  change m a k e  H E T E  and 
HODE much  less po ten t  PKC act iva tors  t han  are  the i r  
pa ren t  fa t ty  acids 20:4n-6 and c,c-18:2n-6. O'Brian et al. 
(11) repor ted  t h a t  hydroperoxy  metabo l i t e s  of 20:4n-6 
and  c,c-18:2n-6, i.e., 15-hydroperoxyeicosa te t raenoic  
acid (15-HpETE)  and  13-hydroperoxyoctadecadienoic  
acid (13-HpODE), respectively, induced slightly reduced 
m a x i m u m  act ivi ty  bu t  h igher  aff ini ty  to PKC t h a n  did 
20:4n-6 or c,c-18:2n-6. On the other  hand,  13-HODE ex- 
hibited both lower affinity and induced lower m a x i m u m  
activity. O 'Br ian  et al. (11) sugges t  t h a t  oxidat ion of a 
component  of PKC by hydroperoxy metabol i tes  might  be 
involved, r a t h e r  t h a n  s imply  the  b ind ing  to PKC. This  
would also expla in  why hydroperoxy  metabo l i t e s  of 
20:4n-6 or c,c-18:2n-6 could possess the same s t ructures  
as H E T E  and  HODE ye t  exhibi t  potencies  s imi la r  to 
those of the i r  pa ren t  compounds. 

In  conclusion, the hydroxylated metabol i tes  of 20:4n-6 
and c,c-18:2n-6 produced via the l ipoxygenase p a thway  
were  m u c h  less able to ac t iva te  mouse  skin  PKC t h a n  
were  the i r  p a r e n t  compounds.  Therefore ,  the  abi l i ty  of 
20:4n-6 or c,c-18:2n-6 to act ivate  PKC would be reduced 
once they  were metabolized in the skin, and the  possible 
role of 20:4n-6 or c,c-18:2n-6 in mouse  skin t u m o r  pro- 

motion via PKC activation would be less important .  Fur-  
thermore,  there  was no significant difference in PKC ac- 
t iva t ion  be tween  e i ther  20:4n-6 and  c,c-18:2n-6 or be- 
tween  H E T E  and HODE,  which sugges ts  t h a t  the  in- 
h ib i tory  effect of c,c-18:2n-6 in mouse  skin  t u m o r  
promot ion  is not med ia ted  by the  ac t iva t ion  of PKC by 
these fa t ty  acids. 
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The absorpt ion  of  cho les tero l  and of  cho les tero l  oxida- 
tion products  (ox id ized  cho les tero l s )  was  c o m p a r e d  in 
lymph-cannulated rats. We found that the lymphat ic  abo 
sorption of  an intragastrical ly  administered,  emulsified 
l ipid mea l  con ta in in g  25 mg of  c h o l e s t e r o l  or 25 mg of 
ox id ized  cholesterols ,  within 24 h, was approximately  67 
and 30%, respectively. The absorption rate of individual 
oxidized cholesterols  differed considerably  and was ap- 
proximately 30% for 7a-hydroxycho les tero l ,  42% for 
7~-hydroxycholesterol ,  32% for 5~-epoxycholesterol ,  28% 
for 5a-epoxycholesterol ,  15% for cholestanetr io l  and 12% 
for 7 -ketocho les tero l .  Moreover,  c h o l e s t e r o l  ox idat ion  
products  delayed the absorption of  o le ic  acid as triolein.  
Appro~mately 35 and 48% of choles terol  was  recovered  
in chy lomicrons  (CM) and very l ow  dens i ty  l ipoprote in  
(VLDL), respectively. In contrast, 54 and 40% of  the oxi- 
dized cho le s t ero l s  was  r e c o v e r e d  in CM and VLDL, re- 
spect ive ly ,  a l though there  was  a s igni f icant  d i f ference  
in the  d i s tr ibut ion  of  indiv idual  o x i d i z e d  cho les tero l s .  
The resu l t s  of  the  present  s tudy indicate  that  ox id i zed  
choles terols  are absorbed to a lesser  extent  than is cho- 
lesterol, that  they  disturb fat absorpt ion  and that  they  
distribute differently b e tw een  lymphat ic  lipoproteins. 
Lipids 29, 555-559 (1994). 

Cholesterol is a common component of most diets and un- 
dergoes autoxidation when exposed to heat, air, light and 
oxidizing agents. Processed foods are known to contain a 
variety of oxidized sterols including hydroperoxycholes- 
terol, hydroxycholesterol, epoxycholesterol and ketocho- 
lesterol (1-6). Cholesterol oxidation products (oxidized 
cholesterols) exhibit diverse biological activities including 
cytotoxicity (7), mutagenicity (8), carcinogenicity (9) and 
atherogenicity (10). This has been concluded mainly from 
observations made in vitro whereas the in vivo effects of 
oxidized cholesterols are still less understood. Recently, 
Kendall et al. (11) demonstrated that dietary oxidized cho- 
lesterols moderately enhance colon carcinogenesis when 
compared to cholesterol in mice, and Berezov et al. (12) re- 
ported on the immunodepressive activity of oxidized cho- 
lesterols. To better appreciate the physiological effects of 
oxidized cholesterols, it is necessary to understand the ex- 
tent and the mode of their absorption from the intestine. 
At present, only minimal information is available in re- 
gard to the absorption of oxidized cholesterols (13-16). 

In the present study, the pattern of absorption of oxi- 
dized cholesterols and their effect on fat absorption were 
investigated in lymph-cannulated rats. The distribution 

*To whom correspondence should be addressed at Laboratory of 
Food Science, Department of Food Science and Technology, Faculty 
of Agriculture 46-09, Kyushu University, Hakozaki 6-10-1, 
Higashi-ku, Fukuoka 812, Japan. 
Abbreviations: ACAT, acyl coenzyme A:cholesterol acyltransferase; 
CM, chylomicron; EDTA, ethylenediaminetetraacetic acid, dis- 
odium salt; GC, gas chromatography, HDL, high density lipopro- 
tein; LDL, low density lipoprotein; VLDL, very low density lipopro- 
tein. 

of oxidized cholesterols between lymph lipoproteins was 
also determined. 

MATERIALS AND METHODS 

Materials. Cholesterol [purity, 99.7% by gas chromatogra- 
phy (GC); no oxidized cholesterols were detected] and 
sodium taurocholate (purity > 98%) were purchased from 
Nacalai Tesque Co. (Kyoto, Japan). Triolein (purity > 
99%), pentadecanoic acid and 5a-cholestane were from 
Sigma Chemical Co. (St. Louis, MO). Fatty acid-free 
bovine serum albumin was from Miles Inc. (Kankakee, 
IL). 

Preparation o f  cholesterol oxidation products. Choles- 
terol was melted and kept in an electric oven at 150~ for 
12 h. The oxidized cholesterols formed (17) were then ap- 
plied onto a silicic acid column (24 mm x 700 ram; silica 
gel 60, 70-230 mesh; E. Merck, Darmstadt, Germany) and 
fractionated by successive elution with 200 mL of 
n-hexane, 200 mL of diethyl ether, and finally 300 mL of 
methanol. An aliquot of the polar fraction eluted with 
methanol was dried on an rotary evaporator and then 
in vacuo. The composition of the oxidized cholesterol-rich 
fraction thus obtained is shown in Table 1. The prepara- 
tion consisted of more than 85% oxidized cholesterols. 

Anima l  treatment. Male Sprague-Dawley rats (Seiwa 
Experimental Animals, Fukuoka, Japan) weighing 
300-340 g were given a commercial nonpurified diet (type 
NMF, Oriental Yeast Co., Tokyo, Japan) for 2 d after ar- 
rival and drinking water ad libitum. Rats under nembu- 
tal anesthesia were subjected to cannulation of the left 
thoracic lymph channel, and an indwelling catheter was 
placed in the stomach (18). An osmotically normal solu- 
tion containing 139 mM glucose and 85 mM NaC1 was in- 
fused continuously during lymph collection at a rate of 
3 mL/h through the gastric tube (19). After surgery, ani- 
mals were placed in restraining cages in a warm re- 
covery room and allowed free access to drinking water 
containing 139 mM glucose and 85 mM NaC1. On the next 
morning, after collecting lymph for 2 h (blank lymph) to 

TABLE 1 

Composition of Cholesterol Oxidation Products 

Sterols Weight % 

7a-Hydroxycholesterol 8.8 
Cholesterol 12.0 
7[$-Hydroxycholesterol 8.2 
5[$-Epoxycholesterol 7.1 
5a-Epoxycholesterol 6.0 
Cholestanetriol 4.7 
7-Ketocholesterol 30.2 
Unknowns a 23.0 
aComposed of more than 20 components. 
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determine the amounts  of endogenous cholesterol and 
oleic acid secreted per hour in lymph, each animal was ad- 
minis tered 3 mL of a tes t  emulsion through the gastric 
tube, and the lymph was collected for 24 h beginning at 
10:00 a.m. The 3-mL test  emulsion contained 200 mg of 
sodium taurocholate,  50 mg of fa t ty  acid-free albumin, 
200 mg oftr iolein and 25 mg of ei ther  cholesterol or cho- 
lesterol oxidation products. The emulsions were prepared 
by sonication at  room tempera tu re  using an Ultrasonic 
Disruptor  Model UR-200P (Tomy Seiko Co. Ltd., Tokyo, 
Japan). The lymph was collected in tubes containing eth- 
ylenediaminetet raacet ic  acid disodium salt  (EDTA; 
50 mg) for 3-h periods during the first 9 h a i ~ r  adminis- 
tration of the test  emulsion and in a single collection from 
9-24 h thereafter. 

Lipids analysis. Lymph lipids were extracted with 20 
vol of chloroform/methanol (2:1, vol/vol) according to the 
method of Folch et al. (20), and then saponified in ethano- 
lic 1 N KOH at 70~ for 1 h (21). Although some studies 
(22,23) have suggested tha t  hot  alkaline saponification 
can decompose oxidized cholesterols, the s tandards  we 
used were stable under  the conditions employed. The un- 
saponifiable fraction was extracted with n-hexane and 
converted to trimethylsilyl ethers by reaction with a mix- 
ture of trimethylchlorosilane, 1,1,1,3,3,3-hexamethyldisi- 
lazane and anhydrous pyridine (1:3:9, by vol) at room tem- 
perature. The trimethylsilyl ethers were separated by cap- 
illary GC using 5a-cholestane as internal  standard.  The 
fat ty  acid composition was determined by GC of the 
methyl esters tha t  were prepared by transmethylat ion of 
the lipids extracted with BF3/methanol in the presence of 
pentadecanoic acid as internal  s tandard  (24). Total and 
free sterols were measured by the method of Sperry  and 
Webb (25). Free and esterified cholesterols were separated 
by thin-layer chromatography (silica gel 60, 0.25 mm thick 
layers; E. Merck) using hexane/diethyl  e ther  (60:40, 
vol/vol) as developing solvent. The sterols were eluted 
with methanol and analyzed by capillary GC as described 
above. 

The absorption rates of each of the sterols and of triolein 
were determined by subtract ing the amounts  of sterols 
and oleic acid in blank lymph from those found in the ex- 
perimental  lymph, and the resulting values were divided 
by the amounts of sterols or oleic acid administered to ob- 
tain absorption rates. 

Isolation of lymph lipoproteins. Lymph collected in ice- 
cooled tubes was separated into the major l ipoprotein 
fractions by ul t racentr i fugat ion (26). Chylomicrons (d < 
1.006 g/mL) were collected at  23,000 • g for 40 min and 

very low density lipoprotein (VLDL) (d < 1.006 g/mL) at  
50,000 •  for 16 h. 

GC. Trimethylsilyl derivatives of oxidized cholesterols 
in lymph were separated by capillary GC (GC-7AG; Shi- 
madzu Co., Kyoto, Japan) using a flame-ionization detec- 
tor, a fused silica capillary ULBON HR-1 column with a 
liquid phase thickness of 0.25 ~m (0.25 mm • 50 m; 
Shinwa Chemical Industries,  Kyoto, Japan),  and a Shi- 
madzu C-R6A integrator. The oven and injector tempera- 
tures  were 280 and 300~ respectively, and the hel ium 
flow rate was 2.2 mL/min. Individual oxidized cholesterols 
were identified as described previously (27). Methyl esters 
of fat ty acids were analyzed using a Shimadzu gas chro- 
matograph (GC-8A) equipped with a flame-ionization de- 
tector, a 10% Silar 10C column (3 mm • 2 m), and a C-RbA 
integrator. The oven and injector tempera tures  were 210 
and 250~ respectively. The flow rate of nitrogen gas was 
25 mL/min. 

Statistical analysis. Duncan's new multiple-range test  
(28) and Student 's t-test (29) were used to define the dif- 
ferences between values. 

RESULTS 

There were significant differences in lymph flow rates be- 
tween the rats tha t  received cholesterol and of those that  
received the oxidized cholesterols, and the flow rates were 
significantly lower in the latter (Table 2). 

Figure 1 shows the chromatographic pat terns  of the 
cholesterol oxidation products administered and of those 
recovered in lymph. Figure 2 illustrates the lymphatic ab- 
sorption of cholesterol and of the various oxidized choles- 
terols. As can be seen, cholesterol was absorbed within 
24 h at a higher rate than were the oxidized cholesterols, 
i.e., 66.8 • 4.5% vs. 30.0 • 2.6%, respectively. However, the 
rate of absorption of cholesterol in the presence of the cho- 
lesterol oxidation products was significantly lower than  
tha t  in ra ts  tha t  received cholesterol alone (50.9 -+ 4.2% 
vs. 66.8 _+ 4.5%, respectively). The absorption rates within 
24 h of cholestanetriol (15.2 • 3.6%) and 7-ketocholesterol 
(12.0 • 2.6%), in turn, were significantly lower than those 
of the other  oxidized cholesterols, while those of 7a-hy- 
droxycholesterol, 5a-epoxycholesterol and 5~-epoxycholes- 
terol were quite similar (30.4 • 3.2, 27.5 • and 32.3 • 
6.7%, respectively). 7~-Hydroxycholesterol (41.5 • 5.6% 
24 h) was absorbed at a higher  rate than  were the other  
oxidized cholesterols. 

As shown in Figure 3, the cholesterol oxidation products 
interfered with the lymphatic absorption of oleic acid 

T A B L E  2 

B o d y  Weight and Lymph F l o w  a 

Body L y m p h  flow (mL) 

Groups  we i gh t  (g) 0 - 3  h 3 - 6  h 6 - 9  h .9-24 h 0 - 2 4  h 

Choles tero l  332 • 16 25.8 • 1.4 b 24.1 • 2.4 b 24.4 • 2.0 b 102 • 11 b 176 • 16 b 

Choles tero l  oxidat ion  p roduc t s  320 __. 3 10.8 • 1.4 8.9 • 1.0 9.1 • 0.8 42.6 _+ 2.2 71.4 • 4.0 

aValues  a r e  m e a n s  _+ SE of  5 - 7  r a t s .  bSigni f ican t ly  d i f f e ren t  f rom t h e  c o r r e s p o n d i n g  cho les te ro l  ox ida t ion  
p roduc t s  g roup  a t  P < 0.001 (S tuden t ' s  t- test) .  
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FIG. 1. Gas ch romatography  of the cholesterol  ox ida t ion  
products  adminis tered  (A) and  of the oxidized cholesterols 
recovered  in  lymph (B). Peaks:  1, 5a-cholestane ( in t e rna l  
s tandard);  2, 7a-hydroxycholesterol; 3, cholesterol; 4, 7~-hy- 
droxycholesterol; 5, 5~-epoxycholesterol; 6, 5a-epoxycholes- 
terol; 7, cholestanetriol;  and  8, 7-ketocholesterol. 

w h e n  a d m i n i s t e r e d  as t r io le in  d u r i n g  the  f i rs t  6 h af ter  
admin i s t r a t i on ,  b u t  the  difference d i sappeared  a t ~ r  24 h 
(96.3 • 5.7 and  95.8 • 5.2% for the  cholesterol and  the  cho- 
lesterol oxidation products  groups, respectively). 

The  d i s t r i b u t i o n  of choles terol  a n d  of oxidized choles- 
terols be tween  lymph  l ipoproteins is shown in  F igure  4. A 
d i f fe ren t ia l  d i s t r i b u t i o n  b e t w e e n  l y m p h  l ipopro te ins  is 
seen  b e t w e e n  cholesterol  and  oxidized cholesterols .  
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FIG. 3. Lymphatic  absorpt ion  of oleic acid admin i s te red  as 
tr iolein.  Thoracic duct  lymph was cannu la t ed  as descr ibed 
in  the Mater ia ls  and  Methods sect ion a nd  cholesterol  or  
cholesterol  oxidat ion products  was admin i s t e red  by stom- 
ach catheter. Lymph was collected periodically for 24 h. The 
pe rcen tage  shows the  ra te  of the oleic acid recovered  in  
lymph to the oleic acid admin i s t e red  in  the  test  emuls ion.  
Values are means • SE for five rats. Values are signif icantly 
different  for the cor responding  oxidized cholesterol group 
at  *P < 0.05 and  **P < 0.01 (Student 's  t-test). 

A pp r ox i ma t e l y  35% of cholesterol  was  ca r r i ed  in  chylo- 
mic rons  (CM) whi le  48% was assoc ia ted  w i th  VLDL. I n  
contrast ,  more oxidized cholesterols t h a n  cholesterol were 
genera l ly  associated wi th  CM, whereas  the  levels associ- 
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Lymph Col lected (h) FIG. 4. D i s t r i b u t i o n  of  cho lestero l  and ox id i zed  cholesterols 

FIG. 2. Lymphat ic  absorp t ion  of cholesterol  and  of var ious  
oxidized cholesterols. Thoracic duet  lymph was cannu la ted  
as described in  the Materials and Methods section and  cho- 
lesterol or the cholesterol oxidat ion products  was adminis-  
t e red  by s tomach catheter .  Lymph was collected periodi-  
cally for 24 h. Absorption in  percentage is the percentage of 
the dose. Values are means  • SE for five rats. Values at each 
point  no t  shar ing  a common le t ter  are s ignif icant ly  differ- 
en t  at P < 0.05 (Duncan's  new mult iple-range test). 

be tween lymph lipoproteins.  Lymph l ipoproteins  were sep. 
a ra ted  as descr ibed in  the Materials  and  Methods section. 
Open ba r  represents  chylomicrons, hatched ba r  represents  
very  low dens i ty  l ipoprote in ,  closed por t ion  of ba r  repre-  
sents bottom fract ion (d < 0.06). C, cholesterol; 7~-HOC, 7~- 
hydroxycholes terol ;  7~-HOC, 7~-hydroxycholesterol;  56- 
EOC, 5~-epoxycholesterol;  5a-EOC, 5a-epoxycholesterol;  
CTriol, cholestanetriol;  7-ketoC, 7-ketocholesterol. =Choles- 
terol in  cholesterol oxidat ion products,  bUnknowns are de- 
scribed in  Table 1. 
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TABLE 3 

O x i d i z e d  C h o l e s t e r o l s  in  Es ter i f i ed  a n d  N o n e s t e r i f i e d  
Stero l  F r a c t i o n s  o f  L y m p h  a 

Sterol fraction 
Sterols Esterified Nonesterified 

(weight %) 
7a-Hydroxycholesterol 1.1 _+ 0.3 c 4.3 -+ 0.3 
Cholesterol 80.7 _+ 1.6 c 54.5 -+ 1.5 
7~-Hydroxycholesterol 1.6 _ 0.4 c 14.5 - 0.5 
5~-Epoxycholesterol 2.1 _+ 0.3 2.5 -+ 0.7 
5a-Epoxycholesterol 5.1 _+ 0.3 ~ 3.0 -+ 0.7 
Cholestanetriol 0.2 _+ 0.1 c 1.5 -+ 0.2 
7-Ketocholesterol 2.3 _+ 0.1 ~ 1.4 -+ 0.1 
Unknowns b 1.2 _+ 0.5 c 18.1 -+ 0.8 
aValues are means _+ SE of five rats. 
bComposed of more than 20 compounds. 
cSignificantly different from the corresponding nonesterified frac- 
tion at P < 0.05 (Student's t-test). 

ated with VLDL tended to be low except for cholestane- 
triol. Lesser amounts of oxidized cholesterols than of cho- 
lesterol were present in lipoprotein fractions heavier than 
CM and VLDL. 

The degree of sterol esterification in ra ts  given choles- 
terol oxidation products was lower than in those given cho- 
lesterol (68.4 _+ 0.9 and 79.6 _+ 6.0% for oxidized cholesterols 
and cholesterol, respectively). The compositions of choles- 
terol and of the oxidized cholesterols in the nonesterified 
and esterified sterol fractions of lymph are shown in Table 
3. The esterified sterol fraction contained about 81% cho- 
lesterol while the free sterol fraction contained approxi- 
mately 55% cholesterol. The oxidized cholesterols were 
also not evenly distributed between the esterified and the 
nonesterified sterol fractions. Thus, for example, consider- 
ably higher  amounts  of 7~-hydroxycholesterol were pre- 
sent in the free ra ther  than the esterified sterol form. 

DISCUSSION 

Oxidized cholesterol derivatives occur in many food prod- 
ucts. They have been identified in but ter  (1), dairy prod- 
ucts (2), egg products (1,3), heated tallow (4), pancakes (5), 
French fries (5) and various meat  products (6). We also 
showed that  oxidized cholesterols are present in processed 
marine foods (30). The in vivo absorption of oxidized cho- 
lesterols is still not very well understood. Peng et al. (13) 
have previously analyzed the composition of various cho- 
lesterol oxidation products in serum after gastric admin- 
istration to rabbits, and they assumed that  the rate of ab- 
sorption of oxidized cholesterols is not significantly differ- 
ent  from that  of cholesterol. Bascoul et al. (14) have shown 
that  5a-epoxycholesterol a i ~ r  oral administration to rats 
was largely absorbed (about 90%) by the intest inal  mu- 
cosa. Moreover, available data  on the absorption of oxi- 
dized cholesterols have shown tha t  their  absorption ap- 
pears  to be similar to tha t  of cholesterol based on t racer  
studies and tha t  dietary oxysterols are absorbed from the 
gastrointest inal  t rac t  quite rapidly (16,31). The present  
s tudy suggests tha t  considerable differences exist in the 
degree of absorption of various oxidized cholesterols, and 

that  less of the oxidized cholesterols was absorbed than of 
the cholesterol administered. 

Several mechanisms could explain the lower rates of ab- 
sorption of oxidized cholesterols. Firstly, it is possible that  
the oxidized cholesterols are less soluble as micelles than  
is cholesterol, as it has been shown that  lower micellar sol- 
ubility results in lower cholesterol absorption (17,32). The 
higher  polari ty of the oxidized cholesterols may, indeed, 
interfere with micelle formation. We found tha t  lipid 
emulsions containing the cholesterol oxidation products 
were much less stable than  those containing cholesterol, 
and precipitates formed when such emulsions were kept  
at  room temperature .  Secondly, it would also be possible 
tha t  the lower degree of lymphatic absorption of oxidized 
cholesterols could be attr ibuted to their lesser susceptibil- 
ity to esterification in the small intestinal  mucosal cells. 
Esterification is a mandatory step in the sterol absorption 
process. Thirdly, since oxidized cholesterols can exert  
strongly cytotexic effects (7), they may injure the mucosal 
cells, which could explain the reduced lymph flow in rats 
given cholesterol oxidation products. Reduced lymph flow, 
in turn,  may  reduce the absorption of oxidized choles- 
terols. However, the lymph flow rates and absorption 
rates did not necessarily parallel each other in the present 
study, suggesting tha t  the reduced flow rate may only be 
a contributing cause of the observed differences. 

Most of oxidized cholesterols appeared in the nonesteri- 
fled sterol fraction of lymph. This may  be one of the rea- 
sons for the poor absorption of the oxidized cholesterols as 
has previously been shown for fl-sitosterol, which is a 
poorly absorbable plant  sterol (33). Although our results 
would suggest inhibition by oxidized cholesterols of the 
acyl coenzyme A:cholesterol acyltransferase (ACAT) reac- 
tion, it has been shown in cell culture studies (34) tha t  
ACAT activity is actually s t imulated by oxidized choles- 
terols. Nevertheless, the lower rate of esterification of oxi- 
dized sterols and their poor absorption may still be due to 
the fact tha t  oxidized cholesterols serve as s tructural ly 
poor substrates  for the esterification reaction because of 
the presence of hindering hydroxy-, keto- and epoxy 
groups. 

Our study also showed that  cholesterol oxidation prod- 
ucts interfered with the lymphatic  absorption of choles- 
terol and of oleic acid given as triolein (Figs. 2 and 3). The 
mechanisms of these effects are presently unknown. 

Fur thermore ,  the distr ibution of the oxidized choles- 
terols between the lymphatic lipoproteins was found dif- 
ferent than that  of cholesterol. Ikeda et al. (33) had shown 
tha t  beth ~-sitosteml and cholesterol were exclusively as- 
sociated with CM. Since more of the oxidized cholesterols 
were carried in CM than  was cholesterol (Fig. 4), thei r  
metabolic fate may also differ. Peng et al. (13,35) had re- 
ported that  cholestanetriol, 7a-hydroxycholesterol, 7~-hy- 
droxycholesterol and 7-ketocholesterol showed a prefer- 
ence for being transported in VLDL, whereas most of the 
25-hydroxycholesterol was associated with low densi ty 
lipoprotein (LDL) of the sera of rabbits or squirrel  mon- 
keys. Also, Brooks et al. (36) had found that,  for example, 
a- and ~-epoxides of cholesterol, 7-ketocholesterol and 26- 
hydroxycholesterol were predominantly carried by VLDL 
and LDL in serum of type II hypercholesterolemic pa- 
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tients. Moreover, Emanuel  et al. (15) had reported tha t  
some oxidized cholesterols may be selectively absorbed 
and t ransported via CM. Thus, oxidized cholesterols are 
predominant ly  distributed in the serum lipoproteins of 
lower densities including CM, VLDL and LDL, whereas 
only minute amounts  are associated with high density 
lipoproteins (HDL). Oxidized cholesterols have been found 
in human  aortic tissues and plaques (37), and the selec- 
tive t ransport  of oxidized cholesterols by CM, VLDL and 
LDL may contribute in part to their atherogenicity (10). 

Oxidized cholesterols have been implicated in the initi- 
ation and/or progression of atherosclerosis due to their  
toxicity to arterial  endothelial and smooth muscle cells 
both in vitro (38) and in vivo (39). The presence of oxidized 
cholesterols in oxidized h u m a n  LDL has been reported 
(40). Also Baranowski et al. (41) reported that  oxidized 
cholesterols including 25-hydroxycholesterol, 5~-epoxyc- 
holesterol and cholestanetriol promoted tissue inflamma- 
tion and necrosis and also caused cell death in cultures. 
Since a relatively large amount  of oxidized cholesterols 
was absorbed from the intestine, they may exert various 
secondary effects in vivo. 

In conclusion, the present study has demonstrated that  
lymphatic absorption of oxidized cholesterols occurs to a 
considerable degree in rats. Approximately 30% of the oxi- 
dized cholesterols was absorbed. Naka tsugawa and 
Kaneda (42,43) had shown that  0.23 and 0.5-0.6% of the 
methyl linoleate hydroperoxides administered were found 
in the lymph of rabbits and rats in unchanged form, re- 
spectively. Thus, oxidized cholesterols appear to be ab- 
sorbed more readily than are autoxidized fatty acids. The 
oxidized cholesterols used in this study may not be alto- 
gether like natural ly autoxidized cholesterol present in 
foods. However, our preceding study (30) had shown that  
the composition of oxidized cholesterols in fish products did 
not differ depending on the source. Since cholesterol in 
foods is quite easily oxidized when oxidizable fats are pre- 
sent, particularly during high-temperature cooking (30), 
more attention should be paid to oxidized cholesterols pre- 
sent in the diet. In fact, the concentration of oxidized cho- 
lesterols was found increased in human plasma CM after 
consumption of a powdered egg meal containing 30-90 
ppm oxidized cholesterols (15). Also, Jacobson (44) inferred 
tha t  dietary oxidized cholesterols from ghee may be re- 
sponsible for the high frequency of atherosclerotic compli- 
cations in Indian immigrant populations. More studies are 
needed to elucidate the effect of various dietary cholesterol 
oxidation products on metabolic processes. 
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M e n h a d e n  f ish oi l  (FO) c o n t a i n i n g  no3 fatty  ac ids  dramat~ 
ical ly  e x t e n d s  the  life span and de lays  the  onse t  and pro- 
g r e s s i o n  o f  a u t o i m m u n e  d i s e a s e  in (NZBxNZW)F 1 (B/W) 
f e m a l e  m i c e  as  c o m p a r e d  to  t h o s e  fed corn  oi l  (CO) r i ch  
in n-6 l ipids.  As an inef f ic ient  ant iox idant  de fense  s y s t e m  
has  b e e n  l i n k e d  to  a u t o i m m u n e  d i s e a s e s ,  the  
presen t  s tudy  w a s  u n d e r t a k e n  to d e t e r m i n e  w h e t h e r  the  
p r o t e c t i v e  ac t ion  of  n-3 l ip ids  is  m e d i a t e d  t h r o u g h  t h e i r  
ant iox idant  de fense  sys tem.  WeAnling B/W m i c e  w e r e  fed 
a n u t r i t i o n a l l y  a d e q u a t e ,  s e m i p u r i f i e d  d ie t  c o n t a i n i n g  
CO or  kr i l l  o i l  (KO) or  FO at  10% l e v e l  (w/w)  a d  libitum 
unt i l  the  m i c e  w e r e  6.5 m o n t h s  old.  All  d i e t s  c o n t a i n e d  
the  s a m e  l eve l  o f  v i t a m i n  E (21.5 mg/100 g diet) .  We com-  
pared  the  ef fects  of  f eed ing  n-6 and n-3 l ipids  on survival ,  
k i d n e y  d i s e a s e ,  h e p a t i c  m i c r o s o m a l  l ip id  c o m p o s i t i o n ,  
p e r o x i d a t i o n ,  and on the  a c t i v i t y  and m R N A  e x p r e s s i o n  
o f  the  an t iox idant  e n z y m e s  cata lase ,  g lu ta th ione  peroxi -  
dase  (GSH-Px)  and  s u p e r o x i d e  d i s m u t a s e  (SOD) in 6.5- 
month-o ld  B/W mice .  The  resu l t s  s h o w e d  that  w h e n  com- 
p a r e d  to  l i v e r s  f r o m  CO-fed m i c e ,  l i v e r s  f r o m  KO- and  
FO-fed m i c e  s h o w e d :  (i) s i g n i f i c a n t l y  h i g h e r  (P < 0.001) 
a c t i v i t i e s  a n d  e x p r e s s i o n  o f  CAT, GSH-Px and  SOD; 
(ii) s i g n i f i c a n t l y  l o w e r  (P < 0.001) a r a c h i d o n i c  ac id  
(20:4n-6) and l ino le ic  ac id  (18~n-6) and h i g h e r  (P < 0.001) 
e i c o s a p e n t a e n o i c  ac id  (20:5n-3) and  d o c o s a h e x a e n o i c  
ac id  (22:6n-3) l e v e l s  in h e p a t i c  m i c r o s o m e s ;  and (iii) sig- 
n i f i can t ly  l o w e r  (P < 0.001) e s t i m a t e d  p e r o x i d a t i o n  in- 
d i ces  and th iobarb i tur ic  ac id  r e a c t i v e  s u b s t a n c e s  gener-  
at ion .  The  data  i n d i c a t e  that  o n e  o f  the  m e c h a n i s m s  
t h r o u g h  w h i c h  the  n-3 l lp ids  d e l a y  the  o n s e t  o f  a u t o i m -  
m u n e  d i seases  in B/W m i c e  m a y  be  through  m a i n t e n a n c e  
of  h i g h e r  ac t iv i t i e s  and expres s ion  of  hepat i c  ant iox idant  
e n z y m e s .  
Lipids 29, 561-568 (1994). 

Auto immune-prone  (NZBxNZW)F 1 (B/W) female  mice 
spontaneously develop severe lupus nephritis as they age. 
At an  ear ly age they also exhibit  vascular  lesions resem- 
bling systemic lupus  e ry thema tosus  (SLE) in humans ,  
and these  mice die be tween 6 and 12 months  of age (1). 
Earl ier  studies had shown tha t  caloric restriction and the 
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York at Buffalo, Buffalo, NY I4214. 
*To whom correspondence should be addressed at The University 
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corn oil; EDTA, ethylenediaminetetraacetic acid; FO, fish oil; 
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GSH, glu- 
tathione reduced form; GSH-Px, glutathione peroxidase; KO, krill 
oil; NADPH, ~l-nicotinamide adenine dinucleotide phosphate, re- 
duced form; SDS, sodium dodecylsulfate; SLE, systemic lupus ery- 
thematosus; SOD, superoxide dismutase; SSC, sodium chloride/ 
sodium citrate buffer; TBARS, thiobarbituric acid reactive sub- 
stances. 

source of dietary fat can have a profound effect on autoim- 
mune  SLE in mice (2-5). Our  ongoing studies have indi- 
cated tha t  n-3 fat ty  acid-rich menhaden  fish oil (FO) dra- 
matically extends the life span and delays the onset of au- 
to immune disease, whereas corn oil (CO), rich in n-6 fat ty  
acids, significantly shortens the life span and accelerates 
au to immune  processes in these mice (6,7). We also ob- 
served tha t  feeding ad libitum a diet containing 20% FO 
and/or moderate  caloric restriction inhibited auto immune 
disease in these mice. The beneficial effects observed have 
been pr imar i ly  a t t r ibu ted  to the increased eicosapen- 
taenoic acid (20:5n-3) and docosahexaenoic acid (22:6n-3) 
contents and to the markedly  decreased 20:4n-6 levels in 
the FO-fed animals. 

The deleterious effects of oxidative s t ress  have  previ- 
ously been associated with various pathological conditions 
(8--10), but  the role of an impaired or defective antioxidant 
defense sys tem in au to immune  diseases has  been  ex- 
plored only to a l imited extent  (11-13). Our recent  s tudy 
on MRL/lpr mice indicated tha t  along with other immuno- 
logical abnormali t ies ,  these mice clearly showed a defec- 
t ive ant ioxidant  defense sys tem as the expression of he- 
patic ant ioxidant  enzymes was significantly lower when  
compared  to t ha t  of an MRL/+ s t ra in  (14). I t  is not ye t  
known, however, whe the r  the  n-3 d ie tary  lipids of FO, 
which are known to ameliorate  au to immune  disease, are 
also able to modulate the liver antioxidant defense system 
in animals  prone to developing au to immune disease. The 
susceptibi l i ty of an organism to oxidative damage  is af- 
fected by the efficiency of the ant ioxidat ive defense sys- 
t em to cope with the oxidative stress which, in turn,  can 
be influenced by nutr i t ional  in tervent ion with antioxi- 
dants (15). Antioxidant enzymes, such as glutathione per- 
oxidase (GSH-Px), catalase (CAT) and superoxide dismu- 
tase (SOD), as well as antioxidant nutrients,  such as vita- 
min  E, v i t amin  A, v i t amin  C and selenium, can par-  
ticipate in controlling lipid peroxidation (16-18). Because 
antioxidant enzymes play an important  role in the protec- 
tion against  free radical damage,  a decrease in the activi- 
t ies or expression of these enzymes  m a y  predispose tis- 
sues to free radical injury (19,20). 

The present  s tudy was unde r t aken  to compare  the ef- 
fects of d ie tary  CO, krill oil (KO) and FO on hepatic  mi- 
crosomal lipid composition, peroxidation and the expres- 
sion of mRNA for three antioxidant  enzymes (CAT, GSH- 
Px and SOD) in B/W female  mice. In  addition, we also 
tes ted  crude krill  lecithin (KO) as an a l t e rna te  source of 
n-3 lipids. The data  we obtained indicate tha t  besides hav- 
ing a decreased survival rate, the CO-fed B/W mice exhib- 
i ted lower activit ies and lower mRNA expression of the  
three  ant ioxidant  enzymes,  as well as higher  levels of 
20:4n-6, and increased peroxidat ion in liver tissue. Our  
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present  data  also show tha t  with adequate  ant ioxidant  
supplements,  FO can restore or enhance the antioxidant 
defense system and prolong the life span of autoimmune 
prone B/W mice. 

MATERIALS AND METHODS 

Experimental animals and diets. B/W female mice were 
purchased from the Jackson Laboratories (Bar Harbor, 
ME). The weanling mice (20/group; 15 mice for survival 
s tudy and 5 mice/group for cross sectional s tudy at  6.5 
months) were fed ad libitum nutritionally adequate, semi- 
purified diets prepared weekly containing 10% (w/w) CO 
(ICN, Irvine, CA), crude KO (a generous gift from Itano 
Refrigerated Food Co., Ltd., Tokushima, Japan)  or odor- 
free FO (U.S. Department  of Commerce, National Marine 
Fisheries Service, Charleston, NC). The fatty acid compo- 
sition of the three oils is given in Table 1. The current  AIN 
diet formula contains the following diet ingredients: ca- 
sein, 20%; dextrose, 30%; starch, 31%; oil, 10%; cellulose, 
3.5%; AIN salt mixture, 3.5%; AIN vitamin mixture, 1.5%; 
DL-methionine, 0.3%; and choline, 0.2%. All three oils had 
equal levels of antioxidants,  i.e., 1.3 g (1300 I.U.) a-toco- 
pherol per kg oil, 1.2 g (13.2 I.U.) T-tocopherol/kg and 
1 g/kg tert-butylhydroquinone, as recommended by the 
National Inst i tutes of Heal th  (NIH) to prevent  peroxida- 
tion during storage. The FO and KO diets also contained 
1% CO to meet  essential  fa t ty  acid requirements .  The 
final concentration of vitamin E (DL-a-tocopheryl acetate, 
7-tocopherol and a-tocopherol) was -215 I.U./kg diet. 
Fresh food was provided daily in the evening, and precau- 
tions were taken to prevent  oxidation of lipids and diets. 
The mice were mainta ined in plastic cages under  a 12-h 
light/dark cycle. The body weights and proteinuria  were 
recorded once a month. NIH guidelines were strictly fol- 
lowed. The animals (5 mice/group) were sacrificed at  6.5 
months of age by cervical dislocation, livers were collected 
in ice-cold physiological saline, and par t  of the livers was 

T A B L E  1 

F a t t y  A c i d  C o m p o s i t i o n  o f  t h e  O i l s  a 

Fatty acid Corn oil (%) Fish oil (%) Krill oil (%) 

14:0 0.03 8.40 9.67 
16:0 10.33 13.97 17.00 
18:0 1.99 2.51 1.07 
20:0 --  0.14 0.07 
16:1 0.16 11.17 6.40 
18:1 24.00 10.00 15.40 
18:2n-6 52.60 0.66 1.64 
18:3 0.09 
20:4n-6 --  1.45 0.52 
20:5n-3 --  13.37 11.14 
22:4n-6 --  0.11 - -  

2 2 : 5 n - 6  - -  0 . 3 9  - -  

2 2 : 5 n - 3  - -  2.06 0.38 
22:6n-3 --  8.60 6.77 
Others 10.80 27.20 29.40 
aThe analysis was carried out by the U.S. Department of Com- 
merce, NOAA, National Marine and Fisheries Service, Southeast 
Fisheries Center, Charleston Laboratory (Charleston, SC). 

frozen in liquid nitrogen and stored at -80~ for RNA iso- 
lation. 

Preparation of liver cytosol and microsomes. The livers 
were r insed in ice-cold physiological saline and minced 
with scissors. A 10% homogenate of livers was prepared 
in 0.15 M KC1 buffer (pH 7.4) and centrifuged at  12,000 x 
g for 10 min. The pellet was discarded, and the super- 
na tant  was collected and centrifuged at 105,000 •  for 90 
min. The supernatant  was the cytosolic fraction that  was 
saved for determining the activities of the antioxidant en- 
zymes. The pellet was resuspended in the buffer and cen- 
trifuged at 12,000 x g for 15 min to wash and collect the 
microsomal pellet. The microsomal pellets then  were re- 
suspended in the homogenization buffer. The protein con- 
tent  of the microsomes was measured using the BCA Pro- 
tein Assay Reagent  (Pierce, Rockford, IL). Fa t ty  acid 
analyses and lipid peroxidation analyses were carried out 
on the liver microsomal fractions. 

Measurement of thiobarbituric acid reactive substances 
(TBARS). TBARS in liver homogenates  were measured  
using a modification of the thiobarbituric acid assay by 
Laganiere and Yu (21). A 10-min centrifugation at 2000 x 
g replaced the lengthy organic solvent extract ion of pig- 
ments.  Malondialdehyde (as te t rae thyl  acetal; Aldrich 
Chemical Company, Milwaukee, WI) was used as stan- 
dard. 

Fatty acid analyses of liver microsomal total lipids. 
Lipids from liver microsomes were extracted with chloro- 
form/methanol (2:1, vol/vol). Fat ty  acid methyl esters were 
obtained by t ransester if icat ion with borontrifluor- 
ide/methanol reagent  (90~ 2 h) as described previously 
(22). The methyl  esters were extracted with hexane and 
analyzed on a Perkin Elmer (San Jose, CA) 8420 gas chro- 
matograph equipped with a fused silica capillary column 
(22). Chromatographic conditions included an oven tem- 
pera ture  of 205~ a flame-ionization detector set at  
250~ and hel ium as carr ier  gas a t  a flow rate  of 0.9 
mL/min. Mixtures of fa t ty  acid methyl  es ter  s tandards  
(Nu-Chek-Prep, Elysian, MN) were used for peak identifi- 
cation. 

Expression of hepatic antioxidant enzymes (CAT,, GSH- 
Px, SOD) mRNA. Total RNA was isolated from the frozen 
livers using the acicYguanidinium isothiocyanate/phenol/ 
chloroform extract ion procedure (23), and the RNA was 
quantified spectrophotometrically. Twenty micrograms of 
total  RNA was electrophoresed in 0.8% agarose/2.2 M 
formaldehyde gel. The gel contained e thidium bromide 
(0.5 ~g/mL) in order to verify RNA integri ty and loading 
equivalency. RNA was electroblotted onto nitrocellulose 
(Schleicher & Schuell, Keene, NH) and fixed to the mem- 
brane by cross-linking, using Stratagene UV crosslinker- 
1800 (Stratagene,  La Jolla, CA). The blots were prehy- 
bridized, hybridized and then washed following the proce- 
dure described in detail  by Korc et al. (24). In brief, the  
blots were prehybridized overnight at 42~ in a buffer con- 
ta ining 50% formamide/0.1% sodium dodecylsulfate 
(SDS)/0.5X sodium chloride/sodium citrate buffer (SSC) 
( lX SSC = 150 mM NaC1, 15 mM sodium citrate,  pH 
7.0)/2X Denhardt 's  ( lX Denhardt 's  = 0.02% each of Ficoll, 
polyvinylpyrrolidone and bovine serum albumin)/250 
~g/mL sonicated, dena tured  salmon sperm DNA and 
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50 mM sodium phosphate, pH 6.5. The blots were then hy- 
bridized at 42~ for 18 h in the same buffer to which 10% 
dextran  sulfate and the 32p-labeled cDNA probe (1 • 106 
cpm/mL) were added. The blots were then washed at  23~ 
three  t imes for 5 min each in a buffer containing 2X 
SSC/1.0% SDS, followed by three washes in 0.1X SSC/I% 
SDS (high stringency). The blots were exposed at -80~ 
to Kodak XAR-5 film with Dupont  intensifying screens. 
The intensi ty  of the autoradiographic bands was semi- 
quantif ied by videoimage analysis using NIH Image 1.4 
program, and the values were expressed in fold change as 
a ratio of the densitometric value of CAT, GSH-Px and 
SOD to tha t  of glyceraldehyde 3-phosphate dehydroge- 
nase (GAPDH). GAPDH was used as an internal  control. 
The size of mRNA was determined by its relative positions 
to tha t  of ethidium bromide-stained 28S and 18S riboso- 
mal RNA and 0.24-9.5 kb RNA ladder (Gibco-BRL, Grand 
Island, NY). The cDNA used in this s tudy were CAT 
(1.3 kb Bam HI/SphI fragment)  (25), GSH-Px (0.55 kb 
EcoRI fragment)  (26), SOD (0.65 kb Pst I f ragment)  (27) 
and GAPDH (1.0 kb Barn H1-Pst I f ragment)  (28). The 
cDNA probes (CAT, SOD, GAPDH) were obtained from 
American Type Culture  Collection (Rockville, MD). The 
cDNA were labeled with [a-32P]dCTP (3000 Ci/mmol; 
Amersham, Arlington Heights,  IL) by random prime la- 
beling (Boehringer Mannheim, Indianapolis, IN) to obtain 
a specific activity of 0.8-1.2 • 109 cpmJ~tg. 

Measurement of SOD, GSH-Px and CAT enzyme activi- 
ties in the cytosolic fractions. The chemicals used in the 
enzyme assays were obtained from Sigma Chemical 
Company (St. Louis, MO). All three enzyme activities in 
the cytosolic fraction of livers were measured  in a Shi- 
madzu UV-Visible recording spectrophotometer  UV-265 
(Shimadzu Scientific Ins t ruments ,  Houston,  TX). CAT 
(EC 1.11.1.6) activity was measured by monitoring the de- 
composition of H202 at  240 nm as described by Aebi (29). 
The reaction mixture  (3 mL) consisted of 50 mM phos- 
phate buffer (pH 7.0) and 1 mL 30 mM H202 in phosphate 
buffer and suitably diluted cytosol. CAT activity was ex- 
pressed as pmoles of hydrogen peroxide reduced/min/mg 
protein. GSH-Px (EC 1.11.1.9) activity was measured  
using the coupled-enzyme system as previously described 
(30). The reaction mixture consisted of 0.5 mL potassium 
phosphate  buffer (pH 7.0) containing 1 mM ethylenedi- 
aminetetraacetic acid (EDTA), 0.1 mL of 10 mM GSH and 
0.1 mL of 2.4 U/mL glutathione reductase.  The mixture  
was preincubated for 10 min at  37~ Thereafter,  0.1 mL 
of 1.5 mM [Lnicotinamide adenine dinucleotide phos- 
phate, reduced form (NADPH) was added, and hydroper- 
oxide-independent  consumption of NADPH was moni- 
tored for three  min. The overall react ion was s tar ted  by 
adding 0.1 mL of 12 mM t-butyl hydroperoxide solution, 
and the decrease in absorption at 340 um was monitored 
at  25~ GSH-Px activity was calculated based on the 
equation described by Flohe and Gunzier  (31). SOD 
(EC 1.15.1.1) activity in the cytosolic fraction was deter- 
mined as described by McCord and Fridovich (32) using 
the xanthine  oxidase/cytochrome C system. The reaction 
mixture  consisted of 2.4 mL of 0.05 M potassium phos- 
phate buffer (pH 7.8) containing 0.1 mM EDTA, 0.3 mL of 
0.1 mM ferricytochrome C, 0.1 mL of 1% deoxycholate, 

0.1 mL of 1.5 mM potassium cyanide, 0.3 mL of 0.5 mM 
xanthine and 20 ~tL of appropriately diluted xanthine oxi- 
dase to produce a rate of reduction of ferricytochrome C at 
550 nm of 0.025 absorbance unit/min at 25~ One unit  of 
SOD was defined as the amount  of SOD required to in- 
hibit the rate of reduction of cytochrome C by 50%. 

Statistical analyses. The data shown are means _+ SEM. 
Data  were statistically analyzed using Student 's  t - t e s t  
with Bonferroni adjustment (33), and P < 0.05 was consid- 
ered significant. 

RESULTS 

Survivial, body weight and proteinuria levels. The body 
weights of B/W mice on all three diets showed a steady in- 
crease until  four months,  af ter  which t ime the body 
weights plateaued (Table 2). The mice on the 10% CO diet 
showed slightly lower body weights after  four months as 
compared to the mice on the KO or FO diets. The mice on 
10% CO developed severe proteinuria relatively early (by 
seven months) compared to the mice on the n-3 lipid-based 
diets (Table 3). The three types of dietary lipids fed at the 
10% level had a significant effect on the survival rates of 
these mice. The percent survival of B/W mice on the three 
dietary t rea tments  is compiled in Table 4. At eleven 
months, all mice in the CO group had died, and 20% of the 
mice in the KO group and 47% of the mice in the FO group 
were still alive. 

Fatty acid composition of microsomal fraction. In order 
to study the effect of dietary lipids on the membrane lipid 
composition of liver, microsomal membranes were isolated 

TABLE 2 

E f f e c t  o f  10% (w/w)  C o r n  Oil-,  Kri l l  Oil-  o r  F i s h  O i l - B a s e d  
D i e t s  o n  B o d y  W e i g h t s  o f  (NZBxNZW) F I M i c e  

Age (body weights in grams) a 
(months) Corn oil Krill oil Fish oil 

1.0 20.2• 20.5• 20.0• 
2.5 31.9• 33.7• 32.9r 
4.5 40.8• 42.2• 41.8• 
6.5 42.4• 46.1• 45.9• 
aValues are means • SEM of 20 mice/group. 

TABLE 3 

E f f e c t  o f  10% (w/w)  Corn  Oil-,  KriII Oil-  o r  F i s h  O i l - B a s e d  
D i e t s  o n  P r o t e i n u r i a  L e v e l s  in  (NZBxNZW) F 1 M i c e  

Proteinuria levels a 
Age Number + ++ +++ 

(months) Diet of mice (30 mg/dL) (100 mg/dL) (500 mg/dL) 

6.5 Corn oil 15 9 1 5 
6.5 Krill oil 15 8 4 3 
6.5 Fish oil 15 11 4 0 

10 Corn oil 5 0 0 5 
10 Krill oil 11 3 1 7 
10 Fish oil 14 5 2 7 

aProteinuria was  determined by us ing  Chemstrip (Boehringer 
Mannheim, Indianapolis, IN). 
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TABLE 4 

E f f e c t  o f  10% (w/w) C o r n  Oil-, Kr i l l  Oil- o r  F i s h  Oi l -Based  
D i e t s  o n  Surv iva l '  R a t e  i n  (NZBxNZW) F 1 M i c e  

Diets 
Survival  (at 11 months)  

Number  of mice alive Percent  survival 

Corn oil 0/15 0 
Krill oil 3/15 20.0 
Fish oil 7/15 46.7 

aBoth fish oil and  krill  oil significantly (P < 0.01) increased the  sur- 
vival ra te  of B/W mice. 

a n d  a n a l y z e d  fo r  f a t t y  a c i d  c o m p o s i t i o n .  K O  a n d  F O  h a d  
g e n e r a l l y  s i m i l a r  e f f e c t s  o n  t h e  f a t t y  a c i d  c o m p o s i t i o n  o f  
t h e  m i c r o s o m a l  f r a c t i o n s ,  w h e r e a s  t h e  e f f e c t  o f  C O  w a s  
d i f f e r e n t  (Tab le  5). T h e  l e v e l s  o f  16:0 a n d  16:1 w e r e  s ign i f -  
i c a n t l y  l o w e r  ( P  < 0 .001) ,  a n d  t h e  18:0  l eve l  w a s  h i g h e r  i n  
t h e  C O - f e d  g r o u p  c o m p a r e d  to t h e  KO-  a n d  F O - f e d  g r o u p s .  
T h e  l e v e l s  o f  18:2  a n d  2 0 : 4 n - 6  f a t t y  a c i d s  w e r e  s i g n i f i -  
c a n t l y  h i g h e r  ( P  < 0 . 0 0 1 )  i n  t h e  C O - f e d  g r o u p ,  a n d  20 :5  
a n d  22 :6  w e r e  s i g n i f i c a n t l y  h i g h e r  ( P  < 0 . 0 1 - 0 . 0 0 1 )  i n  t h e  
n - 3  l i p i d s - f e d  g r o u p s .  W h e n  c o m p a r i n g  t h e  K O  a n d  F O  
g r o u p s ,  w e  f o u n d  t h a t  t h e  l eve l s  o f  18:1 ( P  < 0 .01)  w e r e  sig-  
n i f i c a n t l y  l o w e r  a n d  t h a t  t h e  22 :6  l e v e l s  w e r e  h i g h e r  ( P  < 
0 .01)  i n  t h e  F O - f e d  g r o u p .  

TBARS. To d e t e r m i n e  w h e t h e r  t h e  d i f f e r e n t  m i c r o s o -  
m a l  l i p i d  c o m p o s i t i o n  a f f e c t e d  t h e  s u s c e p t i b i l i t y  o f  t h e  mi -  

TABLE 5 

E f f e c t  o f  10% (w/w)  C o r n  Oil ,  Kri l l  Oi l  o r  F i s h  Oi l  
o n  H e p a t i c  M i c r o s o m a l  F a t t y  A c i d  C o m p o s i t i o n  
o f  B/W M i c e  a 

Fat ty  acids Corn oil Fish oil Krill oil 

14:0 0.76 _+ 0.04 0.98 • 0.12 0.90 • 0.20 
14:1 0.49 • 0.06 0.61 • 0.11 0.64 • 0.09 
16:0 20.03 • 0.495 33.81 • 0.43 c 30.24 • 1.03 c 
16:1 1.54 • 0.305 3.69 • 0.38 e 4.98 • 0.45 c 
18:0 20.33 • 5.11 13.96 • 1.09 12.75 • 1.34 
18:1n-9 17.05 • 1.865 11.86 • 0.89 e 18.55 • 
18:2n-6 23.92 • 1.24 b 10.64 • 0.53 c 8.99 • 0.31 c 
18:3n-3 0.36 • 0.21 0.28 • 0.05 0.17 • 0.06 
20:0 0.57 • 0.52 0.15 • 0.02 0.22 • 0.03 
20:1 0.30 • 0.24 0.06 • 0.04 0.14 • 0.06 
20:2 0.35 • 0.12 0.12 • 0.12 0.00 • 0.00 
20:3n-6 0.17 _+ 0.10 0.00 • 0.00 0.31 • 0.18 
20:4n-6 8.19 _+ 1.375 3.'40 • 0.08 c 3.11 • 0.43 c 
20:3n-3 0.15 • 0.14 0.08 • 0.08 0.19 _+ 0.11 
20:5n-3 0.00 • 0.00 b 7.04 • 1.00 c 8.59 +_ 0.83 r 
22:0 0.35 • 0.15 0.08 • 0.05 0.00 • 0.00 
22:1 0.10 • 0.06 0.00 • 0.00 0.00 • 0.00 
22:4n-6 1.08 • 0.34 0.24 • 0.09 0.17 • 0.08 
22:4n-3 0.00 • 0.00 0.30 • 0.09 0.40 • 0.13 
22:5n-6 0.88 _+ 0.45 0.17 _+ 0.10 0.07 • 0.02 
22:5n-3 0.00 • 0.005 0.78 • 0.13 c 0.61 • 0.10 c 
22:6n-3 3.26 • 0.32 b 11.67 • 0.50 d 8.87 • 0.63 c 
24:0 0.14 • 0.06 0.11 • 0.02 0.09 • 0.02 
aValues are expressed as percent  w/w. Values are mean  • SEM of 
four mice/group. Abbreviation as in Table 4. 
b-dValues wi th  different  superscr ip ts  in the  same row are signifi- 
cant ly  different  at  P < 0.05 as revealed by S tudent ' s  t - tes t  wi th  
Bonferroni adjustment.  
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FIG.  1. E f f e c t  o f  10% ( w / w )  c o r n  oi l . ,  k r i l l  o i l -  or  f i s h  oi l -  
b a s e d  d i e t a r y  t r e a t m e n t s  o n  t h i o b a r b i t u r i c  a c i d  r e a c t i v e  
s u b s t a n c e s  (TBARS)  g e n e r a t i o n  b y  l i v e r  m i c r o ~ m a l  m e m -  
b r a n e  l i p i d s  o f  B/W m i c e .  V a l u e s  a r e  m e a n s  • S E M  o f  f i v e  
m i c e / g r o u p .  V a l u e s  n o t  d e n o t e d  b y  t h e  s a m e  s u p e r s c r i p t s  
a r e  s i g n i f i c a n t l y  d i f f e r e n t .  T B A R S  g e n e r a t i o n  w a s  s i gn i f i -  
c a n t l y  h i g h e r  i n  t h e  c o r n  o i l - f e d  g r o u p  c o m p a r e d  to  t h e  
g r o u p s  fed  f i sh  o i l  (+§ < 0.01) or  kr i l l  o i l  (***P < 0.001). 

c r o s o m a l  l i p i d s  to  p e r o x i d a t i o n ,  w e  m e a s u r e d  t h e  g e n e r a -  
t i o n  o f  T B A R S .  W e  f o u n d  t h a t  b o t h  t h e  K O - f e d  a n d  F O - f e d  
g r o u p s  s h o w e d  s igaf i f i can t ly  l o w e r  l e v e l s  of  T B A R S  v a l u e s  
c o m p a r e d  to  t h e  C O - f e d  g r o u p  (Fig.  1). 

mRNA Expression of antioxidant enzymes. The e f fec t  o f  
t h e  t h r e e  d i e t a r y  t r e a t m e n t s  o n  t h e  e x p r e s s i o n  of  h e p a t i c  
a n t i o x i d a n t  e n z y m e  m R N A  p a t t e r n s  w a s  e x a m i n e d  b y  
N o r t h e r n  b l o t  a n a l y s i s .  O u r  d a t a  i n d i c a t e  t h a t  t h e  t h r e e  
k e y  a n t i o x i d a n t  e n z y m e  (CAT, G S H - P x  a n d  S O D )  m R N A  
l e v e l s  w e r e  l o w e r  i n  t h e  l i v e r s  o f  t h e  C O - f e d  g r o u p  com-  

C o r n  oil  Kril l  oil F i sh  oil 

I I 

m ~  
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I 
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FIG.  2. N o r t h e r n  b l o t  a n a l y s i s  o f  m R N A  e x p r e s s i o n  o f  an-  
t i o x i d a n t  e n z y m e s  in  t h e  l i v e r s  o f  B/W m i c e  t r e a t e d  w i t h  
10% ( w / w )  c o r n  oi l - ,  kr i l l  o i l -  o r  f i s h  o i l - b a s e d  d i e t s .  E a c h  
l a n e  r e p r e s e n t s  a n  R N A  s a m p l e  f r o m  o n e  a n i m a l .  T w e n t y  
m i c r o g r a m s  o f  t o t a l  R N A  w a s  d e n a t u r e d ,  e l e c t r o p h o r e s e d  
t h r o u g h  0.8% a g a r o s e / f o r m a l d e h y d e  ge l ,  e l e c t r o b l o t t e d  o n  
to  n i t r o c e l l u l a s e ,  a n d  p r o b e d  w i t h  r a n d o m  p r i m e d  S2p-la- 
b e l e d  c D N A  p r o b e s .  T h e  a u t o r a d i o g r a p h i c  e x p o s u r e  t i m e  
w a s  e i g h t  d a y s  [ ca ta lase ,  g l u t a t h i o n e  p e r o x i d a s e  (GPX) a n d  
s u p e r o x i d e  d i s m u t a s e  (SOD)]  a n d  36 h for  g l y c e r a l d e h y d e  
3 - p h o s p h a t e  d e h y d r o g e n a s e  (GAPDH) .  

LIPIDS, Vol. 29, no. 8 (1994) 



565 

n-3 FATTY ACIDS AND ANTIOXIDANT ENZYME EXPRESSION 

pared to those in the KO- and FO-fed groups (Fig. 2). FO 
feeding resul ted in a higher  expression of these enzymes 
compared to KO feeding. The differences in mRNA levels 
were not due to variation in RNA loading, as GAPDH lev- 
els did not  vary  significantly. Loading equivalency was 
also confirmed by ethidium bromide-stained 18S and 28S. 
Densi tometr ic  analysis  of the autoradiographic  bands,  
after  s tandardizat ion relative to GAPDH, revealed (Fig. 3) 
a significantly increased expression of the antioxidant en- 
zymes in the  FO group compared  to the  CO group (P < 
0.01 level). However, when comparing the FO and the KO 
groups,  CAT mRNA expression was significantly higher  
(P < 0.05) in the FO group. 

Enzymatic activities of cytosolic CAT,, GSH-Px and SOD. 
The mice fed the KO- and FO-based diets expressed sig- 
nificantly higher  enzyme activit ies (P < 0.001) for CAT 
(9-9-fold), GSH-Px (4-fold and SOD (1.4-fold) in the liver 
cytosols when compared to the group given the CO-based 
diet (Table 6). The enzyme activit ies were s imilar  in the 
KO and FO groups suggesting tha t  n-3 lipids have a more 
favorable effect on antioxidant s ta tus  than  does CO. 
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FIG.  3.  D e n s i t o m e t r i e  a n a l y s i s  o f  t h e  a u t o r a d i o g r a p h i e  
b a n d s  s e e n  in  F i g u r e  2. F o r  t h e  a n a l y s i s ,  v i d e o  i m a g e  ana ly -  
s i s  w a s  d o n e  u t i l i z i n g  t h e  N a t i o n a l  I n s t i t u t e s  o f  H e a l t h  
I m a g e  1.4 p r o g r a m ,  a n d  t h e  r e s u l t s  are  e x p r e s s e d  as  a ra t io  
o f  t h e  s p e c i f i c  m e s s a g e  t o  t h e  c o n s t i t u t i v e l y  e x p r e s s e d  
G A P D H  m e s s a g e .  T h e  v a l u e s  w e r e  t e s t e d  for  s i g n i f i c a n c e  
u s i n g  S t u d e n t ' s  t - tes t .  A n y  v a l u e s  i n  t h e  f i g u r e  n o t  d e n o t e d  
b y  the  s a m e  s u p e r s c r i p t  are  s i g n i f i c a n t l y  d i f f erent .  T h e  sta-  
t i s t i c a l  s i g n i f i c a n c e  o f  t h e  v a l u e s  t e s t e d  w e r e  as  f o l l o w s :  
CAT-CO vs.  KO: P < 0.05; CO vs .  FO: P < 0.01; KO vs .  FO: P < 
0.05; G S H - P x - C O  vs .  FO: P < 0.01; KO vs .  FO: P < 0.01; 
S O D - C O  vs.  FO: P < 0.01. A b b r e v i a t i o n s  as  in  Figure 2; CAT, 
ca ta la se ;  CO, c o r n  oil; KO, kr i l l  off; FO,  f i sh  oil; GSA-Px ,  g lu-  
t a t h i o n e  p e r o x i d a s e .  

TABLE 6 

E f f e c t  o f  10% (w/w)  Corn  Oil-,  Kri l l  Oil-  or  F i s h  O i l - B a s e d  
D i e t s  o n  t h e  A c t i v i t i e s  o f  H e p a t i c  C y t o s o l i c  A n t i o x i d a n t  En-  
z y m e s  in  B/W M i c e  a 

Enzyme Corn oil Krill oil Fish oil 

Catalase b 59.1 -+ 4.4 c 529.9 + 27.5 d 472.0 _+ 
GSH-Px e 25.5 -+ 2.0 c 98.7 _+ 5.9 d 106.0 _+ 3.4 d 
SOD f 7.2 _+ 0.3 c 9.9 -+ 0 .4  d 10.2 _+ 0.2 d 
aValues are means +_- SEM of five mice/group. Abbreviation as in 
Table 4. 
bCatalase activity is expressed as pmol H202 reduced/mg pro- 
tein/min. 
r with different superscript letters (c,d) in the same row 
are significantly different at P < 0.05 level as analyzed by Stu- 
dent's t-test with Bonferroni adjustment. 
~GSH-Px (glutathione peroxidase) activity expressed as pmol 
~-nicotinamide adenine dinucleotide phosphate oxidized/g pro- 
tein/min. 
fSOD (superoxide dismutase) activity is expressed in units/mg pro- 
tein. 

DISCUSSION 

Along with several  therapeut ic  approaches  a imed at  de- 
laying the pathology of au to immune diseases, nutri t ional 
in tervent ion is now also being recognized as having a 
major  effect in the t r ea tmen t  of several  of these diseases 
(5,34-36). Our  extensive work on dietary intervent ion in 
au to immune  mice suggests  tha t  both die tary  restr ict ion 
and an  n-3 lipid diet adminis te red  without  reducing the 
caloric intake can dramat ical ly  prolong the life span  and 
delay the  onset  of immunological  abnormal i t ies  in B/W 
mice (37-39). The exact mechanism(s)  involved in delay- 
ing au to immune  disease e i ther  by food restr ic t ion or by 
FO, is present ly  not clear, a l though several  possibili t ies 
have  been suggested (4,5,9,34,35). I t  is well es tabl ished 
tha t  au to immune  diseases have multifactorial  etiologies 
(1,12). Along with genetic, hormonal ,  viral, immunologi- 
cal and other  factors, the inabil i ty of the ant ioxidant  de- 
fense sys tem to cope with oxidative s t ress  has  been pro- 
posed as one possible cause. More direct evidence, how- 
ever, has not yet been forthcoming (39,40). 

The role of antioxidant  nutr ients  in membrane- re la ted  
and cellular immune fianctions has  been addressed by sev- 
eral  invest igators  (41-44). Our  ear l ier  work on enzyme- 
dependent  and nonenzymat ic  in vitro lipid peroxidat ion 
in B/W mice fed high levels of CO or FO has  indicated tha t  
v i tamin  E supplementa t ion  can significantly reduce per- 
oxidation in l iver  mitochondrial  and microsomal  mem-  
branes  (45). We thus become interested in testing whether  
the degree of peroxidation in subcellular membrane  lipids 
in autoimmune mice was due to defects in the antioxidant 
defense system. Furthermore,  it would be important  to es- 
tabl ish whether  different lipids have  a differential effect 
on the antioxidant defense system at  the molecular level. 
In the presen t  study, we examined the effects of feeding 
n-6 and n-3 lipid-enriched diets on the activities and the 
mRNA expression of three  key ant ioxidant  enzymes,  on 
microsomal  lipid composition, and  on the ex ten t  of lipid 
peroxidation. Our  da ta  show tha t  the activit ies and the 
mRNA levels of these antioxidant enzymes were higher in 
the livers of B/W mice on the KO and FO diets, i.e., fed 
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lipids enriched with n-3 fatty acids. The degree of peroxi- 
dation and the levels of 20:4n-6 were also found to be sig- 
nificantly lower in the liver microsomal fractions of the 
n-3 lipids-fed B/W mice. 

The effect of n-6 and n-3 lipids on subcellular mem- 
brane composition and function, including immune-re- 
lated functions, has been reported by various investiga- 
tors (46-48). Although several studies have pointed to- 
ward protective effects of FO, no information is available 
on the effectiveness of KO as an anti-inflammatory lipid. 
In recent years, consumption of krill has increased 
steadily in Japan and in some neighboring countries. Our 
present data indicate that crude KO may also have some 
anti-inflammatory potential, although insufficient infor- 
mation is available to compare its value to that  of men- 
haden FO. The menhaden oil that was used in the present 
study was extensively purified and was odor-free, and it is 
currently used as n-3 lipid source in several experimental 
and clincial studies (5,34,49-51). As the three dietary 
lipids we used in the present study were supplemented 
with equal levels of antioxidants, the results we obtained 
could not have been compromised because of differences 
in dietary antioxidant levels. 

Recent studies have clearly established that the source 
of nutrients and the caloric intake can both play an impor- 
tant  role in determining the expression of certain genes 
(19,52,53) and in determining the cellular antioxidative 
defense mechanism (15,43,54,59,60). As the antioxidant 
enzymes GSH-Px and CAT detoxify hydroperoxides and 
SOD detoxifies superoxide radicals, they all play along 
with antioxidant nutrients, a key role in the antioxidant 
defense system. The antioxidant enzymes constitute a 
major cell defense against acute oxygen toxicity, and they 
protect membrane components against damage caused by 
free radicals. Nutritional intervention, including food re- 
striction, preserves the enzyme activities and the mRNA 
expression of these antioxidant enzymes, as well as cy- 
tochrome P450 mRNA levels (10,38,57,59,60). Both the 
quantity of the dietary fat and its composition affect the 
hepatic H202-metabolizing systems, the activities of 
NADPH-generating enzymes and lipid peroxidation (58). 
Interestingly, both CAT and GSH-Px activities were found 
to increase when polyunsaturated fatty acids in the diet 
were increased (20). Yamazaki et al. (61) found that feed- 
ing FO to animals increased the activities of peroxisomal 
enzymes, fatty acyl-CoA, CAT and GSH-Px and also low- 
ered plasma triglycerides when compared to safflower oil- 
fed animals. The results of the present study strongly sug- 
gest that  the mRNA levels of the three key enzymes in- 
volved in the antioxidant defense are lower in the livers of 
CO-fed B/W mice (at 6.5 months of age) than in the livers 
of FO- or KO-fed mice. The findings suggest that the de- 
fect may be at the transcriptional level. Decreased antiox- 
idant mRNA levels were observed with progressive renal 
disease in these mice. It is not clear at present at what 
time point the antioxidant enzyme mRNA levels begin to 
decline in CO-fed mice compared to FO-fed mice, and this 
still needs to be established. Additional studies are re- 
quired to clarify the exact role of specific lipids and the lev- 
els that would affect antioxidant enzyme mRNA levels 
both in autoimmune disease-prone strains and in resis- 

tant strains. Increased levels of antioxidant enzymes, in- 
cluding SOD and CAT as well as of other antioxidants are 
closely linked to preserving health and longevity in both 
mice and rats (10,14,57). 

Reactive oxygen species have also been implicated as 
possible effectors of oxygen-mediated changes in gene ex- 
pression (61). Although intracellular CAT is thought to 
protect macrophages from the toxic effects of high doses of 
H202, GSH-Px is thought to be more important than CAT 
in hydroperoxide catabolism (63). It is quite possible that 
certain abnormal immune functions in CO-fed B/W mice 
could be caused by increased peroxidative damage that oc- 
curs in cellular membranes due to changes in the activi- 
ties of antioxidant enzymes causing increased oxidative 
stress to cells. 

A very interesting observation made in the present 
study is the significant difference in steady-state mRNA 
levels for the key antioxidant enzymes found in the livers 
of mice on two different lipid diets. Recent studies have 
suggested that n-6 fatty acids are more susceptible to lipid 
peroxidation than are n-3 fatty acids. Fatty acids of the 
n-6 type appear to be oxidized rapidly under conditions 
under which n-3 fatty acids were not oxidized at any de- 
tectable rate (64,65). Although the type of dietary lipid 
and the degree of unsaturation of membrane phospho- 
lipids have a strong effect on lipid peroxidation (66), addi- 
tional factors, including free radical chain breaking an- 
tioxidants such as vitamin E, initiators of lipid peroxida- 
tion such as mixed function oxidase system, and inherent 
antioxidant defense system (16--18), may also be involved. 

Earlier studies on MRL/Ipr mice have indicated that, in 
addition to immunological abnormalities, these mice ex- 
hibited altered membrane phospholipid fatty acid compo- 
sition in subcellular fractions, including in liver nuclear 
envelopes and liver mitochondria (67). Also, the genotype 
had a definite effect on splenocyte phospholipid fatty acid 
composition (68), suggesting that higher levels of 20:4n-6 
and of some longer chain fatty acids could make certain 
membranes more susceptible to peroxidation, for exam- 
ple, by decreasing fluidity and thereby affecting the activ- 
ity and expression of enzymes (73). Although hepatic an- 
tioxidant enzyme expression and activities and microso- 
mal fatty acid compositions of mice were similar in the KO 
and FO groups, the survival rate was higher in the FO 
group, suggesting FO may be more effective in preventing 
the onset of autoimmune disease by acting more effec- 
tively on target tissues, such as kidneys, and by modulat- 
ing other immune factors (69,70). 

In the present study, the three dietary oils used were 
supplemented with 2.5 g vitamin E/kg of oil to prevent 
peroxidation, as recommended by the NIH. Each diet 
therefore contained -215 mg vitamin E/kg (vitamin E 
from oil and vitamin mixture). Although the vitamin E 
levels in plasma or hepatic microsomes were not deter- 
mined in the present study, this issue had previously been 
addressed by us. For instance, we had compared the ef- 
fects of 75 and 500 I.U. of vitamin E in FO- and CO-based 
diets on the vitamin E levels in plasma and hepatic micro- 
somal and mitochondrial membranes and on lipid peroxi- 
dation. We found that in FO-fed mice, 75 I.U. of vitamin E 
is inadequate to restore the loss of plasma and membrane- 
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bound vi tamin E, and 500 I.U. was sufficient to replenish 
both s e rum and hepat ic  v i t amin  E levels and to reduce 
free radical generation (45). 

Several studies have indicated tha t  t issue lipid peroxi- 
dation may  result  from lowered antioxidant enzyme activ- 
ities (19,71) as well as f rom low t issue v i t amin  E levels 
(18,72). However, by increasing dietary v i tamin  E levels, 
peroxidat ion of hepat ic  microsomes could be p reven ted  
(18,72). Also, by increasing dietary v i tamin  E levels from 
35 to 180 I.U., increased tissue vi tamin E levels in the FO 
group s imilar  to those in the CO group were noted, 
whereas  l iver and kidney v i t amin  E levels were unaf- 
fected by dietary lipids (18). Although hepatic v i tamin  E 
levels were not measured in the present  study, our earlier 
observations (45) and studies reported by others suggest  
tha t  tissue vi tamin E levels could be increased with an in- 
crease in dietary v i tamin E levels. I t  is possible, however, 
t ha t  the high level of d ie tary  v i tamin  E used in the pres- 
ent s tudy may  have protected the target  t issues of autoim- 
mune-prone  B/W mice from peroxidat ive damage,  espe- 
cially in FO-fed mice. In  addition, the high d ie ta ry  vita-  
min E supplementat ion and the well-designed feeding and 
s torage pract ices followed for oils in the presen t  s tudy 
m a y  have  contr ibuted fu r the r  to preserving the enzyme 
activities and the mRNA expression of enzymes involved 
in the ant ioxidant  defense sys tem far  be t te r  in FO- and  
less so in CO-fed mice. Fur the r  work is required to mea-  
sure the effects with and without  different levels of vita- 
min E on tissue vi tamin E levels and lipid peroxidation as 
well as on antioxidant enzyme activities. 

In  summary ,  our da ta  indicate t ha t  a diet containing 
mar ine  lipids wi th  very  long-chain n-3 fa t ty  acids m a y  
delay the onset of auto immune disease in mice. I t  appears  
t ha t  a l tera t ion of the  m e m b r a n e  fa t ty  acid composit ion 
due to n-3 lipids may  enhance the efficiency of the antiox- 
idant  defense system at  the molecular level and may  pre- 
vent  the susceptibility of membranes  to peroxidation. Fur- 
the r  s tudies are needed to es tabl ish  the role of var ious 
lipids in main ta in ing  an ant ioxidant  defense sys tem and 
in assur ing  an extended life span  in long-lived inbred 
s t ra ins  of mice and rats .  As FO contains highly unsa tu-  
ra ted  and  potent ial ly  uns tab le  n-3 fa t ty  acids, concerns 
have been raised in the pas t  about  their  tendency to per- 
oxidize dur ing storage, as an imals  fed FO have  been re- 
ported to excrete h igher  levels of TBARS in ur ine (74). 
Our  data, however, would indicate tha t  by supplementing 
FO with  adequate  levels of antioxidants ,  it is possible to 
enhance the antioxidant defense system, especially in au- 
to immune-prone  mice. This  m a y  be one of the mecha-  
n i sms  by which the FO diet significantly increases  the  
survival rate  and delays the onset of autoimmuni ty  in au- 
to immune prone B/W mice. The findings are encouraging 
in view of utilizing FO in therapeutic applications. 
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Fatty acid compositions of the major serum lipid classes 
from 43 cystic fibrosis (CF) homozygotes  (CF patients), 
36 obligate heterozygotes! (parents of  CF patients) and 34 
controls were determined by capillary gas chromatogra- 
phy. Fatty acid composit ions  of  the homozygote  CF pa* 
tients were skewed in the direction of  relative essential 
fatty acid deficiency in comparison with the controls. 
Less pronounced,  but similar deviations from normal, 
were observed in the heterozygotes .  Homozygotes  with 
normal fatty acid composit ions and heterozygotes  with 
considerably disturbed fatty acid profiles were found. 
Lipids 29, 569-575 (1994). 

In several studies of the fat ty  acid (FA) composition of 
serum lipid classes in cystic fibrosis (CF) patients  (cited 
in Ref. 1), CF seems associated with some form of essen- 
tial fa t ty  acid (EFA) deficiency. Studies of FA in CF pa- 
t ients have been related to age (1,2), presence of pancre- 
atic insufficiency (1,3) or degree of fat malabsorption (1). 
Polyunsatura ted  fat ty  acid (PUFA) profiles of a series of 
CF patients previously studied in this laboratory revealed 
distortions of PUFA pa t te rn  in serum lipids, indicating 
linoleic acid deficiency and probable abnormali t ies of 
PUFA metabolism (4). 

FA compositions of the se rum lipids of small groups of 
obligate heterozygotes (parents of CF patients) have been 
reported (3,5). Because biochemical differences or abnor- 
malit ies may  occur in heterozygotes due, among other  
causes, to the presence of certain mutat ions  of the CF 
gene, a large group of heterozygotes was investigated in 
comparison with homozygotes and healthy controls, using 
capillary gas chromatography, which is more discriminat- 
ing and sensitive than the packed columns used in earlier 
studies. 

Lower linoleic acid (18:2a)6) in serum phospholipids 
(PL) of CF pat ients  has been found in most studies, but  
subdivision of CF pat ients  on the basis of this measure  
had  not been done. We chose this criterion for study of CF 
pat ients  and of obligate heterozygotes because it should 
reveal changes in other  FA in relat ion to linoleate level, 
and reveal whether  these relationships were dissimilar in 
CF homozygotes, CF heterozygotes, and healthy controls. 

MATERIALS AND METHODS 

Serum. Blood was obtained in the morning from nonfast- 
ing individuals who gave informed consent. Sera  were 

*To whom correspondence should be addressed at the Hormel In- 
stitute, University of Minnesota, 801 16th Ave. NE, Austin, MN 
55912. 
Abbreviations: CE, cholesteryl esters; CF, cystic fibrosis; DBI, dou- 
ble bond index; EFA, essential fatty acid(s); FA, fatty acid(s); 
NEFA, nonesterified fatty acid; NR, normalcy ratio(s); PL, phos- 
pholipids; PUFA, polyunsaturated fatty acids; TG, triglycerides. 

frozen at -30~ and analyzed within a week. This s tudy 
was approved by the H u m an  Subjects Committee of the 
University of Minnesota (Austin, MN). 

CF homozygotes. CF patients (24 males and 19 females, 
ranging in age from 4 to 44 years with a mean age of 20.2 
years) were outpatients who visited the University of Min- 
nesota Cystic Fibrosis Center. Diagnosis was based on 
clinical criteria and multiple sweat tests showing chloride 
concentrat ions grea ter  than  60 mmol/L with the Gib- 
son-Cooke sweat test  (6). Their  weight for height ranged 
from 70.4 to 128.1% of the predicted value (mean _+ SD = 
101.3 _+ 13), their  forced vital capacity from 33.1 to 117.6% 
(average 85.0 +- 23.6) and forced expiratory volume from 
16.8 to 121.4% (average 69.2 _+ 29.9). The CF pat ients  
were instructed to consume normal  diets and to adjust  
their  pancreatic enzyme therapy to have one or two bowel 
movements  a day. All were encouraged to increase their  
dietary fat intake, but  none were on medium chain triglyc- 
erides (TG). (See Table 1 later for details.) 

Heterozygotes. Twenty-three mothers and 14 fathers of 
CF patients volunteered for this study. They ranged in age 
from 25 to 59 years of age (with a mean age of 38.7 years; 
all asymptomatic and in good health). 

Controls. This group consisted of 17 males and 17 fe- 
males, all healthy and without a family history of CF, with 
an average age of 33.6 years and a range of 21-45 years. 
This group included heal thy  parents  of children with 
other diseases, as well as volunteers from the University 
of Minnesota staff. 

Assay. Serum lipids were extracted and separated into 
PL, cholesteryl esters (CE), TG and nonesterif ied fat ty  
acids (NEFA). From each lipid class, methyl  esters were 
prepared in methanol  by boron trifluoride catalysis (7). 
Methyl esters were separated and analyzed by gas chro- 
matography using a 15 m x 0.1 mm i.d. CPS 1 capillary 
column (Scientific Glass Engineering, Inc., Austin, TX), in 
a Packard  (Palo Alto, CA) 428 gas chromatograph 
equipped with a glass split ter and a flame-ionization de- 
tector. The split rat io was 1:100, the column flow 0.11 
mL/min and, a l ~ r  an initial delay of 10 min at 160~ the 
t empera tu re  was programmed from 160 to 200~ at 
2~ and held at  200~ for 35 min to complete an 
analysis in 65 min. Identification of the methyl esters was 
made by comparing their retention times with those of au- 
thentic standards. 

Data handling. Content  of an FA is expressed as per- 
cent of total FA of a lipid class, which is most appropriate 
for expressing concentration of an FA within a lipid sub- 
strate (8-12). Data were entered into a computer by group 
and lipid class. The content  of linoleic acid in the serum 
PL (18:2(o6) was used to assign each individual into sub- 
groups with low (<15%), intermediate (15-20%) and "nor- 
mal" linoleic acid content  (>20%). Programs,  wri t ten  to 
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calculate and plot profiles of normalcy ratios (NR) (equiv- 
alent to Z scores) to evaluate EFA status  of one group com- 
pared to its control group (9,10), were modified to present  
profiles of homozygotes and heterozygotes together. Sig- 
nificance of differences between two groups was evaluated 
by Student ' s  t-test. One-way analysis  of  var iance  was 
used for comparisons of the three  subgroups differing in 
PL-18:2(o6. 

RESULTS 

The character is t ics  of the three  groups and the i r  three  
subgroups are listed in Table 1. Only one individual (3%) 
in the control group (n = 34) had less t han  20% linoleic 
acid in her  serum PL. This occurred for 46% of the parents  
of CF pat ients  (n = 37) (43% in males,  n = 14; and 48% in 
females,  n = 23) and  for 70% of the CF pa t ien ts  (n = 43) 
(67% in males, n = 24; and 74% in females, n = 19). Thus, 
30% of the patients  and 54% of the carriers of the CF gene 
had  normal  se rum levels of linoleic acid. Table 1 also 
shows tha t  a few heterozygotes had lower PL-18:2(o6 than  
some CF patients. 

In contrast  to control individuals with no known meta-  
bolic disease (13), the percentage  of 18:2a)6 in the  PL of 
CF pat ients  appeared to increase with age. This was con- 
f i rmed by l inear  regression analysis  of 18:2a)6 in PL vs. 
age, for which the equation was found to be: 

PL-18:2r = 15.34 + 0.13 (yr) R = 0.35 (0.01 <P < 0.05) [1] 

No correlation was found between PL-18:2r and the rel- 
ative weight for height of the patients. 

The FA composition of serum PL of the control group -+ 
SE is given in Table 2. Values for PL for CF pat ients  and 
parents  of CF pat ients  may  be es t imated from these con- 
trol values and the NR shown in Figure 1. 

FA profiles in CF. Although some FA and p a r a m e t e r s  
calculated from them have been used as measures  of EFA 
status,  we consider tha t  the whole profile is more reveal- 

ing. I t  graphical ly depicts the FA composition of a t issue 
lipid by comparing it with control values, and permits  dif- 
ferent iat ion of m a n y  PUFA defects occurring in disease. 
Profiles of s e rum PL and NEFA of CF homozygotes  and  
heterozygotes are given in Figures 1 and 2. 

The FA profile of PL in CF pat ients  (Fig. 1, upper  bars  
of each pair) showed low 18:2o)6 and  20:0 in se rum PL, 
and high 16:1(o7, 18:1o)9, 20:3(o6, 22:5(a3 and 24:1co9. The 
indicator of nutritional EFA deficiency, 20:3(o9, did not dif- 
fer significantly f rom normal  value. Loss of 18:2a)6 was  
largely replaced by monoenoic acids and minor significant 
increments  of 20:3o~6 and 22:5a)3. Total 0)6 PUFA were 
significantly suppressed in homozygotes, whereas total r 
PUFA were normal .  Despite  these changes,  a composite 
indicator of lipid "fluidity," the double bond index (DBI) of 
the FA of PL (8), did not vary  significantly from normal  
(1.36 _+ 0.03 vs. 1.37 _+ 0.03). 

Parents  of CF pat ients  (Fig. 1, lower bars  of each pair) 
showed most  of  these changes but  with less significance. 
Thus,  18:2r was significantly less t h a n  normal  (P < 
0.001), al though it was not as low as for homozygotes. Al- 
though the heterozygote profile had few significant abnor- 
mali t ies or dramat ic  features,  the contour was similar  to 
tha t  of homozygotes. The DBI of the FA of PL was slightly 
but  significantly less in the heterozygotes  t h a n  in the 
controls. 

The CE profile for CF pat ients  revealed low 18:2o)6 but  
elevated 18:3o)6 and 20:3a)6. The major  compensation for 
the low 18:2(o6 was by 18:1, 16:0 and 16:1. No 20:3(o9 
could be detected in this lipid class. DBI was decreased 
(1.55 _+ 0.02 vs. 1.68 • 0.001; P < 0.001), and branched-  
chain and odd-chain acids increased. Pa ren t s  of  CF pa- 
t ients had less 18:2(o6 and elevated levels of 18:1 and sat- 
urated acids. Data  for CE are not shown. 

The TG profile (data not shown) for CF patients  had low 
18:2(o6. Paucit ies  of 18:3(o3 and its end product,  22:6o)3, 
occurred in this lipid class only, pe rhaps  reflecting defi- 
cient intake of o)3 PUFA. Increased 20:3o)9, usually taken 
as evidence of EFA deficiency, occurred only in this lipid. 

TABLE 1 

Descript ion of  the CF Patients,  Parents  o f  CF Patients  and Control Groups 
and Their  Subgroups Studied a 

Age range 
Groups/subgroups n % Male Female Mean SD (yr) 

CF patients 43 100 24 19 20.2 8.5 4--44 
Low <15% PL-18:2(o6 8 19 4 4 16.6 5.7 11-24 
Int. 15-20% PL-18:2o)6 22 51 12 10 18.7 8.5 4-31 
Norm. >20% PL-18:2(o6 13 30 8 5 24.7 8.5 13-44 

Parents of CF Patients 37 100 14 23 38.7 9.4 25-59 
Low 5 14 3 2 41.2 10.4 33-59 
Int. 12 32 3 9 36.6 9.0 29-59 
Norm. 20 54 8 12 39.2 9.7 25--53 

Controls 34 100 17 17 33.6 7.2 21-45 
Low 0 0 0 0 - -  - -  - -  
Int. 1 3 0 1 
Norm. 33 97 17 16 33.8 7.0 21-45 

aCF, cystic fibrosis; PL, phospholipids; Int., intermediate group; Norm., normal group. 
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TABLE 2 

Fatty Acid Composit ion a *_ SEM of  Serum Phospholipids of  the Control Group 

FA % FA % FA % 

14:0 0.36 _+ 0.02 18:1o)9 8.59 _+ 0.22 20:40)6 10.1 _+ 0.27 
14:10)5 0.10 _+ 0.02 18:20)6 23.6 _+ 0.47 22:0 0.90 -+ 0.06 
15:0 0.40 + 0.09 18:30)3 0.16 _+ 0.03 22:40)6 0.53 -+ 0.03 
16:0 24.3 _+ 0.35 18:30)6 0.19 • 0.02 22:50)3 0.77 -+ 0.05 
16:10)7 0.29 -+ 0.06 20:0 0.37 _+ 0.8 22:50)6 0.88 -+ 0.06 
17:0 0.45 + 0.01 20:10)0 0.13 _+ 0.03 22:60)3 2.53 -+ 0.15 
18:0Br 0.25 _+ 0.03 20:20)9 0.24 _+ 0.05 24:0 0.84 -+ 0.07 
18:0 12.1 _+ 0.24 20:30)6 2.98 _+ 0.11 24:10)9 0.77 + 0.06 
18:1i 1.68 _+ 0.17 20:30)9 0.46 _+ 0.05 

aWeight %. Branched isomers are identified by Br, positional monoenoic acid isomers 
different from 0)9 by i. FA, fatty acids. 
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B r a n c h e d - c h a i n  ac ids  we re  e l e v a t e d  5.8-fold, b u t  odd-  
c h a i n  ac ids  we re  n o r m a l .  The  16:1 w a s  e l eva t ed ,  t o t a l  
P U F A  were  low a n d  the  DBI  was  88% of  normal .  P a r e n t s  
of C F  p a t i e n t s  p r e s e n t e d  a p a t t e r n  s imi l a r  to C F  pa t i en t s ,  
w i th  d i m i n i s h e d  m a g n i t u d e s  and  signif icances.  

The  N E F A  prof i le  for C F  p a t i e n t s  (Fig.  2, u p p e r  b a r s )  
showed  low 18:2(o6, t o t a l  0)6, P U F A  a n d  20:0, a s  wel l  a s  
s i g n i f i c a n t l y  e l e v a t e d  20:3o)6, 16:0, 18:0, a n d  o d d - c h a i n  
FA. The  prof i le  for  p a r e n t s  of  C F  p a t i e n t s  w a s  s i m i l a r  
(Fig. 2, lower  bars) ,  w i th  l e s se r  changes  a n d  significances.  
The  u n i q u e  f e a t u r e  of  t h e s e  prof i les  w a s  t h a t  in  bo th  ho- 
mozygotes  a n d  he terozygotes ,  20:3o)6 was  e l eva ted  to four  
t i m e s  the  no rma l ,  sugges t i ng  t h a t  t he  e icosanoid  p a t t e r n  
m a y  be skewed,  affect ing metabol ic  control.  

Studies comparing subgroups. With  dec reas ing  propor-  
t ion  of  18:2m6 in t he  P L  of t h e  t h r e e  s u b g r o u p s  of  C F  pa-  
t i e n t s ,  t h e r e  was  a d e c r e a s e  of  t h i s  FA in CE,  TG a n d  
N E F A  as  well .  A r e g re s s ion  a n a l y s i s  b e t w e e n  PL-18:2o)6 
a n d  CE-18:2a)6 was  made ,  and  the  r e su l t  is shown g raph-  
ical ly  in  F i g u r e  3. 

W h e n  the  subgroup  of  C F  p a t i e n t s  w i th  h ighes t  n o r m a l  
PL-18:2(o6 conten t  was  compared  wi th  controls ,  those  dif- 
fe rences  c h a r a c t e r i s t i c  of  C F  were  m u c h  less  p ronounced  
( d a t a  no t  shown).  E leven  p a t i e n t s  w i th  n o r m a l  va lues  for 
PL-18:2(o6 could be m a t c h e d  w i th  11 ind iv idua l s  from the  
con t ro l  g r o u p  h a v i n g  v e r y  s i m i l a r  PL-18:2a)6 va lues .  
There  were  no s igni f icant  di f ferences  wi th  r e spec t  to o the r  
FA w h e n  c o m p a r i n g  t h e s e  two groups .  T h a t  is, p a t i e n t s  
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FIG. 2. Fatty  acid prof i les  of  fatty acids  of  s erum nones ter i f i ed  fatty acids  from CF pat ients  
(upper bars) and from parents  of CF patients  ( lower bars). See Figure I for legends and abbrevi- 
ations. 

who were normal  in 18:2(o6 were normal  in all other  FA 
in the PL fraction. With stepwise decreases in 18:2(o6 in 
the homozygote subgroups, 14:0, 15:0, 16:0, 16:1m7, 
18:1o)9, 18:3o)3, 20:2co9 and 24:1 increased, whereas 17:0, 
18:0Br, 20:0 and 20:1r decreased. In going from the sub- 
group with normal 18:2(o6 to the intermediate  group, in- 

60I HETEROZYGOTES � 9  

I " - " 

.~ 4 0  

~ 30  

2 0  
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% 18:2w6 in Serum PL 

FIG. 3. Correlat ion b e t w e e n  the content  of  l inole ic  acid in 
serum phosphol ip ids  and serum cho les tery l  es ters  (CE) in 
cystic  fibrosis (CF) patients  (D--~)  and in parents of  CF pa- 
t ients  ( 0 - - 0 ) .  

creases in 18:3o)6, 20:30)9, 20:3(o6, 20:40)6, 22:5o)6 and 
22:6(o3 were observed, whereas with fur ther  decrease in 
18:2(o6, these decreased. Reversed nonlinear  changes 
were observed for 16:lt, 22:0 and 24:0. All the fatty acids 
of the former group have in common a A6 desaturase step 
in their metabolism. 

With decreasing proportion of 18:2a)6 in the CE of the 
three subgroups of CF patients,  there  was an increase in 
16:0, 16:1r 18:1r and 18:1 isomers. In TG, the 16:0 and 
16:1co7 increased as the 18:2a)6 decreased. In the NEFA 
fraction, 16:1r increased only in the subgroup with se- 
verely reduced 18:2a)6 content. 

When the homozygote and heterozygote subgroups with 
normal  PL-18:2a)6 were compared, no significant differ- 
ences were found for any FA or calculated parameter .  
When the subgroups with subnormal  PL-18:2~o6 were 
compared, the homozygotes with low PL-18:2m6 had a 
deficit in 18:2o)6 of about 11% of the total FA in this lipid 
class, largely compensated for by a 7% increase in 
monoenoic acids and about a 1.5% increase in sa tura ted  
FA. In contrast, in the heterozygotes with low PL-18:2a)6, 
the 11% deficit of 18:2m6 in the PL was compensated for 
by an equal increase in saturated FA, but  not by a change 
in monoenoic acids. A regression analysis between oleic 
acid and linoleic acid in serum PL of CF pat ients  of CF 
heterozygotes is shown in Figure 4. In these low PL- 
18:2~6 subgroups, the lowered 18:2(o6 in the CE was com- 
pensated for by an increase in saturated FA and by an in- 
crease in monoenoic acid which was more pronounced in 
the homozygote subgroup than  in the heterozygote sub- 
group. In the TG, only 18:2m6 was significantly different 
in the low PL-18:2r subgroups. There was no significant 
difference in composition of the NEFA between the homo- 
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FIG. 4. Correlat ion b e t w e e n  the content  o f  o le ic  and of  
l ino le ic  ac ids  in s erum p h o s p h o l i p i d s  (PL) in cyst ic  
f ibrosis  (CF) pat ients  (D--~)  and in parents  o f  CF pat ients  
(~-O).  

zygote and heterozygote subgroups with low PL-18:2(o6. 
These observations indicate tha t  homozygote and het- 
erozygote conditions modify the acylation-deacylation re- 
actions differently. 

D I S C U S S I O N  

Methodology. It  was not feasible to obtain blood in the 
fasting state because most patients and their  accompany- 
ing parent(s) were required to t ravel  a considerable dis- 
tance to reach the clinic. The FA composition of PL and CE 
are not influenced in the postprandial state (14). The FA 
composition of the TG and NEFA, on the contrary, change 
toward that  of the fat fed before re turning to fasting val- 
ues in a time- and dose-dependent mat te r  (14). Neverthe- 
less, valuable information can be obtained from these lipid 
classes. Indeed, an increase in 20:3r as seen in the 
NEFA fraction, cannot be due to fat consumption because 
nei ther  this FA nor its precursor, 18:3~6, is present  in a 
Western type diet to any significant extent  (15), and fat 
feeding would tend to reduce its level in these lipids. 

"Two flag" profiles, as introduced here,  are extremely 
useful to visualize similarities and dissimilarities of devi- 
ations of two groups from the norm. FA profiles, especially 
of the PL, indicate EFA status of a group. We subdivided 
the ent ire  group of pat ients  and CF-heterozygotes into 
three subgroups. The lower limit of the group with "nor- 
mal" PL-18:2r was chosen as 20% PL-18:2a~6 because all 
control individuals except one (who was 2.6 SD lower than 
the mean and may have been an unknown carrier, vide 
infra) fell in this group. The upper limit of the "low-linoleic 
acid group" was chosen as 15% PL-18:2a)6. When subclas- 
sification was done in this way, the average of PL-18:2a~6 
of the total group was almost identical to that  of the inter- 
mediate subgroup. 

CFpatients. The 18:2(o6 in PL is reduced in CF (1-4, 
16,17). When subgroups with decreasing proportions of 
PL-18:2~6 were examined, they also exhibited decreasing 
proportions of 18:20~6 in CE, TG and NEFA. Thus, the four 
lipid classes reveal r a the r  parallel  phenomena.  Ninety- 
seven percent  of those in the normal group had 
PL-18:2r > 20% (Table 1). The only control person of 34 
to have low PL-18:2~6 may be an unknown CF heterozy- 
gote. Indeed, the carrier frequency is about 1:20 in a Cau- 
casian population (18), and reduced PL-18:2(L~6 occurs in 
47% of the carriers (this study). In contrast, 70% of the CF 
patients  had less than  this proportion of 18:2r in thei r  
PL. This proportion is close to the 85% of CF patients with 
malabsorption found to have reduced levels of 18:2a~6 in 
total plasma lipids (1). The increase in PL-18:2a~6 with age 
observed here  in the CF pat ients  is in contrast  with the 
very slight decrease with age observed in control individ- 
uals (13), suggesting tha t  a selection among the patients 
may  have taken place, permit t ing a higher  survival of 
those with a higher, more normal PL-18:2~6 content. The 
basis of this hypothetical selection could possibly be tha t  
this group may contain more patients with pancreatic suf- 
ficiency. Indeed, normal levels of 18:2a~6 in PL and bet ter  
survival rates  have been found in subgroups of pat ients  
without  pancreatic insufficiency (3) and without  malab- 
sorption (1), but  not in pat ients  with fat malabsorpt ion 
corrected by administration of lipases (2,19). Much larger 
groups and prospective studies will be required to decide 
whether 18:2(o6 of PL is a good predictor of survival in CF 
patients.  Higher  PL-18:2a~6 may be the reflection of bet- 
ter  nutr i t ional  s ta tus  (20). Nutr i t ional  rehabil i ta t ion in 
CF has been shown to resul t  in a catch-up weight, sus- 
ta ined improvement  in l inear  growth and frewer pul- 
monary infections, as well as a significant reversal of the 
t rend for deter iorat ing lung function (21). On the other  
hand, interventions aimed at correcting linoleic acid defi- 
ciency in CF without change in caloric intake also resulted 
in enhanced growth (22). Farrell  et al. (1) found no corre- 
lation between age and content of 18:2~6 in plasma total 
lipids of CF patients. Their  observation is not necessarily 
at variance with our finding because changes in the con- 
tent  of 18:2~6 in nonfasting total lipids do not necessarily 
parallel changes of 18:2o}6 in PL. Improvement of linoleic 
acid status a i ~ r  administration of extra calories as carbo- 
hydrates  (20) or al~er administrat ion of linoleic acid-rich 
diets (16,21,22) has been documented. Monoene acids are 
increased in the PL of CF patients (1,4,20). Some authors 
(4,23) found decreased levels of 20:4r in the PL fraction 
of pat ients  with CF, whereas  others did not (1-3). 
Whether  20:4o~6 is normal may depend on several factors 
including the plasma zinc level (24) and the extent  of fat 
malabsorption (19) and liver involvement (23). Normal  
(4,25), as well as significantly increased (26), levels of 
20:3co9 have been described in PL of CF as well as slightly 
decreased (4,25) to increased levels of 20:3(o6 (26,27). Our 
present findings suggest that  when 18:2r is slightly low, 
20:3o~6 and 20:4r may increase in compensation and 
tha t  when 18:2r is reduced more markedly, synthesis  
and incorporation of its metaboli tes may  be subnormal.  
Lower levels of 18:2r than found in this study group may 
be required to get an increase in 20:3(o9, as is the case in 
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CF infants (17). CF infants were not included in this 
study. An increase of PL-20:4to6 with less severely re- 
duced PL-18:2~6, and a decrease of 20:4{o6 with sharply 
reduced 18:2c06 was described in a patient with fat mal- 
absorption maintained by intravenous alimentation 
preparations with different 18:2{o6 contents (28). The 
change of 20:4o~6 with decreasing 18:2r seems related 
not to CF but to the degree of EFA deficiency. 

NEFA, although the least abundant of the four lipid 
classes, vary with prandial state, have the highest rate of 
turnover and include many eicosanoid precursors impor- 
tant to metabolic control. This lipid class changes drasti- 
cally in some diseases, with major changes of pattern and 
concentration of PUFA. In Reye's Syndrome, NEFA are el- 
evated, and the proportions of PUFA may reach ten times 
normal values (11). In cirrhosis, 20:2r 20:4o)6 and 
22:6r increase 2-3-fold (12). These observations suggest 
release of PUFA from PL to NEFb_ 

The deviations from normal composition of TG, CE and 
NEFA in CF are similar to those reported by others (2-5), 
and similar, but more severe, deviations have been re- 
ported for patients with EFA deficiency (10,28-30). The 
content of 18:2c06 in the lipids of CF patients is not as low 
as in severe EFA deficiency. In the latter condition, there 
are high levels of 20:3c09. A marked increase of 20:3c09 
was not found in this study, thus not indicating defective 
EFA metabolism as reported earlier (4,31). Our present 
study indicates a moderate deficiency of 18:2r for the 
group as a whole. The difference between our earlier study 
(4) and the present one may be due to improved manage- 
ment of the disease over the years. 

The FA profile of PL in CF was found to be different in 
the different subgroups (results not shown). Thus, the pro- 
file of the total group will critically depend upon the abun- 
dance of the different subgroups or more generally on the 
percentage of 18:2~6 distribution of the total group. This 
implies that in comparisons of FA profiles in different dis- 
eases and attempted correlations of other FA with 18:2c06, 
the distributions of 18:2o)6 should be the same in the com- 
pared groups. Moreover, comparison of FA profiles in dif- 
ferent diseases may be complicated by minor differences 
due to age and sex distribution (13), and to larger differ- 
ences due to differences in eating habits. 

With these reservations in mind, we compared some 
features of the FA profile of the CF subgroup with inter- 
mediate linoleic acid content with those of some other 
groups with a similar NR for linoleic acid. In chronic mal- 
nutrition, which is generally believed to be largely caloric, 
and protein deficiencies (32), reduced PL-18:2c06 (NR = 
0.79) was accompanied with significantly (P < 0.001) re- 
duced 20:3o)6 (NR + 0.64) and 20:4c06 (NR = 0.72). In 
anorexia nervosa (33), where energy intake is reduced but 
protein intake is normal, reduced PL:18:2r (NR = 0.78) 
was accompanied with essentially normal 20:3o)6 (1.03) 
and 20:4r (NR = 0.95). In healthy individuals put on a 
diet with 0.6 to 1.3 energy % linoleic acid (34), reduced PL- 
18:2c06 (NR = 0.73) was associated with increased 20:3~3 
(NR = 1.46) and 20:4r (NR = 1.20). In the CF subgroup 
with identically reduced PL-18:2r (NR = 0.73), there was 
significant increase (P < 0.001) in 20:3c06 (NR = 1.09). 
Thus, deviations in the abundance of the major (o6 FA in 

serum PL of this CF group most resemble those seen in 
those in the normal group with low-linoleic acid intake. 
Several factors, such as incomplete correction of fat mal- 
absorption, reduced energy intake, increased arachidonic 
acid turnover (35) and increased energy expenditure (36), 
may increase hnoleic acid requirement in CF. Thus, sub- 
optimal intake of linoleic acid could explain these results. 
Parents of CFpatients. An early study found no differ- 

ences between the FA compositions of the major serum 
lipid classes of those in the normal group and of five oblig- 
ate CF heterozygote (3). We found the same in our sub- 
group of heterozygotes with normal 18:2(06 in PL (results 
not shown) who comprised 54% of our heterozygotes 
(Table 1). We also found heterozygotes with subnormal 
18:2c06 in PL in whom abnormal FA compositions of the 
other serum lipids were observed. In a study on the NEFA 
pattern of CF patients and their parents, opposing devia- 
tions from normal were found for 16:0 and 18:2o)6 (5). The 
authors suggested that increased 18:2o)6 in parents of CF, 
observed in that study, might be due to a higher dietary 
intake of PUFA (5). Differences in lipoprotein composition 
between non-CF siblings and those in the normal group 
have been described (37). Comparisons between homozy- 
gote and heterozygote subgroups with similar PL-18:2~)6 
content indicate that changes in compensation for the 
paucities of EFA differ for homozygotes and heterozygotes. 

Reduced content of linoleate in serum lipids in CF pa- 
tients may be secondary to malabsorption (1), but fat mal- 
absorption has not been found in heterozygotes. Our find- 
ing that some heterozygotes have reduced 18:2o~6 content 
in their serum lipids could suggest that at least in some 
CF gene carriers, the reduced 18:2r levels have other 
causes than fat malabsorption. Specific mutations are as- 
sociated with increased energy expenditure (36) which, in 
turn, could affect linoleate levels. Heterozygotes may dif- 
fer from the control group because parents may adapt 
their diet to that  of their sick child. Because our CF pa- 
tients were instructed to eat normal diets, this possibility 
seems unlikely. Heterozygotes with severely disturbed FA 
compositions have no clinical signs of the disease, whereas 
homozygotes with normal FA composition display clinical 
signs of the disease. Disturbed FA compositions do not 
seem to be strongly related to the clinical symptoms. 

This does not mean that normalizing FA compositions 
of plasma lipids in CF (16,20,22,38) is not benefcial,  al- 
though improvement in clinical status of the patients in 
response to linoleate intake has not been uniform 
(1,4,39,40). In our present study, we found no evidence for 
the deficiencies of long-chain PUFA observed ten years 
previously (4), and we suspect that  generally improved 
care and nutrition may have exerted an influence. From 
the regression lines in Figure 4, it is apparent that differ- 
ences found between CF homozygotes and heterozygotes 
are greatest at low levels of PL-18:2c06, and that they van- 
ish for individuals with normal PL-18:2c06 levels as the re- 
gression lines converge. Thus, this abnormality may be 
corrected nutritionally. 

Homozygotes compared to heterozygotes. The profiles of 
the FA composition of serum lipid classes of CF homozy- 
gotes and heterozygotes are similar, but are less pro- 
nounced in the latter. Similar deviations from normal 

LIPIDS, Vol. 29, no. 8 (1994) 



575 

FATTY ACID PROFILES IN CYSTIC FIBROSIS 

have also been found in the FA composition of platelet 
lipids of CF homozygotes and heterozygotes (41). In the 
PL fraction, heterozygotes and homozygotes compensate 
for reduced 18:2s in different ways. None of our controls 
had 18:2{o6 levels as low as those found in CF, and how 
such individuals might compensate for low 18:2r in their 
lipids could not be determined. In individuals with simi- 
larly reduced 18:2o}6 in PL due to intravenous alimenta- 
tion without EFA (13), malabsorption (28) or septicemia, 
chronic bronchitis and other illnesses unassociated with 
malabsorption (42), compensation was by marked in- 
crease in monoenoic fatty acids and by a lesser increase in 
sa tura ted  FA. We find similar compensation in CF pa- 
tients (Fig. 4). In contrast, low 18:2o}6 in parents of CF pa- 
t ients was compensated for entirely by increased satu- 
rated acids without any increase in monounsaturated FA. 
Thus, deviation from the expected pat tern  in EFA defi- 
ciency is found in heterozygotes but not in homozygotes. 

The CF gene has recently been identified, and different 
mutat ions of this gene have been documented (42-44). 
These could lead to different subgroups of CF patients with 
different clinical and biochemical patterns (44). The puta- 
tive CF gene product has been described (42), and it has 
been suggested that  it could be an ion channel or may 
serve to regulate ion channel activities. The sequellae 
which link reduced ion channel activity with disturbed FA 
composition of tissue lipids, if such a link exists, is cur- 
rently unknown. The heterogeneity in genetic make up of 
patients and carriers, due to different mutations,  could 
contribute to the wide range in severity of FA disturbances 
found. The newly acquired possibility to identify different 
mutations enables investigation of these possibilities. 
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The l ip id  c o m p o s i t i o n  o f  blubber,  brain,  m u s c l e  and  
h e a r t  f r o m  a M e d i t e r r a n e a n  m o n k  sea l  Monachus 
monachus (an e n d a n g e r e d  spec ie s )  w e r e  e x a m i n e d  to  
a l low c o m p a r i s o n s  w i t h  m o r e  c o m m o n  s p e c i e s  o f  seals .  
O n l y  neutra l  l ip ids  (ma in ly  t r iacy lg lycero l s )  w e r e  de- 
t e c t a b l e  in the  b lubber  l ipids ,  w h e r e a s  po lar  l ip ids  pre-  
d o m i n a t e d  in the  h e a r t  and in the  brain.  Neutra l  and  
p o l a r  l ip ids  c o m p r i s e d  a l m o s t  equal  p r o p o r t i o n s  in both  
l i ver  and  m u s c l e .  Cho l ine  g l y c e r o p h o s p h o l i p i d s  (CGP) 
w e r e  the  m a j o r  po lar  l ipids ,  f o l l o w e d  by  e t h a n o l a m i n e  
g l y c e r o p h o s p h o l i p i d s  (EGP) in  the  l iver,  hear t  and  mus-  
c le .  C e r e b r o s i d e s  a c c o u n t e d  for 28.8% o f  the  bra in  Hpids. 
Al l  l ip id  c l a s s e s  o f  the  l i v e r  c o n t a i n e d  h igh  l e v e l s  
(31-47%) o f  p o l y u n s a t u r a t e d  fatty  ac ids  (PUFA), w i t h  
the  e x c e p t i o n  o f  p h o s p h a t i d y l s e r i n e .  The  tota l  propor-  
t i o n  o f  n-6 PUFA e x c e e d e d  that  of  n-3 PUFA in all  l ip id  
c l a s se s  o f  the  l iver,  due  m a i n l y  to  t h e  h igh  l e v e l s  o f  
20:4n-6. The  h i g h e s t  l e v e l  o f  20:4n-6 o c c u r r e d  in phos-  
phat idy l inos i to l ,  w h e r e  it  c o m p r i s e d  32.4% of  the  tota l  
fat ty  ac ids .  The  CGP and EGP o f  the  bra in  c o n t a i n e d  
l o w e r  l e v e l s  o f  PUFA than  t h o s e  o f  the  l iver,  m u s c l e  and  
heart .  A l k e n y l  e t h e r s  a c c o u n t e d  for 35.8% of  the  tota l  
l ong-cha in  m o i e t i e s  in bra in  EGP. The  fat ty  ac id  c o m p o -  
s i t ion  of  b lu b b er  t r i a c y l g l y c e r o l s  d i f fered f rom t h o s e  o f  
the  l ip id  c la s se s  f r o m  o t h e r  t i s s u e s  in that  i t  had  a v e r y  
l o w  rat io  o f  n-6 to  n-3 PUFA (0.3) as  a resu l t  o f  a l o w e r  
c o n t e n t  o f  20:4n~ 
Lipids 29, 577-582 (1994). 

The Mediterranean monk seal, Monachus monachus 
(Hermann 1779), is one of the world's rarest mammals 
(1). Only a few hundred individuals remain and the 
species is faced with extinction (2,3). Because of its low 
abundance and the danger of genetic deterioration due 
to isolation, the monk seal is under protection in the Eu- 
ropean Community, and a seal park has been estab- 
lished in the Northern Aegean Sea for this purpose. 

Although data exist concerning the biology, behavior 
and feeding habits of the Mediterranean monk seal (4), 
the lipid composition of its tissues has not been reported 
previously. In contrast, a substantial amount of infor- 
mation is available concerning the fatty acid composi- 
tion of commercial oils, as well as tissue and milk lipids 
from several species of seals from Arctic and temperate 
waters (5-12). Most previous studies of seal lipids have 
concentrated on the total lipids from blubber, while the 
lipid composition of other tissues has not been examined 
in detail. 

*To whom correspondence should be addressed. 
Abbreviations: CGP, choline glycerophospholipids; CL, cardiolipin; 
DMA, dimethyl acetal; EGP, ethanolamine glycerophospholipids; 
HPTLC, high-performance thin-layer chromatography; PG, phos- 
phatidylglycerol; PI, phosphatidylinositol; PS, phosphatidylserine; 
PUFA, polyunsaturated fatty acids; TAG, triacylglycerols. 

Although data obtained to date suggest that general 
similarities exist in fatty acid composition between oils 
from different species of seal, it is known that the fatty 
acid composition of oils obtained from marine mammals 
is strongly influenced by that  of the dietary lipids 
(7,9,11,12). The species of organisms that comprise the 
food webs in the Mediterranean Sea differ from those 
found in colder waters, and it may be expected that  
these differences are reflected in the lipid composition of 
the monk seal. For this reason, the analysis of the lipid 
composition of tissues from the monk seal was under- 
taken in the present study when the rare opportunity 
arose of obtaining tissues from a fresh corpse. 

MATERIALS AND METHODS 

Samples were collected in March 1990 from an adult (6+ 
years old) male M. monachus that was found strangled 
in a fisherman's net near the southern coast of Santorini 
Island in the Southern Aegean Sea (36~ ' N, 25022 ' E) 
(13). The animal was recovered about 15 h affcer its 
death and was kept surrounded by ice until its subse- 
quent dissection at the National Centre for Marine Re- 
search (Athens, Greece). The length of the body from the 
tip of the snout to the tip of the tail was 218 cm, and the 
circumference at the navel was 121 cm. Apart from the 
presence of a few parasitic worms in the intestine, the 
seal showed no obvious indications of disease and ap- 
peared to be a healthy individual in good condition. The 
stomach was almost full, mainly with fish taken from 
the net in which it had become entangled (13). Samples 
of liver, brain, heart, muscle and blubber were weighed 
and immediately stored at -20~ in chloroform/meth- 
anol (2:1, vol/vol) under an atmosphere of nitrogen in 
glass vials sealed with Teflon-lined caps. Samples of 
blubber, taken from the belly region where the blubber 
was about 4 cm thick, were treated similarly. For the 
extraction of lipids, the samples were homogenized in 
chloroform/methanol (2:1, vol/vol) with subsequent 
washing of the organic phase with 0.88% (wt/vol) KC1, 
essentially as described by Christie (14). The amount of 
lipid recovered was determined gravimetrically after re- 
moval of the solvent by evaporation under a stream of 
nitrogen. 

Lipid class composition was determined by subjecting 
aliquots of the lipid extract to high-performance thin- 
layer chromatography (HPTLC) alongside known 
standards using glass plates coated with silica gel 60 
without fluorescent indicator (E. Merck, Darmstadt, 
Germany). Plates were first developed to half final dis- 
tance with methyl acetate/propan-2-ol/chlorofornd 
methanol/0.25% (wt/vol) aqueous KC1 (25:25:25:10:9, by 
vol) and then developed fully using hexane/diethyl 
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ether/glacial acetic acid (80:20:2, by vol) (15). Separa ted  
'lipid fractions were detected by spraying the developed 
chromatogram with 3% cupric acetate  in 8% phosphoric 
acid (16), followed by charr ing a t  160~ for 20 min, and 
were quan t i t a ted  by optical scanning dens i tomet ry  
using a Shimadzu  CS-930 dual wave length scanner  
(Anachem, Luton, Uni ted Kingdom) linked to Shimadzu 
DR-2 da ta  recorder (15). 

For the analysis  of fa t ty  acid composition, aliquots of 
total  lipid extracts  were separa ted  into component  lipid 
classes by TLC on 20 x 20 cm glass plates coated with 
silica gel G60 (E. Merck) using the double development  
sys tem described previously. Developed chromatograms  
were sprayed  with 0.01% (wt/vol) 2",7'-dichlorofluores- 
cein in methanol  containing 0.05% (wt/vol) butyla ted  hy- 
droxytoluene and viewing under  ul traviolet  light. Bands 
of adsorbent  containing lipid classes were marked  and 
scraped from the glass plate  into tes t  tubes. The fa t ty  
acyl moieties of the lipid classes were converted to thei r  
methyl  es ters  by t ransester i f icat ion directly on the ad- 
sorbent  using 1% (vol/vol) sulfuric acid in methanol  for 
16 h at  50~ under  an a tmosphere  of ni t rogen (14). The 
resu l tan t  fa t ty  acid methyl  es ters  were purified by 
HPTLC using hexane/diethyl  ether/glacial acetic acid 
(80:20:2, by vol) as the developing solvent and were re- 
covered from the adsorbent  by elution with hexane con- 
ta ining 0.05% (wt/vol) butyla ted  hydroxytoluene as an- 
tioxidant. 

Fa t ty  acid methyl  es ters  were analyzed by gas- l iquid  
chromatography  using a Packard  439 gas chromato- 
graph  equipped with a f lame-ionization detector and fit- 
ted with a fused silica capil lary column (50 m • 0.22 m m  

i.d.) coated with FFAP (S.G.E., Milton Keynes,  Uni ted 
Kingdom) as the s ta t ionary  phase. Hydrogen was em- 
ployed as the carr ier  gas, and sample  application was by 
on-column injection. The t empe ra tu r e  of the oven was 
p rogrammed  to rise from 50 to 225~ during each analy- 
sis. Separa ted  components  were identified by reference 
to authent ic  s tandards  and a well-characterized fish oil, 
and were quant i ta ted  by means  of a Shimadzu CR6A in- 
tegra tor  a t tached to the gas chromatograph.  

RESULTS 

The lipid contents and lipid class compositions of several  
t issues from the individual monk  seal examined are pre- 
sented in Table 1. Of  the t issues analyzed other t han  
blubber, bra in  had  the highest  lipid content  (15.8%), fol- 
lowed in descending order by liver, muscle and heart .  
Only neutra l  lipids, mainly  triacylglycerols (TAG), were 
detected in blubber  lipid. Neut ra l  and polar  lipids com- 
prised a lmost  equal proportions in both  liver and mus-  
cle, whereas  polar lipids predominated  in the bra in  and 
in the heart .  TAG were the predominant  neut ra l  lipid of 
muscle, and in the lipids of both liver and hear t ,  the pro- 
portions of TAG and steryl  es ters  were similar. Choles- 
terol was  the most  abundan t  nuet ra l  lipid in brain. Free 
fa t ty  acids were present  a t  a level of 10.5 to 17.0% in the 
total  lipid extracted from all t issues except brain. 

More than  70% of the lipids from the bra in  were polar  
lipids, and cerebrosides, which comprised 28% of the 
total  lipids, were the principal lipids of this organ. 
E thano lamine  glycerophospholipids (EGP) were the 
only other class of polar lipids to comprise more than  

TABLE 1 

Lipid Content and Lipid Class Composition of Tissues of Mediterranean Monk Seal, Monachus monachus 

Liver Brain Heart Muscle Blubber 

Organ weight (kg) 

Lipid content (% wet weight) 

5.50 0.50 0.97 n.d. a n.d. 

4.5 15.8 0.5 2.4 n.d 

Lipid class composition (% total lipid) 
Steryl esters 10.0 0.3 3.2 6.8 - -  
Triacylglycerols 9.6 0.6 3.6 18.4 88.3 
Free fatty acids 17.0 1.6 12.1 13.7 10.5 
Cholesterol 12.3 23.5 12.8 9.1 1.2 
Unidentified neutral lipids 1.3 - -  1.4 0.3 - -  

Total neutral lipids 50.2 26.0 33.1 48.3 100.0 

Cerebrosides - -  28.8 - -  - -  - -  
Sulfatides 1.8 9.4 0.6 - -  - -  
Ethanolamine glycerophospholipids 11.7 13.3 16.4 14.0 - -  
Phosphatidylglycerol/cardiolipin 4.9 0.5 11.0 6.6 - -  
Phosphatidylinositol 7.8 2.6 6.0 5.6 - -  
Phosphatidylserine 3.7 7.6 4.1 1.9 - -  
Choline glycerophospholipids 16.7 5.8 23.8 21.4 - -  
Sphingomyelin 2.0 6.0 2.8 1.9 - -  
Lysophosphatidylcholine 1.2 - -  1.4 0.3 - -  
Unidentified polar lipids __ - -  0.8 - -  - -  

Total polar lipids 49.8 74.0 66.9 51.7 0.0 
~n.d., Not determined. 
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10% of the  b ra in  l ipids,  and  the proport ion of sphin-  
gomyelin in the  bra in  l ipids (6%) was notably  h igher  
t h a n  in o ther  t issues.  Choline glycerophosphol ipids  
(CGP) were the  major  polar  l ipids,  followed by EGP, in 
the  liver, h e a r t  and  muscle. The h ighes t  level of phos- 
phat idylglycerol /cardiol ipin  (PG/CL) was observed in 
the  l ipids from hear t ,  and  phosphat idyl inos i to l  (PI) and  
phospha t idy l se r ine  (PS) accounted for smal l  proport ions 
of the l ipids from all  t i ssues  except blubber. Low levels 
of lysophosphat idylchol ine  were also presen t  in the  
l ipids of all t i ssues  except b ra in  and blubber,  in which 
they  were not  detectable.  

H i g h  levels (31-47%) of po lyunsa tu ra t ed  fa t ty  acids 
(PUFA) were p resen t  in all l iver  l ipids examined,  wi th  
the  exception of PS, in which they  comprised only 19.5% 

TABLE 2 

Composit ion (wt%) of  Lipid Classes from Liver 
of  Mediterranean Monk Seal, M o n a c h u s  m o n a c h u s  a 

Long-chain 
moiety TAG CGP EGP PS PI PG/CL SM 

14:0 2.0 0.5 0.2 0.4 0.2 0.7 
14:1 0.4 . . . . .  
15:0 0.8 0.6 0.4 0.5 0.5 2.6 
16:0DMA - -  0.3 1.1 - -  - -  - -  
16:0 16.6 15.1 6.3 11.5 3.9 3.0 
16:1n-7 6.1 2.0 0.8 3.9 1.0 - -  
17:0 1.2 1.1 1.3 2.0 1.0 1.6 
17:1 0.7 0.8 0.3 0.4 0.2 1.7 
18:0DMA - -  - -  1.0 - -  - -  - -  
18:0 6.5 2 6 . 0  3 1 . 6  41.6 33.9 3.6 
18:1n-9 18.0 11.6 5.0 10.3 6.0 16.2 
18:1n-7 4.7 4.7 2.2 6.6 3.1 20.3 
18:2n-6 2.4 0.9 0.8 4.4 1.7 30.5 
18:3n-3 1.0 . . . . .  
20:0 - -  0.2 . . . .  
20:1n-9 1.1 0.5 0.5 0.6 0.4 0.7 
20:2n-6 0.3 0.3 0.3 0.7 1.1 4.2 
20:3n-6 0.4 0.3 0.3 0.7 1.3 2.6 
20:3n-3 0.2 - -  0.2 - -  0.3 1.6 
20:4n-6 15.9 2 6 . 9  27.2 4.8 32.4 3.7 
20:4n-3 0.5 - -  0.3 - -  0.4 - -  
20:5n-3 - -  0.7 0.8 - -  0.5 - -  
22:0 - -  0.2 0.2 - -  0.6 - -  
22:4n-6 1.1 0.3 1.0 1.1 1.1 - -  
22:5n-6 1.3 0.3 0.8 0.5 0.7 - -  
22:5n-3 2.6 0.7 1.9 1.4 1.2 - -  
22:6n-3 12.8 3.9 13.5 5.9 5.7 1.0 
2 4 : 0  . . . . . .  
24:1n-9 0.3 0.4 0.1 0.6 0.2 2.3 
Unidentified 3.1 1.7 1.9 2.1 2.6 3.7 

Total sat. 27.1 4 4 . 0  4 2 . 1  5 6 . 0  40.1 11.5 
Total mono- 

unsat. 31.3 20.0 8.9 2 2 . 4  1 0 . 9  41.2 
Total PUFA 38.5 3 4 . 3  4 7 . 1  1 9 . 5  46.4 43.6 
Total n-6 21.4 2 9 . 0  3 0 . 4  12 .2  3 8 . 3  41.0 
Total n-3 17.1 5.3 16.7 7.3 8.1 2.6 
n-6/n-3 1.3 5.5 1.8 1.7 4.7 15.8 

of the  to ta l  fa t ty  acids (Table 2). The propor t ion of to ta l  
n-6 PUFA always  exceeded t h a t  of n-3 PUFA, due 
main ly  to the  presence of 20:4n-6 as the  pr incipal  PUFA 
of all l ipid classes  except PS. A par t i cu la r ly  high level of 
20:4n-6 was observed in PI, where  i t  accounted for over 
30% of the  total  fa t ty  acids. Othe r  n-6 PUFA were only 
minor  components  of all l ipid classes,  wi th  the  exception 
of the  PG/CL fract ion in which 18:2n-6 comprised 30.5% 
of the  fa t ty  acids. This feature,  combined wi th  a low con- 
t en t  of n-3 PUFA, conferred this  fraction wi th  a very 
high n-6/n-3 ra t io  (15.8). The pr incipal  n-3 PUFA of all  
l ipid classes in  the  l iver  was  22:6n-3, which was most  
a b u n d a n t  in TAG (12.8%) and EGP (13.5%). Al though 
the level of 22:5n-3 exceeded t h a t  of 20:5n-3 in all  
classes,  both these  PUFA were st i l l  only minor  compo- 
nents.  Other  notable  fea tures  of the  l iver  l ipid classes  
were the  format ion from EGP of a round  1% each of 16:0 
d imethyl  acetal  (DMA) and  18:0 DMA produced by 
t r ansme thy l a t i on  of 1-O-alk- l ' -enyl  l inked e ther  chains  
and the  occurrence in sphingomyel in  of the  h ighes t  ob- 
served level (5.4%) of 24:1n-9. 

The TAG of muscle and  h e a r t  were genera l ly  s imi la r  
0.2 in fa t ty  acid composit ion to those of l iver  al though,  un- 
- -  l ike the  lat ter ,  they  both contained 20:5n-3 (Table 3). 
0.4 The level of PUFA in the  CGP of muscle (21.2%) was 
- -  lower t han  t h a t  of both the  l iver  and  hea r t  due main ly  

10.5 to a lower content  of 20:4n-6. The EGP of muscle was 
0.7 very s imi la r  to t h a t  of the  l iver  in t e rms  of PUFA content  
1.1 

and n-6/n-3 ra t io  but  had  a h igher  content  of a lkenyl  0.3 
_ e thers  as more t han  18% of the  long-chain moiet ies  in 

27.3 muscle  EGP formed 16:0 DMA, 18:0 DMA, 18:1n-7 DMA 
6.5 and 18:1n-9 DMA. S imi la r  values  were found for the  
3.1 DMAs der ived from hea r t  EGP, which was also charac- 
0.8 te r ized  by a very high PUFA content  (51%). 
- -  The fa t ty  acid composit ions of the  CGP and EGP from 
4.7 the  b ra in  were notably  different  from those of the same 
0.3 phosphol ipids  from other  t i ssues  (Table 4). In  par t icular ,  
0.2 the  PUFA contents  of the  two b ra in  phosphol ipids  were 
0.3 

much lower. Only 4.4% of the  to ta l  fa t ty  acids in b ra in  
23.4 CGP were PUFA, with  the  r ema inde r  compris ing a lmost  
_ equal  proport ions  of s a t u r a t e d  and monounsa tu ra t ed  
0.4 fa t ty  acids, pa r t i cu la r ly  16:0 and 18:1n-9. The EGP of 
2.4 b ra in  contained 19.9% PUFA, wi th in  which 20:4n-6 and  
0.3 22:6n-3 each accounted for a round 6%. The b ra in  EGP 
0.3 was also charac ter ized  by i ts  high content  of a lkenyl  
0.8 ethers .  Thus,  the  16:0 DMA, 18:1n-9 DMA and  18:1n-7 
5.0 DMA produced 10.6, 7.1 and 12.4%, respectively, of the  
1.1 to ta l  long-chain moiet ies  produced by t r a n s m e t h y l a t i o n  
5.4 of th is  phosphol ipid fraction. 
4.5 

Of all  the  classes examined,  the  fa t ty  acids of b lubber  
47.7 TAG had  the lowest  n-6/n-3 ra t io  (0.3). This  low ra t io  re- 

sul ted  from the  fact t ha t  20:4n-6 accounted for only 2.0% 
16.3 of the  fa t ty  acids in b lubber  TAG, whereas  22:6n-3 com- 
31.5 pr i sed  15.5%, the  h ighes t  content  of any  class. The pro- 
25.3 port ion of 22:5n-3 (3.4%) exceeded t h a t  of 20:5n-3 
6.2 (2.0%). 
4.1 

aTAG, triacylglycerols; CGP, choline glycerophospholipids; EGP, 
ethanolamine glycerophospholipids; PS, phosphatidylserine; PI, 
phosphatidylinositol; PG, phosphatidylglycerol; CL, cardiolipin; 
SM, sphingomyelin; sat., saturated; monounsat., monounsatu- 
rated; DMA, dimethyl acetal. 

DISCUSSION 

The da t a  p resen ted  in th is  s tudy  were obta ined on only 
one monk seal,  and,  consequently, caut ion mus t  be ap- 
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TABLE 3 

Composit ion (wt%) of  Selected Lipid Classes from Muscle 
and Heart of  Mediterranean Monk Seal, M o n a c h u s  
m o n a c h u s  a 

Muscle Heart  

Long-chain moiety TAG CGP EGP TAG CGP EGP 

14:0 2.4 0.4 - -  1.0 - -  - -  
14:1 0.2 . . . . .  
15:0 0.6 0.4 - -  1.5 - -  - -  
16:0DMA - -  4.6 7.2 - -  8.4 4.9 
16:0 11.8 27.2 4.0 18.5 19.3 3.0 
16:1n-7 8.3 2.0 1.0 5.6 1.3 - -  
17:0 0.6 0.9 1.2 1.2 1.1 0.7 
17:1 1.5 0.3 1.2 1.5 - -  1.0 
18:0DMA - -  0.4 4.3 - -  1.1 6.0 
18:ln-9DMA - -  0.7 4.5 - -  2.9 5.3 
18:ln-7DMA - -  0.3 2.2 - -  1.0 2.8 
18:0 3.5 5.7 15.9 8.7 7.5 18.8 
18:1n-9 18.8 29.9 9.4 17.9 18.9 3.6 
18:1n-7 3.4 4.1 1.6 3.5 4.0 1.8 
18:2n-6 2.4 0.8 0.9 2.8 1.6 1.5 
18:3n-3 0.8 - -  - -  0.5 - -  - -  
18:4n-3 1.3 - -  - -  - -  1.2 - -  
20:0 0.3 0.3 - -  - -  0.7 - -  
20:1n-9 2.6 0.4 0.6 1.9 0.8 - -  
20:2n-6 0.5 - -  - -  0.9 - -  - -  
20:3n-6 0.2 . . . . .  
20:3n-3 2.8 . . . . .  
20:4n-6 14.5 14.1 25.0 6.6 23.0 39.6 
20:4n-3 0.5 . . . . .  
20:5n-3 2.1 1.8 2.6 2.6 2.0 3.2 
22:0 1.0 0.2 . . . .  
22:4n-6 1.5 0.4 1.8 0.7 - -  0.6 
22:5n-6 1.0 0.5 1.5 1.0 - -  0.5 
22:5n-3 2.4 0.6 1.7 1.5 0.4 0.5 
22:6n-3 10.3 3.0 12.9 14.0 1.8 5.1 
24:1n-9 0.5 0.8 - -  3.6 2.2 1.1 
Unidentified 4.2 0.2 0.5 4.5 0.8 - -  

Total sat. 20.2 40.1 32.6 30.9 38.1 33.4 
Total monounsat. 35.3 38.5 20.5 34.0 31.1 15.6 
Total PUFA 40.3 21.2 46.4 30.6 30.0 51.0 
Total n-6 20.1 15.8 29.2 12.5 24.6 42.2 
Total n-3 20.2 5.4 17.2 18.1 5.4 8.8 
n-6/n-3 1.0 2.9 1.7 0.7 4.6 4.8 

aAbbreviations as in Table 2. 

p l i e d  w h e n  e x t r a p o l a t i n g  t h e  p a t t e r n s  o f  l i p i d  c o m p o s i -  

t i o n  to  t h i s  s p e c i e s  i n  g e n e r a l .  T h e  r e s u l t s ,  h o w e v e r ,  do 
a l l o w  a r e p r e s e n t a t i v e  c o m p a r i s o n  o f  t h e  l i p i d  c o m p o s i -  

t i o n s  o f  d i f f e r e n t  t i s s u e s  w i t h i n  a n  i n d i v i d u a l  m o n k  sea l ,  
a s u b j e c t  fo r  w h i c h  c o m p a r a t i v e  d a t a  a r e  s u r p r i s i n g l y  
r a r e  a s  p r e v i o u s  s t u d i e s  o f  s e a l  l i p i d s  h a v e  c o n c e n t r a t e d  
o n  b l u b b e r  (5,6,12).  

T h e  l i p i d  c o n t e n t s  o f  b l u b b e r ,  h e a r t  a n d  l i v e r  o f  t h e  in -  
d i v i d u a l  m o n k  s e a l  e x a m i n e d  h e r e  a r e  al l  c o n s i s t e n t  
w i t h  t h o s e  r e p o r t e d  p r e v i o u s l y  fo r  o t h e r  s p e c i e s  o f  s e a l  

(5,6), a n d  t h e  h i g h  l i p i d  c o n t e n t  o f  t h e  b r a i n  is  t y p i c a l  o f  
b r a i n  t i s s u e  o f  m a m m a l s  i n  g e n e r a l  (17). W i t h  t h e  ex-  
c e p t i o n  o f  t h e  b r a i n ,  a l l  t h e  t i s s u e s  o f  t h e  m o n k  s e a l  con-  

t a i n e d  s i g n i f i c a n t  a m o u n t s  o f  f r e e  f a t t y  a c i d s  i n  t h e i r  
t o t a l  l ip id .  B e c a u s e  f a t t y  a c i d s  a r e  n o t  u s u a l l y  f o u n d  to  

T A B L E  4 

Composit ion (wt%) of  Selected Lipid Classes from Brain 
and Blubber Triacylglycerols of Mediterranean Monk Seal, 
M o n a c h u s  m o n a r h u s  a 

Brain Blubber 

Long-chain moiety CGP EGP TAG 

14:0 1.1 - -  3.7 
14:1 - -  - -  0.6 
15:0 0.8 - -  0.6 
16:0DMA 1.8 10.6 - -  
16:0 30.9 4.0 10.5 
16:1n-7 4.5 1.6 13.6 
17:0 0.4 0.5 0.6 
17:1 0.5 0.4 2.3 
18:0DMA 0.3 5.7 - -  
18:ln-9DMA 0.3 7.1 - -  
18:ln-7DMA - -  12.4 - -  
18:0 13.3 5.1 2.3 
18:1n-9 32.0 21.4 30.2 
18:1n-7 6.4 3.3 2.7 
18:2n-6 0.2 - -  2.0 
18:3n-3 - -  - -  0.7 
18:4n-3 0.2 - -  0.3 
20:0 0.2 - -  0.2 
20:1n-9 1.2 4.9 2.8 
20:2n-6 - -  - -  0.7 
20:4n-6 1.9 6.6 2.0 
20:4n-3 - -  - -  0.7 
20:5n-3 - -  - -  1.7 
22:4n-6 0.3 4.8 0.9 
22:5n-6 - -  - -  1.3 
22:5n-3 0.2 2.0 3.4 
22:6n-3 1.6 6.1 15.5 
24:0 0.2 0.9 - -  
24:1n-9 1.3 1.9 0.3 
Unidentified 0.4 0.7 0.4 

Total sat. 49.0 26.8 17.9 
Total monounsat. 46.2 53.0 52.5 
Total PUFA 4.4 19.5 29.2 
Total n-6 2.4 11.4 6.9 
Total n-3 2.0 8.1 22.3 
n-6/n-3 1.2 1.4 0.3 

~Abbreviati0ns as in Table 2. 

a n y  g r e a t  e x t e n t  i n  t i s s u e s  i n  t h e i r  f r ee ,  n o n e s t e r i f i e d  

f o r m ,  t h i s  s u g g e s t s  t h a t  s o m e  h y d r o l y s i s  o f l i p i d s  h a d  oc- 
c u r r e d  post  mortem, a n d ,  c o n s e q u e n t l y ,  t h e  l i p i d  c o m p o -  

s i t i o n s  o f  t h e  t i s s u e s  i n  t h e  l i v i n g  a n i m a l  m a y  h a v e  b e e n  
s l i g h t l y  d i f f e r e n t  f r o m  t h o s e  r e c o r d e d  h e r e .  N e v e r t h e -  

l e s s ,  t i s s u e - s p e c i f i c  p a t t e r n s  o f  l i p i d  c l a s s  c o m p o s i t i o n  
w e r e  s t i l l  d i s c e r n i b l e ,  a s  e x e m p l i f i e d  b y  t h e  h i g h  l e v e l s  
o f  c e r e b r o s i d e s  a n d  P G / C L  o b s e r v e d  i n  t h e  l i p i d s  o f  t h e  

h e a r t  a n d  b r a i n  t i s s u e s ,  r e s p e c t i v e l y .  A s  C L  is  a spec i f i c  
c o m p o n e n t  o f  i n n e r  m i t o c h o n d r i a l  m e m b r a n e s  (18), t h e  

o v e r a l l  l i p i d  c l a s s  c o m p o s i t i o n  o f  t h e  h e a r t  p r e s u m a b l y  
r e f l e c t s  t h e  i n v o l v e m e n t  o f  l a r g e  n u m b e r s  o f  m i t o c h o n -  
d r i a  fo r  t h e  s u p p l y  o f  e n e r g y  fo r  c o n t r a c t i o n .  

T h e  b r a i n  l i p i d s  o f  t h e  m o n k  s e a l  e x a m i n e d  h e r e  h a v e  
m a n y  o f  t h e  c h a r a c t e r i s t i c  f e a t u r e  f o u n d  in  o t h e r  m a m -  

m a l s  (17), a s  w e l l  a s  i n  f i s h  (19). T h e  f a c t  t h a t  t h e  v a l u e  
f o u n d  h e r e  fo r  t h e  c e r e b r o s i d e  c o n t e n t  o f  s e a l  b r a i n  
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lipids (28.8%) is actually higher  than  tha t  found in other  
mammals  may be due to the sample of brain analyzed, 
which consisted largely of white matter,  as this tissue 
contains a much higher  concentration of cerebrosides 
than  does gray ma t t e r  (17). Fur the r  evidence in support  
of this s ta tement  comes from the observation tha t  the 
PUFA contents of the CGP and EGP are very similar to 
those observed for the same phospholipids in the white 
mat te r  of normal human  brain (20), and, overall, the 
fa t ty  acid compositions of the seal CGP and EGP more 
closely resemble those of human  white ma t t e r  than  gray 
ma t t e r  (17). 

The PUFA content of the blubber TAG from the monk 
seal (29%) examined in the present  s tudy is similar to 
values tha t  have been reported for the blubber lipids of 
grey seals (Halichoerus grypus) (5) and harbor  seals 
(Phoca vitulina) (6) from Nova Scotia, and oils prepared 
from harp  seals (Pagophilus groenlandica) (7) and 
Uruguayan  fur seals (Arctocephalus australis Zimmer- 
mann)  (10). Higher  levels of PUFA have been observed 
in the blubber lipids of phocid seals from the Bering Sea 
(12) and the Baltic (11). The proportions of 20:4n-6 and 
22:5n-6 observed in the blubber lipids of the monk seal 
examined here  are, however, notably higher  than  those 
commonly found in other seal species. 

When the fat ty acid compositions of lipids of different 
tissues from the monk seal are compared, it is apparent  
tha t  the blubber TAG are richer in n-3 PUFA and poorer 
in n-6 PUFA, part icularly 20:4n-6, than  the lipids of the 
other  t issues examined. It  has been shown previously 
tha t  the blubber lipids of the harbor  seal also contain 
lower levels of 20:4n-6 than  the phospholipids and TAG 
of hear t  and lung (8), and tha t  20:4n-6 accounts for 
around 17% of the fat ty acids in the liver of the Baltic 
ringed seal (P. hispida botanica) (11), but  is almost ab- 
sent in the blubber lipid. Such observations, along with 
the data  obtained in the present  study, suggest tha t  a 
general pa t tern  exists for seals in which blubber TAG 
are characterized by very low ratios (0.3 or less) of n-6 to 
n-3 PUFA, whereas in the TAG and phospholipid of in- 
ternal  organs the ratio is much higher, reflecting the 
general predominance of n-6 PUFA in these lipids. This 
marked  difference in PUFA composition between the 
TAG of blubber and those of the other  tissues may re- 
flect a si tuation in which the bulk of fat ty acids present  
in blubber are those tha t  have been absorbed from the 
diet and t ransported directly in chylomicrons to the 
blubber for deposition without modification. At the same 
time, the PUFA in the lipids of other  tissues may have 
been processed by the liver and undergone desaturat ion 
and elongation prior to thei r  esterification. Given such a 
situation, the high levels of n-3 tha t  occur in the blubber 
lipids of seals in these ecosystems (7) can be expected as 
n-3 PUFA predominate by far over those of the n-6 series 
in the lipids of phytoplankton,  zooplankton and fish tha t  
constitute the marine food webs in tempera te  and polar 
lat i tudes (21). In evolutionary terms, seals are related to 
terrestr ia l  mammals  and as such are presumably capa- 
ble of converting dietary 18:2n-6 to 20:4n-6. Such a con- 
version might  account for the high levels of 20:4n-6 ob- 
served in the lipids of seal tissues other  than  the blub- 

ber. However, it is notable tha t  the liver and muscle  
TAG of the monk seal examined in this s tudy contained 
higher  levels of 20:4n-6, but  lower levels of 18:2n-6, than  
those of terrestr ial  mammals  fed plant or fish oils 
(22,23). Assuming tha t  the blubber fat ty acid composi- 
tion is a direct reflection of tha t  of the dietary lipids, 
then  the low level of 18:2n-6 present  in the blubber lipid 
would suggest tha t  large levels of this PUFA had not 
been available in the diet of the monk seal as a precur- 
sor of 20:4n-6. This may also imply tha t  the monk seal 
had been very active in the specific conversion of 18:2n- 
6 to 20:4n-6. It  is also possible tha t  the monk seal had 
received preformed 20:4n-6 in its diet. The level of 
20:4n-6 observed here for the blubber TAG suggests tha t  
the diet consumed by the individual studied contained 
higher  levels of this PUFA than  seals from more 
norther ly  latitudes. The diet of M. monachus in the 
Med i t e r r anean  Sea normal ly  consists  of fish, 
cephalopods and marine plants, including zostera and 
sargassum (4). Although the lipids of fish in general are 
characterized by high levels of n-3 PUFA, 20:4n-6 is 
more common in the lipids of both freshwater  and ma- 
rine fish from Austral ian and other tropical inshore wa- 
ters (24-26). Part icularly high levels of 20:4n-6 have 
been noted in the lipids of omnivorous fish, which con- 
sume macroalgae in these locations as par t  of their  diet 
(27). It  is known tha t  20:4n-6 is the predominant  PUFA 
in the lipids of Sargassum species of algae from different 
parts  of the world (28), and, assuming this holds t rue for 
Sargassum species in the Medi terranean Sea, then  this 
macroalgae may be a direct source of this fa t ty  acid for 
the monk seal. The extent  to which high levels of 
20:4n-6 are characteristic of organisms at all trophic 
levels in the Medi terranean remains to be examined. 

It  must  be stressed tha t  no definite conclusions should 
be drawn in regard to the lipid composition of a species 
in general from the analysis of a single animal  as ana- 
lyzed in this study. Nevertheless,  the results obtained 
here indicate tha t  the fat ty acid compositions of blubber 
and other  tissues of the Medi ter ranean monk seal may  
differ somewhat  from those of seals from more temper-  
ate waters, part icularly with regard to the ratio of n-6 to 
n-3 long-chain PUFA. 

ACKNOWLEDGMENTS 
The authors would like to thank Daniel Cebrian Menckero for sup- 
plying the samples of monk seal tissues and Moira Park for tech- 
nical assistance in their analysis. 

REFERENCES 
1. Moutou, F., and Rollin, S. (1990) ~ze-Milieu 40, 251-255. 
2. Durant, S.M., and Harwood, J. (1992)Biol. Conserv. 61, 81-92. 
3. Sergeant, D., Ronald, K., Boulva, J., and Berkes, F. (1984) in 

The Mediterranean Monk Seal. Proceedings of the First Inter- 
national Conference, Rhodes (Ronald, K., and Duay, R., eds.) 
U.N.E.P. Tech. Ser. Vol. 1, pp. 31-54, Pergamon Press, Oxford. 

4. Sorigeur, R.C. (1984) in The Mediterranean Monk Seal. Pro- 
ceedings of the First International Conference, Rhodes (Ronald, 
K., and Duay, R., eds.) U.N.E.P. Tech. Ser. Vol. 1, pp. 173-174, 
Pergamon Press, Oxford. 

5. Ackman, R.G., and Eaton, C.A. (1988) Can. J. Zool. 66, 
2428-2431. 

LIPIDS, Vol. 29, no. 8 (1994) 



582 

R.J. HENDERSON ET AL. 

6. Ackman, R.G., and Hooper, S.N. (1974) J. Fish Res. Board Can. 
31, 333-341. 

7. Ackman, R.G., Epstein, S., and Eaton, C.A. (1971) Comp. 
Biochem. Physiol. 40B, 683-697. 

8. Ackman, R.G., Hooper, S.N., and Hingley, J. (1972) Can. el. 
Biochem. 50, 833-838. 

9. Grahl-Nielsen, O., Mjaavatten, O., and Tvedt, E. (1993) Can. 
J. Fish. Aquatic Sci. 50, 1400-1404. 

10. Grompone, M.A., Sienra, B., and Quilez, J.L. (1990) Mar. 
Mammal Sci. 6, 48-53. 

11. Kakela, R., Hyvarinen, H., and Vainiotalo, P. (1993) Comp. 
Biochem. Physiol. 105B, 553-565. 

12. West, G.C., Burns, J.J., and Modafferi, M. (1979) Can. J. Zool. 
57, 189-195. 

13. Cebrian, D., Fatsea, H., and Mytilineou, C. (1990) Rapp. 
Comm. Int. Mer Medit. 32, 237-238. 

14. Christie, W.W. (1982) Lipid Analysis, 2nd edn., Pergamon 
Press, Oxford. 

15. Olsen, R.E., and Henderson, R.J. (1989) J. Exp. Mar. Biol. 
Ecol. 129, 189-197. 

16. Fewster, M.E., Bums, B.J., and Mead, J.F. (1969) J. Chro- 
matogr. 43, 120-126. 

17. Sastry, P.S. (1985) Prog. Lipid Res. 24, 69-176. 

18. Gunstone, F.D., Harwood, J.L., and Padley, F.B. (1986) The 
Lipid Handbook, Chapman and Hall Ltd., Cambridge. 

19. Henderson, R.J., and Tocher, D.R. (1987) Prog. Lipid Res. 26, 
281-347. 

20. Wilson, R., and Tocher, D.R. (1991) Lipids 26, 9-15. 
21. Sargent, J.R., and Whittle, K. (1981) in Analysis of Marine 

Ecosystems (Longhurst, A., ed.) pp. 491-533, Academic Press, 
London. 

22. Otten, W., Wirth, C., Iaizzo, RA., and Eichinger, H.M. (1993) 
Ann. Nutr. Metabl. 37, 134-141. 

23. Stangl, G.I., Reichlmayr-Lais, A.M., Eder, I~, and Kirchgess- 
ner, M. (1993) J. Anim. Physiol. Anita. Nutr. 70, 207-215. 

24. Gibson, R.A. (1983) Lipids 18, 743-752. 
25. Gibson, R.A., Kneebone, R., and Kneebone, G.M. (1984) Comp. 

Biochem. Physiol. 78C, 325-328. 
26. Viswanathan Nair, P.G., and Gopakumar, K. (1978) J. Food 

Sci. 43, 1162-1164. 
27. Dunstan, G.A_, Sinclair, A.J., O'Dea, K., and Naughton, J.M. 

(1988) Comp. Biochem. Physiol. 91B, 165-169. 
28. Khotimchenko, S.V. (1991) Phytochem. 30, 2639-2641. 

[Received January 17, 1994, and in revised form June 3, 1994; 
Revision accepted June 5, 1994] 

LIPIDS, Vol. 29, no. 8 (1994) 



583 

Metabolism of Long-Chain Fatty Acids, Alcohols and Alkylglycerols 
in the Fish Parasite Paratenuisentis ambiguus (Acanthocephala) 
Christin Filipponi a, Horst Taraschewski b and Nikolaus Weber c,* 
aLehrstuhl f(Jr Spezielle Zoologie und Parasitologie der Ruhr-Universit~t, D-44801 Bochum, PZoologisches Institut der Universit~t, D-76128 
Karlsruhe and Clnstitut for Biochemie und Technologie der Fette, H.P. Kaufmann-lnstitut, BAGKF, D-48006 M~nster, Germany 

Specific differences be tween  the acyl  composi t ion  of  
lipids of  the helminth Paratenuisentis ambiguus and its 
host  eel, as shown previously, prompted us to study the 
lipid metabol ism in this intestinal fish parasite. Adults 
and larvae of P. ambiguus were fed various lipid precur- 
sors, e.g., fatty acids, long-chain alcohols and 1-O-alkyl- 
glycerols,  which may occur as common nutrients of  in- 
testinal parasites. Incorporation of  [1-14C]palmitic acid 
into neutral  and polar l ipids was  found to be similar 
under aerobic and near-anaerobic conditions.  In adult 
parasites maintained in culture medium supplemented 
with glucose,  [1-14C]palmitic acid was incorporated 
mainly into triacylglycerols and phosphatidylchol ines,  
whereas  [1-14C]oleic acid was incorporated preferen- 
tially into triacylglycerols. In fasted adults, as well as in 
larvae, [1-14C]oleic acid was mainly transferred to phos- 
phat idylchol ines .  Lipolytic  act ivity was  detected  in 
adult parasites  that had been incubated with radioac- 
t ive trioleoylglycerol .  [1-14C]Hexadecan-1-ol was oxi- 
dized in P. ambiguus at a high rate to labeled palmitic  
acid, which was incorporated into various lipid classes 
ofP. ambiguus. Small but significant proportions of  ra- 
dioactivity from hexadecan-l-ol  were incorporated into 
ether glycerol ipids  of  the parasite.  A more direct pre- 
cursor in ether glycerolipid metabolism, i.e., rac-l.0-[ 1"- 
14C]hexadecylglycerol, was incorporated into alkyl and 
l'-alkenyl moieties of  choline and etha-nolamine ether- 
glycerophospholipids ofP. ambiguus in high yield. High 
proportions of  labeled diacylglycerols,  triacylglycerols 
and steryl esters were detected in surface lipids as well 
as lipid extracts  of  the culture media  after incubat ion 
ofP. ambiguus with [1-14C]paimitic or [1-14C]oleic acids. 
The results suggest that palmltic acid and oleic acid are 
incorporated into neutral  and polar l ipids of  P. am- 
biguus maintained in glucose medium quite differently 
with oleic acid showing a strong preference for triacyl- 
glycerols.  However,  the incorporat ion of  palmitic  acid 
in glucose-fed parasites was similar to that of  oleic acid 
in fasted parasites, as well as in larvae. This may be ex- 
plained by partial fatty acid depletion in fasted worms 
and rapid cell division in larvae, respectively. 
Lipids 29, 583-589 (1994). 

Paratenuisentis ambiguus (Acanthocephala) is a helminth 
that resides in the intestine of the American and the Eu- 
ropean eel (1-3). The parasites attach themselves to the 

*To whom correspondence should be addressed at Institut fiir Bio- 
chemie und Technologie der Fette, H.P. Kaufmann-Institut, 
BAGKF, P.O. Box 1705, D-48006 Miinster, Germany. 
Abbreviations: CPL, choline glycerophospholipids; EPL, ethanol- 
amine glycerophospholipids; FA, free fatty acids; HPLC, high-per- 
formance liquid chromatography; MEM, minimum essential 
medium; NAD+, nicotinamide adenine dinucleotide, oxidized; RP- 
HPLC, reverse-phase high-performance liquid chromatography; 
TLC, thin-layer chromatography. 

wall of the intestine where they cause inflammatory reac- 
tions. This inflammation, together with the high worm 
burdens, is harmful to the eel leading to retarded growth 
of this commercially important fish. The growing interest 
in fish parasitology resulting from the expanding commer- 
cial aquaculture of edible fish prompted us to study the 
lipids ofP. ambiguus in comparison with infected eel in- 
testine (4,5) in order to establish differences between the 
lipids of parasite and host. 

Helminths are able to absorb fatty acids and other 
lipids and to incorporate them into various lipid classes 
(6-8). As a consequence, the acyl compositions of the lipids 
of the parasites would be expected to resemble those of the 
host tissue. The composition of the acyl moieties of vari- 
ous lipids of P. ambiguus, however, was found to be re- 
markably different from that of infected eel intestine (4,5). 
In particular, much higher proportions of saturated long- 
chain fatty acids, as well as eicosapentaenoic acid, have 
been found in neutral and polar lipid classes of the para- 
site when compared to those of eel. The reason for these 
differences is presently not known. 

In the present investigation, we have fed both adult and 
larval forms ofP. ambiguus various lipid precursors which 
may occur as common nutrients inside the eel gut and in 
the coelum of the larva's host, i.e., Gammarus tigrinus 
(Amphipoda) (1), respectively, in order to shed light on 
lipid biosynthesis and metabolism at different develop- 
mental stages of this helminth. Studies on the regulation 
of lipid metabolism in P. ambiguus could be a useful first 
step toward the control of acanthocephalans in fish and of 
endoparasites in general. 

MATERIALS AND METHODS 

Chemicals, preparation of substrates and derivatization. 
High-performance liquid chromatography (HPLC)-grade 
solvents were purchased from E. Merck (Darmstadt, Ger- 
many). Fatty acid methyl ester standards were products 
of Nu-Chek-Prep (Elysian, MN). Methyl esters derived 
from acyl lipids were prepared by transmethylation using 
methanol/benzene/sulfuric acid (84:10:4, by vol) (9); free 
fatty acids (FA) were converted to their methyl esters 
using diazomethane (9,10). 1-O-Alkylglycerols were pre- 
pared following the procedure of Baumann and Mangold 
(11). Acetylations were carried out in acetic anhy- 
dride/pyridine (10). 

Radiochemicals and preparation of radioactive 
substrates. [1-14C]Palmitic acid (2.18 GBq/mmol), [1J4C] - 
oleic acid (2.07 GBq/mmol), and tri[1-14C]oleoylglycerol 
(2.07 GBq/mmol) were purchased from Amersham- 
Buchler (Braunschweig, Germany). Methyl [1-14C]-palmi - 
tate (1.0 GBq/mmol) was derived from palmitic acid 
by reaction with diazomethane. [1-14C]Hexadecan-l-ol 
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(1.0 GBq/mmol) was prepared from methyl [1-14C]palmi- 
tate by reduction with lithium aluminum hydride (10). 
rac-l-O-[l'-14C]Hexadecylglycerol (0.97 GBq/mmol) was 
prepared from [1-14C]hexadecan-l-ol and rac-isopropyli- 
deneglycerol (Aldrich, Steinheim, Germany) as mentioned 
previously ( 11 ). 

Biological materials. Eels (AnguiUa anguilla ) naturally 
infected with P. ambiguus were caught in the Weser 
river; they were free of other intestinal helminths. 
Paratenuisentis ambiguus worms were obtained and 
maintained as described previously (4). In all experi- 
ments, pooled samples of the whole organisms o fP  am- 
biguus, males as well as females, were used for incuba- 
tions. To study lipid metabolism in fasted parasites, P. am- 
biguus worms from eels were kept for three days in 
modified minimum essential medium (MEM) (Flow Labo- 
ratories, Meckenheim, Germany) without glucose and 
serum. Paratenuisentis ambiguus worms survived for 
about one week when starved under these conditions. Lar- 
vae ofP. ambiguus were obtained from experimentally in- 
fected G. tigrinus as described previously (12). At 40 d post 
infection, the amphipods were squashed, and the infective 
larvae were washed with MEM and used for assay. 

Time course of [1-14C]palmitic acid incorporation into 
the lipids of adult parasites. About 225 P. ambiguus 
worms (average fresh weight 2.5 mg/animal) were incu- 
bated at room temperature with 2 laCi (20 mCi/mmol) 
[1-14C]palmitic acid (ammonium salt) in 10 mL modified 
MEM, either under aerobic or nearly anaerobic (nitrogen 
atmosphere) conditions. Aliquots of worms were removed 
from the medium after 1, 6 and 24 h and washed with 
MEM. After homogenization of the worms (around 200 mg 
fresh weight, each) in dichloromethane/methanol (1:2, 
vol/vol), using an Ultra-Turrax blender (IKA-Werke, 
Staufen, Germany), total lipids were extracted as de- 
scribed below. 

Incubation ofP. ambiguus, adults and larvae, as well as 
fasted worms, with various 14C-labeled substrates. Adult 
and larval parasites, about 100 animals each, were incu- 
bated in 5 mL modified MEM with 2 ~aCi (20 mCi/mmol) 
radioactively labeled substrates, i.e., [1-14C]palmitic and 
[1-14C]oleic acids (ammonium salts), tri[1-14C]oleoylglyc - 
erol, [1-14C]hexadecan-l-ol or rac.1-O-[l"-14C]hexadecyl - 
glycerol, for 24 h under aerobic conditions. Substrates 
were added in ethanolic solution (50 laL). Fasted worms 
were incubated in modified MEM without glucose and 
serum. Total lipids of adult worms and larvae were ex- 
tracted as described in the next paragraph(s). 

Isolation of surface lipids. After incubation with vari- 
ous substrates, e.g., radioactive fatty acids, P ambiguus 
worms were taken from the medium by forceps and 
washed with MEM. Adhering medium was removed with 
tissue paper, and the surface lipids were extracted by gen- 
tle shaking for about 20 s in dichloromethane/methanol 
(98:2, vol/vol) according to a method adapted from Hol- 
loway (13). 

Extraction of total lipids. Paratenuisentis ambiguus 
worm tissue (200-300 mg fresh weight, freed of surface 
lipids as described above, was homogenized in 4 mL 
dichloro-methane/methanol (1:2, vol/vol). The total lipid 
extract was obtained as described previously (4). Total 

lipids from culture media were extracted in a similar man- 
ner with 4 mL of dichloromethane/methanol (1:2, vol/vol) 
per mL medium. 

Lipid analysis. Aliquots of total lipids were separated 
into various lipid fractions, e.g., wax esters, steryl esters, 
triacylglycerols, long-chain aldehydes, FA, choline (CPL) 
and ethanolamine glycerolipids (EPL), as well as sphin- 
gomyelins, by preparative thin-layer chromatography 
(TLC) on Silica Gel H (E. Merck), and the various lipid 
fractions were purified and derivatized as described pre- 
viously (4,5). The fraction of long-chain aldehydes isolated 
from P. ambiguus after incubation with [1-14C]hexadecan- 
1-ol (see Table 3 later) was purified by re-chromatography 
on Silica Gel H layers (0.3 mm) with hexane/diethyl ether 
(85:15, vol/vol) as solvent and identified by co-chromatog- 
raphy with a standard. The aldehyde fraction was isolated 
and reduced with LiA1H 4 (as already described). The re- 
sulting long-chain alcohols were acetylated (10) and the 
alkyl acetates identified by radio-reverse-phase (RP) 
HPLC, as described later. All lipid fractions on TLC plates 
were identified by co-chromatography with standards and 
detected by brief exposure to iodine vapors. In addition, 
the fractions of phospholipids were detected by staining 
with specific reagents as described previously (5). 

Triacylglycerol fractions derived from incubations of 
P ambiguus with tri[1-14C]oleoylglycerol, as well as the 
fatty acid methyl esters derived from total lipids of para- 
sites after incubation with [1-14C]palmitic or [1-14C]oleic 
acids, were fractionated according to their number of dou- 
ble bends by argentation-TLC (10) on layers of Silica Gel 
G (E. Merck) containing 25% AgNO 3. The plates were de- 
veloped three times with toluene at 5~ for the separation 
of fatty acid methyl esters and with dichloromethane/ 
methanol (99:1, vol/vol) for the separation of triacyl- 
glycerols. 

Aliquots of triacylglycerols were subjected to hydrolysis 
with lipase from porcine pancreas (Boehringer-Mann- 
heim, Mannheim, Germany), and the resulting reaction 
products were separated by TLC (10). The radioactivity in 
the various fractions, i.e., mono- and diacylglycerols as 
well as FA was determined by scanning. The fractions of 
2-acylglycerols (representing the sn-2 fatty acids) and the 
FA (from sn-1 plus sn-3 positions) were used for the deter- 
mination of the positional distribution of labeled fatty 
acids. Labeled fatty acid methyl esters were prepared 
from the various hydrolysis products as described above 
and analyzed by radio-RP-HPLC. 

Aliquots of CPL and EPL were hydrolyzed by phospho- 
lipase A 2 from porcine pancreas (Boehringer-Mannheim), 
and the resulting reaction products were separated by 
TLC (10). The products of hydrolysis, i.e., FA ofsn-2 posi- 
tion as well as 1-acyl-2-1ysophospholipids (representing 
the sn-1 fatty acids), were isolated, derivatized to the cor- 
responding methyl esters and analyzed by radio-RP- 
HPLC as described below. Aliquots of total lipids were re- 
duced with LiA1H 4. The resulting mixtures of long-chain 
alcohols and 1-O-alkylglycerols plus 1-O-(l'-alkenyl)glyc- 
erols were separated as described previously (4) and fi- 
nally analyzed by radio-RP-HPLC as described below. 

Determination of radioactivity. The distribution of ra- 
dioactive fractions on thin-layer chromatograms was de- 
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te rmined with a Berthold LB 2832 Automatic TLC-Linear 
Analyzer  in combinat ion with an  LB 500 da ta  sys tem 
(EG&G Berthold, Wildbad, Germany) .  Solutions were 
mixed with Toluene Scintil lator (Packard,  FrankfurVM.,  
Germany)  or Aquasol-2 (NEN, Dreieich, Germany) ,  and 
radioactivity was determined by liquid scintillation count- 
ing using an  LKB-Wallac 1214 Rackbeta  i n s t rumen t  
(LKB, Stockholm, Sweden). 

A Merck-Hitachi  L-6200 pump  equipped with an ACS 
mass  detector  model 750/14 (Applied Chroma tog raphy  
Systems,  Macclesfield, Uni ted Kingdom) and with a 
Berthold LB 506 B HPLC Radioactivity Monitor in combi- 
nat ion with  a Spli t ter  Mixer LB 5034 (EG&G t3erthold) 
was  used for radio-HPLC; and a Merck-Hitachi  D-2500 
Chromato Integrator  for monitoring mass  and radioactiv- 
ity traces. Labeled lipids and lipid derivat ives were ana- 
lyzed by RP-HPLC on two LiChrospher 100 RP-18 (5 lain) 
columns (E. Merck) in sequence (125 x 4 mm, each) using 
acetonitri le or acetonitr i le/acetone mix tures  as eluents.  
Toluene scintillator (Packard) was continuously added to 
the solvent s t r eam in a rat io of 3:1 (vol/vol). Triacylglyc- 
erols were resolved with acetonitr i le/acetone (62:38, 
vol/vol) at  a flow ra te  of 1.0 mL/min  (14). Fa t ty  acid 
methyl  esters and alkyl acetates were separated with ace- 
tonitri le at  a flow ra te  of 0.6 mL/min. 1-O-Alkyldiacetyl- 
glycerols dissolved in acetone were injected for ether  glyc- 
erolipid analysis.  The mixtures  of 1-O-alkyldiacetylglyc- 
erols derived from total  lipids o f P  ambiguus t issue were 
separa ted  with acetonitrile at  a flow ra te  of 0.8 mL/min.  
Synthetic s tandards  were used for comparison. 

RESULTS AND DISCUSSION 

The various lipid precursors with which the adul t  P. am- 
biguus endoparas i tes  were incubated in vitro can be ex- 
pected to occur in eel intes t ine as possible nu t r ien t s  for 
the parasites.  For example,  fat ty  acids and alkylglycerols 
are formed by  intestinal lipolysis of acyl glycerolipids and 
alkyl glycerolipids (ether lipids), respectively, while long- 
chain  alcohols are known to be common const i tuents  of 
aquatic animals  (15) tha t  fall prey to eel. In a similar man- 
ner, fasted adults,  as well as larvae ofP. ambiguus, were 

incubated with fat ty  acids in order to s tudy lipid metabo- 
lism at  different physiological and developmental  s tages 
of this parasite. To our knowledge, the biosynthesis of neu- 
t ral  and polar lipids in acanthocephalans by use of labeled 
fat ty acids and other lipid precursors, except for [1-]4C]ac - 
etate (16,17), has not been reported previously. 

Metabolism of [1J4C]palmitic and [1J4C]oleic acid in P. 
ambiguus.  The t ime course of incorporation of radioactiv- 
ity from [1-]4C]palmitic acid into the lipids of adult  P am- 
biguus paras i tes  was studied under  aerobic and near ly  
anaerobic conditions, the lat ter  being similar to the intesti- 
nal environment.  Table 1 shows tha t  in both incubations 
the incorporation of radioactivi ty into the total  lipids, as 
well as the distribution of radioactivity in the various lipid 
classes, were similar. After a period of 24 h, most  of the ra- '  
dioactivity was concentrated in phosphatidylcholines 
(around 40%) and triacylglycerols (around 20%), whereas  
minor proportions of radioactivity were detected in diacyl- 
glycerols and phosphatidylethanol-amines as well as steryl 
esters and wax esters. These data  show tha t  the metabo- 
lism of palmitic acid in adult  P ambiguus parasi tes  is not 
specifically affected by oxygen. Similar  results  have been 
obtained for the incorporation of radioactive acetate  into 
the neutral  and polar lipids of the cestodes Hymenolepsis 
diminuta and Spirometra mansonoides under  aerobic and 
anaerobic conditions (16,17). 

When the incorporat ion of radioact ivi ty  from [1-14C] - 
palmitic acid was compared to tha t  from [1-14C]oleic acid, 
different pa t t e rns  were observed for the incorporation of 
palmitoyl and oleoyl moieties into the various lipid c lasses  
of adul t  P. ambiguus (Table 2). Again, palmit ic  acid was 
esterified p redominant ly  into tr iacylglycerols and  phos- 
phatidylcholines,  whereas  oleic acid was incorporated 
main ly  into triacylglycerols (81%). Small  proport ions of 
radioactivity of both labeled fa t ty  acids were found to be 
channel led into diacylglycerophosphoethanolamines  a s  
well as steryl  esters.  Moreover, it is obvious from the in- 
corporation of radioactivity into total lipids as well as from 
the relat ively high concentrat ion of unmetabol ized [1- 
14C]palmitic acid and the low concentration of [1-14C]oleic 
acid tha t  oleic acid was esterified into various lipid classes  
more extensively than  was palmitic acid (Tables 1 and 2). 

TABLE 1 

Time Course of  the Incorporation o f  Radioact ivi ty  into Various Lipid Classes o f  Adult  Paratenuisentis ambiguus Worms 
After Incubat ion wi th  [1-14ClPahnitic Acid Under Aerobic and Anaerobic Condit ions  a 

Radioactivity 
Incubation Time (pmolesJanimal) 
conditions (h) in TL a'b SM 

Distribution of radioactivity (%) in various lipid fractions 
PC PE Other polar lipids DAG FA c TAG SE WE 

Aerobic 1 27 trace d 11 4 2 11 65 3 trace trace 
6 100 4 37 2 3 3 25 18 4 4 

24 133 trace 41 3 5 2 17 18 7 6 
Anaerobic 1 15 trace 20 4 4 4 63 trace trace trace 

6 60 trace 26 3 3 4 42 13 5 4 
24 180 trace 42 3 4 trace 20 16 7 6 

aTL, total lipids; SM, sphingomyelin; PC, phosphatidylcholine; PE, phosphatidylethanolamine; DAG, diacylglycerol; TAG, triacylglyc- 
erol; SE, steryl esters; WE, wax esters; FA, free fatty acids, bExcluding radioactivity of FA. CSubstrate. dTrace (<2%). 
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TABLE 2 

Incorporation of Radioactivity into Various Lipid Classes of Adult Paratenuisentis ambiguus Worms After Incubation 
with [1-14C]Palmitic Acid and [1-14C]Oleic Acid as wel l  as of Adult Fasted Worms and Larvae with [1-14C]Oleic Acid a 

Radioactivity 
Substrate/physiological (pmoles/an~mal) Distribution of radioactivity (%) in various lipid fractions 
or developmental stage in TL b SM PC PE Other polar lipids DAG FA d TAG SE WE 

Palmitic acid/adults 93 trace d 30 2 3 7 33 20 2 2 
Oleic acid/adults 303 trace 7 trace trace 6 3 81 trace trace 
Oleic acid/fasted adults 220 4 30 6 3 trace 9 30 10 6 
Oleic acid/larvae 101 trace 66 9 5 6 trace 9 2 trace 
aAbbreviations as in Table 1. bExcluding radioactivity of FA. CSubstrate. dTrace (<2%). 

The metabol ism of [1-14C]oleic acid in paras i tes  of dif- 
ferent  physiological s ta tus ,  i.e., ma in ta ined  in glucose- 
supplemented or glucose- and serum-free modified MEM 
("fasted"), was  found to be completely different (Table 2). 
In  P. ambiguus worms tha t  were kept  in glucose-supple- 
men ted  medium,  [1-14C]oleic acid was  incorporated al- 
mos t  exclusively into triacylglycerols.  In  pa ras i t e s  tha t  
were  ma in ta ined  in glucose- and serum-free  modified 
MEM, however, labeled oleoyl moieties were found pre- 
dominant ly  in both  tr iacylglycerols (33%) and phos- 
phatidylcholines (33%), as well as in a n u m b e r  of other  
neu t ra l  and  polar  lipids, e.g., s teryl  esters,  wax esters,  
sphingomyelins and phosphatidylethanolamines.  

In larvae ofP. ambiguus, [1-14C]oleic acid was esterified 
mainly into polar lipids, particularly phosphatidylcholines 
(66%), whereas  only small  proport ions of radioact ivi ty  
were found in triacylglycerols (9%) (Table 2). Thus, the in- 
corporation of labeled oleic acid into the lipids of larvae is 
similar to tha t  in fasted adult  parasites. 

Wax es ters  are widely dis t r ibuted in the an imal  and  
p lant  k ingdom and occur in high proport ions in m a n y  
aquatic and predominantly in marine  animals. Small pro- 
portions of wax esters have been detected in P. ambiguus 
as well (4), whereas  infective larvae of the acanthocepha- 
lan Polymorphus minutus were found to contain high pro- 
portions of these apolar lipids (18). 

Both adul ts  and la rvae  of P. ambiguus incorporated 
only small proportions (<2-6% of incorporated radioactiv- 
ity) of labeled palmitic and oleic acid into wax esters  (Ta- 
bles 1 and 2). Even when  adult  P. ambiguus worms were 
incubated with  [1-14C]hexadecan-l-ol, which is a direct 
precursor  of wax es ter  biosynthesis,  only 8% of the label 

incorporated was recovered in wax esters (Table 3). From 
these da ta  it may  be concluded tha t  wax ester  biosynthe- 
sis is of minor  impor tance  in both adul ts  and larvae  of 
P. ambiguus. In  this context, it is of interest  tha t  wax es- 
ters do not play a striking role as surface lipids of the par- 
asite either. 

The observation tha t  palmitic acid and oleic acid were 
esterified into the lipids ofP. ambiguus in a different man-  
ner  is interest ing.  Fas ted  worms and la rvae  have  low 
amounts  of surplus fatty acids at  their  disposal because of 
the minor nutr ient  supply and rapid cell division, respec- 
tively, as compared to adul t  paras i tes  main ta ined  under  
s t anda rd  conditions. This may  explain the preferred in- 
corporation of exogenous fat ty acids into membrane  lipids, 
e.g., phosphatidylcholines and phosphat idyle thanol-  
amines, as compared to storage lipids (triacylglycerols), at  
these  two physiologically or developmental ly  different 
stages ofP. ambiguus (Table 1). 

Stereospecific distribution of acyl moieties in various 
glycerolipids. Table 4 shows the stereospecific distribution 
of radioactively labeled acyl moieties between the differ- 
ent  positions of the glycerol backbone of triacylglycerols 
and phosphatidylcholines ofP. ambiguus, adults  and lar- 
vae, after incubation with [1-14C]palmitic and [1-14C]oleic 
acid, respectively. The data indicated tha t  labeled palmitic 
acid was incorporated main ly  into the sn-1 or sn-3 posi- 
tions of triacylglycerols and into the sn-1 position of phos- 
phatidylcholines of adul t  parasi tes .  Similar  resul ts  have 
been obtained for sa tu ra ted  long-chain fa t ty  acids in en- 
dogenous phosphat idylchol ines  from P. ambiguus (N. 
Weber, K. Aitzetmiiller, and H. Taraschewski ,  unpub-  
fished data). 

TABLE 3 

Incorpol~ation of  Radioactivity into Various Lipid Classes of  Adult Paratenuisentis ambiguus Worms After Incubation 
with  [1- C]Hexadecan-l-ol  and rac-1-O-[1.14C]Hexadecylglycerol a 

Substrate/developmental stage 

Radioactivity 
(pmoles/animal) Distribution of radioactivity (%) in various lipid fractions 

inTL b SM PC PE Other polarlipids DAG AGc ROH c FA ALD TAG SE WE 

Hexadecan-l-ol/adults 302 trace d 32 10 trace 9 - -  trace trace 4 16 16 8 
1-O-Hexadecylglycerol/adults 150 trace 27 6 trace trace 57 - -  trace - -  trace trace trace 
aAbbreviations as in Table 1. AG, 1-O-alkylglycerols; ROH, long-chain alcohols; ALD, long-chain aldehydes, bExcluding radioactivity of 
substrates. CSubstrate. dTrace (<2%). 
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TABLE 4 

Stereospecif ic  Distribution of  Radioact ive Acyl Moieties  
Be tween  the Different Posi t ions  (sn-1, sn-2 and sn-3) 
at the Glycerol Backbone of  Triacylglycerels  
and Phosphat idylchol ines  of  Paratenuisentis ambiguus, 
Adults and Larvae, After Incubation with  [1-14C]Palmitic 
Acid or [1-14C]Oleic Acid a 

SubstrateJphysiologJcal 
or developmental stage 

Radioactivity 
Position (%) in acyl 

Lipids a at glycerol moieties 

Palmitic acid/adults TAG sn-l,3 78 
sn-2 22 

PC sn-1 67 
sn-2 33 

Oleic acid/adults TAG sn-l,3 45 
sn-2 55 

PC sn-1 40 
sn-2 60 

Oleic acid/fasted adults TAG sn-l,3 95 
sn-2 5 

PC sn-1 59 
sn-2 41 

Oleic acid/larvae TAG sn- 1,3 90 
sn-2 10 

PC sn-1 53 
sn-2 47 

aAbbreviations as in Table 1. 

Labeled oleoyl moieties, however, were a lmost  equally 
distr ibuted between the sn- l ,3  and  sn-2 positions of tr ia- 
cylglycerols, as well as the sn-1 and sn-2 positions of phos- 
phatidylcholines in adult  P. ambiguus worms. Our results 
are  in ag reement  wi th  the stereospecific dis t r ibut ion of 
palmitoyl and oleoyl moieties found in the lipids, particu- 
larly phospholipids, of ver tebrates  (19,20). 

In  contrast  to the above pa t te rn  of stereospecific distri- 
bution in adult  parasites,  [1-14C]oleoyl moieties were pref- 
erentially t ransfer red  to the sn-1 and/or sn-3 positions of 
tr iacylglycerols in fasted adul ts  (main ta ined  in glucose- 
and serum-free  modified MEM), as well as in larvae  of 
P. ambiguus.  The incorporat ion of labeled oleic acid into 
the phosphatidylcholines of larvae,  however, was s imilar  
to tha t  found in adult  P. ambiguus worms which had been 
incubated under  s t andard  conditions (glucose-supple- 
mented MEM). 

These results also show tha t  physiologically or develop- 
menta l ly  different s tages ofP. ambiguus,  such as fas ted 
adults as well as larvae, are able to esterify oleic acid into 
specific positions of the glycerol backbone. Similar results  
are  known from exper iments  wi th  fish, indicat ing t ha t  
both the quant i ty  of fa t ty  acids t ransfer red  to, as well as 
thei r  stereospecific distr ibution a t  the glycerol molecule, 
depend on the diet offered to the animals  (20). 

Metabol ism o f  [1-14C]hexadecan-1-ol and  rac- l -O- 
[1-14C]hexadecylglycerol: Formation of  ether glycerolipids. 
In  animal  tissues, acyl-CoA thioesters are reduced to the 
corresponding long-chain alcohols v/a long-chain aldehyde 
intermediates  (21). Saturated and monounsatura ted  long- 
chain  alcohols are precursors  of e the r  glycerolipids 
(22,23). They can also be acylated to yield wax es ters  or 
can be reoxidized to fa t ty  acids which, in turn,  can be in- 
corporated into var ious es te r  lipids (24). Adult  P. am- 
biguus worms were incubated with [1-14C]hexadecan-l-ol 
in order  to s tudy the metabol i sm of this long-chain alco- 
hol and in particular, its use in the formation of ether  glyco 
erolipids. After  a 24-h incubat ion under  aerobic condi- 
tions, most  of the radioactive substrate  was oxidized to the 
corresponding fat ty acid, i.e., palmitic acid, which was in- 
corporated into various ester  lipids in a similar manne r  as 
found in the incubations wi th  [1-14C]palmitic acid. Only 
small  proport ions of radioact ivi ty  f rom hexadecan- l -o l  
were found to be incorporated into e ther  glycerolipids 

TABLE 5 

Distribution of  Radioact ivi ty  in 1-O-Alkyl-, 1-O-Alkenyl- and Aeyl Moieties of  Various Lipid 
Fractious from Paratenuisentis ambiguus, Adults and Larvae, After Incubation with  
Various Radioact ive Lipid Precursors  

Substrate/developmental stage 

Distribution of radioactivity (%) 
in various radyl moieties 

Lipids a 1-O-Alkyl 1-O-(l'-Alkenyl) Acyl 

Palmitic acid/adults 

Oleic acid/adults 

Oleic acid/larvae 

Hexadecan- 1 -ol/adults 

1-O-Hexadecylglycerol/adults 

TRG 22 trace b 78 
CPL 2 trace 98 

TRG 5 trace 95 
CPL trace trace 99 

TRG 7 trace 93 
CPL trace trace 99 

TRG 23 trace 77 
CPL 7 trace 93 
EPL 14 trace 86 

CPL 77 11 12 
EPL 90 8 trace 

aTRG, triradylglycerols; CPL, choline glycerophospholipids; EPL, ethanolamine glycerophospholipids. 
bTrace (<2%). 
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(Table 5). For example,  the proportion of radioactive 1-O- 
alkyl moieties in the fraction of triradylglycerols was 23%, 
whereas  CPL and EPL contained 7 and  14% of 1-0- 
[1-14C]alkyl moieties, respectively. The radioactivity in the 
alkyl moiet ies  was a lmost  equally dis t r ibuted be tween 
neutral  and polar ether lipids. Relatively high proportions 
of labeled s teryl  es ters  and wax es ters  were detected in 
the lipids of paras i tes  incubated with  [1-14C]hexadecan- 
1-ol. The occurrence of small  proportions of radioactivity 
(4%) in the fraction of long-chain aldehydes (Table 3), 
which are known to be in te rmedia tes  of the oxidation of 
long-chain alcohols in ver tebra tes ,  confirms the involve- 
ment  of this intermediate (21,25). The extent of ether lipid 
format ion from [1-14C]hexadecan-l-ol was in a s imilar  
range  as it  was found for the  incubations with 
[ l J4C]pa lmi t ic  acid (Table 5). Incubat ions  of adul t  and 
larval  P. ambiguus paras i tes  with [1-14C]oleic acid, how- 
ever, led to e ther  glycerolipids only in small  proport ions 
(Table 5). 

In ver tebra tes ,  the oxidation of long-chain alcohols to 
the corresponding fat ty  acids v/a long-chain aldehydes de- 
pends on the concentration of nicotinamide adenide dinu- 
cleotide (NAD § in the  cells (21). The react ions are cat- 
alyzed by a long-chain alcohol: NAD + oxidoreductase, and 
the sequence of react ions is reversible in the presence of 
surplus  NADH (NAD § reduced) (25). An enzyme having 
s imilar  activit ies m a y  be responsible for the metabol ism 
of long-chain alcohols in P. ambiguus. I t  is of interest  tha t  
var ious  oxidoreductase activit ies were repor ted of two 
acanthocephalans ,  i.e., P. minutus and Moniliformis 
moniliformis (26,27). However, the specificity of the lat ter  
enzymes for long-chain alcohols had not been previously 
investigated.  Oxygen which is necessary for the main te-  
nance of the react ion m a y  be presen t  in eel in tes t ine  in 
sufficient concentration or may  be available for the para-  
site from the host's blood. 

1-O-Alkylglycerols are more  direct precursors  of com- 
plex ether  lipid biosynthesis than  are long-chain alcohols; 
rac-l-O-[1-1~C]hexadecylglycerol was therefore  fed to 
adul t  P. ambiguus worms. In  contrast  to long-chain alco- 
hol, the la t ter  subs t ra te  was converted predominant ly  to 
1-O-hexadecyl-2-acylglycerophosphocholines (Table 5). In 
addition, small  proportions of radioactivity were found in 
1 -O-hexadecyl-2-acylglycerophosphoethanolamines a n d  

1-O-hexadecyl-2,3-diacylglycerols. Only trace amounts  of 

the substra te  were oxidized to fat ty  acids during the 24-h 
incubation period. I t  is of interest  tha t  high proportions of 
labeled plasmalogens were detected in the two ether phos- 
pholipid classes af ter  incubat ion with  radioact ive 1-O- 
hexadecylglycerol. 

Surface lipids and lipid extracts from culture medium. 
The distribution of radioactivity in the surface lipids iso- 
lated from P. ambiguus, in adults  and larvae,  af ter  incu- 
bat ion with [1-14C]palmitic acid, [1-14C]oleic acid and 
[1-14C]hexadecan-l-ol, is shown in Table 6. After deduc- 
tion of radioactive substrates ,  surface lipids usual ly con- 
t r ibuted 1-2% of radioactivity of total  lipids. Highes t  in- 
corporation of radioact ivi ty  was detected in the neu t ra l  
lipid fractions, e.g., di- and triacylglycerols, as well as in 
steryl esters, which were the predominantly labeled lipids 
of the surface coat ofP. ambiguus. I t  is well known tha t  
weakly polar lipids typically occur in the surface lipids of 
m a n y  organisms,  including helminths  (28). For example,  
a var ie ty  of such apolar lipids form the lipid coat of para-  
sitic nematodes (29). Labeled wax esters, however, which 
are known to be typical surface lipids of p lants  and ani- 
mals  were found in P. ambiguus, even af ter  incubat ion 
with [1-14C]hexadecanol, in trace amounts  only. I t  is sug- 
gested tha t  these lipids do not play an impor tan t  role as 
surface lipids in P. ambiguus. 

In  this context it was of interest  to invest igate the dis- 
tribution of radioactivity in lipids tha t  had been extracted 
from culture media after incubation ofP. ambiguus, adults 
and  larvae,  wi th  var ious radioact ive subst ra tes .  Only 
small proportions of lipid metabolites, predominantly neu- 
t ra l  lipids, such as diacylglycerols, tr iacylglycerols and 
steryl esters, were detected in the culture media (Table 6). 
Litt le is known about  the excretion of lipids by acantho- 
cephalans;  most  probably it occurs predominant ly  in the 
region of the presoma where the incorporation of radioac- 
t ive triolein has  also been observed (3,8). I t  is not 
present ly  clear  whe the r  or not the radioact ive lipids ex- 
t racted from the culture media  can be regarded as excre- 
tion products ofP. ambiguus or whether  they may  be de- 
rived from the surface coat of the parasites.  

Lipolytic activities in P. ambiguus.  Paratenuisentis am- 
biguus parasi tes  are able to hydrolyze triacylglycerols, as 
is evident  f rom incubat ion with tri[1-14C]oleoylglycerol. 
After an incubation period of 24 h, about  42% of the sub- 
s t ra te  had  been hydrolyzed, i.e., 55 pmoles/animal .  The 

TABLE 6 

D i s t r i b u t i o n  o f  R a d i o a c t i v i t y  in  V a r i o u s  L i p i d  C l a s s e s  o f  S u r f a c e  L i p i d s  (SL) ofParatenuisentis ambiguus, Adults 
a n d  L a r v a e ,  Af t er  I n c u b a t i o n  w i t h  V a r i o u s  R a d i o a c t i v e  S u b s t r a t e s  a s  w e l l  a s  L i p i d s  T h a t  H a d  B e e n  E x t r a c t e d  
f rom t h e  C o r r e s p o n d i n g  C u l t u r e  M e d i a  (CM) ~ 

Distribution of radioactivity (%) in various lipid fractions 

Substrate/developmental PC PE DAG FA TAG SE WE ROH 
stage SL CM SL CM SL CM SL CM SL CM SL CM SL CM SL CM 

Palmitic acid/adults 2 nd b trace c trace trace 4 83 d 94 d 2 trace 9 trace 
Oleic acid/adults 3 3 trace trace 10 8 47 d 87 d 15 trace 20 trace 
Oleic acid/larvae 3 4 trace trace 4 nd 6 5  d 8 9  d 11 trace 12 2 
Hexadecan- 1-ol/adults 6 6 trace trace 5 7 6 trace 5 7 20 9 

trace trace - -  - -  
trace trace - -  - -  
trace 2 - -  - -  
trace trace 55 d 66 d 

aAbbreviations as in Tables i and 3. bNot detected. CTrace (<2%). dSubstrate. 
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result ing labeled oleoyl moieties were incorporated pre- 
dominantly into triacylglycerols, as was shown for the in- 
cubations with [1-14C]oleic acid. After the incubation of P. 
ambiguus worms with [14C]triolein, labeled triacylglyc- 
erols were fractionated by argentation-TLC, followed by 
radio-RP-HPLC analysis. The results of these chromato- 
graphic analyses revealed that  radioactive dioleoylpalmi- 
toylglycerol (15%) was the main triacylglycerol species 
formed, together with small proportions (4%) of triacyl- 
glycerol species containing polyunsaturated acyl moieties. 
Triacylglycerol hydrolase activity had been found in other 
endoparasites,  such as Schistosoma japonicum and S. 
mansoni (Trematoda), as well (30,31). 

In conclusion, we found that  the fish parasite P. am- 
biguus can absorb fat ty acids from the surrounding 
medium and esterify them into various lipid classes, pre- 
dominantly triacylglycerols and phosphatidylcholines. 
The pat tern  of fat ty acid incorporation into the various 
lipid classes depends on the individual fatty acid substrate 
(saturated/monounsaturated)  as well as on the develop- 
mental  stage (larva/adult) and nutritional condition (glu- 
cose fed/starved) ofP. ambiguus. Other lipid substrates,  
such as hexadecanol and 1-O-hexadecylglycerol, are also 
absorbed by the parasi te and incorporated into ether  
lipids. Under  aerobic conditions, 1-hexadecanol was ex- 
tensively oxidized to palmitic acid. Triacylglycerol lipase 
activity, which may be involved in the formation of indi- 
vidual molecular species of glycerolipids as well as in cata- 
bolic reactions, was found in the parasite. From these re- 
sults it is obvious tha t  P. ambiguus is able to synthesize 
complex acyl and alkyl glycerolipids from fatty acids, long- 
chain alcohols and alkylglycerols tha t  occur in fish intes- 
tine. Specifically, the parasite seems to channel saturated 
long-chain fatty acids into the phospholipids. This is con- 
sistent with the results on the acyl composition of phos- 
phatidylcholines, phosphatidylethanolamines and phos- 
phatidylserines ofP. ambiguus (5). Chain elongation, par- 
t icularly of palmitic acid, has  also been observed in 
P. ambiguus (N. Weber, K. Aitzetmfiller, and H. 
Taraschewski, unpublished data). 
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An Improved Spectrophotometric Triiodide Assay 
for Lipid Hydroperoxides 
Robert A. Darrow* and Daniel T. Organisciak 
Department of Biochemistry and Molecular Biology, Wright State University, Dayton, Ohio 45435 

A spec trophotometr i c  m e t h o d  is descr ibed  for the  mea-  
s u r e m e n t  of  l ipid hydroperox ides ,  to a l o w e r  l imi t  of  
0.5 nmoles ,  based on the formation of  tr i iodide ions mea- 
sured at the absorbance m a x i m u m  of 365 nm. The assay 
mixture,  which  was  modif ied  from an earl ier  publ ished 
procedure  [E1-Saadani, M., Esterbauer,  H., EI-Sayed, M., 
Goher, M., Nassar,  A.Y., and J i irgens ,  G. (1989) J. Lipid 
Res. 30, 627-630], conta ins  18% methano l  toge ther  wi th  
non ion ic  and cat ion ic  de tergents ,  and is  d e s i g n e d  so 
that the hydroperoxides  to be measured  can be added in 
e i ther  w a t e r  or methano l .  By incubat ing  the react ion  
mixture  at 50~ for 30 min,  less-react ive  hydroperoxides  
can be measured  wi th  the same fidel ity as more-react ive  
ones .  Under  these  condi t ions ,  the assay  can be carried 
out  u n d e r  ordinary  room l ight ing  and w i t h o u t  spec ia l  
pro tec t ion  from ambient  oxygen  wi th  absorhance  val- 
ues  being stable up to 15 h. Enzymat ic  s tandardizat ions  
s h o w e d  that  the  tr i iod ide  m e t h o d  gave  comparable  re- 
suits  for H202, cumene hydroperoxide ,  l inole ic  acid hy- 
droperoxide,  phosphat idylchol ine  hydroperoxide,  and a 
photooxid ized  t issue extract  containing a mixture  of  hy- 
droperoxides .  The tr i iodide  assay  is r e c o m m e n d e d  pri- 
mari ly  for measur ing  purified hydroperoxides .  
Lipids 29, 591-594 (1994). 

Standard methods for the iodometric assay of hydroperox- 
ides normally require careful exclusion of air and the use 
of special glassware, making it difficult and time-consum- 
ing to process multiple samples (1,2). The speed and con- 
venience offered by the iodometric method described by 
E1-Saadani et al. (3) for assaying aqueous samples of per- 
oxidized lipoproteins prompted us to try to use it with a 
wide range of organic hydroperoxides. We found that  
within the recommended incubation time of 30 min at am- 
bient temperature, samples of H20 2 gave values of ab- 
sorbance at 365 nm that were consistent with the quoted 
molar absorptivity of I~ (3), but that  samples of cumene 
hydroperoxide (CuOOH) or t-butyl hydroperoxide re- 
quired up to 24 h of incubation time. However, by incubat- 
ing samples at 50~ as used by Gebicki and Guille (2) in 
their oxygen-sensitive iodometric method, the reaction 
was complete with a wide variety of hydroperoxides 
within thirty minutes. 

*To whom correspondence should be addressed. 
Abbreviations: BHT, butylated hydroxytoluene; CuOOH, cumene 
hydroperoxide; EDTA, ethylenediaminetetraacetic acid; GPX, glu- 
tathione peroxidase; GR, glutathione reductase; GSH, glutathione; 
HPLC, high-performance liquid chromatography; Lin, linoleic acid; 
LinOOH, linoleic acid hydroperoxide; NADPH, reduced nicoti- 
namide adenine dinucleotide phosphate; PC, phosphatidylcholine; 
PCOOH, phosphatidylcholine hydroperoxide; PHGPX, phospho- 
lipid hydroperoxide glutathione peroxidase; TLC, thin-layer chro- 
matography. 

Additional modifications we made include the use of a 
more concentrated color reagent (3), in order to allow a 
larger sample volume, the elimination of butylated hy- 
droxytoluene (BHT) and ethylenediaminetetraacetic acid 
(EDTA) from the incubation mixture, and the incorpora- 
tion of a standard volume of methanol which serves as a 
convenient solvent for measuring more lipophilic hy- 
droperoxides. 

MATERIALS AND METHODS 

Materials. Peroxide-free Triton X-100 was from Cal- 
biochem (La Jolla, CA), CuOOH was from Fluka AG 
(Buchs, Switzerland), dichloromethane of high-perfor- 
mance liquid chromatography (HPLC) grade was from 
Burdick and Jackson (Muskegon, MI), triphenylmethyl 
hydroperoxide was from Aldrich (Milwaukee, WI), hydrox- 
ylapatite was from Biorad (Hercules, CA), and silica gel 
HL thin-layer chromatography (TLC) plates were from 
Analtech (Newark, DE). Linoleic acid (Lin), soybean phos- 
phatidylcholine (PC), rose bengal, reduced nicotinamide 
adenine dinucleotide phosphate (NADPH), reduced glu- 
tathione (GSH), yeast glutathione reductase (GR) and 
bovine glutathione peroxidase (GPX) were from Sigma 
(St. Louis, MO). Other chemicals were from standard com- 
mercial sources. Methanol and chloroform were redistilled 
in glass before use. 

Preparation of lipid hydroperoxides. Lipide were pho- 
tooxidized in a stoppered glass cell using a modification of 
the procedure of van Kuijk et al. (4). The stirred reaction 
mixture contained 1.85 mL methanol, 0.1 mL rose bengal 
stock solution (1.25 mg Na rose bengal/mL methanol) and 
0.05 mL PC stock solution (100 mg PC/mL chloroform). Il- 
lumination was for 16 h at room temperature with white 
light from a 2kmgsten-Halogen lamp focused with a glass 
lens onto the edge of the reaction cell. The incident energy 
was measured to be 2,000 W/m 2 at the surface of the cell. 
After illumination, the hydroperoxides were separated 
from the rose bengal sensitizer by adding 4 mL of di- 
chloromethane and 2 mL of water, and the resulting lower 
phase was retained. The lower phase was then re- 
extracted 2 times with 4 mL of water/methanol (1:1, 
vol/vol) and dried at 45~ under a stream of nitrogen. The 
PC hydroperoxide (PCOOH) preparations were stable for 
at least 6 mon when dissolved in methanol and stored 
at -40~ 

The PCOOH reaction product appeared as a single frac- 
tion at an Rf of 0.14 on silica gel TLC plates when devel- 
oped with chloroform/methanol/water (65:35:3.5, by vol) 
(5) and stained for lipids (5) or peroxides (6). The hy- 
droperoxide of linoleic acid (LinOOH), prepared and ana- 
lyzed in the same way, migrated at an Rf of 0.93. The ab- 
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sence of a rapidly-migrat ing impur i ty  in the PCOOH 
preparat ions indicated tha t  the procedure did not result  
in significant hydrolysis of the fat ty  acid peroxides from 
the phospholipid. For  PCOOH, the molar ratio of hy- 
droperoxide to organic phosphate (5) was between 0.5 and 
1.0, depending on the durat ion of i l lumination and on 
light intensity. 

Enzymatic procedures. Enzymatic assay of hydroperox- 
ides followed the procedure of Heath  and Tappel (7) which 
is based on NADPH oxidation, monitored at 340 nm, cou- 
pled with GR to the reduction of peroxides by GSH cat- 
alyzed by e i ther  GPX (7) or phospholipid hydroperoxide 
glutathione peroxidase (PHGPX; Ref. 8). The reaction 
mixture for GPX was kept at pH 7.0, as described (9), ex- 
cept tha t  the incubation was done at  room temperature .  
Incubations using PHGPX were carried out at pH 7.4 at  
35~ as described (8). Concentrations of hydroperoxides 
differing by a factor of two were used for all enzymatic de- 
terminations, and all assays gave proportional values. Ab- 
sorbance at  340 nm was monitored until  the ra te  of 
change of the exper imental  samples equalled tha t  of a 
control containing no added hydroperoxide. The value of 
6.0 • 103 M -] • cm -1 (10) was assumed for the molar  ab- 
sorptivity of NADPH. Partially-purified PHGPX was iso- 
lated from pig liver by acetone precipitation of a 
100,000 • g aqueous supernatant ,  followed by column 
chromatography on Sephadex G-10, hydroxyl apatite and 
Sephadex G-75. The preparation was free of GPX, and of 
GSH S-transferase as assayed with H202 (9) and chloro- 
dinitrobenzene (11) as substrates, respectively. 

Iodometric assay. In our s tandard  procedure, up to 
30 nmoles of hydroperoxide, in ei ther  water  or in 
methanol, were added to 10 • 75-mm glass tubes. Samples 
dissolved in water  were brought to 0.4 mL by addition of 
water, followed by addition of 0.2 mL of methanol; samples 
dissolved in methanol were diluted to a volume of 0.2 mL, 
followed by 0.4 mL of water. Color reagent  (0.5 mL) was 
added, and the contents were mixed by vortexing within 
1 min after  the addition. The tubes were capped with 
parafilm and incubated in a water bath at 50~ for 30 min. 
After cooling to room temperature ,  the absorbance at 
365 nm was determined by subtracting the absorbance of 
a blank containing only color reagent and solvent. A stock 
color reagent  was made up by combining 9.3 mL 1M 
K2HPO4, 30.7 mL 1M KH2PO4, 1.5 mL 0.02M NAN3, 4 mL 
10% peroxide-free Triton X-100, 2 mL 1% benzalkonium 
chloride and 4 mL of 0.5 mM (NH4)6Mo7024 �9 4H20. The 
stock mixture was diluted to 100 mL with water and stored 
at  4~ where it was stable for 6 mon. Forty mg of KI per 
mL of reagent was added just  before use. 

RESULTS AND DISCUSSION 

Excellent proport ionali ty between added hydroperoxide 
and absorbance at  365 nm was a t ta ined by the present  
procedure as is evident from the s tandard curve obtained 
with PCOOH (Fig. 1). No significant deviation from lin- 
ear i ty  was seen as judged by l inear  least  squares analy- 
sis. Although we normally measured less than  30 nmoles 
of hydroperoxide,  we observed tha t  proport ionali ty was 
mainta ined up to 70 nmoles using a wide range of hy- 
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FIG. 1. S t a n d a r d  c u r v e  for  p h o s p h a t i d y l c h o l i n e  h y d r o p e r -  
o x i d e  ( P C O O H )  a n d  a b s o r b a n c e  m a x i m u m  fo r  t r i i o d i d e  
i o n s .  T h e  m e a n  a b s o r b a n c e s  f r o m  d u p l i c a t e  s a m p l e s  o f  
P C O O H  o b t a i n e d  as  d e s c r i b e d  in  M a t e r i a l s  a n d  M e t h o d s  
a r e  p l o t t e d  vs .  n m o l e s  o f  P C O O H  a d d e d .  T h e  m a x i m u m  
r a n g e  o f  t h e  d u p l i c a t e s  w a s  l e s s  t h a n  1% o f  t h e  m e a n  a t  
e a c h  po in t .  T h e  c u r v e  o f  a b s o r b a n c e  vs.  w a v e l e n g t h  ( inse t )  
w a s  o b t a i n e d  f r o m  a s a m p l e  c o n t a i n i n g  36  n m o l e s  o f  H202 
u s i n g  a s i n g l e - b e a m  s p e c t r o p h o t o m e t e r  c a l i b r a t e d  t o  
w i t h i n  0.5 n m  w i t h  a h o l m i u m  o x i d e  f i l ter .  

droperoxides. This is in contrast  to iodometric assays of 
hydroperoxides based on starch iodine complex formation 
(12,13). These assays are about as sensitive as the present 
method when using small volumes (13) but  depart  signifi- 
cantly from l ineari ty above 15 nmoles of hydroperoxide. 
They suffer fur ther  disadvantages due to possible vari- 
ability in the quality of the soluble starch. In the present  
assay, the molar absorptivity at 365 nm (see inset, Fig. 1) 
for 13 derived from enzymatically standardized H202 was 
2.48 x 104 x M -1 x cm -1 which is in good agreement  with 
the value of 2.46 • 104 • M -1 • c m - l o b t a i n e d  by 
E1-Saadani et al. (3) who directly added 12 to the assay 
mixture. This shows that  18% methanol, which is present 
in our assay but  was absent from the original, does not af- 
fect the absorbance of the reaction product. While testing 
the tolerance of the assay system to methanol ,  using ei- 
ther  H202 or PCOOH, we found no effect of methanol up 
to 20%, but  decreased color development was seen at  30% 
methanol.  When freshly prepared with peroxide-free Tri- 
ton X-100, our reagent gives a blank absorbance of about 
0.01, but  the method can still be used with blanks up to 
0.2, as we noted when using Triton X-100 tha t  had not  
been especially purified. 

The kinetics of I~ formation from representa t ive  hy- 
droperoxides of various types are shown in Figure 2. 
PCOOH and LinOOH showed similar reactivit ies with 
both essentially complete within the recommended 30 min 
incubation time at 50~ Hydrogen peroxide went to com- 
pletion in all samples except for the two shortest  incuba- 
tion times at  30~ CuOOH was the least reactive, reach- 
ing 87% of its maximum value within 30 rain at 50~ 
Thus, when applying the method to hydroperoxides of un- 
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FIG. 2. E f f e c t  o f  t e m p e r a t u r e  o n  c o l o r  d e v e l o p m e n t  for  vari -  
o u s  h y d r o p e r o x i d e s .  R e a c t i o n s  w e r e  s e t  u p  a t  5 t i m e s  t h e  
u s u a l  v o l u m e ,  c o n t a i n i n g ,  A, 32 pLM p h o s p h a t i d y l c h o l i n e  hy-  
d r o p e r o x i d e ;  B, 30  puM l i n o l e i c  a c i d  h y d r o p e r o x i d e ;  C, 26  ~uM 
H202;  D, 25 ; i S  c u m e n e  h y d r o p e r o x i d e ,  a n d  i n c u b a t e d  in  a 
w a t e r  b a t h  at  300C (�9 40"C (A)  a n d  50"C ([3). T i m i n g  b e g a n  
w i t h  t h e  a d d i t i o n  o f  c o l o r  r e a g e n t ,  a n d  1.0-mL s a m p l e s  w e r e  
r e m o v e d  a t  v a r i o u s  t i m e s  a n d  h e l d  o n  i c e  for  n o  l o n g e r  t h a n  
3 m i n  w h e n  aH s a m p l e s  f or  a p a r t i c u l a r  t i m e  p o i n t  w e r e  
r e a d  a g a i n s t  w a t e r .  T h e  a b s o r b a n c e  o f  t h e  r e a g e n t  b l a n k  
(ca. 0.01)  d i d  n o t  c h a n g e  w i t h  t i m e  a t  a n y  o f  t h e  t e m p e r a ~  
t u r e s .  

known reactivity, it is important to ensure that  an appro- 
priate incubation time is chosen. 

E1-Sadaani et al. (3) had observed tha t  interference 
from molecular oxygen in the assay was minimal; blank 
values measured immediately a i ~ r  mixing were the same 
as those measured after 30 min at ambient temperature. 
However, these authors  recommended that  the 30-min 
color development proceed in the dark. We have made no 
a t tempt  to exclude normal  room lighting or oxygen and 
have found the method to be very forgiving in this respect. 
Table 1 shows the stability of absorbance when a series of 
assay tubes was processed with the recommended 30-rain 
incubation time at 50~ and then allowed to stand on the 
bench top for up to 15 h before measurement. Samples in- 
cluded PC, PCOOH, Lin, LinOOH and a reagent  blank, 
all with and without  EDTA/BHT at the levels originally 
recommended (3). In each sample, the absorbanee values 
were exceptionally stable, indicating that  autoxidation of 
I" does not occur, even without exclusion of air, nor was 
there any significant peroxide formation from the unoxi- 
dized lipids or from Triton X-100 in the color reagent. Al- 
though not shown, FeC13 (5 tiM) in the absence of 
EDTA/BHT had no effect on the assay of the samples 
listed in Table 1. CuC12 (5 tiM) caused an increase in the 
absorbance of the reagent blank equivalent to 3 nmoles of 
hydroperoxide, but  subtraction of this blank value 
brought the assay of added lipid hydroperoxides into line. 
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TABLE 1 

S t a b i l i t y  o f  A b s o r b a n c e  o f  S a m p l e s  a t  365 n m  w i t h  Time,  
P l u s  a n d  M i n u s  EDTA/BHT ~ 

Time after 50~ incubation (h) 
Lipid b EDTA/BHT 0 1.5 3 15 

Hydroperoxide (nmoles) 

None + 0.4 0.4 0.6 0.6 
- 0.3 0.4 0.5 0.5 

PCOOH + 18.4 18.5 18.3 16.7 
- 18.9 18.3 19.0 18.8 

PC + 0.7 0.7 0.7 0.6 
- 0.7 0.8 1.0 1.0 

LinOOH + 22.4 22.4 22.2 23.3 
- 22.9 24.3 24.8 24.3 

Lin + 0.5 0.4 0.4 0.6 
- 0.5 0.5 0.5 0.9 

aReplicate samples were prepared as described in Materials and 
Methods with or without 20 ~M butylated hydroxytoluene (BHT) 
added in methanol and 24 ~M ethylenediaminetetraacetic acid 
(EDTA) added in water. After 30 min at 50~ samples were read 
at once against a water blank, or left at room temperature for the 
specified time before reading, with the absorbance at 365 nm being 
converted to nmoles of hydroperoxide using the molar absorptivity 
given in the text. PCOOH, phosphatidylcholine hydroperoxide; PC, 
phosphatidylcholine; LinOOH, linoleic acid hydroperoxide; Lia, 
linoleic acid. 
bApproximately 20 nmoles of each lipid was added per tube. 

Although we normally add KI to the color reagent just  be- 
fore use, reagent stored for 48 h at  room temperature and 
unprotected from light gave indistinguishable results 
from those obtained with fresh reagent. 

Table 2 shows tha t  the iodometric method described 
here gives uniform results with various hydroperoxides. 
Five different preparations of hydroperoxide were assayed 
iodometrically, and the same preparations were assayed 
enzymatically using both GPX and PHGPX. Good agree- 
ment  among the three methods was obtained for the ap- 
parent  concentrations calculated from the raw data, rep- 
resenting a range of sample sizes and dilutions. As ex- 
pected from the known specificity of the two peroxidases 
(8), PCOOH could not be detected with GPX but  was de- 
tectable with PHGPX. A photooxidized crude extract  of 
retinal lipids, containing a mixture ofhydroperoxides, was 
also unreactive with GPX but reacted with PHGPX_ 

We have found the present  assay useful for relatively 
pure samples of various hydroperoxides, but  less useful 
for direct measurement  of endogenous hydroperoxides in 
crude tissue extracts. When either rat  brain or rat  retina 
was extracted, parti t ioned into dichloromethane and re- 
dissolved in methanol,  essentially as described by van 
Kuijk et al. (4), no positive iodometric assay could be ob- 
tained on these samples. Furthermore,  the presence of 
such tissue extracts prevented the normal development of 
color from added H20 2 or CuOOH. However, when simi- 
lar samples were first photooxidized in the presence of 
rose bengal, no interference with the reaction was seen 
(Table 2). The interfering material has not been identified, 
but vitamin E is present in crude lipid extracts and known 
to interfere with another  oxidation/reduction assay for 
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TABLE 2 

Comparison o f  the Iodometrie  Method wi th  Enzymat ic  
Methods for Est imat ing  Various Hydroperoxides  a 

Iodometric Enzymatic methods c 
method b GPX PHGPX 

Calculated concentration 
of hydroperoxide (mM) 

H202 1.82 _+ 0.01 1.82 _+ 0.01 1.83 _+ 0.01 
CuOOH 2.09 _+ 0.06 2.22 _+ 0.06 2.25 _+ 0.09 
LinOOH 1.73 +_ 0.01 1.67 _+ 0.04 1.81 _+ 0.01 
PCOOH 1.70 _+ 0.08 0 1.50 _+ 0.05 
Retinal lipid 

hydroperoxides 0.90 _+ 0.006 0 0.83 _+ 0.09 

aEach number was calculated from the mean of two determina- 
tions plus and minus the observed range. H202 and cumene hy- 
droperoxide (CuOOH) were commercial samples. _PCOOH was 
made by dye-catalyzed photooxidation as described in Materials 
and Methods. LinOOH and retinal lipid hydroperoxides were made 
by subjecting linoleic acid, and a lipid-rich extract of rat  retina, re- 
spectively, to similar photooxidation procedures. See Table 1 for 
other abbreviations. 
bSamples were analyzed iodometrically in duplicate as described 
in this paper. The concentration of H202, as evaluated enzymati- 
cally, served as the standard value for the iodometric assays. 
cSamples were analyzed enzymatically by coupling reduction of the 
hydroperoxides by glutathione catalyzed by commercial glu- 
tathione peroxidase from bovine erythrocytes (GPX) or by phospho- 
lipid hydroperoxide glutathione peroxidase (PHGPX; Ref. 8) to the 
oxidation of NADPH by oxidized glutathione catalyzed by yeast 
glutathione reductase. For further details of the enzymatic proce- 
dure, see Materials and Methods section. 

h y d r o p e r o x i d e s  (14). A d d e d  a - t o c o p h e r o l  i n h i b i t e d  o u r  
p r e s e n t  a s s a y  s to ichiometr ica l ly ,  c aus ing  a mole-for-mole  
d e c r e a s e  in  t h e  a b s o r b a n c e  e x p e c t e d  f rom a d d e d  hy-  
d r o p e r o x i d e  s t a n d a r d s .  F u r t h e r m o r e ,  a d d i n g  i n c r e a s i n g  
a m o u n t s  of  H 2 0  2 to a r eac t i on  m i x t u r e  c o n t a i n i n g  a n  ex- 
cess  of  a - tocophero l  caused  a p ropor t iona l  dec rease  in  ab- 
s o r b a n c e  a t  292 n m  a n d  a lso  in  f luo rescence  e m i t t e d  a t  
340 n m  a f t e r  exc i t a t ion  a t  295 nm,  sugges t i ng  a l t e r a t i o n  
of  t he  con juga t ed  r i ng  of  a - tocophero l .  I t  m a y  be  t h a t  t he  
c o n j u g a t e d  r i n g  of  v i t a m i n  E in  f r e s h  t i s s u e  e x t r a c t s  re-  
ac t s  w i t h  t h e  n e w l y - p r o d u c e d  12 u n d e r  ou r  a s s a y  condi-  

METHOD 

t ions,  m a k i n g  i t  u n a v a i l a b l e  to form t h e  13 chromophore .  
U n s a t u r a t e d  f a t t y  ac id  s ide  c h a i n s  a r e  a n o t h e r  p o t e n t i a l  
t a r g e t  for i od ina t ion .  However ,  we  o b s e r v e d  no i n t e r f e r -  
ence  w i t h  t h e  e s t i m a t i o n  of  30 n m o l e s  of  H202,  L i n O O H  
or  PCOOH,  f rom a d d i n g  400 nmole s  of  L in  or  200 nmoles  
of  PC, quan t i t i e s  n e a r  the  so lubi l i ty  l imi t  for our  s t a n d a r d  
r e a c t i o n  m i x t u r e .  A d d i t i o n a l  w o r k  wi l l  be  r e q u i r e d  to 
a d a p t  t h i s  m e t h o d  for g e n e r a l  app l i ca t i on  to hydrope rox-  
ide  m e a s u r e m e n t s  in  c rude  t i s sue  ext rac ts .  
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A semi-automated method h~q been developed for deter- 
mining a-Hpoprotein cholesterol  values. Precipitation of 
apoHpoprotein B containing Hpoproteins takes place in 
wells  of  microtiter plates after 100 p_L of serum are mi~ed 
with  20 ~L of a heparin/MnCl 2 solution. A Beck-mAn 
(Fullerton, CA) B iomek 1000 work station is used to trans- 
fer sera, supernatants and reagents between tubes and 
microtiter  plates. Supernatant cholesterol  is determined 
enzymatically,  and absorbances are read at 490 nm using 
a Molecular Devices  Corporation (Palo Alto, CA) plate 
reader. Values obtained on both fresh and frozen serum 
samples  agreed with corresponding data obtained at the 
Centers for Disease Control (CDC; Atlanta, GA). For the 
fresh samples,  the average bias was  2~87%. The wlthin-run 
coefficients of  variations were  between 2.2 and 0.6% for 
the data obtained on CDC frozen control pools. The re- 
suits indicate that the semi-automated method is suitable 
for obtaining accurate and precise data for a-Hpoprotein 
cholesterol.  The method lends itself  to the analysis of 
large numbers  of samples  and is particnlArly suited for 
the study of l ipoproteins of smnll m~mm~i~. 
Lipids 29, 595-597 (1994). 

With advancements in the design of plate readers, mi- 
crotiter plates can be used to measure concentrations of 
both total plasma cholesterol and triacylglycerol (1-3). 
Utilizing the Biomek 1000 (Beckman, Fullerton, CA) work 
station in conjunction with the Vma x Microplate Reader 
(Palo Alto, CA), it was possible to use microtiter plates to 
precipitate apolipoprotein (apo) B containing lipoproteins 
and to measure a-lipoprotein cholesterol. The general 
term "a-lipoprotein cholesterol" is used throughout this 
paper instead of high density lipoprotein (HDL) choles- 
terol because the procedures were developed to study the 
lipoproteins of a variety of mammals in which a-lipopro- 
teins can be highly polydisperse, being present in both the 
low density lipoprotein (LDL) and HDL ultracentrifugal 
classes (4-6). 

A variety of polyanions in association with divalent 
cations can be used to precipitate apo B-containing 
lipoproteins (7) that, in mammalian plasma, can contain 
either apo B100 (molecular weight, 545,000) or apo B48 
(molecular weight, 260,000) (8). On the surface of the tri- 
acylglycerol-rich lipoproteins, either one of the two forms 
ofapo B is present, and apo B100 is on the surface of ~-mi- 
grating LDL. Heparin/MnC12 was selected as the precipi- 
tant in this method because in studies of various mam- 
malian species (9), including humans (7,9,10), it has been 
shown to be selective in precipitating apo B-containing 
lipoproteins. 

*To whom correspondence should be addressed at Department of 
Chemistry and Biochemistry, UCLA, 405 Hilgard Ave., Los Ange- 
les, CA 90024. 
Abbreviations: apo, apolipoprotein; CDC, Centers for Disease Con- 
trol; HDL, high density lipoprotein(s); LDL, low density lipopro- 
tein(s); PIPES, piperazine-N,N'-bis(2-ethanesulfonic acid). 

The present paper describes how a-lipoprotein choles- 
terol values can be determined after 20 pL of a heparin/ 
MnC12 solution and 100 I~L of serum are mixed in wells of 
microtiter plates. Enzymatic reagents are used to mea- 
sure a-lipoprotein cholesterol with analyses done on 20 I~L 
of supernatant. The absorbance of each of the 96 wells of 
the microtiter plates is read within 5 s. Data on fresh and 
frozen serum samples compared with values obtained at 
the Centers for Disease Control (CDC; Atlanta, GA) indi- 
cate that the semi-automated method is both accurate and 
precise. 

MATERIALS AND METHODS 

Frozen serum samples. Frozen samples consisting of one of 
three pools, A, B and C, were obtained from the CDC Lipid 
Standardization Laboratory (Atlanta, GA). On separate 
days, six vials of a given pool were analyzed. 

Fresh serum samples. Fasting serum samples were ob- 
tained from ten individuals at the Medical College of Vir- 
ginia (Richmond, VA) and sent refrigerated overnight to 
UCLA (Los Angeles, CA) where analyses were done the 
day after the blood was drawn. 

Enzymatic cholesterol reagent. The reagent, 50 mM 
piperazine.N,N'-bis(2-ethanesulfonic acid) (PIPES) buffer 
(Sigma; St. Louis, MO), pH 6.9, was prepared as described 
by Warnick (11) with the following modifications. 
Lyophilized enzymes (International Bioproducts, Stream- 
wood, IL) were dissolved in 3 M NaCl and stored at -20~ 
Enzymes were added on the day of the assay to give 
the following concentrations: horseradish peroxidase, 
10 U/mL; cholesterol esterase 0.2 U/mL; and cholesterol 
oxidase, 0.2 U/mL. Phenol was replaced by 1.5 mM 
sodium 2-hydroxy-3,5-dichlorobenzenesulfonic acid (Re- 
search Organic, Inc., Cleveland, OH). 

Initial set-up of the Biomek 1000. Because the Biomek 
1000 moves rapidly during programmed maneuvers, 96- 
hole plastic racks (Bremshield Corp., Van Nuys, CA) were 
specially designed both to keep the racks in position on the 
movable tray and to maintain 1 mL polystyrene tubes 
(DBM Scientific, Valencia, CA) tightly in a vertical posi- 
tion. The spacing of holes in the rack was identical to the 
spacing of wells in a standard 96-well plate. For all of the 
programmed maneuvers, the MP 200 tool with eight tips 
was used to aspirate, to dispense and to mix the sera, so- 
lutions and supernatants. 

Heparin / MnCl 2 precipitation protocol. The mi- 
cromethod for precipitating apo B containing lipoproteins 
was based on modification (12) of the procedure of 
Burstein et al. (7). Before each run, serum sufficient for 
the analysis was transferred with Pasteur pipettes into 1 
mL tubes arranged in columns in a Bremshield rack. The 
remaining steps were done with the Biomek. First, prese- 
lected wells of 96 round-bottom well plates (Costar, Cam- 
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bridge, MA) were filled, eight at a time, with 20 pL of a so- 
lution of sodium heparin (1099 U/mL, Liquaemin Sodium; 
Organon, W. Orange, NJ) and 0.275 M MnC12. Then, from 
each tube 100 pL of serum was transferred to a well con- 
taining the heparin/MnC12 solution. This step was done by 
transferring sera from a column of eight tubes at  a time to 
the corresponding column of eight wells. To mix the sam- 
ple with the precipitating reagent, plates were vibrated 
for 15 s in the Vma x Microplate Reader and then incubated 
for 20 min at 4~ Using a plate holder that  fits the TH-4 
rotor, plates were spun at 4~ and 1500 x g for 20 min in 
a Beckman TJ-6 centrifuge. 

Measurement of a-lipoprotein cholesterol. The Biomek 
1000 was programmed to aspirate 20 pL of supernatant 
from wells, eight in a column, and to dispense this volume 
into a corresponding column of tubes in a Bremshield 
rack. Next, 600 ~tL of enzymatic reagent were dispensed 
manually with an 8-tipped Titertek Multistepper (ICN 
Flow Labs., Costa Mesa, CA). The Bremshield rack con- 
taining the tubes was incubated in a 37~ water bath for 
15 min. Then, the rack was returned to the Biomek 1000, 
which first mixed the solution in each tube by aspirating 
and dispensing twice 180 ~tL and then transferred three, 
175-~L aliquots into wells of a 96 flat-bottom well plate 
(Costar). Routine monitoring of these plates at 490 nm has 
revealed that  the optical path lengths of the wells are 
quite uniform. However, the plates were not used if visible 
scratches were observed. Saline blanks were prepared by 
adding 100 ~tL of solution (0.19 M NaC1) to 20 p_L of he- 
parin/MnC12 solution. A 20-pL aliquot of a 50-mg/dL 
Sigma calibrator without any precipitating reagent was 
included in each run as a standard. Using this standard, 
the concentrations were calculated on an IBM PS/2 com- 
puter using sofLware from Molecular Devices aRer plates 
w e r e  read at 490 nm in the Vma ~ Microplate Reader. A di- 
lution correction of 1.20, resulting from precipitant addi- 
tion, was incorporated into the calculations. The values re- 
ported in the Results section in Tables 1 and 2 for each 
sample were determined from the means of readings of 
three wells. 

RESULTS 

High blank values have previously been reported when 
enzymatic reagents prepared with phosphate buffer were 
used to analyze heparin/Mn 2+ supernatants (13,14). How- 
ever, with the enzymatic reagent prepared with PIPES 
buffer, difference in absorbance at 490 nm between the 
saline/heparin/Mn 2+ blank and the reagent blank in this 
study was never greater than 0.004. This difference 
amounted to a correction that  varied between 0.7 and 
0.2 mg/dL for the various runs. Analyses of the CDC pools 
indicated that  the assay was linear for absorbances be- 
tween 0.160 and 0.450. Each value in Table 1 consists of 
the mean of three separate measurements obtained using 
one of the vials containing a specific control pool. The co- 
efficient of variation for any one of these sets of three mea- 
surements was never greater than 2.39%. Moreover, the 
data for the mean of the means for these sets of measure- 
ments resulted in coefficients of variation being less than 
2.2%. Comparing the data to the CDC target values, the 
bias was positive and ranged between 1.24 and 6.34%. All 
of the values fell within the range limits, _+10% from the 
target value, as required by the CDC (15). The upper lim- 
its for standard deviations required by the CDC are 2.50 
for pool A, 3.00 for pool B and 3.50 for pool C. 

Table 2 lists the cholesterol values when fresh serum 
was used to obtain heparin/Mn 2+ supernatants at our lab- 
oratory and at the CDC. The set of samples sent to the 
CDC were frozen at -70~ and the precipitation and 
analyses were done a week later. The data obtained in 
both laboratories agreed quite well. The highest bias 
among the ten samples was 7.59%. Data were also ob- 
tained on a diluted control pool. All of the data obtained 
with the semi-automated method were well within the 
CDC limit of_+10% from their observed value (15). 

DISCUSSION 

Throughout  the Lipid Research Clinic studies, 
heparin/MnC12 was the precipitating reagent used to 

TABLE 1 

a -L ipopro te in  Cho les tero l  (mg/dL) a Va lues  O b t a i n e d  on  CDC F r o z e n  P o o l  S a m p l e s  

Run 1 Run 2 

CDC pools A B C A B C 
target values 29.9 50.3 80.0 29.9 50.3 80.0 

Mean _+ SD 
C.V. (%) 
Bias (%) 

30.0 _+ 0.11 53.2 _+ 0.00 82.7 • 0.19 30.7 _+ 0.10 53.9 -+ 0.70 82.7 • 0.11 
30.7 _+ 0.11 53.7 • 0.37 86.1 +_ 0.00 30.1 • 0.18 52.0 • 0.11 81.3 _+ 0.28 
30.1 _+ 0.44 53.3 • 0.27 87.7 _+ 0.48 30.2 • 0.10 54.2 • 0.00 81.5 _+ 0.38 
30.5 _+ 0.19 52.7 • 0.18 84.4 • 0.29 30.7 • 0.10 51.7 • 0.32 82.5 _+ 0.66 
29.8 • 0.72 53.3 • 0.51 83.7 _+ 0.58 30.9 • 0.10 53.9 • 0.66 83.0 _+ 0.18 
30.5 _+ 0.11 53.5 +_ 0.20 85.8 • 0.48 31.1 _+ 0.10 53.9 _+ 0.38 82.7 • 0.11 

30.27 _+ 0.35 53.28 _+ 0.34 85.07 • 1.81 30.62 _+ 0.39 53.27 _+ 1.11 82.28 • 0.71 
1.16 0.64 2.13 1.27 2.08 0.86 
1.24 5.92 6.34 2.41 5.90 2.85 

aValues are the means • SD of readings of three wells. CDC, Centers for Disease Control (Atlanta, GA). 
bC.V., coefficient of variation. 
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TABLE 2 

a-Lipoprotein Cholesterol (mg/dL) Values Obtained on Fresh Serum Samples 

Sample no. Semi-Auto a CDC data b CDC mean Bias (%)c 

1 53.54 +__ 0.59 50.3 and 50.7 50.50 6.02 
2 35.13 _+ 0.18 35.9 and 35.9 35.90 -2.14 
3 62.83 _+ 0.18 60.8 and 60.5 60.65 3.59 
4 62.89 _+ 0.38 61.9 and 61.8 61.85 1.68 
5 91.33 _+ 0.28 87.2 and 87.4 87.30 4.62 
6 52.01 _+ 0.18 50.0 and 49.9 49.95 4.12 
7 69.07 _+ 0.18 64.1 and 64.3 64.20 7.59 
8 42.59 _+ 0.74 41.6 and 41.9 41.75 2.01 
9 51.21 _+ 0.46 50.3 and 51.1 50.70 1.01 

10 59.90 _+ 0.32 60.0 and 59.6 59.80 0.17 
Serum control 41.28 +_ 0.27 41.70 d -1.06 
aMeans -+ SD obtained from readings of three wells. Semi-Auto, semi-automated. 
bWhe Centers for Disease Control (CDC) cholesterol values were obtained using the 
Abell-Kendall reference method (16). 
Cpercent bias (%) of the semi-automated values from the CDC mean. 
dWhe CDC quality control pool was diluted fourfold. 

d e t e r m i n e  t h e  d i s t r i bu t ion  of cholesterol  among  l ipopro- 
t e in  c lasses  (12). A 3-mL volume was  u sed  for prec ip i ta -  
t ion  in  t hese  s tud ies  (12). U s i n g  mic ro t i t e r  p la tes ,  we were  
ab le  to reduce  th i s  vo lume to 100 pL. A l though  s a m p l e  vol- 
u m e  is u s u a l l y  not  a concern  w h e n  dea l ing  wi th  h u m a n  
p l a s m a s ,  such  protocols  a re  i nd i spensab l e  when  charac-  
t e r i z ing  the  p l a s m a  l ip ids  of  a sma l l  m a m m a l .  Increas -  
ingly, m ic ro t i t e r  p l a t e s  a r e  be ing  used  to d e t e r m i n e  
p l a s m a  l ip id  concen t ra t ions  because  of  t he  sav ings  in  t ime  
a n d  r eagen t s .  Al l  of t he  96 wel l s  can  be r ead  in  5 s, a n d  the  
d a t a  can  be s to red  in  a pe r sona l  c o m p u t e r  a n d  processed.  
The  r e a g e n t  vo lume is r educed  a lmos t  two- to fourfold. 
F u r t h e r  sav ings  can  be a t t a i n e d  by  p r e p a r i n g  the  enzy- 
ma t i c  r e a g e n t s  i n s t e a d  of  u s ing  commerc ia l  ki ts .  

Incomple te  prec ip i ta t ion  is a p rob lem common to precip-  
i t a t i ng  procedures  when  ana lyz ing  hyper t r ig lyce r idemic  
samples .  In  our  laboratory,  such s amp le s  a r e  ident i f ied  by  
f i rs t  m e a s u r i n g  p l a s m a  t r iacylglycerol  concentra t ions .  I f  
t he  concent ra t ion  is g r ea t e r  t h a n  400 mg/dL,  p rec ip i ta t ion  
only is  done on the  u l t r acen t r i fuga l ly  i so la ted  1.006 g /mL 
bo t tom fraction. I f  the  p l a s m a  is observed to be t u r b i d  or  i f  
t h e  t r iacylglycerol  concent ra t ion  is be tween  150 and  400 
mg/dL,  the  p l a s m a  is d i lu ted  twofold before precipi ta t ion.  
In  l ieu of t he se  s teps,  careful  inspect ion  of the  96 well  
p la tes  following the i r  cen t r i fuga t ion  h a s  enab led  us  to 
ident i fy  any  con t amina t ed  supe rna t an t s .  

In  conclusion,  we descr ibe  here  how 100 pL  of p l a s m a  or 
s e r u m  can  be used  for a r a p i d  and  prec ise  d e t e r m i n a t i o n  
of  a - l ipopro te in  cholesterol  u s ing  h e p a r i n / M n  2+ as  t he  pre-  
c ip i tan t .  Wi th  t he  B iomek  1000, t he  in i t i a l  l oad ing  of  
s e r u m  in al l  96 wel ls  can  be done in  less  t h a n  e igh t  min-  
u tes .  The  combina t ion  of  the  work  s ta t ion  wi th  t he  r a p i d  
r e a d i n g  capab i l i t y  of  the  p la te  r e a d e r  provides  the  ab i l i ty  
to d e t e r m i n e  over  380 a - l ipopro te in  cholesterol  va lues  in  
a p p r o x i m a t e l y  four hours .  Based  on the  va lues  r epo r t ed  
here ,  i t  is  poss ible  wi th  th i s  sy s t em to ob ta in  d a t a  wi th  a 
prec is ion a n d  accuracy  su i t ab le  for CDC s t anda rd i za t i on .  
Final ly ,  p r e p a r i n g  the  enzymat i c  r e a g e n t  w i th  P I P E S  
buffer  does no t  give r i se  to any  of  t he  p rob lems  (13,14) en- 
coun te red  when  p h o s p h a t e  buffered r eagen t s  a re  used  to 

2+ ana lyze  h e p a r i n / M n  s u p e r n a t a n t s .  
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Trp89 in the Lid of Humicola lanuginosa Lipase Is Important 
for Efficient Hydrolysis of Tributyrin 
Mats Holmquist a, Mats Martinelle a, Ib Groth Clausen b, Shamkant Patkar b, Allan Svendsen b and Karl Hult a,* 
aDepartment of Biochemistry and Biotechnology, Royal Institute of Technology, S-100 44 Stockholm, Sweden, and bNovo-Nordisk A/S, 
2880 Bagsvaerd, Denmark 

To d e t e r m i n e  w h e t h e r  Trp89 l o c a ted  in  the  l id  o f  th e  li- 
pase  (EC 3.1.1.3) from Humicola lanuginosa is  important  
for the  ca ta ly t i c  p r o p e r t y  o f  the  e n z y m e ,  s i t e -d i rec ted  
m u t a g e n e s i s  at  Trp89 wa s  carr ied  out.  The  k i ne t i c  prop- 
er t i e s  o f  w i l d  type  and  m u t a t e d  e n z y m e s  w e r e  s t u d i e d  
w i t h  t r i b u t y r i n  as  substrate .  L ipase  v a r i a n t s  in  w h i c h  
Trp89 w a s  c h a n g e d  to Phe ,  Leu,  Gly or Glu al l  s h o w e d  
less  t h a n  14% of  the  act iv i ty  compared  to that  of  the  w i ld  
type  l ipase .  The  Trp89Glu m u t a n t  w a s  the  l eas t  a c t i v e  
w i t h  o n l y  1% of  the  a c t i v i t y  s e e n  w i t h  the  w i l d  type  en-  
z y m e .  Al l  Trp m u t a n t s  h a d  the  s a m e  b i n d i n g  a f f in i ty  to  
the  tr ibutyr in  substrate  interface  as  did the  wi ld  type  en- 
zym e .  Wild t y p e  l i p a s e  s h o w e d  s a t u r a t i o n  k i n e t i c s  
a g a i n s t  t r i b u t y r i n  w h e n  a c t i v i t i e s  w e r e  m e a s u r e d  w i t h  
m i x e d  e m u l s i o n s  c o n t a i n i n g  d i f f erent  p r o p o r t i o n s  o f  
t r ibutyr in  and  the  n o n i o n i c  a lky l  p o l y o x y e t h y l e n e  e ther  
sur fac tant ,  Tr i ton DF-16. Wild type  e n z y m e  s h o w e d  a 
V m a  x -- 6000 _~ 300 m m o l  m i n  - l -  g-1 a nd  an apparent  K m = 
16 -+ 2% (vol/vol) for t r ibutyr in  in  Triton DF-16, w h i l e  th e  
m u t a n t s  d id  not  s h o w  sa turat ion  k ine t i c s  in  an  ident i ca l  
assay.  The  a p p a r e n t  K m for  t r i b u t y r i n  in  Tri ton DF-16 
was  increased  as  the  resu l t  o f  rep lac ing  Trp89 w i t h  o ther  
r e s i d u e s  (Phe,  Leu,  Gly or Glu).  The  a c t i v i t i e s  o f  al l  mu-  
t an t s  w e r e  m o r e  s e n s i t i v e  to  the  p r e s e n c e  o f  Triton DF- 
16 in  the  t r ibutyr in  substrate  t h a n  wa s  w i l d  type  l ipase .  
T he  a c t i v i t y  o f  the  Trp89Glu m u t a n t  w a s  d e c r e a s e d  to  
50% in  the  p r e s e n c e  o f  2 vol% Triton DF-16 c o m p a r e d  to 
the  ac t iv i ty  s een  w i t h  pure  t r ibutyr in  as  substrate .  Wild 
type  l i p a s e  and  al l  m u t a n t s  e x c e p t  Trp89Glu had  th e  
s a m e  a f f in i ty  for the  s ubs tr a te  i n t e r fa ce  f o r m e d  by  15.6 
vol% t r i b u t y r i n  in  Tri ton DF-16. The  Trp89Glu m u t a n t  
s h o w e d  a lower  aff ini ty  t h a n  all  the  o ther  l ipase  var iants  
for t he  in ter face  o f  15.6 vol% t r i b u t y r i n  in  Triton DF-16. 
The  s tudy  s h o w e d  that  Trp89 l o c a ted  in  the  l id  o f  H. 
lanuginosa l ipase  is  i mpo r ta nt  for the  e f f i c i ent  hydroly-  
s is  o f  t r ibutyr in  and  that  th i s  r e s i due  p l a y s  a role  in  the  
ca ta ly t i c  s t eps  af ter  a d s o r p t i o n  of  the  l i p a s e  to  t h e  sub- 
strate  interface.  
Lipids 29, 599-603 (1994). 

Triglyceride lipases (EC 3.1.1.3) are enzymes that  catalyze 
the hydrolytic digestion of neutra l  lipids. Triglyceride li- 
pases are activated at the lipid/water interface formed by 
thei r  water-insoluble substra tes  (1-3). The activation 
process was early suggested to be associated with a con- 
formational change of the enzyme (2,4). The three-dimen- 

*To whom correspondence should be addressed at Department of 
Biochemistry and Biotechnology, Royal Institute of Technology, 
Teknikringen 34, S-100 44 Stockholm, Sweden. 
Abbreviations: DEAE, diethyl aminoethyl; MOPS, 3-(N-mor- 
pholino)propanesulfonic acid; OD280, optical density measured at 
280 nm; PCR, polymerase chain reaction; SDS-PAGE, sodium do- 
decylsulfate polyacrylamide gel electrophoresis; TRIS-acetate, 
tris(hydroxymethyl)aminomethane acetate. 

sional s t ructures  of the lipases from Rhizomucor miehei 
(5,6), human pancreas (7) and Geotrichum candidum (8,9) 
all show an active site tha t  is covered by one or more sur- 
face loops. The three-dimensional structures ofR. miehei 
lipase-inhibitor complexes (10,11) have served as a model 
for the interfacial activation of tha t  lipase. The a-helical 
lid (surface loop), which covers the active site of the free 
lipase, was displaced in the lipase-inhibitor complexes, 
providing access for the substrate to the active site of the 
enzyme. The activation of human  pancreatic lipase (12), 
G. candidum (8,9) and Candida rugosa (13) lipases in- 
volves s t ructural  rear rangements  of more than  one sur- 
face loop. The amphiphilicity of the lid covering the active 
center of human  lipoprotein lipase has been shown to be 
important  for substrate specificity (14). A specific single- 
site modification of the lids of R. miehei and Humicola 
lanuginosa lipases has been shown to al ter  the activity 
and the specificity of the enzymes (15,16). 

The two homologous lipases from the filamentous fungi 
R. miehei and H. lanuginosa have similar active sites (16), 
and the amino acid sequences of the lids covering the ac- 
tive site show high homology (17). The present investiga- 
tion is focused on the conserved Trp residue in the lid of 
the two lipases (17). Chemical modification of Trp residues 
in the lipases from H. lanuginosa (18) and Rhizopus dele- 
mar (19) has shown that  some Trp residues are important  
for enzyme activity, but  the exact modification sites were 
not determined. Analyses of the three-dimensional struc- 
tures of the R. miehei lipase (5,6) and lipase-inhibitor com- 
plexes (10,11) have shown that  in the closed conformer the 
Trp residue located in the lid blocks the position at  the ac- 
tive site where the inhibitor is bound in the open-lid struc- 
ture. In the open-lid structure, the Trp residue covers part  
of the entrance to the active site and the Trp residue takes 
part  in the formation of a large exposed hydrophobic sur- 
face upon activation (10,11). 

In the present paper we demonstrate the importance of 
Trp89 in the lid ofH.  lanuginosa lipase to obtain a fully 
active enzyme for the hydrolysis of t r ibutyrin.  This was 
shown by site-directed mutagenesis  and by following en- 
zyme kinetics. The possible functional role of Trp89 in the 
lid is discussed. 

MATERIALS AND METHODS 

Chemicals. Tributyrin,  Triton DF-16 (nonionic ethoxyl- 
ate polyoxyethylene e ther  of l inear  pr imary  alcohols), 
3-(N-morpholino)propanesulfonic acid (MOPS), tris(hy- 
droxymethyl)aminomethane (TRIS)-acetate and gum ara- 
bic were purchased from Sigma (St. Louis, MO). Calcium 
chloride and ammonium acetate  were obtained from 
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Merck (Darmstadt ,  Germany).  All chemicals used were of 
analytical grade. 

Cloning and expression of the H. lanuginosa lipase. The 
gene from H. lanuginosa encoding the triglyceride lipase 
was cloned, sequenced and expressed as described by Boel 
and Huge-Jensen  (20), and  the l ipase produced was iso- 
lated from the culture medium. 

Site-directed mutagenesis. The method used for the mu- 
ta t ion of Trp89 in the lipase gene has  been described by 
Nelson and Long (21). A polymerase chain reaction (PCR) 
f ragment  containing the desired muta t ion  was generated 
by using a chemically synthesized DNA-st rand as one of 
the pr imers  in the PCR reactions. From the PCR gener- 
ated f ragment ,  a DNA f ragmen t  carrying the muta t ion  
was isolated after  cleavage with restriction enzymes and 
then  inser ted  into the expression plasmid. The correct 
mutat ion was verified by DNA sequencing. 

Lipase purification. About 200 mL of superna tan t  from 
the culture medium was centrifuged, and the precipitate 
was discarded by decantation. Ice-cold ethanol was slowly 
added to the superna tant  which was cooled in an ice bath. 
The solution was centrifuged, and the precipitate was dis- 
carded. The pH of the superna tan t  was adjusted to 7 with 
NaOH,  and  the ionic s t rength  was adjusted by dilution 
with water  to be lower than  tha t  of 50 mM TRIS-aceta te  
buffer, pH 7. 

Ion exchange step I: The supe rna t an t  containing 70% 
ethanol  was applied onto a 200 m L  die thylaminoethyl  
(DEAE) Fas t  Flow Sepharose  column (Pharmacia ,  Upp- 
sala, Sweden) equi l ibrated with  50 mM TRIS-ace ta te  
buffer, pH 7. The column was washed  at  a flow ra te  of 
5 mL/min  unti l  the optical densi ty  measu red  a t  280 nm 
(OD2s 0) of the eluate was less t han  0.05. The bound pro- 
rein was subsequently eluted with a l inear NaC1 gradient  
(five column volumes) up to 0.5 M NaCl in 50 mM TRIS- 
acetate  buffer, pH 7. Lipase  act ivi ty was eluted between 
0.1 and 0.15 M NaC1. 

Hydrophobic interact ion ch romatography  step: The 
fractions containing lipase activity were pooled, and am- 
monium aceta te  was added to a final concentrat ion of 
0.8 M. The solution was applied on a 100-mL Toyopearl TM 

Butyl-650C column (TosoHaas, Montgomeryvil le ,  PA). 
The column was equil ibrated with 0.8 M a m m o n i u m  ac- 
e ta te  a t  a flow ra te  of 5 mL/min  and was washed  until  
OD280 was below 0.05. The bound activity was eluted with 
distilled water.  The fractions with lipase act ivi ty were 
pooled, and the conductivity of the solution was adjusted 
by dilution with water  to be less than  tha t  of 50 mM TRIS- 
acetate buffer, pH 7. 

Ion exchange step II: The l ipase solution was applied 
onto a 30-mL Q-Sepharose High Per formance  column 
(Pharmacia)  equi l ibrated with  50 mM TRIS-ace ta te  
buffer, pH 7. The bound activity was eluted with a l inear  
salt  gradient  up to 1 M NaC1 at  a flow rate of 1 mL/min. 

No con taminan ts  could be detected in the purified li- 
pase after  sodium dodecylsulfate polyacrylamide gel elec- 
trophoresis (SDS-PAGE) and Commassie Blue staining. 

Protein quantitation. Protein  concentrat ions were  de- 
te rmined  spectrophotometr ical ly  a t  280 nm (wild type 
H. lanuginosa lipase, e = 4.3 • 104 M-lcm-;  Trp mutan t s ,  

= 3.6 • 10 4 M-lcm-1). 

Enzyme activity assay. Tributyrin (0.5 mmol) was added 
to a water  solution (5 mL) of gum arabic [5% (wt/vol)] and 
calcium chloride (0.2 M), pH 7.5. The mixture was emulsi- 
fied by sonication for one minute .  The enzyme was dis- 
solved in 10 mM MOPS buffer, pH 7.5. The reaction was 
s tar ted  by the addition of enzyme solution to the stirred, 
thermostat ted (25~ substrate  solution (1.5 mL). The pH 
was main ta ined  automat ica l ly  wi th  sodium hydroxide 
(10-100 mM), using a Radiometer  pH-s ta t  equipped with 
an ABU91 au tobure t te  (1 mL) connected to a VIT90 
videotitrator. The reactions were run  for 5 rain under  ni- 
trogen. In experiments  with Triton DF-16, t r ibutyrin and 
Triton DF-16 were mixed before being added to the water  
solution and then  sonicated. The total  volume of tr ibu- 
tyr in plus Triton DF-16 was kept  constant  a t  32 mL/L of 
water  (for 100% tributyrin equal to 0.1 M). 

RESULTS 

Hydrolysis of emulsified tributyrin. The enzyme var iants  
in which Trp89 had been changed to Phe, Leu, Gly or Glu, 
all showed less than  14% of the activity obtained with the 
wild type enzyme in a s t andard  t r ibutyr in  assay, pH 7.5 
(Table 1). The same activit ies were obtained with 0.1 or 
0.2 M tributyrin. The Trp89Glu muta ted  enzyme was the 
least active, expressing only 1% of the activity of wild type 
enzyme. A different activity-pH dependence was seen for 
the Trp89Glu m u t a n t  compared to those of the Trp89Gly 
mu tan t  and the wild type enzyme (Fig. 1). 

The appa ren t  interfacial  g m i  values (3,22) of the wild 
type and the Trp89 mutan t s  of ' the lipase were the same, 
Kin, i = 12 m2/L (0.017 M) for the interface obtained with 
pure  t r ibu tyr in  as a subs t ra te  (Fig. 2). The t r ibu tyr in  
droplet  radius  in the emulsion was es t imated  by mi- 
croscopy to be r = 1.3 pm (distribution, r = 0.7-2 pm). 

Hydrolysis of mixed emulsions of tributyrin and Triton 
DF-16. Wild type lipase showed saturat ion kinetics when 
the tr ibutyrin concentraton was increased from 0 to 100% 
in Triton DF-16. The total  volume of t r ibutyr in  plus Tri- 
ton DF-16 was kept  constant  a t  32 mL/L of wa te r  (for 
100% t r ibu tyr in  this amounted  to 0.1 M, or in subs t ra te  
surface to 68 m2/L emulsion). Wild type enzyme showed a 
Vma x ---- 6000 _+ 300 mmol  �9 min  -1 . g-1 and an appa ren t  
K m = 16 _+ 2 vol% tributyrin in Triton DF-16. These results 
were obtained by fitting experimental  data  directly (non- 

TABLE 1 

Activity o f  Wild Type and Trp89 Mutants 
ofHumicola lanuginosa Lipase in a Standard 
Tributyrin Assay at pH 7.5 and 25~ 

Activity a 
Enzyme (mmol/min �9 g) 

Wild type 5400 • 200 
Trp89Phe 750 • 50 
Trp89Leu 415 • 15 
Trp89Gly 295 • 15 
Trp89Glu 63 • 5 

aStandard deviations are based on three separate measurements. 
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FIG. 1. Activity of wild type and  Trp89 mutan t s  of Humicola 
lanuginosa l ipase as a func t ion  of pH in  the hydrolysis  of 
0.1 M t r i b u t y r i n  at  25~ A re la t ive  act ivi ty  of 100% corre- 
sponds  to the highest  act ivi ty  ob ta ined  for each enzyme 
var ian t  in  the pH interval  5 to 8. 
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FIG. 3. Activit ies of wild type and  Trp89 m u t a n t s  of Humi- 
cola lanuginosa iipase in  mixed emulsions of t r ibu ty r in  and  
Tr i ton  DF-16. The volume of t r i b u t y r i n  plus  Tr i ton  DF-16 
was kept  cons tant  at 32 mLfL water  in  all experiments.  T h e  
volume f rac t ion 100% corresponds  to 0.1 M t r ibu ty r in ,  and  
100% activity was defined as tha t  obtained with 0.1 M tribu- 
tyr in  as a substrate.  Activities were measured at  pH 7.5 and  
25~ 

l inear regression) to a Michael i s -Menten type curve 
(Fig. 3). The e n z y m e s  in which Trp89 had been mutated  
to Phe, Leu, Gly or Glu did not  show saturat ion kinetics  
under the same experimental  conditions and did not fit a 
Michaelis-Menten type curve. Instead, more complex non- 
linear relationships between the activity and the volume 
fraction of tributyrin in Triton DF-16 were seen (Fig. 3). 
The activities of  all mutants  tested were more sensitive to 
the presence of Triton DF-16 in the tributyrin substrate  
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FIG. 2. Activit ies of wild type and  Trp89 m u t a n t s  of Humi- 
cola lanuginosa l ipase as a func t ion  of the  emuls ion  con- 
c e n t r a t i o n  (subs t ra te  surface).  Exper imen t s  were per- 
formed by d i lu t ion  of a stock emuls ion  of t r i b u t y r i n  (0.1 M 
t r i b u t y r i n  or in  subs t ra te  surface,  68 m2/L emulsion) .  The 
100% activity corresponds to the activity obta ined with the 
stock emuls ion.  Activi t ies  were measu red  at  pH 7.5 a nd  
25~ 

than was the wild type enzyme. The activity of the 
Trp89Glu mutated lipase plateaued at a concentration of 
10% tributyrin in Triton DF-16 (Fig. 3). When the tribu- 
tyrin concentration was further increased (90-100%), the 
activity increased to 100%. Only 2 vol% Triton DF-16 was 
needed to reduce the activity to 50% compared to the ac- 
tivity obtained with pure tributyrin. 

Wild type enzyme and all Trp mutants except Trp89Glu 
had the same apparent interfacial Kmi value (3,22), 
namely 2 m2/L for the interface formed ~y 15.6% tribu- 
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FIG. 4. Activit ies of wild type and  Trp89 mu t a n t s  of Humi- 
cola lanuginosa l i p a s e  as  a f u n c t i o n  o f  t h e  e m u l s i o n  c o n -  
c e n t r a t i o n  ( s u b s t r a t e  s u r f a c e ) .  E x p e r i m e n t s  w e r e  per -  
f o r m e d  b y  d i l u t i o n  o f  a s t o c k  e m u l s i o n  o f  15.6% t r i b u t y r i n  
i n  T r i t o n  DF-16  ( t h e  t o t a l  v o l u m e  o f  t r i b u t y r i n  p l u s  T r i t o n  
D F - 1 6  w a s  32 mL/L w a t e r  or  i n  s u b s t r a t e  s u r f a c e ,  35  m2/L 
e m u l s i o n ) .  T h e  100% a c t i v i t y  c o r r e s p o n d s  to  t h e  a c t i v i t y  ob- 
t a i n e d  w i t h  t h e  s t o c k  e m u l s i o n .  A c t i v i t i e s  w e r e  m e a s u r e d  
a t  p H  7.5 a n d  25~ 
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tyrin in Triton DF-16 (Fig. 4). The Trp89Glu mutant had 
a lower affinity for the substrate than did the wild type 
enzyme. The apparent interfacial Kmi of the Trp89Glu 
mutant  was about 7 m2/L (Fig. 3). T~e droplet size ob- 
tained with the mixed emulsion of 15.6% tributyrin in Tri- 
ton DF-16, r = 2.5 pm (distribution, 0.7-7 pm), was 
greater than the one obtained with pure tributyrin. 

DISCUSSION 

The ability of the lipase to hydrolyze emulsified tributyrin, 
either pure or mixed with Triton DF-16, was considerably 
decreased when Trp89 was changed to other residues 
(Table 1, Fig. 3). The activities of the lipase mutants were 
determined with an excess of substrate surface. The dif- 
ferences between the lipases should therefore originate 
from the catalytic steps occurring at the substrate inter- 
face (Fig. 5). The mutants where Trp89 had been changed 
to the smaller hydrophobic amino acids, Phe, Leu or Gly, 
showed 5-14% of the activity seen with wild type enzyme. 
Consequently the size and/or hydrophobicity of the 
residue at position 89 is important for high enzyme activ- 
ity. In the Trp89Glu mutant, in which an ionizable side 
chain had been introduced, only 1% of the activity re- 
mained. The negatively charged residue in the lid might 
be unfavorable for efficient catalysis. In fact, this was seen 
by the different activity-pH dependence for the Trp89Glu 
mutant  compared to those of the Trp89Gly mutant  and 
the wild type enzyme (Fig. 1). The negatively charged Glu 
residue could affect the electrostatic stabilization of the 
position of the lid (15,16) resulting in an open conforma- 
tion of the enzyme which is not optimal for catalysis. In 
addition, the charged Glu residue in the lid is close to the 
ionized fatty acid generated by the hydrolysis of the acyl- 
enzyme intermediate. Perhaps Glu89 prevents efficient 
interfacial penetration of the enzyme into the lipid phase. 

Lipase bound to the substrate interface might have dif- 
ferent conformations with different specific activities. 
Once the lipase has adopted its open active conforma- 
tion(s), the efficiency of the catalysis depends on the abil- 
ity of the enzyme to extract substrate from the lipid phase 
into the active site (K m) and to subsequently convert sub- 

/ 
E 

1l / / 

E a ~ E a" + S ~ Ea*S ~ Ea'-Ac ~ Ea* + P2 / 

/ P1 

Lipid Phase 

FIG. 5. Schemat ic  mode l  of  l ipolys is .  E, e n z y m e  in bulk  
water;  Ea, e n z y m e  adsorbed at the  l ipid interface;  Ea* , ac- 
t ive e n z y m e  adsorbed at the l ipid interface; S, tr iglyceride 
substrate; Ea*S , Michaelis-Menten complex; Ea*-Ac , acyl-en- 
zyme; P1, diacylglycerol;  P2, fatty acid. 

strate to product (Vma x) (Fig. 5). With a standard tribu- 
tyrin assay, these different steps, occurring at the sub- 
strate interface, cannot be separately investigated since 
the concentration of tributyrin at the interface cannot be 
varied. To gather further insights into the mechanism be- 
hind the considerably decreased activities seen as the re- 
sult of changing Trp89 in the lid into other residues, a 
complementary activity assay was used in which the ac- 
cessibility of tributyrin at the interface was altered by the 
presence of the Triton DF-16 surfactant. The results ob- 
tained show that  the activities of the mutants are more 
sensitive to the dilution of tributyrin with Triton DF-16 
than that of the wild type enzyme. Since the experiments 
were performed with an excess of emulsion surface, the 
activities reflected the steps in catalysis at the substrate 
interface (Fig. 5). Lipase activity has been shown to de- 
pend on the interfacial quality and/or the interfacial pres- 
sure of the substrate (23). The mixed emulsions of tribu- 
tyrin and Triton DF-16 represent a complex system in 
which the quality of the interface and the interfacial pres- 
sure might depend on the molar ratio of the two compo- 
nents tributyrin and Triton DF-16. Nevertheless, the 
qualitative results obtained in the tributyrin/Triten DF-16 
assay clearly illustrate the importance of Trp89 in the lid 
to obtain a functional enzyme for triglyceride digestion in 
the presence of Triten DF-16. The ability ofa lipase to ef- 
ficiently degrade lipid substrates in the presence of deter- 
gents is a desirable property of an enzyme to be used in, 
for instance, washing powder. 

It is not clear if the steps leading to acylation or deacy- 
lation of the enzyme are rate-determining in the hydroly- 
sis oftributyrin. Data obtained with wild type enzyme and 
other substrates have indicated that the acylation process 
is rate-determining with triglycerides as substrates (Mar- 
tinelle, M., Holmquist, M., Clausen, I.G., Patkar, S., 
Svendsen, A., and Hult, K,  manuscript in preparation). It 
therefore seems as if the Trp89 residue plays a role dur- 
ing the formation of the acyl-enzyme intermediate (Fig. 5). 
The ability of the lipase to efficiently form the acyl-enzyme 
intermediate at the interface is dependent on a number of 
separate steps: i) the active open-lid conformation must 
be formed, ii) the lipase has to penetrate the lipid inter- 
face and iii) the active site has to be saturated with sub- 
strate. From the data obtained in this investigation, we 
cannot determine which of these steps were affected by 
the mutation of Trp89 into other residues. 

The lipases from Rhizopus species (Rh. delemar, 
Rh. niveus, Rh. javanicus) have molecular structures sim- 
ilar to that  of the lipase from R. miehei (24). The Trp 
residue in the lid ofR. miehei lipase corresponds to an Ala 
in the lipases from the Rhizopus species. It has been sug- 
gested that  the Trp residue is unimportant for the func- 
tion of the lid (22). Since other amino acid residues in the 
lid of the Rhizopus species lipases and R. miehei lipase are 
different, the importance of a particular residue in differ- 
ent lipase lids is difficult to estimate. Therefore, our find- 
ing that Trp89 in the H. lanuginosa lipase lid is important 
for activity should not be generalized to other lipases. The 
continued work toward a detailed understanding of lipase 
catalysis will assist in the efforts of engineering lipases 
with desirable properties. 
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The  p u r p o s e  o f  th i s  s t u d y  w a s  (i) to  d e t e r m i n e  w h e t h e r  
d i e t a r y  f a t - i n d u c e d  d i f f e r e n c e s  in n e u r a l  and  re t ina l  
m e m b r a n e s  o c c u r  w h e n  d i e t a r y  fat  t r e a t m e n t  is  impleo 
m e n t e d  in aged  Animals and (ii) to  charac ter i ze  the  ef fect  
of  long- term di f ferences  in d ie tary  fat on neura l  and reti- 
nal  m e m b r a n e  compos i t i on .  For  the  f irst  object ive ,  y o u n g  
(s ix-week-old)  and old (95-week-old)  m i c e  w e r e  r a n d o m l y  
a s s i g n e d  to  b e e f  t a l l o w  (TAL) or  s o y b e a n  oi l  (SBO) d ie t s  
for e i g h t  w e e k s .  For  the  s e c o n d  objec t ive ,  y o u n g  (four- 
week-o ld )  m i c e  c o n s u m e d  e i ther  TAL or  SBO die t s  for 99 
w e e k s .  Young and old m i c e  c h a l l e n g e d  w i t h  a c h a n g e  in 
d i e t a r y  fat  for  an e i g h t - w e e k  p e r i o d  s h o w e d  bo th  d ie t  
and age  e f fects  on neura l  and re t ina l  p h o s p h o l i p i d  fatty  
ac id  c o m p o s i t i o n  (P < 0.05). In  addi t ion ,  s ign i f i cant  d ie t  
by  age  in terac t ions  w e r e  ev ident .  In  m i c e  that  c o n s u m e d  
TAL and  SBO d ie t s  t h r o u g h o u t  the i r  l ife,  on ly  re t ina l  
p h o s p h a t i d y l e t h a n o l a m i n e  (PE) 18~n-6  and neura l  phos-  
p h a t i d y l s e r i n e  22:5n-6, PE 18:2n-6 and  p h o s p h a t i d y l -  
cho l ine  18:2n-6 di f fered b e t w e e n  d ie tary  t r e a t m e n t s  (P < 
0.05). Ne i th er  the  unsa tura t ion  index  nor  the  n-6/n-3 rat io  
w a s  a f f ec ted  by  diet .  N e u r a l  and  re t ina l  p h o s p h o l i p i d  
fat ty  ac id  c o m p o s i t i o n  w e r e  r e s p o n s i v e  to c h a n g e s  in di- 
e tary  fat e v e n  w h e n  the  t r e a t m e n t  w a s  i m p l e m e n t e d  be- 
yond  d e v e l o p m e n t a l  or  pos t -wean l ing  stages .  In contrast ,  
w h e n  m i c e  c o n s u m e d  TAL or  SBO diets  throughout  the ir  
life,  f e w e r  d i f f erences  in  p h o s p h o l i p i d  fatty  ac id  compo-  
s i t ion  w e r e  detec ted ,  s u g g e s t i n g  that  the  ef fect  o f  the  di- 
e tary  t r e a t m e n t  w a s  mi t iga ted  by aging.  
Lipids 29, 605-610 (1994). 

Although the lipid composition of brain is less responsive 
to changes in dietary fat than that  of peripheral tissues 
(1), dietary fat can affect neural membrane fatty acid com- 
position, particularly during development when cell dif- 
ferentiation and rapid accretion of neural lipids occur (2). 
In addition, dietary fat affects the composition of brain 
lipids in post-weanling animals (3-5) because of turnover 
of phospholipid fatty acids, synaptogenesis and arboriza- 
tion. Notably, this effect is manifested over a relatively 
short period of time (four weeks) and occurs with diets 
that  are nutritionally complete (i.e., not essential fatty 
acid-deficient) (4,5). 

Like the brain, retinal tissue has a high concentration 
of long-chain polyenoic n-3 fatty acids that can be altered 
by dietary manipulation. Imposition of an n-3 fatty acid 
deficiency in a developmental model has demonstrated 
the sensitivity of retinal phospholipid fatty acid composi- 

tCurrent address: Nutrition Program, School of Health Related 
Professions, State University of New York at Buffalo, Buffalo, NY 
14214. 
*To whom correspondence should be addressed. 
Abbreviations: MUFA, monounsaturated fatty acids; PC, phos- 
phatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidyli- 
nositol; PS, phosphatidylserine; PUFA, polyunsaturated fatty acids; 
SBO, soybean oil; SFA, saturated fatty acids; TAL, beef tallow. 

tion to changes in the availability of dietary n-3 fatty acids 
(6,7). As with neural phospholipid composition, the com- 
position of retinal lipids in post-weanling animals re- 
sponds to differences in dietary fat composition that occur 
in normal diets (8). 

Phospholipid metabolism and fatty acid composition of 
neural and retinal tissues are also affected by aging 
(9-12). Differences in both the amount of phospholipid 
and phospholipid fatty acid composition occur as animals 
age. In general, the most notable effect is the diminution 
of long-chain polyenoic n-3 fatty acids, particularly 
22:6n-3 (11). 

Changes in the lipid composition of electrically active 
tissues may have important biological effects. Alterations 
in phospholipid fatty acid composition have been associ- 
ated with changes in the activities of membrane-bound 
enzymes (13,14), electroretinograms (6,7) and measures 
of cognitive performance (15,16). 

Current dietary guidelines advocate quantitative and 
qualitative changes in dietary fat by broad segments of 
the population. The impact of such changes in dietary fat 
on the composition of electrically active tissues in aged an- 
imals is unknown. The purpose of the present study was 
(i) to determine whether neural and retinal tissues of aged 
mice were sensitive to changes in dietary fat composition 
when they were initiated late in life and (ii) to determine 
if lifelong consumption of diets that  varied in their fatty 
acid composition resulted in differences in fatty acid com- 
position of phospholipids in the brain and retina of aged 
mice. 

MATERIALS AND METHODS 

Animals  and diets. Female C57BL/6 mice (Jackson River 
Laboratories, Bar Harbor, ME) were housed in plastic 
cages (4-5 animals/cage) under constant environmental 
conditions (room temperature 22-24~ 12-h lightJdark 
cycle). All animals were checked dally for health problems; 
unhealthy animals (skin lesions, tumors, etc.) were ex- 
cluded from the study. 

Tallow (TAL) and soybean oil (SBO) diets were nut r i -  
tionally adequate, purified granular mixtures containing 
40% carbohydrate, 24% protein, 5% nonnutritive fiber, 
2.5% vitamin mix and 5.1% mineral mix. A detailed de- 
scription of diet ingredients has been published previously 
(17). TAL and SBO diets were isoenergetic with 20% 
(wt/wt) dietary fat. The fatty acid composition of the diets 
is described in Table 1. 

Diets were designed to have adequate levels of vitamin 
E as an antioxidant (4400 I.U. a-tocopheryl acetate/kg 
diet). Levels of thiobarbituric acid reactive substances de- 
tected in diets after 48 h at room temperature were 2.1 
and 3.2 ~mol/kg diet for TAL and SBO, respectively (18). 
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TABLE 1 

Fatty Acid Composi t ion of  Experimental  Diets  a 

(% of total fatty acids) 
Fatty acid TAL SBO 

14:0 3.9 0.3 
16:0 27.8 10.8 
16:1n-7 2.4 0.1 
18:0 20.1 3.4 
18:1n-9 35.4 20.5 
18:2n-6 9.7 56.4 
18:3n-3 1.1 8.8 
aFat was extracted from premixed diets and fatty acid profiles de- 
termined by gas chromatography. TAL, beef tallow; SBO, soybean 
oil. 

and phosphatidylinositols (PI) were analyzed by gas-liq- 
uid chromatography using flame-ionization detection 
(Vista 402; Varian, Palo Alto, CA). Fat ty  acids were iden- 
tified by comparing their retention times with those of au- 
thentic s tandards (Nu-Chek-Prep, Elysian, MN). Results 
are expressed as percent of total fatty acids. 

Statistical analyses. Data were analyzed using the SAS 
6.03 (SAS Inst i tute,  Inc., Cary, NC) program. Factorial  
data were subjected to two-way analysis of variance with 
diet (TAL and SBO) and age (14 and 103 weeks) as main 
effects (26). Data comparing membrane fatty acid compo- 
sition in mice that  were exposed to different dietary treat- 
ments for 99 weeks were analyzed by Student's t-test (24). 
For all analyses the acceptable level of significance 
(Type 1 error) was 5%. 

Our previous work showed an increased mortal i ty  in 
mice fed 20% (wt/wt) fat diets ad libitum (Cinader, B., un- 
published data); therefore, mice consuming TAL and SBO 
diets had access to food only on a l te rna te  days. All ani- 
mals had ad libitum access to water. 

Experimental design. The effect of the composition of di- 
etary fat and age on membrane fatty acid composition was 
examined with a 2 x 2 factorial design. At either six weeks 
or 95 weeks of age, mice tha t  had consumed chow diets 
throughout  their  life were randomly assigned to 20% 
(wt/wt) TAL or SBO diets. Diets were fed for eight weeks. 

To determine if lifelong consumption of diets t ha t  dif- 
fered in their  fat ty acid composition resulted in differences 
in phospholipid fatty acid composition, four-week-old ani- 
mals were randomly assigned to 20% (wt/wt) TAL or SBO 
diets for 99 weeks. At the end of the experiments,  fasted 
mice were decapitated, and tissues were immediately re- 
moved and frozen on dry ice. Tissues were stored at -70~ 
until  analysis. Retinae were dissected from frozen tissue 
under a light microscope. 

Isolation of synaptosomal plasma membrane. Synapto- 
somal plasma membranes  were isolated according to the 
method of Whit taker and Barker  (19). Whole brains were 
homogenized in 0.32 M sucrose and centrifuged. The su- 
pernatant  was decanted and recentrifuged to obtain a pel- 
let  containing mitochondria,  synaptosomes and myelin. 
This pellet was applied to a discontinuous sucrose gradi- 
ent  and centrifuged at  100,000 x g for 60 min at  I~ 
Synaptosomes were removed quant i ta t ively from the 
0.8-1.2 M interface and were osmotically shocked by sus- 
pension in distilled water  for 1 h. The synaptosomal frac- 
tion was reapplied to a discontinuous sucrose gradient  
and recentrifuged as just  described. Following centrifuga- 
tion, plasma membranes  were collected quant i ta t ively 
from the 0.8-1.2 M sucrose interface. The puri ty  of the 
fraction was verified by measuring the enr ichment  of 5'- 
nucleotidase (EC 3.1.3.5)(20) and by the removal  of 
monoamine oxidase (EC 1.4.3.4) (21). 

Fatty acid analysis. Lipids were extracted from mem- 
brane preparat ions by the method of Folch et al. (22). 
Phospholipids were separated by thin-layer chromatogra- 
phy (23,24), and fa t ty  acid methyl  esters were prepared 
by methyla t ion with boron trifluoride in methanol  (25). 
Fat ty  acid methyl esters from phosphatidylethanolamines 
(PE), phosphatidylcholines (PC), phosphatidylserines (PS) 

RESULTS 

Effects of diet and age on synaptosomal phospholipid fatty 
acid composition. Both dietary fat composition and age af- 
fected synaptosomal plasma membrane  phospholipid 
fat ty  acid composition. Among PE fat ty  acids (Fig. 1), 
18:2n-6 was affected by diet alone, whereas  18:1 and 
22:5n-6 were affected only by age. Diet and age each had 

Percent of Total Fatty Acids 

~ T A L  14 works m SBO 14 weeks D,A,I PE �9 
6 60 TAL 103weeks ~ SBO 103weeks 
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n-6 n-3 n-6 n-6 n-3 

FIG. 1. Fatty  ac id  c o m p o s i t i o n  of  s y n a p t o s o m a l  p l a s m a  
m e m b r a n e  phosphol ipids .  The inset  label  indicates  the age 
at w h i c h  the Rnimals were  kil led.  Mice were  fed c h o w  diets  
for s ix  or 95 weeks ,  then  w e r e  r a n d o m l y  ass igned  to 20% 
(wt/wt)  b e e f  ta l low (TAL) or soybean  oil  (SBO) diets  for 
e ight  weeks .  Values are m e a n  • SE; n ffi 4-6/treatment; # in- 
d icates  that  the  fatty  ac id  was  not  detected.  Letters  indi-  
cate: D, s ignif icant  effect o f  diet; A, s ignif icant  effect of  age; 
I, s ign i f i cant  diet  x age in terac t ion  (P < 0.05). PE, phos-  
phat idy le thanolamine;  PC, phosphat idy lchol ine;  PS, phos- 
phat idy l ser ine;  PI, phosphat idy l inos i to l ;  SFA, saturated  
fatty  acids; MUFA, m o n o u n s a t u r a t e d  fatty acids; PUFA, 
polyunsaturated fatty acids. 
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i n d e p d e n t  effects  on 22:6n-3 a n d  m o n o u n s a t u r a t e d  f a t t y  
ac ids  (MUFA).  The re  was  a p r i m a r y  effect of d ie t  in  addi -  
t ion to a s igni f icant  i n t e rac t ion  t e r m  for 18:0, 20:4n-6 a n d  
s a t u r a t e d  f a t t y  ac ids  (SFA). M a i n  effects of  d ie t  a n d  age,  
as  wel l  as  a s igni f icant  i n t e rac t ion  t e rm,  were  observed  for 
p o l y u n s a t u r a t e d  fa t ty  ac ids  (PUFA). The  in t e rac t ion  of  di- 
e t a r y  fa t  a n d  age  w a s  a d e t e r m i n a n t  of  P E  18:3n-3. The  
u n s a t u r a t i o n  index  a n d  the  r a t i o  of  n-6/n-3 f a t t y  ac ids  in  
P E  were  also affected by  d ie t  and  age (Table 2). The re  was  
a m a i n  effect of  d ie t  and  age  for bo th  outcomes,  as  well  as  
a s igni f icant  i n t e rac t ion  t e r m  for the  u n s a t u r a t i o n  index.  

Age  w a s  a n  i n d e p e n d e n t  f ac to r  for  l eve ls  of  18:1, 
20:4n-6,  M U F A  a n d  P U F A  in  m e m b r a n e  p h o s p h o l i p i d s  
a m o n g  PC fa t t y  ac ids  (Fig. 1). Bo th  d ie t  a n d  age  were  in- 
d e p e n d e n t  factors  for 18:2n-6, 22:4n-6 a n d  22:6n-3. The re  
was  a s ign i f i can t  i n t e r a c t i o n  t e r m  for 16:0 a n d  18:0. Age  
h a d  a n  effect on the  u n s a t u r a t i o n  index  of  PC fa t ty  acids,  
w h e r e a s  d i e t  a n d  age  bo th  af fec ted  t h e  n-6/n-3 f a t t y  ac id  
r a t io  (Table 2). 

O n l y  t h e  P S  18:2n-6 a n d  n-6/n-3 f a t t y  ac id  r a t i o  we re  
affected by  d i e t a r y  t r e a t m e n t  (Fig. 1, Table  2). The re  was  
a n  i n d e p e n d e n t  effect  of  age  for  18:1, 18:2n-6, 22:6n-3,  
M U F A ,  P U F A ,  t h e  u n s a t u r a t i o n  i n d e x  a n d  t h e  n-6/n-3  
f a t t y  ac id  ra t io .  A s ign i f ican t  i n t e r a c t i o n  be tween  d i e t a r y  
t r e a t m e n t  a n d  age  was  obse rved  for 16:0, 22:6n-3, PUFA,  
the  u n s a t u r a t i o n  index  and  the  n-6/n-3 fa t ty  acid  ra t io .  

A m o n g  PI  f a t t y  acids,  t h e r e  was  a m a i n  effect of  d ie t  on 
16:0, 18:1, 18:3n-3, 20:4n-6,  SFA,  M U F A  a n d  t h e  n-6/n-3 
r a t i o  (Fig. 1, Table  2). Age  was  a n  i n d e p e n d e n t  fac tor  for 
16:0, 18:1, 20:4n-6,  M U F A  a n d  t h e  n-6/n-3 ra t io .  T h e r e  
w a s  a s ign i f i can t  i n t e r a c t i o n  t e r m  for 16:0, 18:0, 18:3n-3, 
20:4n-6,  22:4n-6,  P U F A ,  the  u n s a t u r a t i o n  i n d e x  a n d  t h e  
n-6/n-3 rat io .  

W h e n  t h e  d i e t a r y  t r e a t m e n t  was  i m p l e m e n t e d  in  four-  
week -o ld  mice  a n d  c o n t i n u e d  t i l l  senescence ,  d i e t a r y  fa t  

composi t ion  r e s u l t e d  in lesser  di f ferences  in  syna p to soma l  
f a t t y  ac id  c o m p o s i t i o n  t h a n  w h e n  t h e  d i e t a r y  t r e a t m e n t  
w a s  i m p l e m e n t e d  w i t h  95 -week-o ld  mice  for  t h e  f ina l  
e igh t  weeks  of  life (Fig. 2). Mice fed TAL die ts  t h r o u g h o u t  
t h e i r  life h a d  a lower  pe rcen tage  of 18:2n-6 in  PE,  PC a n d  
P I  t h a n  d id  mice  fed SBO die t s .  I n  a d d i t i o n ,  P S  22:5n-6  
w a s  a f fec ted  by  d i e t  ( d a t a  no t  shown).  D ie t  h a d  no effect  
on e i t he r  t he  u n s a t u r a t i o n  index  or  t he  n-6/n-3 ra t io  (da t a  
no t  shown).  

Effect of diet and age on retinal phospholipid fatty acid 
composition. A m o n g  r e t i n a l  P E  f a t t y  acids ,  t h e r e  w a s  a n  
i n d e p e n d e n t  effect  of  d i e t  on 18:2n-6,  20:4n-6,  22:6n-3,  
SFA a n d  P U F A  (Fig. 3). Age h a d  a n  i n d e p e n d e n t  effect on 
18:2n-6, 20:4n-6 a n d  the  n-6/n-3 f a t t y  acid  ra t io  (Table 2). 
T h e r e  w a s  a s i g n i f i c a n t  i n t e r a c t i o n  t e r m  for 20:4n-6.  
A n a l y s i s  of  PC f a t t y  acid composi t ion  showed a d ie t  effect 
only  for 18:2n-6. 

W h e n  the  f a t t y  ac id  compos i t ion  of  r e t i n a l  m e m b r a n e s  
f rom mice fed t h e i r  respec t ive  d ie ts  for 99 weeks  were  an-  
a lyzed,  only  P E  18:2n-6 differed be tw e e n  d i e t a r y  fa t  t r ea t -  
m e n t s  (0.24 _+ 0.04% vs. 0.88 _+ 0.05% of  t o t a l  f a t t y  acids ,  
TAL a n d  SBO, respec t ive ly ) .  N e i t h e r  t h e  u n s a t u r a t i o n  
index  nor  t h e  n-6/n-3 ra t io  was  af fec ted by  d ie t  ( d a t a  no t  
shown). 

DISCUSSION 

An extens ive  body of  l i t e r a t u r e  has  documen ted  the  effects 
of  a g i n g  on the  l ip id  composi t ion  of  t he  b r a i n  (see Ref. 27 
for a review) ,  a n d  r ecen t  s tud i e s  have  e x a m i n e d  poss ib le  
m e c h a n i s m s  by  which  ag ing  a l t e r s  phosphol ip id  f a t ty  acid  
composi t ion  in  b r a i n  (9,10,12) a n d  in  r e t i n a  (11). A l though  
s tud ies  on p e r i p h e r a l  t i s sues  have  e x a m i n e d  the  combined  
effect  of  d i e t a r y  fa t  a n d  a g i n g  on p h o s p h o l i p i d  f a t t y  ac id  
c o m p o s i t i o n  (28,29),  to ou r  k n o w l e d g e  t h e r e  a r e  no d a t a  

TABLE 2 

Unsaturat ion Index and Ratio o f  n-6/n-3 Fatty Acids in Synaptosomal  Plasma Membrane and Retinal  Phosphol ip ids  
from Young and Old Mice a 

Unsaturation index n-6/n-3 Ratio 

TAL SBO TAL SBO 

Synaptosomal phospholipids 
PE 14 weeks 309 • 6 bed 305 • 15 0.60 • 0.1 b'c 

103 weeks 305 • 2 218 _+ 37 0.66 • 0.02 
PC 14 weeks 119 • 6 c 107 • 3 0.89 • 0.12 br 

103 weeks 97 • 5 91 • 4 1.43 • 0.15 
PI 14 weeks 127 • 22 a 148 _+ 6 7.20 • 0.69 bed 

103 weeks 160 _+ 10 102 • 12 7.02 • 0.66 
PS 14 weeks 211 _+ 16 cd 226 • 5 0.26 • 0.03 bed 

103 weeks 208 • 12 155 • 24 0.33 -+ 0.03 
Retinal phospholipids 

PE 14 weeks 277 • 15 195 • 18 0.28 • 0.03 c 
103 weeks 256 • 25 243 • 12 0.48 • 0.03 

PC 14 weeks 93 • 13 108 • 8 0.78 • 0.16 
103 weeks 89 • 16 96 -+ 21 0.79 • 0.07 

0.64 • 0.02 
0.92 • 0.13 
1.27 • 0.04 
1.66 • 0.16 
6.37 • 0.90 
2.29 • 0.04 
0.27 _+ 0.02 
0.65 • 0.14 

0.47 • 0.07 
0.52 • 0.05 
0.61 • 0.04 
1.77 • 0.74 

aMice were fed chow diets during six and 95 weeks of age, then randomly assigned to 20% (wt/wt) TAL or SBO diets for eight weeks. The 
label shows the age at which animals were killed. The unsaturation index was calculated from percent fatty acid data determined by gas 
chromatography. Values are mean _+ SE, n = 4-6/treatment. Superscript letters indicate: b, significant effect of diet; c, significant effect of 
age; d, significant diet x age interaction (P < 0.05). Abbreviations as in Table 1; PE, phosphatidylethanolamine; PC, phosphatidylcholine; 
PI, phosphatidylinositol; PS, phosphatidylserine. 
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Percent of Total Fatty Acids Percent of Total Fatty Acids 
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1.0 20 Z FIG.  3. F a t t y  a c i d  c o m p o s i t i o n  o f  r e t i n a l  P E  a n d  PC frae -  
05 10 ~ t i ons .  T h e  i n s e t  l abe l  i n d i c a t e s  t h e  a g e  at  w h i c h  th e  a n i m a l s  

w e r e  k i l l e d .  M i c e  w e r e  f e d  c h o w  d i e t s  f o r  s i x  o r  95 w e e k s ,  
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FIG. 2. F a t t y  a c i d  c o m p o s i t i o n  o f  s y n a p t o s o m a l  p l a s m a  
m e m b r a n e  p h o s p h o l i p i d s .  M i c e  w e r e  r a n d o m l y  a s s i g n e d  to  
d i e t a r y  fa t  t r e a t m e n t  at  f o u r  w e e k s  a n d  c o n s u m e d  d i e t s  for  
99  w e e k s .  V a l u e s  a r e  m e a n  • SE; n = 6 - 8 / d i e t a r y  fa t  t r e a t -  
m e n t .  V a l u e s  n o t  s h a r i n g  a c o m m o n  s u p e r s c r i p t  l e t t e r  
a r e  s i g n i f i c a n t l y  d i f f e r e n t  (P  < 0.05).  A b b r e v i a t i o n s  as  i n  
F i g u r e  1. 

regarding the interaction of these factors on composition 
and function of electrically active tissues. Accordingly, the 
first objective of this research was to determine if diet-in- 
duced differences in neural  and retinal  fat ty acid compo- 
sition previously described in post-weanling animals also 
occur when the dietary t rea tment  is implemented late in 
life. Mice tha t  consumed chow diets for six or 95 weeks 
were subjected to a change in the amount  and type of di- 
e ta ry  fat during the final eight weeks of life. In addition 
to assessing the susceptibility of neural and retinal mem- 
branes in aged mice to changes in dietary fat, it was pos- 
sible to determine if  dietary fat and aging exerted inde- 
pendent  and/or interactive effects on fat ty  acid composi- 
tion of these tissues. 

Our second objective was to determine if  long-term con- 
sumption of diets with different fatty acid profiles resulted 
in differences in the composition of phospholipid fat ty  

t h e n  w e r e  r a n d o m l y  a s s i g n e d  to  20% ( w t / w t )  TAL o r  S B O  
d i e t s  f o r  e i g h t  w e e k s .  V a l u e s  a r e  m e a n  ffi SE; n = 4 - 6 / t r e a t -  
m e n t .  L e t t e r s  i n d i c a t e :  D, s i g n i f i c a n t  e f f e c t  o f  d ie t ;  A, s ig -  
n i f i c a n t  e f f e c t  o f  age ;  I, s i g n i f i c a n t  d i e t  x a g e  i n t e r a c t i o n  
(P < 0.05). A b b r e v i a t i o n s  as  in  F i g u r e  1. 

acids in the brain and re t ina  of aged mice. Tissue fat ty  
acid composition was examined in mice with a lifetime ex- 
posure (99 weeks) to different dietary fat regimens. 

For both objectives, fat  comprised 20% (wt/wt) of the 
diets, or approximately 40% of energy. This amount  of fat 
is comparable to estimates of dietary fat as a percentage 
of energy in North American human  populations (30,31). 
Because TAL and SBO were used as the source of dietary 
fat, the diets represent  extreme points on the continuum 
of dietary polyunsa tura ted /sa tura ted  fa t ty  acid ratios 
(0.21 and 4.4, TAL and SBO, respectively). 

The results of the first experiment suggest tha t  the re- 
sponse of electrically active tissues to a dietary fatty acid 
challenge is dependent  upon the age of the animal when 
the die tary  change is made. When the effect of a short- 
te rm change in dietary fat composition was examined in 
post-weanling (six-week-old) and old mice (95-week-old), 
differences due to age and dietary fat t reatments  were ap- 
parent  in synaptosomal plasma membrane  and ret inal  
phospholipid fatty acid composition (Figs. 1 and 3). In ad- 
dition to the main effects of diet and age, however, there  
was a dietary fat by age interaction for a number of tissue 
fatty acids, indicating that  young and old mice did not re- 
spond in the same way to identical dietary fat treatments.  
Consistent with our previous observations in post-wean- 
ling rats  (17), changes in the percentage of neural  fa t ty  
acids in response to dietary fat t rea tment  were most pro- 
nounced in PE and PC, whereas  PI was most resistant .  
Differences tended to exist among the 20- and 22-carbon 
fatty acids. 

In the second experiment, fewer differences in the per- 
cent fatty acid composition of synaptosomal plasma mem- 
brane and retinal phospholipids were evident despite life- 
t ime exposure to quali tat ive differences in dietary fat  
(Fig. 2). These data suggest tha t  there may be physiologic 
mechanisms that  override the impact of prolonged differ- 
ences in dietary fat, The critical exposure period is un- 
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known; however, data from Dyer and Greenwood (4) indi- 
cated that  cardiolipin stabilized after four weeks with no 
change for up to 12 weeks. In contrast,  differences in the 
ratio ofn-6/n-3 22-carbon fatty acids continued to increase 
up to 12 weeks (5). 

One factor which may have contributed to the results  
observed with lifetime exposure to dietary fat sources is 
tha t  mice were fed on al ternate days. Other studies have 
demonstra ted changes in membrane  fat ty  acid composi- 
tion in both peripheral (32,33) and neural tissues (34) with 
food restriction. In addition, differences in physicochemi- 
cal propert ies of cellular membranes  have been demon- 
strated between ad l ibi tum and restricted-fed rats; mem- 
brane viscosity of splenic lymphocytes and ~-adrenergic 
receptor density were greater  in rats with restricted food 
intake compared to rats fed ad l ib i tum (32). 

Our results  cannot  be directly compared with these 
studies because the manner  in which the restricted feed- 
ing paradigm was implemented differed. Our study used 
an every-other-day feeding regimen because our previous 
work had shown an increased mortal i ty in mice fed high 
fat diets on an ad l ibi tum basis (Cinader, B., unpublished 
data). Although Pieri (32) restricted animals by feeding on 
alternate days, the diets contained only 6% (wt/wt) dietary 
fat, whereas  the TAL and SBO diets used in this s tudy 
contained 20% (wt/wt) dietary fat. In contrast ,  Tacconi 
et al. (34) food restricted their  rats by diluting the energy 
density of diets with dietary fiber. The degree to which the 
differences in feeding regimens may account for differ- 
ences in the results is unknown. 

The effect of diet and age on the amounts  of phospho- 
lipid n-3 fat ty  acids in electrically active tissues is of in- 
terest  because of their  abundance in these tissues and be- 
cause they are desatura t ion and elongation products of 
18:3n-3, an essential  fa t ty  acid. Rotstein et al. (11) de- 
scribed levels of 22:6n-3 in retina from rats 2-3 and 26-27 
months  old. They reported a decline with age in PC and 
PS 22:6n-3, as well as very long-chain polyenoic fa t ty  
acids (11). Moreover, they noted tha t  there  was no com- 
pensation by shorter  chain PUFAs for this decrease, sug- 
gesting tha t  an overall diminution in membrane  fluidity 
occurred consequent to alterations in fat ty acid composi- 
tion. Neural data for young and old mice fed diets with dif- 
ferent fat ty acid composition during the final eight weeks 
of life revealed an age-related decrease in PE, PC and PS 
22:6n-3, as well as an effect of age on the unsa tura t ion  
index for each of these phospholipids. However, the effect 
of age on the unsa tura t ion  index was dependent  on di- 
etary fat t rea tment  in all phospholipids except PC. These 
results suggest tha t  an overall decrease in membrane flu- 
idity occurs with aging, but  the effect may be mitigated by 
the type of dietary fat. 

The functional importance of such changes in mem- 
brane fatty acid composition has not been resolved. Devel- 
opmental studies have shown that  a decrease in n-3 fatty 
acids in ret inal  membrane  is coincident with visual im- 
pai rment  in both rats  and monkeys (6,7); however, a de- 
finitive link between visual function and ret inal  mem- 
brane composition has not been established (7,35). Stud- 
ies with post-weanling animals have associated changes 
in dietary fat composition with a wide range of behaviors, 

including cognition (15,16), t empera ture  regulation (36), 
pain sensit ivity (36) and feeding behavior (14,17). Al- 
though differences in neural  fat ty acid composition have 
been shown to occur in a t ime-frame consistent with the 
appearance of differences in feeding behavior (17), subse- 
quent  studies failed to demonstrate  causality (37). Thus, 
the functional significance of differences in neuronal fatty 
acids composition of the magnitude described is tentat ive 
as definitive mechanisms linking the biochemical and 
physicochemical changes with al terat ions in behavior 
have been elusive. 

In summary, electrically active tissues are responsive 
to differences in dietary fat composition even when the 
t rea tment  is implemented well beyond developmental or 
post-weanling stages. However, young and old mice pre- 
sented with identical changes in dietary fat do not respond 
in the same manner  due to significant diet by age interac- 
tions. Consequently, differences in fat ty acid profiles pre- 
viously reported in post-weanling animals may not be pre- 
dictive of the magnitude or direction of change when simi- 
lar  dietary fat regimens are implemented with aged 
animals. In contrast ,  da ta  from animals tha t  consumed 
their  respective diets from weanling to senescence indi- 
cate tha t  electrically active tissues are more refractory to 
diet, suggesting that  the effect of the dietary t rea tment  is 
mitigated by aging. 
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The q u e s t i o n  o f  w h a t  h a p p e n s  to cho le s tero l  in  the  adul t  
c e n t r a l  n e r v o u s  s y s t e m  d u r i n g  i ts  s l o w  t u r n o v e r  h a s  
b e e n  addres sed  u s i n g  rats  w i t h  bra in  and  sp ina l  cord la- 
b e l e d  w i t h  [4-14C]cholesterol  u p o n  i n t r a c e r e b r a l  injec-  
t i on  o f  labe led  cho les tero l  in to  rats  at 10-12 days  of  age.  
At s ix  m o n t h s  after  in jec t ion ,  14C was  f o u n d  o n l y  in  the  
b r a i n  a n d  s p i n a l  cord a nd  w a s  s l o w l y  r e l e a s e d  via t h e  
rat's ur ine .  W h e n  labe led  rats  w e r e  g i v e n  d e m y e l i n a t i n g  
a g e n t s  ( t r i e thy l  t in  ch lor ide ,  h e x a c h l o r o p h e n e ,  s o d i u m  
c y a n i d e )  and  w h e n  e x p e r i m e n t a l  a l l e r g i c  en-  
c e p h a l o m y e l i t i s  w a s  i n d u c e d ,  a m e a s u r a b l e  i n c r e a s e  in  
urinary 14C labe l  above  contro l  l eve l s  wa s  found.  It was  
c o n c l u d e d  t h a t  t h e r e  is  a d i r e c t  r e l a t i o n s h i p  b e t w e e n  
t h e  e x p e r i m e n t a l  d e m y e l i n a t i o n  i n d u c e d  a nd  t h e  in- 
c r e a s e d  r e l e a s e  o f  c h o l e s t e r o l  m e t a b o l i t e s  i n t o  u r i n e .  
T h e  s t u d y  s u g g e s t s  t h a t  a c l i n i c a l  m e t h o d  c o u l d  be  de- 
v e l o p e d  to  d e t e r m i n e  the  rate of  centra l  n e r v o u s  s y s t e m  
d e m y e l i n a t i o n  by  m e a s u r i n g  the  a m o u n t  of  ur i nary  cho- 
l e s tero l  metabo l i t e s .  
Lipids 29, 611-617 (1994). 

We earlier reported (1) tha t  when [4-14C]cholesterol was 
injected intracerebral ly (IC) into immature  rats, 14C was 
excreted th rough  the ur ine  th roughou t  the rats '  life 
span. Additional evidence is now presented  which indi- 
cates t ha t  six months  a f te r  injection of labeled choles- 
terol,  ra ts  excrete  14C derived from the i r  bra in  and 
spinal  cord, and it is surmised  t ha t  this  excret ion re- 
flects the slow turnover  of cholesterol in the central  ner- 
vous system (CNS), and specifically in myelin. The main 
purpose of the presen t  invest igat ion was to de te rmine  
whe ther  demyel inat ing agents  would influence the uri- 
na ry  excret ion of 14C label der ived from cholesterol.  
Therefore ,  ma tu r e  labeled ra t s  (at least  six months  of 
age) were given t r ie thy l  t in  chloride [TET(C1)], hexa- 
chlorophene (HCP) or sodium cyanide. In addition, ex- 
pe r imenta l  allergic encephalomyel i t i s  (EAE) was in- 
duced in s imilar ly  p repared  rats ,  and the 14C u r ina ry  
content  was measured daily. 

The specificity of CNS demyel ina t ion  induced in 
young ra ts  by oral feeding of t r ie thyl  t in sulfate makes  
it an appropriate tool for s tudy of toxin-induced demyeli- 
nation (2,3). Administrat ion of small amounts  of t r iethyl  
t in  sulfate (5-10 mg/L) into the  dr inking  wa te r  of ra ts  
causes  a devas ta t ing  loss of myel in  in CNS. The de- 
myelinat ion occurs in the presence of severe edema and 
without  intervent ion of macrophage activity (3,4). 

*To whom correspondence should be addressed at The Edward A. 
Doisy Department of Biochemistry and Molecular Biology, 12456 
Merrick Drive, St. Louis, MO 63146. 
Abbreviations: CNS, central nervous system; EAE, experimental 
allergic encephalomyelitis; HCP, hexachlorophene; IC, intracere- 
bral; TET(C1), triethyl tin chloride. 

In our  s tudies we used TET(C1) on the assumpt ion  
tha t  t in  and not  the associated ion was the  critical 
agent. Since use of TET(C1) has not been reported in the 
l i te ra ture ,  the pathological  effects of this  t in sal t  were 
studied by light and electron microscopy. HCP adminis- 
tered to ra ts  in the i r  food is also known to induce CNS 
(5) and per iphera l  nerve  (6) demyel inat ion.  Likewise,  
subcutaneously injected cyanide produces demyelinated 
lesions in the CNS (7). In addit ion to these  studies,  it 
seemed a reasonable  corollary to extend them to EAE, 
which is considered to be a reasonable  working model 
for cer ta in  aspects of the h u m a n  disease mult iple scle- 
rosis. EAE is classified as a demyelinat ing disease in ro- 
dents and is characterized by a marked flaccid paralysis 
of the hind limbs, in the rat  a decreasing tendency of the 
tail to curl around the examiner 's  finger, waddling gait, 
incontinence and death in the most severely affected an- 
imals (8). 

MATERIALS AND METHODS 

Preparation of rats and determination of urinary 14C. IC 
injection of [4-14C]cholesterol into 10- to 12-day-old 
Sprague-Dawley rats  and collection of urine for 14C de- 
t e rmina t ion  have been described (1). The Lewis ra ts  
used in the present  experiments  were similarly treated.  
14C was de te rmined  on a Packa rd  Tricarb Model 3320 
scintillation counter  (Packard Ins t rument  Co., Downers 
Grove, IL) with an efficiency of 85% for 14C. Samples  
conta ining 0.5 mL of ur ine  and 10 mL of Instagel  
(Packard Ins t rument  Co.) were used for measurements .  
[4-14C]Cholesterol IC injected Lewis ra ts  were used for 
the EAE studies,  and Sprague-Dawley ra t s  were u s e d  
for all o ther  experiments.  All ra ts  were subjected to de- 
myel ina t ion  exper iments  only when they  reached  six 
months of age or more, and all weighed 250 g or more at  
the beginning of the exper imenta l  period. All animals  
showed weight  loss by the t ime of sacrifice. The age of 
the rats  used to determine the distribution of 14C in tis- 
sues is indicated in the appropriate tables. All rats  were 
ma in ta ined  on Pu r ina  ra t  chow (Rals ton-Purina ,  St. 
Louis, MO) and water  ad libitum. 

Chemicals and other materials. TET(C1) was pur- 
chased from KKK Pharmaceu t ica l s  (Plainview, NY). 
HCP was purchased  from the Aldrich Chemical  Com- 
pany  (Milwaukee,  WI). Sodium cyanide, analyt ica l  
grade, was purchased  from Fisher  Scientific Company 
(St. Louis, MO). Soluene-350 was purchased  from 
Packard.  Sprague-Dawley rats  were purchased from the 
St. Louis Universi ty School of Medicine, and Lewis ra ts  
were purchased from Charles River Laboratories (Wilm- 
ington, ME). Myobacterium tuberculosis H37RA and 
Freund's  Incomplete Adjuvant were obtained from Difco 
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Laboratories (Detroit, MI). Guinea pig spinal cord was 
obtained from locally purchased animals. 

Administration of chemical demyelinating agents. 
TET(C1) [Sn(C2H5)3C1] was presented to rats in their  
drinking water at 5 mg/L initially, then at 10 mg/L to ac- 
celerate the pathological process. HCP was pulverized 
and mixed with finely ground rat  chow at a concentra- 
tion of 50 mg or 100 mg/100 g of chow. The mixture was 
pounded into 2 x 10 cm rods and placed in troughs in 
metabolic cages to minimize contamination of food with 
urine. Sodium cyanide was subcutaneously injected into 
the abdomen as either 1.0 mg or 2.0 mg in 0.5 mL water. 

Induction of EAE. Lewis rats age 10- to 12-d were in- 
jected IC with [4-14C]cholesterol as previously described 
(1). Six months after labeling, the rats were placed into 
metabolic cages for urine collection. Prior to induction 
of EAE, a somewhat longer than usual control period 
was allowed for collection of urine. The rats were in- 
jected intradermally into both hind feet pads with a sus- 
pension of 5.0 mg (wet weight) of whole guinea pig 
spinal cord plus 3.0 mg of M. tuberculosis per mL of In- 
complete Freund's Adjuvant. Each rat  received a total 
of 0.25 mL of the mixture at six sites on the hind foot 
pads, 

Examination of tissue for 14C. CNS tissues were sus- 
pended in distilled water by homogenization in a close- 
fitting Teflon-glass pestle, and aliquots were taken for 
14C determination. Two methods were used to examine 
other body tissue. In the first method, the tissues were 
dried in vacuo over potassium hydroxide pellets and 
then ground as thoroughly as possible using a mortar  
and pestle (or, for larger organs, a Waring Blender). The 
ground tissues were then extracted overnight in a Soxh- 
let extractor with chloroform/ethanol (2:1, vol/vol). The 
volume of the extracts was reduced (nitrogen, water  
bath), and an aliquot (evaporated to dryness) was taken 
for 14C determination. In the second method, the organs 
or tissues were blotted, weighed and macerated using a 
mortar  and pestle. A weighed portion was dissolved in 
Soluene-350 (0.5N quaternary ammonium hydroxide) 
either by standing at room temperature or by heating on 
a steam bath. Aliquots of the solution (0.5 mL) were 
added to 10 mL Instagel and counted for 14C. Soluene- 
350 (0.5 mL) in 10 mL Instagel served for background 
counts. 

Light and electron microscopy. The rats, when re- 
ceived for these studies, were extremely lethargic or 
moribund. They were anesthetized intraperitoneally 
with a lethal dose of Diabutal (veterinary sodium barbi- 
tal). Because of the need for biochemical assay of CNS 
tissues, it was not possible to perfuse the rats with fLXa- 
tive. The calvarium was opened rapidly and tissue sam- 
ples were taken from the cortex, cerebellum and spinal 
cord. This was somewhat difficult because of the mark- 
edly edematous condition of the CNS. The tissue sam- 
ples were placed in 3% glutaraldehyde in Millonig's 
phosphate buffer for electron microscopic studies and in 
10% neutral  buffered formalin for light microscopic ex- 
amination. The tissue for electron microscopy was post- 
fixed in 1% 0.05 M osmic acid in Millonig's phosphate 
buffer and processed for Epon p12 embedding. Thin sec- 
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tions were double-stained with lead citrate and uranyl 
acetate. Tissue for light microscopy was embedded into 
paraffin and stained by the Weil technique to show 
myelin. The tissues from two normal Sprague-Dawley 
rats were compared for control. 

Urinary 14C excretion controls. It is difficult to distin- 
guish on routine daily assays between urinary 14C and 
the radioactive potassium (4~ normally excreted in 
urine (9). Although there is no indication that 4~ urinary 
excretion is elevated during demyelinating conditions, 
proper controls seemed advised. Therefore, two Sprague- 
Dawley rats and two Lewis rats each weighing 250+ g, 
that were not injected with 14C, were treated with the de- 
myelinating agents. These rats were placed into meta- 
bolic cages and fed Purina rat chow ad libitum, and their 
urine was collected daily and counted for 14C. Each rat  
showed the characteristic pathological indications antici- 
pated for the t reatment  administered. As an additional 
control, one Sprague-Dawley rat  labeled with 14C was 
placed in a metabolic cage and given one subcutaneous 
injection of 0.5 mL saline in the abdomen, and urine was 
collected and counted for 14C in the manner described. 

RESULTS 

Experiments with TET(CI). The ur inary 14C excretion 
patterns of four previously injected rats that were given 
drinking water containing TET(C1) are shown in 
Figure 1. (For comparison, the urinary excretion pattern 
of a control ra t  will later be shown in Figure 7A.) The 
clinical signs we observed with progressing disease were 
as described by Eto et al. (3). The rats at sacrifice were 
in extremely poor condition, severely emaciated and 
nearly comatose, with partial or complete paralysis of 
the hind limbs. Urine excretion was reduced, but not 
completely eliminated, and there was little or no fecal 
excretion. Light microscopic examination of CNS tissue 
revealed edema and vacuolation varying from slight to 
marked. The myelin stained tissue appeared pale in the 
white matter with swelling of the glial cells. This picture 
seemed consistent with spongy degeneration of neural 
tissue. Electron microscopy showed rather  severe split- 
ting at the myelin laminae, with concomitant bleeding 
or vacuolation of the nerve fibers as well as marked 
edema and swelling of the astrocytes (light and electron 
microscope pictures were taken but are not shown). In 
short, the microscopic picture matched that  observed 
after administration of triethyl tin sulfate (2,3). Figure 1 
clearly shows a marked increase in ur inary 14C excre- 
tion following administration of the demyelinating 
chemical. (The 14C excretion pat tern for a control ra t  
will be shown in Fig. 7A.) As can be noted from Fig- 
ure 1A, the average daily total counts per minute (cpm) 
for the two peaks for days 37-46 is 1,090, as compared 
to the average daily total cpm for days 2-36 of 475 cpm. 
This represents an increase of 56%. Similarly, in 
Figure 1C the average daily total cpm of the two peaks 
for days 37-46 is 1,188 as opposed to the average for 
days 1-36 of 447, an increase of 62%. If one considers 
the peaks for days 43-46 (6,879 cpm), the increase 
amounts to 81%. 
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FIG. 1.14C U r i n a r y  e x c r e t i o n  pat tern  o f  four  adu l t  rats  each  g i v e n  5 ~tCi o f  [4-14C]cholesterol in tracerebra l ly  one  y e a r  pre-  
v ious ly ,  a n d  r e c e i v i n g  t r i e thy l  t in  (TET) ch lor ide  in  the ir  d r i n k i n g  w a t e r  as ind icated;  cpm,  c o u n t s  per  m i n u t e .  

Experiments with HCP. Two rats with CNS prelabeled 
with [4Jac]cholesterol were given HCP mixed with 
their chow in the amount of 5 or 10 mg per 100 g of chow. 
These rats responded as expected (6) with characteristic 
symptoms (weight loss, general weakness, partial paral- 
ysis of the hind limbs). The ur inary 14C excretion pat- 
terns of the two experimental rats are shown in Fig- 
ure 2. (For comparison, the urinary excretion pattern of 
a control rat  will be shown later in Fig. 7C.) The excre- 
tion pattern for the rat  shown in Figure 2B is probably 
the weak link of all the groups. We suggest, in retro- 
spect, that  this is due to the fact that  a longer "control 
period" should have been used, and that  less demyeli- 
nating agent was taken in by the rat due to the method 
of administrat ion [eating as opposed to drinking as in 
the case of the TET(C1)-treated rats]. Nevertheless, the 
peak shown for days 22-31 constitutes a 27% increase 
in 14C urinary excretion over the entire previous period 
(days 2-21). 

Experiments with sodium cyanide. The effects of sub- 
cutaneously injected sodium cyanide were investigated 
using two rats with their CNS prelabeled with [4-14C]- 
cholesterol. These rats exhibited the characteristic phys- 
ical responses reported in the literature (7) and showed 

increased urinary 14C excretion as shown in Figure 3. A 
massive release of 14C into the urine, beginning several 
days after injection of NaCN, is apparent. This excretion 
continued for at least two weeks after administration of 
NaCN had ceased, subsequently diminished, but did not 
return to normal levels. Since these rats did not appear 
to be in pain, the injections were reinstated at 2 mg per 
day. Several days later  there was another marked in- 
crease in 14C excretion, and the rats were sacrificed 
upon showing severe symptoms characteristic of cyanide 
injection. (The urinary excretion pat tern of one control 
rat  is depicted in Fig. 7B.) 

Experiments involving induction of EAE. Four Lewis 
rats with CNS cholesterol labeled with 14C and in which 
EAE had been induced showed characteristic micro- 
scopic lesions in multiple sections of the brain and 
spinal cord. In addition, all exhibited the extreme hind 
leg paralysis associated with the disease. The ur inary 
14C excretion pat terns of these rats are shown in 
Figure 4. In each case a marked increase in 14C excre- 
tion was observed following the induction of EAE, anal- 
ogous to that following the administration of the chemi- 
cal demyelinating agents previously discussed. The ex- 
cretion of a control EAE rat will be shown in Figure 7D.) 
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TABLE 1 

D i s t r i b u t i o n  o f  14C Label  in  Central  N e r v o u s  S y s t e m  (CNS) 
Sec t ions  o f  an  Adul t  Rat  After  Intracerebral  Inject ion  
of  [4-]4C]Cholesterol  (at 12 d o f  age)  

CNS section Total dpm per region a dpm/mg 

Right cerebrum 263,700 1,290 
Left cerebrum 292,200 1,328 
Cerebellum 152,900 725 
Medulla 234,300 1,143 
Spinal cord b 60,000 517 
aMeasured by suspension of whole region in water with a close-fit- 
ting Teflon-glass hand homogenizer from which a 0.5-mL aliquot 
was taken for 14C determination. 
bRepresents only 0.116 g of upper spinal cord. 

A l t h o u g h  t he  i n i t i a l  i n j ec t i ons  of ~4C were  i n to  one 
ce r eb ra l  h e m i s p h e r e ,  t he  14C p e r m e a t e d  the  CNS (see 
Table 1). Two m o n t h s  af ter  IC in jec t ion  of [4-14C]choles - 
terol,  the re  was  st i l l  a cons iderable  a m o u n t  of 14C in  the  
major  organs  (Table 2). However,  six m o n t h s  af ter  IC in-  
ject ion,  only the  i n t e s t i n e  a nd  l iver  (other  t h a n  the  CNS) 
showed evidence of 14C, a n d  th is  only  in  t races  (Table 2). 
Two years  af ter  IC inject ion,  no 14C was detected in  a n y  
o r g a n  t i s s u e  except  t he  CNS (also Tab le  2). The  t r ace  
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FIG. 2. 14C Urinary excre t ion  pat tern  of  t w o  adul t  rats  g i v e n  
5 ~Ci  o f  [4-14C]cholesterol  one  year  p r e v i o u s l y  a n d  hexa-  
c h l o r o p h e n e  (HCP) in  the i r  c h o w  as ind ica ted;  c p m ,  c o u n t s  
p e r  minute. 

Distribution of 14C in rats injected IC with [4J4C]cho- 
lesterol. The d i s t r i bu t i on  of 14C in  CNS subce l lu la r  frac- 
t ions  of a d u l t  r a t s  in jec ted  IC wi th  [4-14C]cholesterol a t  
10 d of age was  repor ted  in  a n  ea r l i e r  pape r  (1). Most  of 
the  14C (87%) was  associa ted wi th  myel in .  All r a t s  i n  the  
c u r r e n t  s tudy  exhib i ted  app rox ima te ly  the  same  subcel-  
l u l a r  d i s t r i b u t i o n  of 14C i n  b r a i n  a n d  s p i n a l  cord ( da t a  
no t  shown). For  the  p r e s e n t  s tud ies  a n d  for fu tu re  work,  
i t  seems of i n t e r e s t  to p r e sen t  d a t a  also showing  the  dis- 
t r i b u t i o n  of 14C in  the  to ta l  rat .  

TABLE 2 

14C Conten t  o f  Rat  T i s sues  at  T ime  Interva l s  
F o l l o w i n g  Intracerebral  Inject ion  of  [4-14C]Cholesterol 
(at 12 d o f  age) 

Two years 

Two months a Six months b Extract of 
Tissue (dpm/mg) c (dpm/mg) c whole organ d dpm/mg 

Brain 1,571 1,600 34,500 
Spinal cord - -  - -  3,500 
Skull - -  - -  600 ~ 
Intestine 

(washed) 9 5 0 
Kidney 13 0 0 
Stomach - -  - -  0 
Lungs - -  - -  - -  
Liver 2 5 - -  
Heart 2 0 - -  
Blood f 0 0 0 
Spleen - -  0 0 
Carcass 

(including 
skin) - -  0 100 

14 
6 

aData taken from one of three rats injected intracerebrally with 5 
~DCi of [4J4C]cholesterol at 12 d of age. 

ata taken from one of two rats injected intracerebrally with 5 
~Ci of [4-14C]cholesterol at 12 d of age. 
CWork-up of tissues for 14C determination given in Materials and 
Methods section (Soluene-350 method). 
dDetermined after chloroform/methanol (2:1, vol/vol) extraction. 
See Materials and Methods section for details. 
eResults believed to be due to residual central nervous system tis- 
sue not removed from spinal cord and skull. 
fFive-mL sample taken at time of sacrifice. 
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FIG. 3. 14C U r i n a r y  e x c r e t i o n  p a t t e r n  of  t w o  a d u l t  rats  g i v e n  5 pCi  o f  [4J4C]cho les tero l  intrac-  
e r e b r a l l y  one  y e a r  p r e v i o u s l y  a n d  s o d i u m  c y a n i d e  (CN) s u b c u t a n e o u s l y  as  i n d i c a t e d .  D e s p i t e  
the  r e m a r k a b l e  s i m i l a r i t y  o f  the  t w o  pat terns ,  the  data  are  f rom t w o  d i f f erent  rats  (e.g., see  or- 
d i n a t e  values);  cpm,  counts  per  m i n u t e .  

amount detected in the carcass was negligible. The ab- 
sence of i4C in the kidney six months after injection il- 
lustrates the transient role of this organ in the excretory 
process. Therefore, from the data shown, it is apparent 
that the urinary 14C measured must have come from the 
CNS, at least initially. 

The effect of starvation and subcutaneous injection on 
the urinary excretion of 14C. As the work progressed, the 
question arose as to whether other experimental condi- 
tions might influence the excretion of urinary 14C. While 
we could not cover every contingency, two were consid- 
ered for this study. For example, we wondered whether 
the single subcutaneous injection as used in the cyanide 
experiments might have an effect. Figure 5 suggests 
tha t  it does not, since there was no change in ur inary 
14C level after subcutaneous injection of 0.5 mL of 
saline. This also serves as an additional baseline con- 
trol. More critical, however, was the potential effect of 
lowered food intake common to all of the animals in 
these experiments, resulting in measurable weight loss. 
The effect of starvation, which is readily reproducible, is 
shown for one rat  in Figure 6. Instead of an increase in 
urinary 14C excretion, there was an immediate drop. 
Whether  this is in response to the CNS or the kidneys 
(or both) is presently not known. 

Controls and 14C baselines. Controls for each demyeli- 
nating experiment, using nonlabeled rats, are shown in 

Figure 7. There was no increase in ur inary Z4C under 
any of the demyelinating conditions tested. It should be 
noted that the baselines for all of these controls are con- 
siderably lower than that  seen for the rats with Z4C-la- 
beled brain and spinal cord. This is because the nonla- 
beled rats excreted only 4~ Urinary Z4C excretion in la- 
beled rats is characterized by peaks even in the  
pretreatment  periods and is markedly increased in the 
experimental periods. This suggests some rhythmic type 
of excretion, the significance of which is unknown at this 
time. 

DISCUSSION 

A large number of chemicals are known to be toxic to the 
CNS by causing demyelination (10). Of these we chose 
three for the present study because they are easily ad- 
ministered to animals via diet or by injection. EAE was 
chosen because of its analogy to multiple sclerosis. 

Although a small amount of 14C is eliminated from 
the CNS via the biliary route (Nicholas, H.P., Elliott, 
W.H., and Hsu, F., manuscript  in preparation), the 
major route of excretion from brain and spinal cord, as 
determined by our tracer studies, is the urinary route. 

There are several important points that  can be made 
based on our studies. First, a large increase in urinary 
cholesterol metabolites results when CNS demyelina- 
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sis in  Incomple t e  Freund's  Adjuvant;  cpm, counts  per 
minute .  

. 

400- 

O 

100- 

Saline Inje~ed 

' 4 ' 8 ' 1~2 . . . . . . . . .  16 2 0  24  28  3 ~ '  3 6 '  4 0  ' 

D a y  

FIG. 5. 14C Urinary  excret ion pattern of  an adult  rat g iven  
5 pCi  o f  [4-]4C]cholesterol intracerebral ly  one  year  previ-  
ous ly  and a s ingle  subcutaneous  inject ion  of  0.5 mL sa l ine  
in the abdomen as indicated; cpm, counts per  minute .  

500- 

400- 

i •  300- 

E - 
o ~" 200- 

100- 

0 
' ~, ' 8 ' 1'2 ' 1'6 ' 210 ' 214 ' 218 ' 32 

D a y  

3 6  

FIG. 6. z4C Urinary excret ion  pattern of  an adult  rat g iven  
5 pCi o f  [4-Z4C]cholesterol intracerebral ly  one year  previ-  
ously,  w i t h  food r e m o v e d  as indicated;  cpm,  counts  per  
minute .  

One group of ur inary  metabolites has  been described 
(1). A second group of the same type, but differing in sol- 
ubility and polarity, has  been identified (manuscr ipt  in 
preparation). The precise nature  of the metabolites may 
differ with the demyelinat ing agent. Additional studies 
are necessary to determine this. 
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t ion occurs. Therefore,  this reflects the degree of CNS 
demyelinat ion and can probably be determined quanti-  
tat ively by chemical means  in nonlabeled species (e.g., 
humans).  Secondly, the metabolites, if formed within the 
CNS, could have considerable physiological (or patholog- 
ical) significance because they are excreted in grea te r  
quant i ty  under  demyel inat ing conditions. One of these 
const i tuents  is an acidic steroid tha t  could by i tself  be 
responsible for demyelination (11-13). 
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The effects  o f  d ie tary  l ip ids  on the  fatty  acid c o m p o s i t i o n  
o f  h y a l i n e  car t i lage ,  e p i p h y s e a l  c h o n d r o c y t e s  (EC) and  
m a t r i x  v e s i c l e s  (MV) w e r e  e v a l u a t e d  in ch i cks .  A basa l  
s emipur i f i ed  diet  w a s  fed to ch i cks  conta in ing  one  of  the  
f o l l o w i n g  l ip id  s o u r c e s  at  70 g/kg: s o y b e a n  oil ,  b u t t e r  + 
corn  oil,  m a r g a r i n e  + corn  oil  or  m e n h a d e n  oil  + corn  oi l  
(MEC). Art i cu lar  and e p i p h y s e a l  g r o w t h  car t i l age  w e r e  
i so la ted  f rom the  p r o x i m a l  t ib iotarsus;  EC and MV w e r e  
s u b s e q u e n t l y  r e l e a s e d  by  tryps in  (EC 3.4.21.4) and col la-  
g e n a s e  (EC 3.4.24.3) d i g e s t i o n  f o l l o w e d  by  u l tracentr i fu-  
gation.  The fatty acid c o m p o s i t i o n  of  po lar  l ipids  in c h i c k  
ep iphysea l  cart i lage  at three  and s ix  w e e k s ,  as we l l  as ar- 
t i cu lar  car t i lage ,  EC and  MV at e i g h t  w e e k s  of  age  re-  
vea l ed  the  p r e s e n c e  of  h igh  l eve l s  of  sa turated  and mono-  
unsa tura ted  fatty ac ids  (up to 85.5%) but  l o w  l eve l s  of  n-6 
p o l y u n s a t u r a t e d  fat ty  ac ids  (PUFA) (2.6-10.2%). Mead  
ac id  (20:3n-9, >3%) w a s  a l so  p r e s e n t  in cart i lage ,  EC and 
MV l ipids ,  and w a s  unaf fec ted  by  the  d i e tary  l ipid treat-  
m e n t s .  Total  n-3 PUFA c o n c e n t r a t i o n s  w e r e  the  h i g h e s t  
in cart i lage,  EC and MV of  ch i cks  c o n s u m i n g  MEC. Feed- 
ing  MEC l o w e r e d  the  l eve l s  o f  20:4n-6 in cart i lage,  but  in- 
c r e a s e d  20:5n-3 leve ls .  The data  are  c o n s i s t e n t  w i t h  those  
r e p o r t e d  p r e v i o u s l y  w h i c h  s h o w e d  that  cart i lage  t i s s u e s  
are l o w  in n-6 PUFA and that  t h e y  conta in  20"~n-9. We fur- 
t h e r m o r e  d e m o n s t r a t e d  that  the  PUFA c o m p o s i t i o n  o f  
cart i lage  can be  modi f i ed  by  d ie tary  l ipids.  
Lipids 29, 619-625 (1994). 

Matrix vesicles (MV) are believed to be responsible for ini- 
tiating de novo mineralization in most calcifying tissues 
(1). The membrane-bound acidic phospholipids located 
within the MV structure facilitate mineralization by form- 
ing lipid-Ca2+-protein complexes (2). High alkaline phos- 
phatase (AP) activity is present in isolated MV (3), and 
this activity is much higher than that  found in chondro- 
cytes. 

Peress et al. (4) first studied the lipid composition of the 
MV fraction isolated from epiphyseal cartilage of fetal 
calves. Wuthier (5) then reported the fatty acid composi- 
tion of lipids of epiphyseal chondrocytes (EC) and MV ob- 
tained from chicken growth plate cartilage. Polyunsatu- 
rated fatty acids (PUFA) are structurally and physiologi- 
cally important for mineralizing tissues in bone and for 
locally regulating bone modeling. Fatty acids serve as pre- 
cursors for the synthesis of the phospholipids present in 

*To whom correspondence should be addressed at Department of 
Food Science, Smith Hall, Purdue University, West Lafayette, IN 
47907-1160. 
Abbreviations: AP, alkaline phosphatase; BC, butter + corn oil diet; 
EC, epiphyseal chondrocytes; FAME, fatty acid methyl esters; 
GLC, gas-liquid chromatography; MAC, margarine + corn oil diet; 
MEC, menhaden oil + corn oil diet; MV, matrix vesicles; PG, 
prostaglandin; PUFA, polyunsaturated fatty acids; SBO, soybean 
oil diet; SCL, synthetic cartilage lymph; TES, N-tris(hydrox- 
ymethyl)-2-aminoethanesulfonic acid; TLC, thin-layer chromatog- 
raphy. 

MV, and PUFA also serve as substrates for prostaglandin 
(PG) E 2 biosynthesis. PGE 2 produced in bone tissue acts 
as a potent bone resorbing agent and appears to regulate 
the activity of cytokines and growth factors in bone (6). 
Recently, Adkisson et al. (7) discovered high concentra- 
tions of 20:3n-9 and low concentrations of n-6 PUFA in 
normal cartilage tissues of several vertebrates, including 
in humans and in chicken. However, the impact of dietary 
lipids on bone, cartilage and MV function and metabolism 
is presently unknown, even though it is well established 
that dietary lipids can modulate n-6 and n-3 PUFA levels 
in Aves (8). 

In the present study, various dietary lipids varying in 
PUFA composition were evaluated in chicks to determine 
their effects on the fatty acid composition of cartilage, EC 
and MV. A basal semipurified diet which contained vary- 
ing amounts of n-6 or n-3 PUFA, saturated fatty acids or 
trans-18:l fatty acids was fed to chicks. 

MATERIALS AND METHODS 

Animals and diets. One-day-old Hubbard Cockerel broiler 
chicks obtained from a commercial hatchery were fed a 
semipurified diet (Table 1) formulated to meet all of the 
nutrient requirements for chick growth (9). One of four di- 
etary lipid treatments were given at 70 g/kg of diet: soy- 
bean oil (SBO) (Bunge Foods Inc., Bradley, IL), butter 
(75%) + corn oil (25%) (BC), margarine (80%) + corn oil 
(20%) (MAC) or menhaden oil (57%) + corn oil (43%) 
(MEC). Menhaden oil was donated by Zapata Haynie Co. 
(Reedville, VA); butter (Weaver Brothers Inc., Roanoke, 
IN), margarine (Scot Lad Foods Inc., Pewaukee, WI) and 
corn oil (Best Foods, CPC International Inc., Englewood 
Cliffs, NJ) were purchased locally. Corn oil was added to 
all lipid treatments (except SBO) to supplement linoleic 
acid. Each diet was given to four replicate pens of ten 
chicks. Diets and water were provided ad libitum. 

Collection of  cartilage and isolation of chondrocytes and 
MVs. Three-, six- and eight-week-old chicks were killed by 
exsanguination. Tibiotarsal bones with intact articular 
and epiphyseal cartilage and liver were collected, chilled 
on ice, and stored at -20~ EC and MV from epiphyseal 
cartilage were isolated immediately after collecting tibio- 
tarsal bones from eight-week-old chickens following the 
method described by Genge et al. (10). Briefly, the growth 
cartilage tissues were finely sliced (0.1-0.3-mm thick) and 
digested in ice-cold, synthetic cartilage lymph (SCL), as 
described by Majeska and Wuthier (11), containing 0.1% 
trypsin (EC 3.4.21.4; 4 mL/g tissue; Sigma Chemical Co., 
St. Louis, MO) at 37~ for 15 min. After removing the 
trypsin buffer, cartilage tissues were digested in SCL 
buffer containing crude collagenase (EC 3.4.24.3; 500 
units/g tissue; Sigma) at 37~ for 5 h with shaking. The 
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TABLE 1 

Fatty Acid Composit ion (wt%) and Ingredient  Composit ion 
of the Experimental  Diets  ~ 

Dietary sources 
Fatty acid SBO BC MAC MEC 

14:0 0.08 7.29 0.09 3.74 
16:0 9.72 24.50 9.78 13.20 
16:1n-7 0.09 0.34 0.08 5.56 
18:0 4.34 11.51 8.50 2.68 
t18:1 ND ~ 2.19 14.85 ND 
18:1 24.92 26.57 24.22 17.08 
18:2n-6 50.00 18.38 34.17 26.66 
18:3n-3 6.55 0.90 3.03 1.05 
20:0 0.37 0.29 0.41 ND 
20:1n-9 0.24 0.11 0.18 0.72 
20:5n-3 ND ND ND 9.36 
22:5n-3 ND ND ND 1.99 
22:6n-3 ND ND ND 5.83 
SAT 15.06 45.03 19.27 21.06 
MONO 25.27 31.29 39.37 25.19 
PUFA 56.55 19.99 38.03 47.58 
n-6 PUFA 50.00 19.09 35.00 27.61 
n-3 PUFA 6.55 0.90 3.03 19.97 
n-3/n-6 ratio 0.13 0.05 0.09 0.72 
aThe semipurified basal diet contained (g/kg): isolated soybean pro- 
tein, 250; corn starch, 283.75; dextrose, 283.75; lipid, 70; cellulose, 
30; CaHPO 4 - 2H20 , 25; CaCO3, 15; DL-methionine, 7.5; mineral 
premix, 30; vitamin premix, 5. The diet was formulated to contain 
22.5% crude protein and 3557 kcal/kg metabolizable energy. The 
analyzed crude protein was 23.5%, and lipid content was 6.5-7.8% 
for the four dietary treatments. SBO, soybean oil diet; BC, butter 
+ corn oil diet; MAC, margarine + corn oil diet; MEC, menhaden 
oil + corn oil diet; SAT, saturated fatty acids; MONO, monounsatu- 
rated fatty acids; PUFA, polyunsaturated fatty acids. 
bMinera| premix provided (mg/kg diet): ZnO, 90; MgSO 4 �9 7H20 , 
6000; MnSO 4 - H20 , 300; CuSO 4 �9 5H20 , 60; FeSO 4 �9 7H20 , 500; 
KIO3, 6; Na2MoO 4 �9 2H20 , 10; CoC12 . 6H20 , 5; Na203Se , 0.43; KC1, 
1500; K2HPO4, 6000; NaC1, 6000. 
~Vitamin premix provided per kg of diet: vitamin A palmitate, 
4500 IU; cholecalciferol, 4500 ICU; menadione sodium bisulfite, 
1.5 mg; DL-a-tocophero], 50 IU; thiamine hydrochloride, 15 mg; 
riboflavin, 15 mg; sodium pantothenate, 50 mg; niacin, 50 mg; pyri- 
doxine hydrochloride, 6 mg; folic acid, 6 mg; cyanocobalamin, 
0.02 rag; d-biotin, 0.3 mg; choline chloride, 600 mg; butylated hy- 
droxytoluene, 200 mg. 
dND, not detected. 

(USB Co., Cleveland, OH) was used as substrate to assay 
AP activity. AP specific activity was defined as ~mol ofp- 
nitrophenyl phosphate hydrolyzed/mg protein/min. 

Fatty acid analysis. Lipids in the diet, in liver, in tibio- 
tarsal articular and epiphyseal cartilages, as well as in EC 
and MV were extracted with chloroform/methanol (2:1, 
vol/vol). The polar lipids from liver and cartilage were iso- 
lated by solid-phase extraction (14). Lipids (except from 
articular cartilage) were saponified, and fatty acid methyl 
esters (FAME) prepared using 14% boron trifluoride in 
methanol (Alltech Associates Inc., Deerfield, IL). FAME 
were analyzed using a gas chromatograph (HP 5890 se- 
ries II, autosampler  7673, HP 3365 ChemStation;  
Hewlett-Packard Co., Avondale, PA) which was equipped 
with a DB 23 column (length 30 m, i.d. 0.53 ram, film 
thickness 0.5 ~tm; J&W Scientific Co., Folsom, CA) and 
was operated at 170~ for 10 min, with the temperature  
programmed l~ to 210~ and held for 5 min. The in- 
jector and flame-ionization detector temperatures  were 
225 and 250~ respectively. FAME were identified by 
comparison of their  retention times with those of stan- 
dards (GLC 422, Nu-Chek-Prep,  Elysian, MN) and of 
FAME prepared from menhaden oil (18:4n-3 and 20:5n-3). 
Fat ty  acid compositions are given as weight or area per- 
centages. Cis and trans 18:1 FAME were quantified after 
separation on silver-nitrate impregnated thin-layer chro- 
matography (TLC) plates followed by capillary gas-liquid 
chromatography (GLC) (15). Mead acid was isolated in the 
triene band by argentation TLC (16), recovered, and quan- 
tiffed by capillary GLC. The polar lipids of articular carti- 
lage were saponified (10% KOH in methanol),  and fat ty 
acid pentafluorobenzyl esters were prepared (17) and 
quantified by capillary GLC (SP-2380, length 30 m, i.d. 
0.32 mm, film thickness 0.20 ~m; Supelco, Inc., Bellefonte, 
PA). The gas chromatograph (HP Model 5890) was held at 
160~ for 2 min, temperature programmed at 10~ to 
200~ and then held for 10 min. Both injector and elec- 
trochemical detector temperatures were set at 225~ 

Statistical analysis. Data were subjected to analysis of 
variance, and where significant differences were found a 
Duncan's multiple range test at a probability o f P  < 0.05 
was performed (18). Variation within t rea tments  is ex- 
pressed as the pooled s tandard  deviation (SD) or pooled 
standard error of the mean (SEM). 

digest was gently vortexed for 3 min to release unbound 
chondrocytes and then filtered through nylon mesh to re- 
move debris. The filtrate was centrifuged at 250 x g for 20 
min, and the pellet containing the chondrocyte fraction 
was resuspended with N-tris(hydroxymethyl)-methyl-2- 
aminoethanesulfonic acid (TES) buffer (50 mM TES, 1.4 
mM MgCl2, 10% sucrose, pH 7.5). The superna tan t  was 
centrifuged at 13,000 x g for 30 min to remove the mem- 
brane fragments and mitochondria, and then at 100,000 x 
g for 60 min to sediment the MV. The MV pellet was re- 
suspended in TES buffer. 

Total protein measurement.  Total protein was deter- 
mined using a protein assay kit (purchased from Sigma, P 
5656) which is based on the method of Lowry et al. (12). 

A P  assay. AP activity in EC and MV was measured as 
described by Tietz et al. (13). p-Nitrophenyl  phosphate 

RESULTS 

Chick growth and tibiotarsal bone length were not af- 
fected by the different dietary lipid treatments.  The MV 
were characterized by high AP activity (12 pmol/mg pro- 
tein/min) as compared to the activity found in EC 
(0.4 ~mol/mg protein/min) and confirmed by transmission 
electron microscopy. The AP activities in the EC and MV 
were not affected by the different dietary lipid treatments. 

The fatty acid compositions of the tibiotarsal epiphyseal 
cartilage in three- and six-week-old chicks, and of EC, MV 
and art icular cartilage in eight-week-old chicks showed 
that  in polar lipids the total saturated and monounsatu-  
rated fatty acids were high (>80%) and the total n-6 PUFA 
were very low (<10.2%). The 18:1 peak seen in GLC repre- 
sented primarily c18:ln-9 and c 18: ln-7. 
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The  fa t ty  acid composi t ions  of  polar  and  n e u t r a l  l ipids 
of  epiphyseal  car t i lage of chicks were  affected by the  l ipids 
fed (Tables 2 and  3). Chicks consuming  the  MEC diet  had  
the  h i g h e s t  a m o u n t s  of  to ta l  n-3 P U F A  and  the  h i g h e s t  
n-3/n-6  P U F A  ra t ios  in po la r  and  n e u t r a l  l ip ids  a t  t h r e e  
and  six weeks  of  age. The  amoun t s  of 20:5n-3, 22:5n-3 and 
22:6n-3 in polar  and  neu t r a l  l ipids of ep iphysea l  car t i lage  
s e e m e d  to inc rease  f rom t h r e e  to six weeks  in  chicks fed 
M E C  as c o m p a r e d  wi th  chicks fed the  o the r  diets.  At  six 
weeks,  chicks g iven  MEC had  the  lowest  levels  of  20:4n-6 
and 22:4n-6 in the i r  polar  lipids (Table 3). The  amo un t s  of  
14:0, 16:0 and  18:1 were  h i g h e r  in polar  l ipids of  epiphy-  
seal  car t i lage of chicks consuming  BC compared  to the  val- 
ues  obta ined f rom chicks g iven SBO. The  amoun t s  of 18:0 
were  h ighes t  in the  neu t r a l  l ipids of car t i lage of  chicks fed 
BC a t  t h r ee  weeks ,  and  the  to ta l  a m o u n t s  of  s tear ic  acid 
in  ca r t i l age  d e c r e a s e d  f rom t h r e e  to six weeks  indepen-  

d e n t  of  t he  d i e t a r y  t r e a t m e n t .  A t  six weeks ,  t he  to t a l  
a m o u n t s  of  P U F A  (n-6 and  n-3) w e r e  lowes t  in  ca r t i l age  
n e u t r a l  l ip ids  of  chicks  fed BC, r e f l ec t ing  the  f a t ty  acid 
composit ion of the  BC diet  (Table 3). 

W h e n  ca r t i l age  l ip ids  were  a n a l y z e d  by GLC, a m a j o r  
p e a k  was  obse rved  h a v i n g  a r e t e n t i o n  t i m e  iden t i ca l  to 
t h a t  of 20:2n-6. F u r t h e r  charac te r iza t ion  by TLC followed 
by GLC of the  d iene  and  t r i e n e  bands  r e v e a l e d  t h a t  
20:3n-9 grea t ly  exceeded the  a m o u n t  of 20:2n-6 p resen t  in 
th is  location. As the  components  co-eluted, we repor t  here  
t he  combined  value .  The  a m o u n t  o f  20:3n-9 in  ca r t i l age  
polar  l ipids decreased  be tween  t h r ee  and  six weeks  in all  
chicks.  N e u t r a l  l ip ids  of  ca r t i l age  con ta ined  20:2n-6 and  
20:3n-9,  bu t  the  a m o u n t s  w e r e  h i g h e r  in  chicks  a t  six 
weeks  (Table 3). 

The  a m o u n t s  of  s a t u r a t e d  f a t t y  acids  and  n-6 P U F A  
(main ly  l inoleate)  appea red  to increase  in car t i lage  l ipids 

TABLE 2 

Fatty Acid Composit ions (area %) of  Polar Lipids and Neutral  Lipids Isolated from Proximal Tibiotarsal Growth 
Cartilage of  Three-week-old Chicks 

Polar lipids Neutral lipids 

Dietary lipid treatments Pooled Dietary lipid treatments 
Fatty acid SBO BC MAC MEC SEM SBO BC MAC MEC 

Pooled 
SEM 

14:0 0.28 b 0.51 a 0.25 b 0.36 a'b 0.04 1.99 a'b 2.66 a 1.26 b 1.64 a'b 0.22 
14:1n-5 0.24 0.15 0.12 0.14 0.04 ND ND ND ND - -  
15:0 0.50 ND c ND 0.22 0.12 ND ND 0.10 0.15 0.06 
15:1 4.32 4.04 4.13 4.24 0.34 0.15 0.14 0.48 1.26 0.45 
16:0 7.16 b 13.63 a 9.52 a'b 11.22 a'b 1.05 38.31 a 25.28 b 22.32 b 21.62 b 2.54 
t16:ln-7 0.945 2.04 a 1.095 1.465 0.16 1.30 1.50 1.33 1.67 0.17 
16:1n-7 6.28 b 9.18 a 6.29 b 7.61 a'b 0.56 5.97 6.30 5.56 7.44 0.54 
17:0 0.22 a ND 0.23 a 0.14 b 0.04 0.24 0.44 0.45 0.35 0.23 
17:1 3.27 3.20 3.63 3.41 0.30 ND ND ND ND - -  
18:0 10.78 a 7.07 b 11.86 a 8.09 b 0.33 9.69 b 24.90 a 10.28 b 12.81 b 2.89 
18:1 34.25 b 38.85 a 35.38 a'b 38.78 a 0.94 24.86 32.40 31.51 34.25 2.54 
t18:2n-6 1.29 1.43 1.13 1.37 0.04 ND ND 0.64 ND 0.22 
18:2n-6 1.205 1.18 b 2.96 a 1.00 b 0.13 5.44 4.77 6.98 6.40 0.90 
18:3n-3 0.22 0.53 0.19 0.21 0.17 0.30 ND 0.34 ND 0.08 
18:4 1.22 ND 0.08 ND 0.27 ND ND ND ND 0.12 
18:4n-3 ND ND ND 0.04 0.02 0.58 ND ND 0.09 0.15 
20:0 1.24 0.06 0.30 0.21 0.28 0.30 0.32 0.45 0.74 0.25 
20:1 1.16 0.65 0.72 0.51 0.15 ND ND 0.29 0.37 0.14 
20:2 + 20:3 d 9.14 9.12 8.28 9.14 0.66 0.52 ND ND 1.40 0.33 
20:4n-6 1.13 b 1.02 b 2.84 a 0.26 b 0.25 ND ND 1.30 ND 0.16 
20:5n-3 0.56 a ND 0.10 b 0.48 a 0.16 ND ND 0.12 1.17 0.32 
22:0 ND ND ND ND - -  ND ND ND 0.67 0.18 
22:1n-9 0.34 ND 0.10 0.05 0.09 ND ND ND ND - -  
22:4n-6 ND ND 0.47 ND 0.10 ND ND ND ND - -  
22:5n-3 ND ND 0.22 b 0.81 a 0.13 ND ND ND ND - -  
22:6n-3 ND ND 0.56 b 0.96 a 0.06 ND ND ND 0.50 0.18 
24:1n-9 ND ND 0.19 0.11 0.09 ND ND ND ND - -  

SAT 20.15 21.27 22.16 20.24 0.97 50.52 53.60 34.84 37.97 4.54 
MONO 50.465 58.11 a 51.65 b 54.74 a 1.14 32.27 40.34 39.16 44.97 3.11 
PUFA 14.76 13.28 16.65 14.32 1.37 6.83 4.77 9.38 9.56 1.44 
n-3 PUFA 0.78 a'b 0.53 b 0.89 a'b 2.55 a 0.53 0.87 b 0 0.46 b 1.76 ~ 0.34 
n-6 PUFA 3.62 b 3.63 b 7.40 a 2.63 b 0.04 5.96 a'b 4.77 b 8.92 a 7.79 a'b 1.08 
n-3/n-6 Ratio 0.21 b 0.15 b 0.11 b 0.96 a 0.25 0.11 b 0 0.05 b 0.21 a 0.04 

a'bMean values (n = 4) within rows having different superscripts 
eND, not detected; for other abbreviations, see Table 1. 
dIncludes 20:2n-6 and 20~3n-9 (Mead acid). 

are significantly different (P < 0.05). 
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TABLE 3 

F a t t y  Acid Compositions ( a r e a  %) o f  P o l a r  L i p i d s  a n d  N e u t r a l  L i p i d s  I s o l a t e d  f r o m  P r o x i m a l  T i b i o t a r s a l  G r o w t h  
C a r t i l a g e  of  S ix -week-o ld  C h i c k s  

Polar lipids 

Dietary lipid t r ea tments  Pooled 
Fat ty  acid SBO BC MAC MEC SEM 

Neutral  lipids 

Dietary lipid t r ea tments  Pooled 

SBO BC MAC MEC SEM 

14:0 0.70 b 0.88 a 0.77 a'b 0.83 a 0.03 
14:1n-5 0.26 0.30 0.24 0.27 0.02 
15:0 0.05 c 0.09 a 0.06 b'c 0.08 a'b 0.01 
15:1 2.32 a'b 2.24 a'b 2.11 b 2.66 a 0.12 
16:0 20.84 21.93 22.24 22.07 0.46 
16:1 10.90 11.20 10.29 10.33 0.53 
17:0 0.05 0.09 0.06 0.11 0.02 
17:1 1.94 1.64 1.86 2.11 0.11 
18:0 9.31 8.18 8.71 9.26 0.31 
18:1 35.01 a 35.58 a 34.83 a 32.13 b 0.64 
t18:2n-6 ND c 1.01 0.95 ND 0.05 
18:2n-6 4.62 a'b 3.55 b 5.08 a 3.44 b 0.35 
18:3n-3 0.06 0.01 0.04 ND 0.02 
18:4 0.36 0.31 0.24 0.40 0.01 
18:4n-3 ND 0.02 0.02 0.03 0.01 
20:0 0.20 0.20 0.09 0.19 0.03 
20:1n-9 0.63 0.68 0.62 0.55 0.03 
20:2 + 20:3 e 3.31 3.47 3.20 3.36 0.23 
20:3n-6 0.63 a 0.51 a'b 0.49 a'b 0.30 b 0.06 
20:4n-6 2.56 a 2.21 a 2.48 a 1.00 b 0.26 
20:5n-3 ND ND ND 1.80 0.05 
22:0 ND 0.12 ND 0.08 0.02 
22:ln-9 ND 0.10 ND ND 0.03 
22:4n-6 0.70 a 0.52 a 0.72 a 0.20 b 0.08 
22:5n-3 0.32 b 0.19 c 0.27 b,c 1.46 a 0.03 
22:6n-3 0.38 b 0.25 b 0.39 b 2.24 a 0.08 

SAT 31.15 31.48 31.93 32.61 0.41 
MONO 51.06 51.73 49.95 48.05 0.88 
PUFA 12.94 12.05 13.89 14.24 0.65 
n-3 PUFA 0.76 b 0.47 b 0.73 b 5.53 a 0.16 
n-6 PUFA 8.51 a 7.80 a 9.72 a 4.94 b 0.66 
n-3/n-6 Ratio 0.09 b 0.06 b 0.07 b 1.12 a 0.02 

0.61 1.15 0.69 0.24 0.26 
1.19 b 2.61 a 0.86 b 2.14 a 0.16 
0.08 b,c 0.27 a 0.02 c 0.14 b 0.02 
0.43 0.11 0.33 0.22 0.17 

30.75 36.42 30.72 23.15 3.96 
7.06 7.44 7.12 9.32 0.91 
0.21 0.74 0.24 1.89 0.78 

ND ND ND ND - -  
5.27 5.35 5.56 5.90 0.60 

29.08 27.75 30.03 30.93 2.59 
0.50 a 0.10 b 0.61 a 0.59 a 0.09 

13.07 a 8.41 b 10.27 a,b 12.60 a 0.78 
1.18 a 0.37 b 0.58 b 0.48 b 0.06 

ND ND ND ND - -  
ND ND ND ND - -  
0.10 0.05 ND ND 0.04 
0.47 0.30 0.48 0.49 0.07 
1.25 a 0.34 b 1.68 a 1.59 a 0.21 
0.55 0.13 0.28 0.09 0.12 
1.63a. b 0.79 b 2.16 a 0.82 b 0.24 

ND ND ND 3.02 0.06 
ND ND ND ND - -  
ND ND ND ND - -  
0.26 0.07 0.08 ND 0.05 

ND ND ND 1.57 0.02 
0.06 b ND ND 1.97 a 0.06 

37.01 43.99 37.22 31.32 3.71 
38.23 38.20 38.82 43.10 3.50 
18.50a, b 10.20 ~ 15.66 b 22.65 a 1.17 

1.24 b 0.37 c 0.58 b'c 7.05 a 0.16 
16.01 a 9.50 b 13.40 a 14.01 a 2.22 

0.08 b 0.04 b 0.04 b 0.50 a 0.01 

a'b'CMean values (n = 4) within rows having  different superscripts  are 
dND, not detected; for other  abbreviations,  see Table 1. 
eIncludes 20:2n-6 and 20:3n-9 (Mead acid). 

significantly different (P < 0.05). 

i n  c h i c k s  b e t w e e n  t h r e e  a n d  s ix  w e e k s .  T h e  a m o u n t  o f  
1 8 : 2 n - 6  i n  c a r t i l a g e  n e u t r a l  l i p i d s  o f  a l l  c h i c k s  i n c r e a s e d  
n e a r l y  t w o f o l d  i n d e p e n d e n t  of  t h e  d i e t a r y  l i p id  t r e a t m e n t .  
C h i c k s  f ed  BC,  w h i c h  w a s  l o w e s t  i n  18 :2n-6 ,  h a d  t h e  low-  
e s t  n - 6  P U F A  l e v e l s  i n  n e u t r a l  l i p i d s  (Tab le  3). 

T h e  c o n c e n t r a t i o n s  o f  2 0 : 5 n - 3 ,  2 2 : 5 n - 3  a n d  t o t a l  n - 3  
P U F A ,  a n d  t h e  n - 3 / n - 6  P U F A  r a t i o s  w e r e  g r e a t e s t  i n  E C  
a n d  M V  of  c h i c k s  f ed  M E C  as  c o m p a r e d  to  t h e  v a l u e s  s e e n  
for  c h i c k s  f ed  t h e  o t h e r  d i e t a r y  l i p i d s  (Tab le  4). C h i c k s  f ed  
M E C  h a d  a l o w e r  c o n c e n t r a t i o n  o f  2 0 : 4 n - 6  a n d  t o t a l  n - 6  
P U F A  i n  EC .  T h e  M V  f r o m  c h i c k s  f ed  M E C  m a i n t a i n e d  
t h e  l o w e s t  a m o u n t s  o f  18 :2n-6 ,  a n d  t h e  a m o u n t s  o f  2 0 : 4 n - 6  
i n  M V  w e r e  l o w e r  t h a n  fo r  c h i c k s  g i v e n  S B O .  C o n s i s t e n t  
w i t h  w h a t  w a s  s e e n  for  t h e  p o l a r  l i p i d s  i n  e p i p h y s e a l  ca r -  
t i l a g e  o f  s i x - w e e k - o l d  c h i c k s  ( T a b l e  3),  t h e  p r e d o m i n a n t  
s a t u r a t e d  f a t t y  a c i d  i n  E C  a n d  M V  w a s  16:0,  f o l l o w e d  b y  
18:0. A p p r e c i a b l e  a m o u n t s  (3%) o f  2 0 : 3 n - 9  w e r e  a l so  f o u n d  
i n  c a r t i l a g e ,  E C  a n d  M~.  T h e  M e a d  ac id  c o n c e n t r a t i o n s  i n  

e p i p h y s e a l  c a r t i l a g e ,  E C  a n d  M V  w e r e  u n a f f e c t e d  b y  t h e  

d i e t a r y  l i p id  t r e a t m e n t s .  
T h e  a r t i c u l a r  c a r t i l a g e  o f  e i g h t - w e e k - o l d  c h i c k s  w a s  

d r a m a t i c a l l y  a f f e c t e d  b y  t h e  l e v e l s  o f  n - 3  a n d  n - 6  P U F A  
p r e s e n t  i n  t h e  M E C  a n d  S B O  d i e t s ,  r e s p e c t i v e l y  ( T a b l e  5). 
T h e  M E C  t r e a t m e n t  l o w e r e d  t h e  a m o u n t s  of  20 :4n -6 ,  t o t a l  
P U F A  a n d  n - 6  P U F A ,  b u t  e l e v a t e d  t h e  a m o u n t  o f  n - 3  
P U F A  ( 2 0 : 5 n - 3  a n d  2 2 : 6 n - 3 )  a n d  t h e  n - 3 / n - 6  P U F A  r a t i o  
i n  c h i c k  a r t i c u l a r  c a r t i l a g e  p o l a r  l i p id s .  A d d i t i o n a l l y ,  t h e  
S B O  a n d  M E C  t r e a t m e n t s  l o w e r e d  2 0 : 3 n - 9  to  l e s s  t h a n  
3 %  o f  t h e  t o t a l  f a t t y  a c i d s .  T h e  c o n c e n t r a t i o n  o f  1 8 : 2 n - 6  
w a s  g r e a t e s t  i n  t h e  p o l a r  l i p i d s  of  a r t i c u l a r  c a r t i l a g e  i n  
c h i c k s  f ed  S B O ,  r e f l e c t i n g  t h e  c o m p o s i t i o n  o f  s o y b e a n  oil. 
I n t e r e s t i n g l y ,  t h e  18 :2n -6  i n c r e a s e  d i d  n o t  r e s u l t  i n  a p a r -  

a l l e l  i n c r e a s e  i n  20 :4n-6 .  
A l t h o u g h  a c o n s i d e r a b l e  a m o u n t  o f  t r a n s - 1 8 : l  f a t t y  

a c i d s  w a s  p r e s e n t  i n  t h e  M A C  d i e t  ( 1 4 . 8 5 %  of  t 1 8 : l )  
( T a b l e  1), a n d  t r a n s - 1 8 : l  w a s  f o u n d  i n  t h e  g r o w t h  c a r t i -  
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TABLE 4 

Fatty Acid Compositions (area %) of Chondrocytes and Matrix Vesicles Isolated from Tibiotarsal Growth Cartilage 
of Eight-week-old Chicks 

623 

Chondrocytes 

_. Dietary lipid t r ea tmen t s  Pooled 
Fat ty  acid SBO BC MAC MEC SEM 

Matrix vesicles 
Dietary lipid t r ea tments  Pooled 

SBO BC MAC MEC SEM 

14:0 1.40 2.61 2.57 2.70 0.93 
14:1n-5 0.16 0.40 0.32 0.16 0.18 
15:0 0.48 a 0. I1 b 0.14 b 0.15 b 0.16 
15:1 0.33 b 0.68 a 0.66 a 0.74 a 0.22 
16:0 25.89 28.62 31.21 29.58 5.54 
t16: ln-7 1.16 1.09 1.08 0.97 0.33 
16:1n-7 5.74 5.85 5.78 5.41 1.42 
17:0 1.06 0.24 0.28 0.89 0.90 
17:1 3.35 2.36 3.79 2.72 2.66 
18:0 5.59 5.37 5.30 5.49 1.62 
18:1 29.39 27.00 25.89 25.48 4.43 
t18:2n-6 0.61 0.56 0.56 0.47 0.36 
18:2n-6 4.64 2.54 1.95 1.94 2.55 
18:3n-6 0.23 0.47 0.48 0.32 0.19 
18:3n-3 0.35 0.05 ND ND 0.28 
18:4 2.70 3.29 2.52 ND 2.89 
18:4n-3 ND d ND ND 2.55 1.28 
20:0 0.07 0.32 0.09 0.54 0.41 
20:1n-9 0.39 0.43 0.25 0.39 0.19 
20:3n-9 2.92 2.04 2.38 2.45 0.78 
20:3n-6 0.09 0.11 ND ND 0.11 
20:4n-6 1.10 a 0.68 a 0.80 a 0.10 b 0.38 
20:5n-3 ND ND ND 1.12 0.42 
22:0 0.68 0.82 0.55 0.41 0.38 
22:1n-9 0.40 a'b 0.13 b 0.62 a 0.23 a'b 0.32 
22:2n-6 0.53 0.35 0.17 0.41 0.27 
22:4n-6 0.26 0.17 0.11 ND 0.18 
22:5n-3 0.42 b ND ND 0.95 a 0.19 
22:6n-3 0.09 0.21 0.12 0.61 0.35 
24:1n-9 0.29 0.19 ND 0.10 0.22 

SAT 35.18 38.11 40.14 39.77 5.60 
MONO 41.21 38.12 38.39 36.20 4.77 
PUFA 13.92 10.46 9.08 10.92 4.53 
n-3 PUFA 0.86 b 0.26 b 0.12 b 5.23 a 1.30 
n-6 PUFA 7.45 a 4.87 a'b 4.06 a'b 3.24 b 2.65 
n-3/n-6 Ratio 0.11 b 0.05 b 0.02 b 1.79 a 0.46 

1.10 a'b 1.42 a 1.34 a 0.99 b 0.10 
0.09 b 0.17 a 0.12 b 0.11 b 0.01 
0.08 0.12 0.09 0.11 0.01 
1.24 1.14 1.16 1.15 0.12 

28.56 a,b 33.33 a 29.92 a'b 26.22 b 1.95 
1.31 1.17 1.24 1.33 0.15 
4.84 b 5.47 a,b 5.20 ~'b 6.04 a 0.30 
1.03 0.31 0.56 0.21 0.39 
1.32 1.24 1.31 1.33 0.15 
9.32 8.07 8.01 9.34 0.60 

31.42 29.13 28.74 31.63 1.57 
0.40 b 0.76 a 0.82 a 0.36 b 0.10 
0.84 a,b 1.43 a,b 1.77 a 0.51 c 0.25 
0.15 0.21 0.10 ND 0.04 
0.11 0.01 0.06 ND 0.03 

ND ND ND ND - -  
0.13 0.10 0.07 0.63 0.17 
0.41 0.38 0.36 0.45 0.03 
0.79 0.45 0.51 0.50 0.15 
3.06 2.79 2.91 3.03 0.49 
0.07 0.06 0.06 ND 0.03 
0.81 a 0.67 a,b 0.68 a,b 0.34 b 0.12 

ND ND ND 0.36 0.02 
1.04 1.03 0.99 1.15 0.13 
0.20 0.27 0.30 0.29 0.06 
0.58 0.67 0.69 0.72 0.10 
0.29 0.13 0.23 ND 0.05 
0.57 b 0.06 c ND 1.01 a 0.10 
0.63 0.57 0.60 0.63 0.14 
1.55 a 0.97 a,b 0.73 b 1.38 a'b 0.23 

41.57 44.66 41.27 38.49 1.98 
42.76 40.01 39.31 43.77 2.13 

7.64 7.45 7.99 7.60 0.93 
1.43 b 0.64 b 0.66 b 2.63 a 0.22 
3.15 a.b 3.92 a 4.35 a 1.94 b 0.46 
0.42 b 0.17 b 0.17 b 1.53 a 0.15 

a'b'CMean values (n = 6) within rows having  different superscripts  are significantly different (P < 0.05). 
dND, not  detected; for other abbreviat ions see Table 1. 

l a g e  o f  t h r e e - w e e k - o l d  c h i c k s  ( 1 . 5 %  of  t o t a l  F A M E )  f e d  
M A C ,  n o  t r a n s - 1 8 : l  w a s  d e t e c t e d  i n  t h e  E C  a n d  M V  of  
these ch icks .  Also ,  n o  t r a n s - 1 8 : l  w a s  f o u n d  i n  g r o w t h  ca r -  
t i l a g e  o f  t h r e e - w e e k - o l d  c h i c k s  t h a t  c o n s u m e d  t h e  B C  d i e t  
(2 .19% d i e t a r y  t 1 8 : l ) .  

F i g u r e  1 i l l u s t r a t e s  t h e  c h a n g e s  i n  t h e  c o n c e n t r a t i o n s  
o f  n - 3  a n d  n - 6  P U F A  i n  l i v e r  p o l a r  l i p i d s  of  c h i c k s  a t  t h r e e  
a n d  s ix  w e e k s  o f  age .  T h e  v a l u e s  fo r  f a t t y  a c i d s  a r e  p r e -  
s e n t e d  a s  s t a n d a r d i z e d  d i f f e r e n c e s  ( S T D )  b a s e d  o n  s t a t i s -  
t i c a l  a n a l y s i s  ( n u m b e r  o f  s t a n d a r d  e r r o r  o f  t h e  m e a n  
u n i t s ) .  T h e  S T D  fo r  n - 3  a n d  n - 6  P U F A  s h o w  t h a t  c h i c k s  
f e d  M E C  h a d  l o w e r  a m o u n t s  o f  1 8 : 2 n - 6  a n d  2 0 : 4 n - 6  b u t  
h i g h e r  a m o u n t s  o f  2 0 : 5 n - 3  a n d  2 2 : 6 n - 3  i n  l i v e r  p o l a r  l i p i d s  
c o m p a r e d  to  c h i c k s  g i v e n  t h e  o t h e r  t r e a t m e n t s .  C h a n g e s  
i n  n - 3  a n d  n - 6  P U F A  c o n c e n t r a t i o n s  i n  l i v e r  p o l a r  l i p i d s  
w e r e  s i m i l a r  to  t h o s e  f o u n d  i n  c h i c k  c a r t i l a g e  p o l a r  l ip ids .  

DISCUSSION 

A P  is  o n e  o f  m a n y  m e m b r a n e - b o u n d  e n z y m e s  f o u n d  i n  iso-  
l a t e d  MV, a n d  i t s  h i g h  a c t i v i t y  i s  c r u c i a l  f o r  p r o p e r  M V  
f u n c t i o n  i n  m i n e r a l i z a t i o n  (19). W e  o b s e r v e d  h i g h  A P  spe-  
cific a c t i v i t y  i n  M V  a s  c o m p a r e d  to  E C  i s o l a t e d  f r o m  c h i c k  
t i b i o t a r s a l  g r o w t h  c a r t i l a g e ,  w h i c h  a g r e e s  w i t h  t h e  l i t e r a -  
t u r e  (3). T h e  a c t i v i t y  o f  A P  w a s  n o t  a f f e c t e d  b y  t h e  d i e t a r y  
l i p i d  t r e a t m e n t s ,  a l t h o u g h  s h o r t  c h a i n  f a t t y  a c i d s  h a v e  
b e e n  r e p o r t e d  to  a l t e r  A P  a c t i v i t y  i n  c e r t a i n  b i o l o g i c a l  

m e m b r a n e s  (20). 
I t  w a s  i m p o r t a n t  to  n o t e  t h a t  c h i c k e n  c a r t i l a g e  t i s s u e s ,  

c h o n d r o c y t e s  a n d  M V s  a l l  c o n t a i n e d  l a r g e  a m o u n t s  of  s a t -  
u r a t e d  a n d  m o n o u n s a t u r a t e d  f a t t y  a c i d s  ( > 8 0 % )  a n d  low 
l e v e l s  o f  n - 6  P U F A  ( < 1 0 . 2 % ) .  I n  c o n t r a s t  to  c a r t i l a g e  
l i p i d s ,  l i v e r  p o l a r  l i p i d s  f r o m  t h e s e  c h i c k s  c o n t a i n e d  
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TABLE 5 

F a t t y  A c i d  C o m p o s i t i o n s  (area  %) o f  P o l a r  L ip ids  I so la ted  
from Art i cu lar  Cart i lage  of  E i g h t - w e e k - o l d  Ch icks  

Dietary lipid treatments Pooled 
Fatty acid SBO BC MAC MEC SEM 

16:0 30.42 a 20.84 c 22.77 b 31.49 a 0.56 
16:1 4.03 b 6.74 a 6.24 a 6.76 a 0.31 
18:0 19.07 b 20.91 a 17.925 13.47 c 0.62 
18:1 29.83 b 28.60 b 28.965 33.81 a 0.63 
18:2n-6 7.44 a 4.675 5.145 4.79 b 0.33 
20:3n-9 1.58 c 2,585 3.22 ~ 1.97 C 0.18 
20:4n-6 2.77 a 2.53 a 2.52 a 1.175 0.14 
20:5n-3 0.21 b 0.11 r 0.15 be 0.93 a 0.03 
22:6n-3 0.08 b 0.12 b 0.105 0.38 a 0.04 
SAT 49.49 a 41.75 c 40.69 c 44.965 0.78 
MONO 33.86 b 35.34 b 35.205 40.57 a 0.71 
PUFA 12.09 a 10.01 a 11.13 a 9.25 b 0.38 
n-3 PUFA 0.305 0.23 b 0.25 b 1.32 ~ 0.08 
n-6 PUFA 10.21 a 7.20 b 7.66 b 5.96 c 0.36 
n-3/n-6 Ratio 0.03 b 0.03 b 0.03 b 0.22 ~ 0.01 
a'b'CMean values (n = 8) within rows having different superscripts 
are significantly different (P < 0.05). For abbreviations see Table 1. 

22-41% n-6 PUFA, whereas the sa turated and monoun- 
saturated fatty acids comprised 50-60% of the total fatty 
acids (data not shown). The total amounts  of sa tura ted  
fatty acids and PUFAs in epiphyseal cartilage polar lipids, 
EC and MV of chicks were affected by the different dietary 
t reatments .  However, the amounts  of monounsa tura ted  
fat ty acids (16:1 and 18:1) were higher in polar lipids of 
epiphyseal cartilage of three-week-old chicks fed BC and 

[ D B C [ ] M A C � 9  I 

"O :- 

I I I I I I 
18:2n-6 20:4n-6 20:5n-3 22:6n-3 Tn-6 Tn-3 

Fatty Acids in Liver Polar Lipids 

FIG. 1. P o l y u n s a t u r a t e d  f a t t y  a c i d s  (PUFA)  in  l i v e r  p o l a r  
l i p i d s  o f  c h i c k e n s  at  t h r e e  w e e k s  o f  a g e  ( p a n e l  A) a n d  s ix  
w e e k s  o f  a g e  ( p a n e l  B) p r e s e n t e d  as  s t a n d a r d i z e d  di f fer-  
e n c e s  (ST])).  The  STD for P U F A  v a l u e s  w e r e  c a l c u l a t e d  as  a 
d i f f e r e n c e  in  t r e a t m e n t  m e a n  ( b u t t e r  + c o r n  oi l  d iet ;  mar-  
g a r i n e  + c o r n  oi l  diet;  or m e n h a d e n  oi l  + c o r n  oi l  d ie t )  f rom 
t h e  m e a n  for  s o y b e a n  oi l  d i e t  (SBO) d i v i d e d  b y  t h e  p o o l e d  
SEM (n = 4). An  STD v a l u e  of  2.5 (+ or  - )  is  s i g n i f i c a n t l y  dif- 
f erent  (P < 0.05) from the  SBO t r e a t m e n t .  

MEC and in art icular cartilage of eight-week-old chicks 
fed MEC. 

The fatty acid analyses of articular and epiphyseal car- 
tilages, EC and MV obtained from chicks fed MEC demon- 
strated tha t  dietary n-3 PUFA are readily incorporated 
into these tissues and accumulate in neutral  lipids of 
growth cartilage. Interestingly, when chicks were fed a 
high level of dietary linoleate, 18:2n-6 accumulated in the 
neutral  lipids of chick epiphyseal cartilage. In a s tudy 
with rats, Lippiello et al. (21) found tha t  a menhaden oil 
diet significantly decreased n-6 PUFA but elevated 
20:5n-3 and 22:6n-3 concentrations in articular cartilage. 

In the present study, the fatty acid composition of MV 
was close to that  of EC, which is similar to the results re- 
ported by Wuthier (5). The low levels of n-6 PUFA in chon- 
drocytes and MV may be related to the involvement of 
n-6 PUFA in PG biosynthesis in growth cartilage (7). 

PGE 2 is known to participate in bone resorption and 
bone formation (22) and is involved in regulating the ac- 
tivity of cytokines and growth factors in bone (6). Some 
data (23,24) suggest tha t  altered PUFA metabolism may 
affect bone and cartilage development by a PG dependent 
mechanism. 

In addition to confirming the presence of Mead acid in 
growth cartilage, which was first described by Adkisson 
et aI. (7), we now quantified high levels of Mead acid in the 
EC and MV cartilage fractions of chicks on all the dietary 
treatments. 

During early bone development, rapid depletion of 
arachidonic acid occurs to support eicosanoid biosynthesis 
(24). The reduction in n-6 PUFA results in lower concen- 
trations of 18:2n-6, which decreases the competition be- 
tween 18:2n-6 and 18:1n-9 for the A6 desaturase and en- 
hances Mead acid formation. Another explanation for the 
unusual  fat ty acid composition of cartilage may be tha t  
the tissue is sensitive to n-6 PUFA and eicosanoids and, 
thus, accumulates less n-6 PUFA. Interestingly, our data 
demonstrate  tha t  feeding SBO, a rich source of linoleic 
acid, had no effect on Mead acid concentrations in growth 
cartilage, EC or MV. However, we did note a general trend 
toward a decrease in the concentration of Mead acid in 
epiphyseal cartilage between three and six weeks, which 
was independent of the dietary t reatment .  This agrees 
well with the findings ofAdkisson et al. (25), who reported 
a marked depletion in Mead acid content of phospholipids 
in human  costal and articular cartilages as a function of 
aging. 

Although dietary trans-18:1 were reported to be incor- 
porated into liver, lung and abdominal fat pads of chicks 
(26), as well as into tibiotarsal growth cartilage (27), 
trans-18:1 was not detectable in EC and MV of chicks fed 
the t rans-  18:1 diet (MAC). Perhaps the amounts of t rans-  
18:1 in MAC and BC were insufficient to cause their accu- 
mulation in EC as their levels were 14.85 and 2.19%, re- 
spectively, compared to the 44.44% used in a previous 
study (27). 

Total n-3 PUFA levels and the n-3/n-6 ratios were the 
greatest  in cartilage, EC and MV of chicks consuming 
MEC as compared to those fed SBO, BC and MAC. Feed- 
ing MEC to chicks lowered the concentrations of 20:4n-6 
but increased those of 20:5n-3 and 22:6n-3 in EC and MV. 
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The  r a p i d  e n r i c h m e n t  of  n-3 P U F A  in EC a n d  MV iso la ted  
f rom g rowth  ca r t i l age  m a y  i m p l y  t h a t  t he  a v a s c u l a r i t y  of  
c a r t i l a g e  m a y  no t  be  t h e  m a i n  r e a s o n  for t h e  l ower  n-6 
P U F A  a n d  h ighe r  20:3n-9 levels  as  exp la ined  by  Adk i s son  
et al. (7). The  effect  of  en r i ched  n-3 P U F A  on t h e  ce l l u l a r  
func t ions  of  EC a n d  MV in  g r o w t h  c a r t i l a g e  t i s sue  is  no t  
p r e s e n t l y  clear. 

The  d a t a  f rom our  p r e s e n t  e x p e r i m e n t s  conf i rm previ -  
ous  r e p o r t s  t h a t  n o r m a l  c a r t i l a g e  t i s s u e s  a r e  low in  n-6 
P U F A  a n d  con ta in  20:3n-9 (Mead  acid), a n d  t h e y  demon-  
s t r a t e  t h a t  t h e  c o n c e n t r a t i o n  of  M e a d  ac id  a p p e a r s  to be  
u n a f f e c t e d  by  t h e  leve l  of  d i e t a r y  e s s e n t i a l  f a t t y  ac ids  
(18:2n-6 a n d  18:3n-3). Trans-18:l  f a t t y  ac ids  d id  accumu-  
l a t e  in  e p i p h y s e a l  ca r t i l age  of  t he  p r o x i m a l  t i b i o t a r s u s  of  
ch icks  fed m a r g a r i n e .  The  d a t a  a l so  i n d i c a t e  t h a t  n-3 
P U F A  levels  can  be i nc reased  in  ca r t i l age  t i s sue  and  cells 
by  a d ie t  en r i ched  w i th  n-3 PUFA.  
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A r e c e n t l y  d e v e l o p e d  i m m u n o s u p p r e s s i v e  s u b s t a n c e ,  
2 - c h l o r o - 2 - d e o x y a d e n o s i n e  (2-CdA), w a s  r e p o r t e d  to  in- 
h ib i t  m o n o c y t e  f u n c t i o n s  at  I ~w c o n c e n t r a t i o n .  B e c a u s e  
m a c r o p h a g e s  p lay  a k e y  ro le  in  the  f o r m a t i o n  o f  a thero-  
s c l ero t i c  p laques ,  it  w a s  o f  i n t e r e s t  to  s t u d y  the  ef fect  of  
2-CdA on  ce l lu lar  l ip id  m e t a b o l i s m .  For  th i s  p u r p o s e  w e  
have  used  a m a c r o p h a g e  cel l  l ine  (P388) to  per form incu- 
b a t i o n  s tud ie s  in the  p r e s e n c e  of  a c e t y l a t e d  l o w  d e n s i t y  
l i p o p r o t e i n  (Ac-LDL) and  2-CdA. The  a d d i t i o n  o f  2.CdA, 
in c o n c e n t r a t i o n s  rang ing  f rom 5-20 nM, induced  a dose-  
d e p e n d e n t  d e c r e a s e  in  c e l l u l a r  c h o l e s t e r o l  c o n t e n t  and  
in the  a m o u n t  o f  ex trace l lu lar  [14C]oleic ac id  (OA) incor-  
p o r a t e d  in to  the  c h o l e s t e r y l  e s t e r  (CE) fract ion .  The  ef- 
fec t  w a s  m a x i m i z e d  at  20 nM 2-CdA w i t h  an 86% reduc -  
t i on  in c h o l e s t e r o l  e s t e r i f i c a t i o n  c o m p a r e d  to  c o n t r o l s  
(P < 0.008). To e v a l u a t e  the  m e c h a n i s m  of  i n t e r a c t i o n  of  
2-CdA w i t h  c e l l u l a r  l ip id  m e t a b o l i s m ,  d e o x y c y t i d i n e  
(dCyt)  and  3 - m e t h o x y b e n z a m i d e  (3-MOB), s u b s t a n c e s  
k n o w n  to a n t a g o n i z e  the  e f f ec t  o f  2-CdA in d i f f erent  
ways ,  w e r e  co -ad min i s t ered  w i t h  2-CdA. dCyt,  a compet i -  
t i ve  i n h i b i t o r  o f  dCyt  k i n a s e ,  w h i c h  c a t a l y z e s  p h o s p h o -  
ry lat ion  to the  ac t ive  metabo l i t e ,  a n t a g o n i z e d  the  ef fects  
of  20 nM 2-CdA, p r o d u c i n g  s igni f icant ly  greater  incorpo-  
rat ion  of  ex trace l lu lar  [~C]OA into  the  CE fract ion  than  
in the  p r e s e n c e  o f  2-CdA a lone  (P < 0.0086). Co- incubat ion  
w i t h  2-CdA and the  poly-ADP-ribose  s y n t h e t a s e  inhib i tor  
3-MOB, w h i c h  is k n o w n  to r e n d e r  ce l l s  res i s tant  to  2-CdA 
tox ic i ty  by p r e v e n t i n g  ce l lu lar  n i c o t i n a m i d e  aden ine  din- 
u c l e o t i d e  (NAD)- and a d e n o s i n e  t r iphosphase -dep le t i on ,  
a l so  r e v e r s e d  the  e f fec t  o f  2-CdA on  l ip id  a c c u m u l a t i o n .  
H o w e v e r ,  i n c u b a t i o n  o f  P388 ce l l s  w i t h  20 nM 2-CdA did 
not  resul t  in a d e c r e a s e  in ce l lu lar  NAD content .  As 20 nM 
2-CdA s h o w e d  no ef fect  on in trace l lu lar  c h o l e s t e r o l  syn- 
thes i s  based  on m e a s u r e m e n t  by  3 -hydroxy-3-methylg lu .  
taryl  c o e n z y m e  A r e d u c t a s e  act ivity,  the  d e c r e a s e  in cel-  
lu lar  c h o l e s t e r o l  c o n t e n t  and  in [14C]OA i n c o r p o r a t i o n  
s e e m s  to be  pr imari ly  due to an in ter ference  w i t h  Ac-LDL 
m e t a b o l i s m .  
Lipids 29, 627-633 (1994). 

Monocyte-derived macrophages play a central role in 
atherogenesis and constitute the major source of foam 
cells in atherosclerotic lesions (1-3). Accumulation ofcho- 
lesteryl esters (CE) in macrophages occurs by the uptake 
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A-6020 Innsbruck, Austria. 
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Ac-LDL, acetylated low denstiy lipoprotein; ADP, adenosine 
diphosphate; AMP, adenosine-monophosphate; 2-CdA, 2-chloro-2- 
deoxyadenosine; cdATP, chlorodeoxy adenosine triphosphate; CE, 
cholesteryl ester; dCyt, deoxycytidine; EDTA, ethylenediaminete- 
traacetic acid; HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme 
A; LDL, low density lipoprotein; 3-MOB, 3-methoxybenzamide; 
NAD, nicotinamide adenine dinucleotide; OA, oleic acid. 

of modified lipoproteins via the scavenger receptor path- 
way (4-6). Several factors have been reported to modulate 
these receptor activities in human monocytes (3,7), peri- 
toneal murine macrophages (4) and in macrophage cell 
lines (8). Bacterial endotoxin (9) and lymphocyte condi- 
tioned medium (10) were shown to inhibit scavenger re- 
ceptor activities. Maturation of monocytes to macrophages 
(11), macrophage conditioned medium and increased plat- 
ing density all enhance receptor activities (12,13). Based 
on these results, it has been suggested that the activity of 
scavenger receptors reflects macrophage differentiation 
and/or activation. Activation of macrophages was found to 
be initiated by a lymphokine, interferon y, which is re- 
leased by stimulated T-lymphocytes within the atheroscle- 
rotic lesion (14). The primed macrophage is susceptible to 
endotoxins and other stimulatory factors and exhibits in- 
creased phagocytotic activity (14,15). 

The complex interactions between macrophage activity 
and the magnitude of acetylated low density lipoprotein 
(Ac-LDL) degradation is demonstrated by the inhibition 
reported of scavenger receptor expression by interferon 7 
(10,14), whereas interferon 7 appeared to increase Ac-LDL 
degradation in another system (16). Dexamethasone, an 
agent known to depress a number of macrophage inflam- 
matory and immune functions, augments scavenger re- 
ceptor activity in human monocytes-macrophages (17). 

2-Chlorodeoxyadenosine (2-CdA), a new drug with 
strong immunosuppressive properties (18-20), inhibits 
macrophage functions like phagocytosis and IL-6 release 
at low concentrations (20). To investigate a potential ef- 
fect of 2-CdA on cellular lipid metabolism, we used the 
murine macrophage line P388, which is considered to be a 
suitable model for foam cell formation, including studies 
of the scavenger receptor pathway (8). 2-CdA is a 2-chloro 
analog of deoxyadenosine, which is resistant to degrada- 
tion by adenosine deaminase (21). For its biological ef- 
fects, 2-CdA requires intracellular phosphorylation by de- 
oxycytidine (dCyt) kinase (21). The phosphorylated me- 
tabolite chlorodeoxy adenosine triphosphate (cdATP) 
accumulates in cells rich in this enzyme and poor in 5-nu- 
cleotidase (22). It has been suggested that  the chloro- 
deoxyadenosine nucleotides rapidly cause DNA strand 
breaks in nondividing lymphocytes and monocytes, and 
that the free ends of DNA activate the enzyme poly(ADP- 
ribose) polymerase, resulting in NAD and ATP depletion 
of cells and, consequently, in cell death (23,24). Toxicity of 
2-CdA is abolished in lymphocytes and macrophages by 
dCyt, which acts as a competitive inhibitor of dCyt kinase 
and thus prevents accumulation of chlorodeoxyadenosine 
nucleotides (21). The lymphocytotoxic effects of 2-CdA are 
also blocked by co-incubation of the cells with the ADP 
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ribosylation inhibitor 3-methoxybenzamide (3-MOB) 
(25,26). 

Because 2-CdA initiates a sequence of well-defined bio- 
chemical events in monocytes that can be blocked at enzy- 
matic sites by dCyt and 3-MOB, this drug appeared to be 
ideal for investigating the effects of immunosuppression 
on cellular lipid metabolism. 

MATERIALS AND METHODS 

Lipoprotein preparation. LDL was obtained from the 
ethylenediaminetetraacetic acid (EDTA)-anticoagulated 
blood of healthy donors, after overnight fasting, using 
zonal ultracentrifugation (27). The lipoproteins were dia- 
lyzed against saline-EDTA (0.9% NaC1, 1 mM EDTA). Ac- 
LDL was prepared by acetylating LDL with acetic anhy- 
dride as described by Basu et al. (28). LDL and Ac-LDL 
were stored at 4~ under nitrogen and used within one 
week after preparation. Protein was determined by the 
method of Lowry et al. (29). 

Chlorodeoxyadenosine, dCyt and 3-MOB. Chlorodeoxy- 
adenosine was kindly provided by E. Beutler (Scripps 
Clinic, La Jolla, CA). dCyt was purchased from Sigma 
(St. Louis, MO). Drugs were stored as dry powder at 
-20~ and dissolved in sterile 0.9% NaC1 prior to use. 

Cell lines. The murine macrophage cell line P388 (lym- 
phoid neoplasm of DBA/2 mice treated with 3-methyl- 
cholanthrene) was obtained from the Salk Institute Cell 
Repository (San Diego, CA). The cell culture medium was 
Hepes-buffered RPMI-1640 supplemented with 1 mM glu- 
tamine, 10% heat-inactivated fetal calf serum, 100 Hg/mL 
penicillin and 100 units/mL streptomycin. Cells were 
maintained in 100-mm dishes in a humidified incubator 
(5% CO 2) at 37~ 

Cell cultures. For the experiments, 1 x 106 cells/dish 
(10-ram dishes) were seeded in 1 mL complete medium in 
triplicate. Cell viability was greater than 90% as assessed 
by Trypan Blue dye exclusion. Cultures were re-fed 24 h 
later, when they usually had reached about 70% conflu- 
ency, with 1 mL of serum-free medium containing the de- 
sired concentration of Ac-LDL (10-100 pg/mL) or 25-hy- 
droxycholesterol (Sigma) (25 and 100 pg/mL), to which 
2-CdA (5-80 nM) and/or dCyt (10-3-10 -6 M), 2-CdA and/or 
3-MOB (2.5 and 5 mM) and 2-CdA and/or aminophylline 
(10 and 20 ~VI) were added, as indicated in the figures. 

~me-course studies. In pre-incubation studies, I x 106 
cells/dish were seeded in 1 mL complete medium in tripli- 
cate. After the cells had reached about 70% confluency, 
cultures were re-fed with complete medium (to which 
2-CdA was added), and subsequently incubated for 4, 
8 and 24 h. After incubation with 2-CdA, the cells 
were washed twice with phosphate-buffered saline and 
then incubated again with 1 mL serum-free medium 
(RPMI-1640) containing 100 ~tg/mL Ac-LDL. 

To determine whether the 2-CdA antagonizing effect of 
dCyt is time-dependent, two sets of experiments were 
used. In one the competitive inhibitor of the 2-CdA acti- 
vating enzyme dCyt kinase, dCyt and 2-CdA were added 
simultaneously to the confluent cell cultures in complete 
medium and incubated for 24 h. Cell monolayers were 
then washed and incubated with serum-free medium con- 

taining Ac-LDL. In the second set of experiments, dCyt 
was added after treatment of cell cultures with 2-CdA. 
The cultures were then washed with saline solution and 
incubated with medium containing Ac-LDL and dCyt, 

Cholesterol esterification assay. [14C]Oleic acid (OA) 
(55 mCi/mmol; Amersham, Arlington Heights, IL), was 
complexed with bovine serum albumin. Cells were incu- 
bated with Ac-LDL and 0.01 M albumin complexed with 
[14C]OA. After an incubation period of 24 h, cell monolay- 
ers were washed and extracted with hexane/isopropanol 
(3:2, vol/vol) containin~ 10 pg/mL carrier cholesterol, cho- 
lesteryl oleate and [~ to assess recovery. 
Labeled lipids were taken "L,o dryness, re-dissolved in 
hexane and separated by thin-layer chromatography 
on Whatman MK-F microslides using heptane/diethyl 
ether/acetic acid (75:25:2, by vol) as developing solvent. 
Lipid fractions were visualized with iodine vapor and 
scraped into vials for counting (8). Cell monolayers were 
dissolved in 0.1N NaOH for protein determination accord- 
ing to Lowry et al. (29). 

Determination of total amounts of cholesterol. Cultures 
were washed and extracted with hexane/isopropanol (3:2, 
vol/vol). After solvent removal, total cholesterol, free cho- 
lesterol and triglyceride mass were assayed using an en- 
zymatic kit (Cholesterol CHOD-PAP, Triglycerides GPO- 
PAP; Boehringer Mannheim, Mannheim, Germany). 

3-Hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) 
reductase activity. The rate limiting enzyme in de novo 
cholesterol synthesis, HMG-CoA reductase, was assayed 
in P388 cells incubated for 24 h with or without 20 nM 
2-CdA, according to the method described by Harwood 
et al. (30). HMG-CoA reductase activity in HEPG2 cells 
served as control in evaluating the assay. 

Measurement of intracellular NAD. Cellular NAD 
content was determined in P388 cells 24 h after plating 
and subsequent incubation for 4, 8 and 24 h, either with 
20 nM 2-CdA and 10 -3 M dCyt, or alternatively with 
20 nM 2-CdA and 2.5 mM 3-MOB. At above time points, 
samples were also assessed for cell viability. NAD content 
was quantified by high-performance liquid chromatogra- 
phy (31). 

Statistical methods. Data are expressed as mean _+ SD 
for triplicate determinations. The Mann-Whitney U test 
was used to evaluate differences in the lipid content of the 
cells treated with and without 2-CdA. 

RESULTS 

Influence of 2-CdA on [14C]0A incorporation into the CE 
fraction and on cellular cholesterol and triglyceride levels. 
The addition of 2-CdA at various concentrations (from 5 
to 80 nM) to 1 x 106 P388 cells exposed to different concen- 
trations of Ac-LDL (10-100 pg/mL) resulted in a dose-de- 
pendent reduction of the amount of extracellular [14C]OA 
incorporated into the CE fraction, as compared to control 
cultures treated with Ac-LDL alone. At 5 nM, 2-CdA 
caused only a slight reduction in [14C]OA incorporation, 
but at 10 nM there was a significant decrease compared 
to controls (P < 0.009) as is shown in Figure 1. A further 
reduction to 86% (P < 0.008) was achieved at 20 nM 
2-CdA; however, increasing the concentrations to 40 or 
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FIG.  1. C u l t u r e s  g r o w n  for  24  h i n  c o m p l e t e  m e d i u m  w e r e  
w a s h e d  a n d  r e - f e d  w i t h  s e r u m - f r e e  m e d i u m  s u p p l e m e n t e d  
w i t h  a c e t y l a t e d  l o w  d e n s i t y  l i p o p r o t e i n  (Ac-LDL) a l o n e  (10, 
50  a n d  100 ttg/mL), o r  A c - L D L  a n d  2 - c h l o r o - 2 - d e o x y a d e n o -  
s i n e  (2-CdA)  (5, 10, 20  40  or  80  nM).  F o r  c h o l e s t e r y l  e s t e r  
(CE) d e t e r m i n a t i o n ,  0.1 m M  [Z4C]oleic a c i d  (OA) c o m p l e x e d  
w i t h  b o v i n e  s e r u m  a l b u m i n  w a s  a d d e d  to  t h e  c u l t u r e s .  Af ter  
24  h, l i p i d s  w e r e  e x t r a c t e d  w i t h  h e x a n e / 2 - p r o p a n o l  (3:2, 
vo l /vo l ) ,  a n d  t h e  CE c o n t e n t  w a s  c a l c u l a t e d  as  d e s c r i b e d  in  
the  M a t e r i a l s  a n d  M e t h o d s  s e c t i o n .  

80 nM produced no additional decrease (P < 0.009). By 
contrast, a dose-dependent decrease in total cellular cho- 
lesterol content was found with increasing 2-CdA concen- 
trations up to 80 nM (Fig. 2). Concentrations above 80 nM 
2-CdA were toxic to P388 cells (data not shown). 

Cellular-free cholesterol content did not decrease signif- 
icantly during 2-CdA incubation (without 2-CdA, 52 • 
9 ~tg/mg protein; with 2-CdA at 10 nM, 49 • 10 ~g/mg pro- 
tein, P < 0.6; with 2-CdA at 20 nM, 41• 8 pg/mg protein, 
P < 0.2). These results indicate that  the decrease in cellu- 
lar total cholesterol results from a decrease in the amount 
of cellular CE. Incubation with 2-CdA revealed no signifi- 
cant effect on cellular triglyceride content (without 2-CdA, 
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FIG.  2. Ce l l  c u l t u r e s  g r o w n  for  24 h i n  c o m p l e t e  m e d i u m  
w e r e  r e . f e d  w i t h  s e r u m - f r e e  m e d i u m  c o n t a i n i n g  100 ttg/mL 
Ac-LDL a n d  2-CdA at  c o n c e n t r a t i o n s  o f  10, 20, 40  a n d  80 nM. 
A f t e r  24  h, l i p i d s  w e r e  e x t r a c t e d  w i t h  h e x a n e / 2 - p r o p a n o l  
a n d  t h e  c h o l e s t e r o l  c o n t e n t  d e t e r m i n e d  e n z y m a t i c a l l y  as  
d e s c r i b e d  i n  t h e  M a t e r i a l s  a n d  M e t h o d s  s e c t i o n .  A b b r e v i a -  
t i o n s  as  i n  F i g u r e  1. 

127 _+ 11 ~g/mg protein; with 2-CdA at 10 nM, 115 -+ 
12 pg/mg protein, P < 0.4; with 2-CdA at 20 nM, 108 _+ 
9 ~g/mg protein, P < 0.07). 

When P388 cells were incubated with 25-hydroxycho- 
lesterol, which is known to act as a stimulus for CE syn- 
thesis by increasing acyl coenzyme A:cholesterol acyl- 
transferase (ACAT) activity (32), the presence of 2-CdA at 
20 nM had no influence on extracellular [14C]OA incorpo- 
ration into the CE fraction (25-hydroxycholesterol, 
25 ~g/mL: without 2-CdA. 2.3 _+ 0.5 nmol/mg protein; with 
2-CdA, 2.2 -+ 0.3 nmol/mg protein, P < 0.4; 25-hydroxycho- 
lesterol, 100 ~g/mL: without  2-CdA, 3.7 • 0.5 nmol/mg 
protein; with 2-CdA, 3.5 • 0.3 nmol/mg protein, P < 0.3). 

Cell protein content usually varied by less than  12% 
within each experiment in the cell cultures exposed to 2- 
CdA at concentrations between 5 and 80 nM. No signifi- 
cant difference in cell viability was found between cul- 
tures without  2-CdA and those incubated with 2-CdA at 
20 nM for 24 h (95.7 • 1.5% and 94.0 • 1.7% viable cells, 
respectively). As 20 nM 2-CdA did not affect the viability 
of P388 cells and produced a plateau for the reducing ef- 
fect, this dose of 2-CdA was routinely used in the follow- 
ing experiments. 

Pre-incubation studies. Previous in vitro studies on the 
effect of 2-CdA on lymphocytes and monocytes have 
shown that  a minimal exposure of 8 h is required for initi- 
ation of a sequence of metabolic changes ultimately lead- 
ing to cell death (22). We performed pre-incubation stud- 
ies in order to determine the length of time cells need to 
be exposed to 2-CdA for the optimal effect on lipid metab- 
olism to occur, and to exclude simple interactions of 2-CdA 
with Ac-LDL or the plasma membrane lipid matrix. 

P388 cells were pre-incubated with 2-CdA (20 nM) for 
4, 8 and 24 h for this purpose. A i ~ r  incubation, 2-CdA was 
removed by careful washing, and cells were again incu- 
bated with Ac-LDL for 24 h, after which time [14C]OA in- 
corporation into the CE fraction and total cholesterol con- 
tent were determined. As seen in Table 1, a 24-h exposure 
to 2-CdA was required for a significant reduction of cellu- 
lar cholesterol content and cholesterol esterification to 
occur (P < 0.008). Furthermore,  a simple 2-CdA/lipopro- 
tein interaction was excluded. 

TABLE 1 

E f f e c t  o f  Exposure Time o f  2 -CdA 
o n  C e l l u l a r  L i p i d  C o n t e n t  a 

Exposure time 

[ 14C]OA incorporation 
into CE • SD 

(nmol/mg protein) 
Total cholesterol • SD 

(mg/mg protein) 

NoCdA 8.1• 96• 
4h 7.7• 88• 
8h 5.3• 78• 
24h 1.1• 67• 

aCells (1 • 106 mL) were seeded in complete medium. After 24 h, 
cells were re-fed with complete medium containing 20 nM 2*chloro- 
2-deoxyadenosine (2-CdA) for various exposure times (4, 8 and 24 
h). After careful washing, serum-free medium containing acety- 
lated low density lipoprotein 100 ~g/mL was added. For cholesteryl 
ester (CE) determination, 0.1 mM [Z4C]oleic acid (OA) complexed 
with bovine serum albumin was added to the culture medium. 
Again after 24 h, lipids were extracted and results calculated as 
described in the Materials and Methods section. 
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The role of dCyt kinase. Previous studies have shown 
that  the toxic effects of 2-CdA on monocytes and lympho- 
cytes require phosphorylation catalyzed by dCyt kinase 
and are prevented by dCyt in cells with low 5'-nucleoti- 
dase activity (20,24). In order to examine whether  the 
lipid-10wering effect of 2-CdA also depends on intracellu- 
lar phosphorylation by dCyt kinase, dCyt, a competitive 
inhibitor of dCyt kinase, was added simultaneously with 
both 2-CdA and Ac-LDL to the cell cultures. Up to 10 -3 M, 
dCyt alone had no effect on lipid accumulation in foam 
cells in the presence of 100 9g/mL Ac-LDL; at this concen- 
t rat ion [14C]OA incorporation into CE was 7.7 _+ 
0.6 nmol/mg protein and total cholesterol content was 99 _+ 
1.0 ~g/mg protein. However, when 10 -3 M dCyt was co-ad- 
ministered with 2-CdA to Ac-LDL-containing cultures, the 
effect of 2-CdA on cholesterol content and [14C]OA incor- 
poration could be completely reversed (Figs. 3 and 4). 
[14C]OA incorporation into the CE fraction under these ex- 
perimental  conditions was significantly higher as com- 
pared to cultures treated with 2-CdA alone (P < 0.0086). 
This suggests tha t  dCyt kinase plays a role in the effects 
of 2-CdA on cellular lipid metabolism. 

In further experiments dCyt was co-administered with 
Ac-LDL 24 h after the addition of 2-CdA. the results 
(Table 2) show tha t  a delayed addition of dCyt could not 
reverse the lipid-lowering effect of 2-CdA, further indicat- 
ing tha t  the 2-CdA effect is mediated by a metabolic se- 
quence of events. 

Effect of 3-MOB. Previous studies have shown that  cel- 
lular NAD is preserved by 3-aminobenzamide in 2-CdA 
treated lymphocytes and monocytes (20). To assess the re- 
lationship of ADP-ribosylation to the effect of 2-CdA on 

] [~ CdA + dCyt 
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FIG.  3. C u l t u r e s  g r o w n  for  24 h i n  c o m p l e t e  m e d i u m  w e r e  
r e - f e d  w i t h  s e r u m - f r e e  m e d i u m  c o n t a i n i n g  A c - L D L  a l o n e  
(10, 25, 50 a n d  100 pg/mL),  Ac-LDL (10, 25, 50 a n d  100 pg/mL) 
a n d  20 n M  2-CdA or  A c - L D L  (10, 25,  50 a n d  100 ~g /mL)  to-  
g e t h e r  w i t h  20 n M  2-CdA a n d  10 -3 M d e o x y c y t i d i n e  (dCyt) .  
F o r  CE d e t e r m i n a t i o n ,  0.1 m M  [14ClOA c o m p l e x e d  w i t h  
b o v i n e  s e r u m  a l b u m i n  w a s  a d d e d  to  t h e  c u l t u r e s ;  a f t e r  24 
h, l i p i d s  w e r e  e x t r a c t e d  a n d  r e s u l t s  c a l c u l a t e d  as  d e s c r i b e d  
i n  t h e  M a t e r i a l s  a n d  M e t h o d s  s e c t i o n  (20 n M  2-CdA vs .  20 
n M  2-CdA a n d  1 0  -3  M dCyt;  P < 0.0086).  A b b r e v i a t i o n s  as  in  
F i g u r e  1. 
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FIG.  4. C u l t u r e s  w e r e  g r o w n  fo r  24  h i n  c o m p l e t e  m e d i u m  
a n d  r e - f e d  w i t h  s e r u m - f r e e  m e d i u m  c o n t a i n i n g  A c - L D L  
a l o n e  (10, 50 a n d  100 ~g /mL) ,  A c - L D L  a n d  20 n M  2-CdA,  o r  
A c - L D L  t o g e t h e r  w i t h  20  n M  2-CdA a n d  10 -3 M dCyt .  A f t e r  
24 h, l i p i d s  w e r e  e x t r a c t e d  a n d  t h e  c h o l e s t e r o l  c o n t e n t  m e a -  
s u r e d  as  d e s c r i b e d  in  t h e  M a t e r i a l s  a n d  M e t h o d s  s e c t i o n .  
A b b r e v i a t i o n s  as  in  F i g u r e s  1 a n d  3. 

cellular cholesterol content and [14C]OA incorporation, 
P388 cells were treated with 3-MOB, an inhibitor of ribo- 
sylation, both alone and in combination. The results show 
(Figs. 5 and 6) that  nontoxic concentrations of 3-MOB ad- 
ministered alone had no effect on lipid metabolism (for 2.5 
and 5 mM concentrations, [14C]OA incorporation into CE 
was 8.7 _+ 0.6 and 8.3 +_ 0.6 nmol/mg protein, respectively; 
cholesterol content was 100 _+ 1.5 ~g/mg protein and 96 -+ 
0.6 ~tg/mg protein, respectively), whereas a simultaneous 
exposure of cells to 3-MOB and 2-CdA prevented the ef- 

TABLE 2 

Ef f e c t s  o f  D e l a y e d  d C y t  A d d i t i o n  o n  t h e  C e l l u l a r  L i p i d  
C o n t e n t  o f  2 -CdA-Treated  Ce l l s  a 

[14C]OA incorporation 
into CE _+ SD Total cholesterol +_ SD 

Treatment (nmol/mg protein) (mg/mg protein) 

2-CdA 1.1 + 0.1 67 +- 2.1 
2-CdA and dCyt 

simultaneously 7.3 +_ 0.6 85 *-- 3.6 
2-CdA followed 

by dCyt 1.7 _. 0.6 72 _ 3.0 
dCyt 7.7 _+ 0.6 99 _+ 1.0 

aCells were grown for 24 h in complete medium and re-fed with 
serum-free medium containing 100 pg/mL acetylated low density 
lipoprotein (Ac-LDL). 20 nM 2-CdA, 20 nM 2-CdA together with 
10-gM deoxycytidine (dCyt), or 10 -3 M dCyt alone was added to 
these cultures with Ac-LDL. In an equivalent number of plates, 
cells were pre-incubated with 20 nM 2-CdA in complete medium 
for 24 h. After this pre-incubation period, cells were carefully 
washed and incubated in serum-free medium containing 100 
~ m L  Ac-LDL and 10 -3 M dCyt. For determination of CE, 0.1 mM 
] C]OA complexed with bovine serum albumin was added to the 
cultures. After 24 h lipids were extracted and results calculated as 
described in the Materials and Methods section. Abbreviations as 
in Table 1. 
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FIG.  5. C u l t u r e s  w e r e  g r o w n  i n  c o m p l e t e  m e d i u m  f o r  24 h 
a n d  r e - f e d  w i t h  s e r u m - f r e e  m e d i u m  c o n t a i n i n g  Ac-LDL 
a l o n e  (10, 25, 50 a n d  100 ~tg/mL), Ac-LDL a n d  20 n M  2-CdA, 
o r  Ac-LDL t o g e t h e r  w i t h  20 n M  2-CdA a n d  5 n M  3 -me thoxy-  
b e n z a m i d e  (3-MOB). F o r  CE d e t e r m i n a t i o n ,  0.1 m M  [14C]OA 
c o m p l e x e d  w i t h  b o v i n e  s e r u m  a l b u m i n  w a s  a d d e d  t o  t h e  
c u l t u r e s .  A f t e r  24 h ,  l i p i d s  w e r e  e x t r a c t e d  a n d  r e s u l t s  ca l -  
c u l a t e d  as  d e s c r i b e d  i n  t h e  M a t e r i a l s  a n d  M e t h o d s  s e c t i o n .  
A b b r e v i a t i o n s  a s  i n  F i g u r e  1. 

fect of 2-CdA on cellular cholesterol levels and cholesterol 
esterification. 

Effect of aminophylline. To investigate whether the 
2-CdA effect depends on intracellular cyclic-AMP levels, 
which have recently been shown to stimulate LDL recep- 
tor activity and hydrolysis of lysosomal cholesterol (33), 
the xanthine derivative aminophylline (10 and 20 ~M) 
was added to cell cultures incubated with Ac-LDL and 

2-CdA. Aminophylline could antagonize the lipid-lower- 
ing effect of 2-CdA--the amount of [14C]OA incorporated 
into the CE fraction increased to 84 and 94% of the values 
obtained without 2-CdA (10 ~M aminophylline, 7.6 -+ 0.6 
nmol/mg protein; 20 ~M aminophylline, 8.3 _+ 0.2 nmol/mg 
protein). 

HMG-CoA reductase activity. The addition of 20 nM 2- 
CdA to P388 cells showed no effect on cellular cholesterol 
synthesis as measured by HMG-CoA reductase activity 
(4.8 _+ 0.75 nM mevalonate/min/mg protein in 2-CdA 
treated cells; 4.6 _+ 0.2 nM mevalonate/min/mg protein in 
controls). 

Cellular NAD content. In contrast to the previously de- 
scribed decline in cellular NAD content in monocytes 
treated with high doses of 2-CdA (1 1aM) (24), NAD con- 
tent in P388 cells did not decrease after incubation with 
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FIG.  6. C u l t u r e s  w e r e  g r o w n  f o r  24 h i n  c o m p l e t e  m e d i u m  
a n d  r e - f e d  w i t h  s e r u m - f r e e  m e d i u m  c o n t a i n i n g  Ac-LDL 
a l o n e  (10, 50 a n d  100 ~tg/mL), Ac-LDL a n d  20 n M  2-CdA, o r  
Ac-LDL t o g e t h e r  w i t h  20 n M  2-CdA a n d  5 m M  3-MOB. A f t e r  
24 h ,  l i p i d s  w e r e  e x t r a c t e d  a n d  t o t a l  c h o l e s t e r o l  w a s  m e a -  
s u r e d  as  d e s c r i b e d  i n  t h e  M a t e r i a l s  a n d  M e t h o d s  s e c t i o n .  
A b b r e v i a t i o n s  as  i n  F i g u r e s  1 a n d  5. 

Time atter treatment 

FIG.  7. Ce l l  c u l t u r e s  w e r e  p l a t e d  i n  c o m p l e t e  m e d i u m  f o r  
24 h .  T h e r e a f t e r ,  (A) 2 -CdA ( to  a f i n a l  c o n c e n t r a t i o n  o f  
20 nM),  a n d  (B) 20 n M  2-CdA a n d  10 -3 M d C y t  a n d  20 n M  
2-CdA a n d  2.5 m M  3-MOB w e r e  a d d e d .  A f t e r  t h e  i n c u b a t i o n  
p e r i o d  i n d i c a t e d ,  ce l l s  w e r e  h a r v e s t e d  a n d  n u c l e o t i d e  con -  
t e n t  d e t e r m i n e d  b y  h i g h - p e r f o r m a n c e  l i q u i d  c h r o m a t o g r a -  
phy.  T h e  v a l u e s  fo r  NAD c o n t e n t  p e r  s u m  of  n u c l e o t i d e s  a r e  
g iven .  A b b r e v i a t i o n s  as  i n  F i g u r e s  1, 3 a n d  5. 

LIPIDS, Vol. 29, no. 9 (1994) 



632 

M. LECHLEITNER ETAL. 

20 nM 2-CdA, as is seen in Figure 7A. The NAD concen- 
trations of the cell cultures without treatment,  of those 
treated with CdA alone, and of those treated with a com- 
bination of 2-CdA and dCyt, were similar. Co-incubation 
of cell cultures with 2-CdA and 3-MOB, an inhibitor of 
ADP-ribosylation, led to slightly elevated levels of NAD 
after 4 and 24 h (Fig. 7B). 

DISCUSSION 

The murine cell line P388 was originally derived from a 
lymphoid neoplasm of mice treated with 3-methyl- 
cholantrene (8). Like monocytes, P388 cells express scav- 
enger receptors, and uptake of Ac-LDL by their scavenger 
receptor results in foam cell formation. 

We now report that  2-CdA, a drug with immunosup- 
pressive properties, modulates lipoprotein metabolism, in 
that it reduces, in a dose-dependent manner, cholesterol 
content and incorporation of [14C]OA into the CE fraction 
of P388 cells incubated with Ac-LDL. Maximal inhibition 
of up to 86% occurred at a 2-CdA concentration of 20 nM 
after 24 h. Based on our viability studies and measure- 
ment of the total protein content in cultures with and 
without 2-CdA, the reduced CE content of P388 is not re- 
lated to increased cell death. 

Furthermore, our investigations demonstrate that  se- 
quential metabolic changes, similar to those described for 
normal human monocytes and lymphocytes, must be re- 
sponsible for the effects of 2-CdA on lipid metabolism in 
P388 cells. In order to evaluate the mode of action of 
2-CdA that is operative, dCyt and 3-MOB, which are 
known to antagonize the effect of 2-CdA in two different 
ways, were co-administered with 2-CdA to the cultures. 

2-CdA, like deoxypurinenucleosides, enters cells 
through an efficient transport system and is phosphory- 
lated by deoxycytidine kinase to the corresponding mono- 
nucleotide (23). The observed reversal of the effect of 
2-CdA by simultaneous addition of dCyt implicates dCyt 
kinase activity and phosphorylation of 2-CdA to the active 
metabolite as responsible for the observed modulation of 
lipid metabolism. A 24-h delay of dCyt addition could not 
reverse the reduced Ac-LDL metabolism caused by 2-CdA. 
These results exclude a simple nonspecific interaction of 
2-CdA with Ac-LDL or the plasma membrane lipid ma- 
trix. Deoxynucleotides can only accumulate in cells rich in 
deoxycytidine kinase and poor in 5-nucleotidase (22), 
which seems to be the case in P388 cells. 

The nucleotide metabolite of 2-CdA is incorporated into 
DNA of nondividing monocytes and lymphocytes and 
rapidly causes DNA strands to break (20,24). The DNA 
damage is followed by progressive decrease in RNA syn- 
thesis and by accelerated consumption of NAD for poly- 
ADP-ribose synthesis. Ultimately, these biochemical 
events lead to a decline in ATP levels and cell death. 

Based on these observations, it seemed reasonable to 
speculate that NAD-consumption for poly-ADP-ribose 
synthesis might also be involved in the altered Ac-LDL 
metabolism in P388 cells. Our in vitro results showed that 
3-MOB, an inhibitor of ADP-ribosylation, preserved the 
cholesterol content and the amount of [14C]OA incorpo- 
rated into the CE fraction of P388 cells during exposure to 

2-CdA. However, the measurement of NAD in P388 cells 
after a 2-CdA incubation period for 4, 8 and 24 h did not 
reveal a decline of intracellular NAD levels when com- 
pared to untreated cells. This could be explained by the 
lower amount of DNA strand breakage caused by the sig- 
nificantly lower 2-CdA concentration in our experiments, 
namely, 20 nM CdA instead of 1 pM CdA (19). Therefore, 
we suggest that  the preservation of cholesterol content 
and cholesterol esterification in P388 cells by the ribosy- 
lation inhibitor 3-MOB is not primarily the result of main- 
tenance of intracellular NAD levels, but might be mostly 
due to inhibition of ADP-ribosylation of chromosomal pro- 
teins. Poly-ADP-ribosylation of specific groups of chromo- 
somal proteins has been observed during DNA repair, 
gene expression and cell differentiation (34). 

Cyclic AMP-elevating agents have been reported to 
stimulate LDL receptor protein synthesis, as well as hy- 
drolysis of lysosomal CE (33). The xanthine amine deriva- 
tive aminophylline effectively antagonized the effect of 
2-CdA on cellular CE synthesis. These results could indi- 
cate an association between the CE-lowering effect of 
2-CdA and intracellular cyclic AMP levels. 

The low 2-CdA concentrations used in our experiments 
did not reduce the viability of the P388 cells. This is in 
agreement with previous studies, which demonstrated 
that  these low 2-CdA concentrations inhibit monocyte 
phagocytosis and reduce interleukin-6 release, but only 
higher 2-CdA concentrations led to a dose-dependent loss 
of monocyte viability (20). Our data provide evidence for 
another effect of low 2-CdA concentration on cell function 
which results in reduced cellular cholesterol contents and 
[14C]OA incorporation into the CE fraction. As 2-CdA did 
not show an effect on intracellular cholesterol synthesis, 
the modulation in lipid metabolism seems to depend pri- 
marily on an altered Ac-LDL metabolism. Co-incubation 
of 2-CdA with 25-hydroxycholesterol, a substance known 
to increase ACAT activity (32), revealed no significant ef- 
fect on the amount of extracellular [14C]OA incorporated 
into the CE fraction. The effect of 2-CdA on Ac-LDL me- 
tabolism might be due to a decreased scavenger receptor 
activity, a decreased rate of lipoprotein internalization, a 
change in the intracellular pathway after internalization 
of Ac-LDL, or might be due to increased retroendocytosis 
(3,7,28). However, co-incubation studies of 2-CdA with 
25-hydroxycholesterol, a substance known to increase 
ACAT activity (32), revealed no significant effect of 2-CdA 
on cellular CE synthesis. 

An increase in Ac-LDL degradation during incubation 
of human monocytes with the immunosuppressant dex- 
amethasone was reported elsewhere (17). The effects of 
dexamethasone are mediated by the intracellular gluco- 
corticoid receptor, and involve increased cellular RNA lev- 
els and protein synthesis. Whereas stimulation of cellular 
protein synthesis could explain why dexamethasone aug- 
ments scavenger receptor activity and thus Ac-LDL 
degradation, 2-CdA might reduce cellular lipid content by 
causing DNA strand breakage, leading to decreased RNA 
and protein synthesis (22). 

The immunosuppressive 2-CdA, which, at a low con- 
centration, affects several monocyte functions, including 
cellular lipid metabolism, could possibly provide a tool 
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to a n a l y z e  v a r i o u s  s t e p s  in  t h e  d e v e l o p m e n t  of  t h e  
a t h e r o s c l e r o t i c  p l aque ,  a s  t h e  ac t ion  of  2 -CdA on l i p id  
m e t a b o l i s m  can  be  abo l i shed  by  the  compet i t ive  i nh ib i to r  
dCy t  a n d  by  the  A D P  r ibosy la t ion  i nh ib i t o r  3-MOB. F u r -  
t h e r  i n v e s t i g a t i o n s  wi l l  be  n e c e s s a r y  to de f ine  t h e  exac t  
m e c h a n i s m  of 2-CdA on ce l lu la r  l ipopro te in  me tabo l i sm.  
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Polyunsaturated  dietary fat (n-3 and n-6) results  in less  
atherosclerosis  in monkeys  compared to lard (Parks, J.S., 
Kaduck-Sawyer,  J., Bullock,  B.C., and Rudel,  L.L., Arte- 
riosclerosis 10, 1102-1112; Rudel,  L.L., Parks ,  J.S., John- 
son, F.L., and Babiak,  J., J. Lipid Res. 27, 465-474, 1986). 
We hypothes i zed  that this  was  due,  in part, to a de- 
creased reactivity of low density  l ipoproteins (LDL) with 
a r t e r i a l  p ro teog lycans  (PG). To test  this  hypothes is ,  
cynomolgus monkeys  were  fed diets  containing lard, saf- 
f lower oil  (n-6 polyunsaturated;  Poly),  m e n h a n d e n  fish 
oi l  (FO), or  oleic  acid-rich saff lower oil  (oleinate; Mono) 
for 14 mon, and  plasma LDL were isolated and  character- 
ized. Several  propert ies  of LDL thought  to be important  
in the interact ion  of LDL wi th  a r t e r i a l  PG were  mea-  
sured  including LDL particle size, chemical  composit ion,  
sialic acid content ,  dens i ty  distribution,  apol ipoprote in  
E (apoE) content  and cholesteryl  ester transit ion temper-  
a ture .  Plasma LDL cho les tero l  concentrat ions  (mg/dL) 
after 14 mon  of  diet  consumpt ion  averaged (mean • 
SEM): FO (366 • 45), La rd  (352 • 27), Poly (279 • 24), and 
Mono (230 • 43). The compos i t ion  of LDL was  s imi lar  
among  diet  groups except  that FO LDL were  re lat ive ly  
depleted of cholesteryl  ester and enriched in protein and 
were  smaller  in size.  LDL sialic acid content  was  similar  
among diet groups (4.5-5.0 ~g/mg LDL protein). The LDL 
apoE/B molar  ratio,  a measure  of  the apoE content  per 
LDL part ic le  averaged: Mono (3.0 • 1.0), Poly (2.0 • 0.1), 
Lard (1.8 • 0.5), and  FO (1.0 • 0.2). The FO group had a 
l ower  proport ion (13%) of the apoE enr iched  d = 
1.015-1.025 g/mL subfract ion of  LDL than did the other  
diet  groups (31-45%). The transi t ion temperature  of  the 
LDL choles tery l  es ters  was  be low body temperature  for  
the FO and Poly  groups (36~ and above for the Lard 
and Mono groups (40-44~ The percen tage  of LDL cho- 
les terol  that formed insoluble  complexes  wi th  ar te r i a l  
chondroi t in  sulfate  PG averaged: Mono (29 • 4%), Lard 
(18 • 3%), Poly (14 • 3%), and  FO (7 • 2%). Among all diet  
groups,  there  was  a s ignif icant pos i t ive  corre lat ion  (r = 
0.54) b e t w e e n  LDL-PG complex  format ion and LDL 
apoE/B molar  ratio.  We conc lude  that dietary FO and 
Poly result  in LDL tha t  are  less reactive with ar ter ia l  PG 
compared to Lard  or Mono fats. While FO appea r s  to de- 
crease  PG binding  by decreas ing  the apoE content  and 
amount  of  the largest  LDL subfraction, Poly fat appears 

*To whom correspondence should be addressed at Department of 
Comparative Medicine, Bowman Gray School of Medicine of Wake 
Forest University, Medical Center Blvd., Winston-Salem, NC 
27157-1040. 
Abbreviations: ACAT, acyl-CoA:eholesterol acyltransferase; apoA- 
I, apolipoprotein A-I; apoB, apolipoprotein B; apoE, apolipoprotein 
E; CE, cholesteryl ester(s); EDTA, ethylenediaminetetraacetic 
acid; ELISA, enzyme-linked immunosorbent assay; FO, fish oil; 
HDL, high density lipoprotein(s); HDL-C, high density lipoprotein- 
cholesterol; LCAT, lecithin:cholesterol acyltransferase; LDL, low 
density lipoprotein(s); Mono, monounsaturated fat (i.e., oleinate); 
PG, proteoglycan(s); Poly, polyunsaturated fat (i.e., safflower oil); 
TPC, total plasma cholesterol. 

to affect LDL-PG interact ions by other mechanisms.  De- 
creased LDL-PG interactions may lead to decreased ath- 
erosclerosis  in animals  fed polyunsa tura ted  d ie tary  fat. 
Lipids 29, 635-641 (1994). 

Isocaloric substi tut ion of fish oil (FO) for sa tura ted  fat in 
the diet of  nonhuman  pr imates  resul ts  in less coronary 
ar tery (1) and abdominal aorta (2) atherosclerosis. In gen- 
eral, diets enriched in n-3 fa t ty  acids resul t  in lower low 
densi ty lipoprotein (LDL) cholesterol concentrat ions in 
nonhuman pr imates  (1,2), but  in some cases, LDL choles- 
terol concentrations are unchanged compared to more sat- 
u ra ted  fat  dietary groups (3). However, dietary FO in 
African green and cynomolgus monkeys  consistently re- 
suits in LDL that  are smaller, contain less cholesteryl ester 
(CE) and more po lyunsa tura ted  CE species, and have a 
lower CE liquid crystalline-to-liquid t ransi t ion t empera -  
ture (3-5). Additional studies in cynomolgus monkeys  
have demonstrated a relative depletion of LDL apolipopro- 
tein E (apoE) and an increased proportion of denser LDL 
subfractions in animals  fed FO vs. Lard-containing diets 
(6). These studies i l lustrate  tha t  significant changes in 
LDL particle composition can occur with n-3 fatty acid-rich 
diets with little effect on p lasma LDL cholesterol concen- 
trat ions and tha t  these changes in LDL particle composi- 
tion may affect progression of atherosclerosis. 

Several  s tudies have  shown a s t rong positive correla- 
tion between coronary ar tery  or abdominal  aorta  athero- 
sclerosis and LDL size, CE fa t ty  acid composition and 
apoE content  in nonhuman  pr imates  (1,7,8). One of the 
first steps of arterial lipid accumulation in atherosclerosis 
is thought  to involve t rapping of LDL in the arterial  wall, 
p resumably  through interact ion with ar ter ia l  proteogly- 
cans (PG) (9-11). PG are electronegative macromolecular  
glycoconjugates composed of sulfated glycosaminoglycan 
chains covalently linked to a protein core and are ubiqui- 
tous components  of the extracel lular  ma t r ix  (12). In  the 
presence of divalent cations, arterial  PG bind to LDL, pre- 
sumably  through the in teract ion of the sulfated gly- 
cosaminoglycan chains of the PG with regions of apoB pro- 
tein t ha t  bind to the glycosaminoglycan hepar in  (13). 
ApoE also contains two regions t ha t  bind hepar in  (14). 
Once formed, L D L - P G  complexes formed in vitro or iso- 
la ted from atherosclerotic ar ter ies  are capable of s t imu- 
lating CE accumulation in cultured macrophages (15-17). 

To determine whether  any of the atherogenic properties 
of LDL tha t  correlate with atherosclerosis  development  
also influence LDL binding to arterial  PG, we studied the 
interact ion of LDL with ar ter ia l  chondroitin sulfate pro- 
teoglycans. LDL from an imals  fed an FO diet were 
smaller, more dense and contained less apoE compared to 
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those from animals fed a Lelrd diet (3,6). FO LDL also 
bound less avidly to the arterial PG in vitro (6,18) consis- 
tent with the decreased atherosclerosis development in 
FO-fed nonhuman primates (1,2). In addition, there was a 
positive correlation between LDL-PG complex formation 
and the apoE content of the d = 1.015-1.025 g/mL subfrac- 
tion (6). However, it is unclear whether the decreased PG 
interaction with FO LDL was due to a specific effect of n-3 
fatty acids, per se, or whether a similar result would have 
been observed with dietary polyunsaturated fat enriched 
in n-6 fatty acids. 

The purpose of the present study was to compare and 
contrast the effects of dietary n-3 and n-6 polyunsaturated 
fat relative to more saturated dietary fats (Lard and 
oleinate) on LDL composition, density subfraction hetero- 
geneity, and PG binding. Based on our previous study (6), 
we hypothesized that both n-6 as well as n-3 dietary 
polyunsaturated fat would decrease the amount of LDL 
apoE, resulting in less PG binding compared to more sat- 
urated dietary fats. 

MATERIALS AND METHODS 

Experimental design. A subset of 25 feral adult male 
cynomolgus monkeys (Macaca fascicularis) from Indone- 
sia were chosen for these studies from a larger group of 52 
monkeys. The monkeys were purchased and placed in 
quarantine for 14 wk, during which time they received a 
monkey chow diet (Ralston Purina Co., St. Louis, MO). 
The animals were then fed for 12 wk an atherogenic chal- 
lenge diet containing 40% of calories from fat and 
0.45 mg/kcal cholesterol to assess the dietary responsive- 
ness of each animal. After the challenge phase, the ani- 
mals were fed monkey chow for a 14-week "washout" pe- 
riod to allow plasma lipids to return to baseline concen- 
trations. This was followed by an experimental phase in 
which animals were assigned to one of four diet groups 
[Lard, monounsaturated fat (mono), polyunsaturated fat 
(poly) or FO] based on the challenge phase data so that  
each group had equivalent total plasma cholesterol (TPC), 
high density lipoprotein (HDL)-cholesterol (HDL-C) and 
body weight values. For this study, a subgroup of 6-7 ani- 
mals from each diet group was chosen so that  TPC and 
HDL-C concentrations of the subgroup were not signifi- 
cantly different from the parent group for each of the di- 
etary fats. 

Diets. The experimental diets contained 35% of calories 
as fat and 0.40 mg cholesterol/kcal. The four experimen- 
tal fats included Lard, oleic acid-rich safflower oil 
(oleinate), safflower oil (n-6 polyunsaturated) and men- 
haden fish oil (n-3 polyunsaturated). Detailed composi- 
tions of the diets will appear in a separate publication 
(Thornburg, J.T., Parks, J.S., and Rudel, L.L., manuscript 
in preparation). The oleinate oil was provided by the In- 
stitute of Shortening and Edible Oils, Inc. (Washington, 
D.C.). Fish oil from the Southeast Fisheries Center 
(Charleston, SC) was isocalorically substituted for half of 
the Lard calories while the parent fat was used for the 
other three diets. ~l-Sitosterol and cholesterol content were 
made equivalent among the four diets. The a- and 5-toco- 
pherols and Tenox 20A (tert.-butylhydroquinone; Eastern 

Chemical Products, Kingsport, TN) were added to the 
diets to balance the amounts contained in the FO diet. 

LDL isolation and chemical characterization. Blood 
samples were taken from the animals after at least 14 
mon of experimental diet consumption and following an 
overnight fast. Following the administration of ketamine 
hydrochloride (10 mg/kg), 25 mL of blood was drawn from 
the femoral vein into chilled tubes (4~ containing 0.1% 
ethylenediaminetetraacetic acid (EDTA) and 0.02% NaN 3 
(final concentrations) at pH 7.4. Plasma was isolated from 
each sample by low-speed centrifugation. Lipoproteins 
were isolated from plasma by ultracentrifugation and 
were fractionated by size using a Superose 6B high-per- 
formance liquid chromatography column as described pre- 
viously (3). Cholesterol distribution of the isolated lipopro- 
teins was assayed using enzymatic methods (19). LDL 
sialic acid content was determined by the method of Cod- 
ington et al. (20) and the results were normalized to mg 
LDL protein. The thiobarbituric acid reactive substances 
assay was used to determine the extent of lipid peroxida- 
tion among LDL samples from the four diet groups (21). 
LDL samples were stored at 4~ under an argon atmos- 
phere. 

Density gradient subfractionation of LDL. Isolated LDL 
samples were subfractionated by density gradient cen- 
trifugation using 5 mg of LDL protein. Discontinuous salt 
gradients were set up using 39-mL quick-seal centrifuge 
tubes by first adding 10 mL of a d = 1.006 g/mL solution 
and then successively underlayering 19 mL of a d = 1.030 
g/mL solution (including the LDL sample) and 10 mL of a 
d = 1.060 g/mL solution. LDL was subfractionated using a 
VTi-50 vertical rotor at 242,000 x g at 15~ for 6 h (22). 
Individual tubes were pooled to give three density frac- 
tions ofLDL: d = 1.015-1.025 g/mL, d = 1.025-1.035 g/mL 
and d = 1.035-1.045 g/mL. These subfractions were dia- 
lyzed against 0.9% NaC1, 0.01% EDTA, 0.01% NaN 3, pH 
7.4, and concentrated to 2 mL for chemical analyses. LDL 
and LDL subfraction chemical compositions were deter- 
mined as described previously (23). Plasma LDL and LDL 
subfraction apolipoproteins E and B100 were assayed 
using an enzyme-linked immunosorbent (ELISA) assay 
(24,25). 

LDL-PG binding studies. LDL binding to isolated arte- 
rial chondroitin sulfate PG was investigated as described 
previously (18). Briefly, 100 pg of LDL cholesterol was in- 
cubated with 1 ~g PG (measured as hexuronic acid) in 
buffer containing 5 mM Tris, 6 mM KC1, 15 mM CaC12, 1 
mM MgSO 4, pH 7.2, at 26~ for 30 min. The insoluble 
LDL-PG complexes that  formed were isolated by low- 
speed centrifugation. The supernatant was removed, the 
pellet was resuspended and LDL cholesterol was mea- 
sured enzymatically (19). Data are presented as percent- 
age of total LDL cholesterol present as insoluble PG com- 
plex. 

Data analysis. Data are presented as mean -+ standard 
error of the mean. Statistical analyses were done using 
the Statview T M  SE+ program for the Macintosh computer. 
One-way analysis of variance was used to detect a main 
effect of diet. Analysis of covariance was used to adjust PG 
binding data for differences in LDL cholesterol to apoB 
ratio and LDL apoE content. When a significant effect was 
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disclosed, F i she r ' s  l eas t  s ignif icant  difference t es t  was  used  
to compare  ind iv idua l  d ie t  group differences. 

RESULTS 

Tota l  p l a s m a  a n d  l i p o p r o t e i n  cho les t e ro l  c o n c e n t r a t i o n s  
for  a n i m a l s  c o n s u m i n g  t h e  four  e x p e r i m e n t a l  d i e t s  a r e  
s h o w n  in  Tab le  1. TPC a n d  v e r y  low d e n s i t y  l i p o p r o t e i n  
a n d  i n t e r m e d i a t e - s i z e  L D L  cho les t e ro l  c o n c e n t r a t i o n s  
were  not  s igni f icant ly  d i f ferent  a m o n g  the  d i e t a ry  groups.  
A v e r a g e  LDL cho les t e ro l  c o n c e n t r a t i o n s  for a n i m a l s  fed 
F O  and  L a r d  d ie ts  were  h ighe r  t h a n  those  consuming  the  
Mono  or  Po ly  d ie ts .  The  HDL cho les te ro l  c o n c e n t r a t i o n s  
were  s ign i f i can t ly  lower  for t he  F O  a n d  Poly  g roups  com- 
p a r e d  to t he  Mono a n d  L a r d  groups.  The  a n i m a l s  consum- 
i n g  t h e  F O  d ie t  h a d  s i gn i f i c an t l y  s m a l l e r  LDL pa r t i c l e s ,  
m e a s u r e d  as  LDL m o l e c u l a r  weight ,  t h a n  those  consum-  
ing  t h e  o t h e r  t h r e e  e x p e r i m e n t a l  d ie ts .  The  LDL choles-  
terol /apoB ra t io ,  an  i n d e p e n d e n t  e s t i m a t e  of  LDL size, fol- 
lowed  t h e  s a m e  t r e n d  as  L D L  m o l e c u l a r  w e i g h t  a m o n g  
d ie t  groups.  

Because  of  t he  obse rved  d i f ferences  in  LDL choles tero l  
concen t ra t ion  a n d  LDL size a m o n g  the  e x p e r i m e n t a l  d ie t  
g roups ,  LDL sub f r ac t i on  h e t e r o g e n e i t y  w a s  i n v e s t i g a t e d  
by  d e n s i t y  g r a d i e n t  u l t r a c e n t r i f u g a t i o n .  R e p r e s e n t a t i v e  
d e n s i t y  g r a d i e n t  p rof i l es  for one a n i m a l  f rom each  d ie t  
g r o u p  a re  s h o w n  in  F i g u r e  1. The  LDL f rom the  a n i m a l  
fed the  F O  die t  was  more  dense  and  d i s t r i b u t e d  p redomi -  
n a n t l y  in  t h e  l ower  h a l f  of  t h e  g r a d i e n t  wh i l e  t h e  LDL 
f rom a n i m a l s  fed the  La rd ,  Mono, or  Po ly  d ie t s  were  less  
dense  a n d  d i s t r i b u t e d  p r e d o m i n a n t l y  in  the  u p p e r  h a l f  of  
t he  g rad ien t .  LDL dens i ty  he t e rogene i ty  was  a p p a r e n t  for 
a l l  a n i m a l s  r e g a r d l e s s  of  d i e t  group.  T h r e e  d e n s i t y  f rac-  
t ions  f rom the  LDL g r a d i e n t s  were  pooled for s u b s e q u e n t  
ana lys is .  

The  LDL apoB a n d  choles terol  subf rac t ion  d i s t r i bu t i on  
for t h e  t h r e e  d e n s i t y  cu t s  is  s h o w n  in  Table  2. As  sug-  
ge s t ed  f rom t h e  dens i t y  g r a d i e n t  prof i les  in  F i g u r e  1, t he  
p r o p o r t i o n  of  apoB in  t he  d = 1 .015-1 .025  g /mL subf rac -  
t ion of LDL for t he  F O  group  was  less  t h a n  one- th i rd  t h a t  
of  t h e  o t h e r  t h r e e  d i e t  g r o u p s  (P < 0.0028). T h e r e  w a s  a 
c o r r e s p o n d i n g l y  h i g h e r  p r o p o r t i o n  of  apoB in  t h e  d = 
1.035-1.045 d /mL subf rac t ion  for the  F O  group  c o m p a r e d  
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FIG. 1. D e n s i t y  g r a d i e n t  pr o f i l e  o f  l o w  d e n s i t y  l i p o p r o t e i n  
(LDL) i s o l a t e d  from p l a s m a  by  u l t r a c e n t r i f u g a t i o n  a n d  col- 
u m n  c h r o m a t o g r a p h y .  Prof i l e s  s h o w n  r e p r e s e n t  one  a n i m a l  
from e a c h  d ie t  g r o u p  t h a t  h a d  a n  LDL c h o l e s t e r o l  c o n c e n -  
t r a t ion  n e a r  the  g r o u p  m e a n .  B r a c k e t s  i n d i c a t e  w h e r e  sub-  
f rac t ions  w e r e  p o o l e d  for s u b s e q u e n t  a n a l y s e s .  FO, f i sh  oil; 
Mono,  m o n o u n s a t u r a t e d  fat  (i.e., o le inate) ;  Poly,  p o l y u n s a t -  
u r a t e d  fat  (i.e., s a f f l o w e r  oil).  

to the  o the r  t h r e e  d ie t  g roups  (P < 0.016). LDL cholesterol  
dens i ty  d i s t r ibu t ion  followed s im i l a r  t r e n d s  as  LDL apoB. 

P rev ious  s tud ies  have  shown t h a t  m u c h  of  t he  apoE in  
the  p l a s m a  of  cynomolgus  m o n k e y s  fed a the rogen ic  d ie t s  
is  b o u n d  to LDL p a r t i c l e s  (7,26). To d e t e r m i n e  t h e  effect  
of  d i e t a r y  fa t  t ype  on the  LDL subf rac t ion  d i s t r i b u t i o n  of  
apoE,  the  a m o u n t  of  apoE and  apoB a m o n g  the  t h r e e  LDL 
dens i ty  subf rac t ions  was  quan t i f i ed  by  ELISA.  The  va lues  

TABLE 1 

Total  P l a s m a  a n d  L i p o p r o t e i n  Cho les tero l  C o n c e n t r a t i o n s  a'b 

(mg/dL) LDL MW LDL TC/apoB 
Diet TPC VLDL + ILDL LDL HDL (g/~mol) ratio 

Lard (n = 7) 460 _+ 35 61 _+ 23 352 a _+ 27 28 a _+ 2 4.04 a _+ 0.2 3.39 a _+ 0.52 
Mono (n = 6) 316 _+ 52 61 __. 15 230 b _+ 43 25 a _+ 3 4.40 a _ 0.3 4.44 b +_ 0.91 
Poly (n = 6) 354 _+ 24 59 _+ 8 2 7 9  a'b _+ 24 16 b -+ 2 4.27 a -+ 0.3 3 .83  b _+ 0.16 
FO (n = 6) 426 _+ 49 47 _+ 9 366 a _+ 45 18 b +- 2 3.11 b -+ 0.1 2.03 a __. 0.25 

P Value NS NS 0.043 0.001 0.003 0.037 

a'bAll values represent the means +_ SEM. Means with unlike symbols are significantly different (P < 0.05) as determined by analysis of 
variance and Fisher's least significant difference test. Plasma was obtained from animals after 14 mon of experimental diet consump- 
tion. TPC, total plasma cholesterol; VLDL, very low density lipoprotein; ILDL, intermediate low density lipoprotein; LDL, low density 
lipoprotein; HDL, high density lipoprotein; TC, total cholesterol; LDL MW, LDL molecular weight; Mono, monounsaturated fat (i.e., oleic 
acid-rich safflower oil); Poly, polyunsaturated fat (i.e., safflower oil); FO, fish oil; NS, not significantly different. 
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TABLE 2 

Percentage of  ApoB and Cholesterol  Distr ibut ion in LDL Subfractions a'b 

Diet group 
LDL Density (g/mL) 

d = 1.015-1.025 d = 1.025-1.035 d = 1.035-1.045 

% apoB distribution 

Lard (n = 7) 44.8 • 5.2 a 51.6 _+ 4.5 3.7 • 1.1 a 
Mono (n = 6) 31.1 _+ 4.8 a 61.8 _+ 3.4 7.1 • 1.6 a 
Poly (n = 6) 38.7 _ 8.0 a 53.8 _+ 7.0 7.4 _+ 2.8 a 
FO (n = 6) 12.6 • 2.6 b 61.4 _+ 8.3 26.0 • 9.5 b 

P Value 0.0028 NS 0.016 

% cholesterol distribution 

Lard (n = 7) 62.7 _+ 4.0 a 35.0 • 3.7 a 2.3 • 0.5 
Mono (n = 6) 52.7 _ 5.0 a 42.9 _+ 4.4 a'b 4.5 _+ 0.7 
Poly (n = 6) 57.7 _+ 6.4 ~ 38.8 • 5.7 a 3.6 • 1.0 
FO (n -- 6) 24.5 _+ 5.9 b 57.7 • 6.45 18.1 • 9.4 

P Value 0.0002 0.026 NS 

a'bSee footnote to Table 1 for details and other abbreviations; apoB, apolipoprotein B. 

were  t h e n  conver ted  to an  apoE/B mo la r  ratio,  a m e a s u r e  
of  apoE per  LDL part icle,  since each LDL part ic le  conta ins  
only one molecule  of  apoB. The da t a  are  shown in Table 3. 
The  a v e r a g e  E/B m o l a r  ra t io  was  ordered :  Mono (3.0 -+ 
0.9) > Poly (2.0 _+ 0.1) > La rd  (1.8 _+ 0.5) > FO (1.0 -+ 0.2). 
The  effect of  diet  was  of  border l ine  significance (P = 0.059). 
The  d = 1.015-1.025 g /mL subfrac t ion  had  a s ignif icant ly  
h i g h e r  apoE/B m o l a r  ra t io  for t he  Mono and  Poly  d ie t  
g roups  c o m p a r e d  to t he  FO a n d  L a r d  d ie t  g roups  (P = 
0.0306). The  apoE/B mola r  ra t io  was  not  s ignif icant ly  dif- 
f e ren t  a m o n g  die t  g roups  for the  d = 1.025-1.035 g /mL or 
the  d = 1.035-1.045 g /mL subfraction.  

The  chemica l  composi t ion  of the  LDL subfrac t ions  and  
to t a l  LDL for t he  four  d ie t  g roups  is shown  in  Table  4. 
LDL f rom the  FO group conta ined re la t ive ly  more  prote in  
and less CE compared  to the  o ther  th ree  diet  groups,  con- 
s i s t en t  w i t h  t he  s m a l l e r  size of  t he  FO L D L  (i.e., de- 
c reased  LDL molecu la r  we igh t  and  LDL cholesterol /apoB 
rat io;  Table  1). A s im i l a r  t r e n d  was  also observed  for t he  
d = 1.015-1.025 g /mL subfract ion,  a l t hough  the  composi-  
t i ona l  d i f fe rences  did no t  r each  s t a t i s t i ca l  s ignif icance.  
Overal l ,  the  composi t ional  differences of  LDL subfract ions  
among  diet  groups were  small.  

To d e t e r m i n e  w h e t h e r  the  type of  d ie ta ry  fat  had  modi- 
f ied the  LDL CE l iqu id  c rys t a l l i ne - to - l iqu id  t r a n s i t i o n  
t e m p e r a t u r e ,  a d i f f e ren t i a l  s c a n n i n g  ca lo r im e t r i c  s t u d y  
was  pe r fo rmed ;  t he  r e su l t s  a re  shown  in  Table  5. The  
m e a n  t r a n s i t i o n  t e m p e r a t u r e s  for LDL w e r e  ordered :  
Lard  > Mono > Poly = FO. The  m e a n  t r ans i t i on  t e m p e r a -  
tu re  for both of the  po lyunsa tu ra t ed  diet  groups (i.e., Poly 
and  FO)  was  be low body t e m p e r a t u r e ,  w h e r e a s  i t  w a s  
above  body t e m p e r a t u r e  for t he  L a r d  and  Mono groups .  
T h e s e  d a t a  conf i rmed  t h a t  t he  d i f fe ren t  t ypes  of  d i e t a r y  
fat  had  a l te red  the  CE fa t ty  acid composi t ion of  LDL con- 
s i s tent  wi th  resu l t s  of previous s tudies  (3,4). 

The  r e su l t s  of  the  PG b ind ing  a s say  a re  shown in  Fig-  
u re  2. Each  point  r ep resen t s  da t a  f rom an  ind iv idua l  ani-  
mal .  On average ,  the  percen tage  of LDL forming  an insol- 
uble complex wi th  PG was  ordered: Mono (29 _+ 4%) > Lard  
(19 _+ 3%) > Poly  (14 _+ 3%) > FO (7 _+ 2%). The  m e a n  
L D L - P G  b ind ing  for the  FO group was  signif icantly lower  
t h a n  m e a n s  for the  o the r  t h r e e  d ie t  g roups  (P < 0.05). I f  
d a t a  were  pooled and  a n a l y z e d  as p o l y u n s a t u r a t e d  (n-3 
p lus  n-6) vs. L a r d  p lus  Mono,  t h e r e  was  also a s ignif i-  
c an t ly  lower  p e r c e n t a g e  of  LDL cho les te ro l  complexed  
w i t h  PG for t he  combined  p o l y u n s a t u r a t e d  g roup  (P < 

TABLE 3 

LDL Subfraction ApoE/B Molar Ratio ~b 

Total 
Diet LDL 

LDL Subfraction (g/mL) 

d = 1.015-1.025 d = 1.025-1.035 d = 1.035-1.045 

Lard (n = 7) 1.8 _+ 0.5 2.4 _+ 0.3 a 1.0 _ 0.2 3.5 • 0.2 
Mono (n = 6) 3.0 + 0.9 4.6 -+ 0.9 b 1.0 _+ 0.3 2.0 • 0.8 
Poly (n = 6) 2.0 _+ 0.1 4.7 • 0.9 b 1.1 _+ 0.1 1.5 • 0.5 
FO (n = 6) 1.0 • 0.2 2.7 • 0.6 a 1.3 • 0.3 0.7 _ 0.2 

P Value 0.059 0.0306 NS NS 

a'bApo E and B were measured on individual LDL subfractions by ELISA and converted 
to a molar ratio using 35,000 and 512,000 as molecular weights for apoE and apoB, re- 
spectively. See footnote to Table 1 for further details and abbreviations. 
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TABLE 4 

Chemical  Composi t ion of  Total LDL and LDL Subfract ions ~ 
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Diet % Composition 
Density group n Pro PL TG FC CE 

1.015-1.025 Lard 7 13 _+ 0.3 20 -+ 0.5 1.4 _+ 0.2 8 _+ 0.2 a 57 -+ 0.9 
Mono 6 13 _+ 0.7 19 _+ 0.5 0.8 _+ 0.1 9 _+ 0.4 a 58 -+ 0.6 
Poly 6 13 _+ 0.3 18 _+ 0.6 1.0 _+ 0.2 9 -+ 0.4 a 59 _+ 0.7 
FO 6 14 +__ 1.5 21 _+ 1.3 1.1 _+ 0.2 15 -+ 3.35 49 _+ 5.3 

P Value NS NS NS 0.023 NS 

1.025-1.035 Lard 7 19 _+ 0.7 22 -+ 0.5 a 1.2 -+ 0 .1  a'b 10 -+ 0.4 49 -+ 1.2 
Mono 6 19 _+ 0.6 19 _+ 0.4 b 0.7 _+ 0.2 a 9 _+ 0.7 52 _+ 0.8 
Poly 6 20 _+ 0.5 18 _+ 0.6 b 0.8 _+ 0.2 a 9 -+ 0.4 52 _+ 0.8 
FO 6 18 _+ 0.5 21 -+ 0.6 a 1.5 _+ 0.25 9 _+ 0.8 50 -+ 1.0 

P Value NS 0.0004 0.012 NS NS 

1.035-1.045 Lard 7 28 _+ 1.3 22 -+ 1.0 a 0.7 _+ 0.2 20 + 3.8 30 -+ 4.9 
Mono 6 27 _+ 1.0 19 _+ 0.65'c 0.7 _+ 0.1 13 -+ 1.7 41 + 1.6 
Poly 6 29 _+ 1.2 18 _+ 0.4 b 1.1 _+ 0.2 20 +_ 5.2 32 -+ 6.0 
FO 6 26 _+ 2.7 21 -+ 0.9 a'c 1.3 _+ 0.2 18 _+ 4.7 33 _+ 8.1 

P Value NS 0.012 NS NS NS 

Total LDL Lard 7 16 _+ 1.1 a 19 _+ 1.3 1.3 _+ 0.2 a 8 _+ 0.4 56 -+ 1.2 a 
Mono 6 16 _+ 1.9 a 19 _+ 0.3 0.8 _+ 0.1 b 8 _+ 0.2 56 +- 0.9 a 
Poly 6 17 -+ 0 .8  a 18 -+ 0.5 0.8 -+ 0.2 b 8 -+ 0.2 57 +- 0 .5  a 

FO 6 19 _+ 1.3 b 20 _+ 0.3 1.4 _+ 0.1 a 7 _+ 0.3 52 _+ 0.8 b 

P Value NS NS 0.018 NS 0.005 

a'b'CAll values represent  the  means _+ SEM. Means with unlike symbols are significantly different (P < 0.05) 
as determined by analysis  of var iance and Fisher ' s  post hoc least  s ignificant  difference test. PL, phospho- 
lipid; TG, triglyceride; FC, free cholesterol; CE, cholesteryl ester. For o ther  abbreviat ions,  see footnote to 
Table 1. 

0 .002 ;  S t u d e n t ' s  t - t e s t ) .  T h e  s a m e  s t a t i s t i c a l l y  s i g n i f i c a n t  
t r e n d  i n  L D L  b i n d i n g  to  P G  w a s  o b s e r v e d  a f t e r  a n a l y s i s  
o f  c o v a r i a n c e  to  a d j u s t  f o r  d i f f e r e n c e s  i n  L D L  c h o l e s -  
t e r o l / a p o B  r a t i o  a m o n g  d i e t  g r o u p s .  

O u r  p r e v i o u s  s t u d y  s u g g e s t e d  t h a t  p a r t  o f  t h e  d i f f e r e n c e  
i n  L D L - P G  c o m p l e x  f o r m a t i o n  b e t w e e n  L a r d  a n d  F O  L D L  
c o u l d  b e  e x p l a i n e d  b y  t h e  d e c r e a s e d  a p o E  c o n t e n t  o f  F O  
L D L  (6). To d e t e r m i n e  w h e t h e r  L D L  a p o E  c o n t e n t  i n f l u -  
e n c e d  d i e t - i n d u c e d  d i f f e r e n c e  i n  L D L - P G  c o m p l e x  f o r m a -  
t i o n ,  t h e  a v e r a g e  L D L  a p o E / B  m o l a r  r a t i o  w a s  p l o t t e d  
a g a i n s t  L D L - P G  c o m p l e x  f o r m a t i o n  (Fig.  3). T h e r e  w a s  a 
p o s i t i v e  r e l a t i o n s h i p  b e t w e e n  L D L  a p o E  c o n t e n t  a n d  t h e  
a b i l i t y  o f  L D L  to  f o r m  i n s o l u b l e  c o m p l e x e s  w i t h  P G .  T h e  
c o r r e l a t i o n  c o e f f i c i e n t  ( r )  f o r  t h e  s a m e  p l o t  o f  i n d i v i d u a l  
a n i m a l  d a t a  w a s  0 .54  ( P  < 0.05) .  H o w e v e r ,  a n a l y s i s  of  co- 

v a r i a n c e  r e v e a l e d  t h a t  s i g n i f i c a n t  d i f f e r e n c e s  i n  L D L - P G  
b i n d i n g  r e m a i n e d  a f t e r  a d j u s t i n g  fo r  d i f f e r e n c e s  i n  L D L  
a p o E / B  m o l a r  r a t i o  a m o n g  d i e t  g r o u p s .  

P r e v i o u s  s t u d i e s  s u g g e s t e d  a n  i n v e r s e  r e l a t i o n s h i p  be -  
t w e e n  L D L  s i a l i c  a c i d  c o n t e n t  a n d  L D L - P G  b i n d i n g .  To 
d e t e r m i n e  w h e t h e r  d i f f e r e n c e s  i n  s i a l i c  a c i d  c o n t e n t  
a m o n g  d i e t  g r o u p s  w a s  r e l a t e d  to  t h e  d i f f e r e n c e s  i n  
L D L - P G  c o m p l e x  f o r m a t i o n ,  t h e  s i a l i c  a c i d  c o n t e n t  o f  
p l a s m a  L D L  w a s  m e a s u r e d  ( T a b l e  6). T h e  s i a l i c  a c i d  con-  
t e n t  of  t h e  p l a s m a  L D L  a v e r a g e d  4 . 5 - 5 . 0  ~tg/mg L D L  pro-  
t e i n  a n d  w a s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  a m o n g  d i e t  g r o u p s .  

T h e  t h i o b a r b i t u r i c  a c i d  r e a c t i v e  s u b s t a n c e s  a s s a y  w a s  
u s e d  to  d e t e r m i n e  w h e t h e r  l i p i d  p e r o x i d a t i o n  w a s  d i f f e r -  
e n t  a m o n g  L D L  s a m p l e s  f r o m  t h e  f o u r  d i e t  g r o u p s .  I n  a 
s u b s e t  o f  t h r e e  a n i m a l s  f r o m  e a c h  d i e t  g r o u p ,  t h e r e  w a s  

TABLE 5 

Transition Temperature o f  Cynomolgus  Monkey LDL ~ 

TABLE 6 

Sialic Acid Content  of  Cynomolgus  Monkey LDL a 

Diet group Ilg sialic acid/mg LDL protein 
Diet group Transit ion tempera ture  (~ 

Lard (n = 6) 4.41 -+ 0.32 
Lard (n = 7) 44 _+ 1.3 a Mono (n = 5) 4.54 -+ 0.45 
Mono (n = 6) 40 _+ 0.6 b Poly (n = 6) 4.99 -+ 0.15 
Poly (n = 6) 36 _+ 0.6 c FO (n = 6) 4.97 -+ 0.24 
FO (n = 6) 36 _+ 0.9 c 

P Value NS 
P Value 0.0001 

aAll va lues  r ep re sen t  the  means  -+ SEM. For abbrevia t ions ,  see 
a'b'cSee footnote to Table 1 for details and abbreviations,  footnote to Table 1. 
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FIG. 2. Format ion  of  part iculate  complexes  be tween  arter- 
ial  chrondro i t in  sulfate  proteog lycans  (PG) (1 gg as hex- 
uronate)  and p l a s m a  LDL (100 gg as cholesterol) .  P lasma  
LDL were  isolated from the p lasma of  cynomolgus  monkeys  
in  the  four diet  groups.  Incubat ions  o f  LDL and PG w e r e  
per formed  in  5 mM Tris, 6 mM KC1, 15 mM CaC12 and 1.5 
m S  MgSO 4 (pH 7.2) for 30 min  at 26~ Formation of  partic- 
ulate  PG-LDL complexes  was  measured  as cholesterol  in a 
1,500 x g pel let ,  w h i c h  is represented  as the percentage  o f  
total  LDL choles tero l  in  the  incubat ion .  Each open  circle  
represents  data from an i n d i v i d u a l  animal;  the  c losed 
squares represent  the m e a n  +_ SEM for each diet group. See 
Figure I for other abbreviations.  

<1.1 nmol thiobarbituric acid reactive substaaces/mg LDL 
cholesterol, and there was no significant difference, by 
analysis of variance, among the diet groups. 

D I S C U S S I O N  

Previous studies have demonstrated that  isocaloric sub- 
st i tut ion of polyunsaturated fat for saturated fat resulted 
in less coronary artery and aortic atherosclerosis in sev- 
eral nonhuman primate species (1,2,8,27). This has been 
observed regardless of whether the polyunsaturated di- 
etary fat was enriched in n-6 or n-3 fatty acids. However, 
the exact mechanism for the reduced atherogenicity of 
polyunsaturated fat is unknown and is likely to be multi- 
factorial. Since LDL and PG have been co-localized in ath- 
erosclerotic lesions of human beings and experimental an- 
imals (9-11) and LDL-PG complexes can lead to CE accu- 
mulation in macrophages in vitro (15,16), we hypothesized 
that one mechanism by which polyunsaturated dietary fat 
diminishes atherosclerosis progression might involve a de- 
crease in LDL-PG interaction. 

The results of the present study support this hypothe- 
sis. FO LDL was significantly less reactive with PG than 
LDL from the other three diet groups. Poly LDL was sig- 
nificantly less reactive with PG than Mono LDL and, on 
average, was less reactive than Lard LDL (Fig. 2). Since 
all other experimental variables except the source of LDL 
were constant, the data suggest that  one or more of the 
properties of LDL important in the interaction with PG 
were affected by polyunsaturated fat. 
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FIG. 3. A plot  of  LDL apoE/B molar  ratio, determined by en- 
z y m e . l i n k e d  i m m u n o s o r b e n t  assay vs. LDL-PG c o m p l e x  
formation assayed as described in Figure 2 legend.  Symbols  
represent  the  m e a n  • SEM for each diet  group; apoE/B, 
apo l ipoprote in  E and B. See  Figures  1 and 2 for other  ab- 
breviations.  

One property of LDL that is thought to be important in 
atherosclerosis progression and LDL--PG interaction is 
the apoE content (6). The apoE content of plasma LDL is 
highly correlated with coronary artery atherosclerosis in 
nonhuman primates (7). ApoE also contains two sites that 
bind to the glycosaminoglycan, heparin (14). In a previous 
study, the apoE content of LDL and the density distribu- 
tion of LDL subfractions appeared to be related to the de- 
creased interaction of FO LDL with PG compared to Lard 
LDL (6). However, the results from the present study 
show that Poly LDL was similar to Lard LDL and Mono 
LDL in chemical composition (Table 4), density distribu- 
tion (Table 2) and apeE content (Table 3). The data taken 
together suggest that FO decreases PG binding in vitro by 
decreasing the apoE content and amount of the d = 
1.015-1.025 g/mL subfraction, whereas Poly appears to 
affect LDL-PG interactions by other mechanisms. 

A possible explanation for differences in LDL-PG inter- 
action may relate to LDL particle charge. LDL sialic acid 
content varies among LDL subfractions (28) and among 
individuals (29,30). The sialic acid content of LDL also in- 
fluences PG interaction (29). We are aware of no data that 
suggest that the type of dietary fat modifies the sialic acid 
content of LDL, and we found no difference in LDL sialic 
acid content among the four diet groups in this study 
(Table 6). Therefore, the observed differences in LDL-PG 
interaction among diet groups cannot be explained by dif- 
ferences in sialic acid content. 

In the present study, the type of dietary fat had little ef- 
fect on the chemical composition, density distribution, size 
and apoE content of plasma LDL, except in the FO group. 
FO LDL were smaller (Table 1), more dense (Table 2) and 
contained less apoE (Table 3) and less CE (Table 4) com- 
pared to LDL from the other three diet groups. The de- 
crease in size and CE content of FO LDL likely resulted 
from decreased CE input into plasma LDL by the two CE- 
generating enzymes, lecithin:cholesterol acyltransferase 
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(LCAT) and acyl-CoA:cholesterol acyltransferase (ACAT). 
Previous studies have shown that  phospholipids contain- 
ing n-3 fatty acids in the sn-2 position are poor substrates 
for LCAT regardless of whether  the phospholipid is in a 
recombinant  substrate  particle or a monolayer film 
(31,32). In addition, livers from nonhuman  primates fed 
FO diets secrete less cholesterol than those from animals 
fed lard diets (33), and hepatic microsomal ACAT activity 
is reduced compared to animals fed lard and safflower oil 
diets (23). HDL phospholipids purified from the plasma of 
cynomolgus monkeys fed the FO diet and made into re- 
combinant substrate particles are less reactive with LCAT 
than  plasma HDL phospholipids isolated from the Lard, 
Poly or Mono diet groups (Thornburg, J.T., Parks,  J.S., 
and Rudel, L.L., manuscr ip t  in preparation). Taken to- 
gether, these data suggest that  FO LDL are smaller, more 
dense and contain fewer CE molecules per particle be- 
cause n-3 fatty acids are poor substrates for CE synthesis 
by LCAT and ACAT. 

The decreased apoE content of FO LDL and LDL sub- 
fractions with respect to the other diet groups may be re- 
lated to a decreased association of apoE with the LDL par- 
ticle surface. Relative to Lard LDL, FO LDL are enriched 
in sphingomyelin and relatively poor in phosphatidyl- 
choline, and the phosphatidylcholine species are enriched 
in n-3 fatty acids. These FO-induced changes in the LDL 
particle surface may limit apoE binding. In support of this 
hypothesis, we have found that  apoA-I binds more poorly 
to phosphatidylcholine monolayers containing n-3 fat ty 
acids vs. oleic acid in the sn-2 position (34). In addition, 
Ibdah et al. (35) have demonstrated tha t  the increased 
sphingomyelin content of LDL vs. HDL may prevent  
apoA-I binding to LDL. If  apoE binding to lipoprotein sur- 
faces is influenced by FO in a manner  similar to that  for 
apoA-I, then the FO-induced changes in LDL phospho- 
lipids may reduce apoE binding to LDL. Studies are cur- 
rently underway to test this possibility. 

The LDL apoE/B molar ratio was greater in this study 
compared to our previous study (6). Although the explana- 
tion for this difference is unknown, it likely relates to the 
amount  of dietary cholesterol consumed by the animals. 
Diets containing 0.26 mg cholesterol/kcal were used in the 
previous study compared to 0.4 mg cholesterol/kcal in the 
present  one. This may have contributed to the nearly 
twofold greater concentration of apoE in whole plasma in 
the present sl~udy compared to that  observed previously. In 
addition, different animals were used for the two studies. 
In spite of the difference in apoE enrichment of LDL be- 
tween the studies, the effect of dietary FO on LDL size, 
composition, density distribution and PG interaction was 
similar compared to the Lard group in both studies. 
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Util izat ion of  enteral  feeding modal i t ies  may prove clin- 
ical ly  re levant  for rapid modula t ion  of  lung phospho-  
l ipid po lyunsaturated  fatty acids  (PUFA) that  serve  as 
substrates  for the  format ion  of  vasoac t ive  d ienoic  
e icosanoids .  We compared  the effects  of  short - term en- 
teral  feeding with  formulations enriched with  e i ther  fish 
(n-3) or corn (n-6) oil  PUFA on the fatty acid compos i t ion  
of  rat lung, a lveolar  macrophage  and surfactant  phos-  
phol ipids .  The diets  were  infused cont inuous ly  for 72 h 
through a surgica l ly  p laced gas troduodenal  feeding  
catheter  by a syringe pump. The n-3 PUFA derived from 
the fish oil  enriched diet were  readily incorporated into 
the  phospho l ip id  m e m b r a n e s  of  the  a lveolar  macro-  
phages,  lung t i ssue  and pulmonary su~actant .  The rela- 
t ive  p e r c e n t a g e s  of  the n-3 PUFA w e r e  s igni f icant ly  
h igher  and indiv idual  and total  n-6 PUFA s igni f icant ly  
l ower  in the macrophage,  lung and surfactant phospho- 
l ipids  from the  n-3-supplemented  rats  in compar i son  
wi th  those  present  in the rats infused enteral ly  with  the 
n-6 diet  or untreated,  chow-fed  rats  (basel ine) .  In con- 
trast,  there  was  a s ignif icant  increase  in l ino le ic  acid 
(18:2n-6) w i thout  modi f i cat ion  of  arachidonic  acid 
(20:4n-6) in the a lveolar  macrophages ,  lung t i s sue  and 
surfactant from rats enteral ly  rece iv ing  the n-6 diet  rel- 
at ive  to leve ls  m e a s u r e d  in the  rats at base l ine .  The re- 
suits  suggest  that short-term cont inuous  del ivery of n-3- 
enr iched  enteral  preparat ions  can foster  rapid modif i-  
cat ion of m e m b r a n e  phosphol ip id  PUFA compos i t ion  of  
lung  t issue,  a lveolar  macrophages  and lung surfactant.  
Ut i l izat ion of s imi lar  infusion modal i t ies  to del iver  n-3- 
enr i ched  enteral  formulat ions  may prove  benef ic ia l  to 
cr i t ica l ly  ill or pos toperat ive  pat ients  w i th  pers i s t en t  
lung inf lammation secondary to uncontrol led formation 
of  vasoact ive  e icosanoids  derived from arachidonic acid. 
Lipids 29, 643-649 (1994). 

Arachidonic acid (20:4n-6, AA), an n-6 fatty acid derived 
from the essential dietary fatty acid linoleic acid 
(18:2n-6; LA), serves as the primary precursor ofvasoac- 
tive eicosanoids formed via cyclooxygenase and 5'-lipoxy- 
genase within immune cell (e.g., macrophage) membrane 
phospholipids. The resulting leukotrienes and dienoic se- 
ries of prostanoids are potent mediators of lung injury 
and inflammation promoting platelet aggregation, arte- 
riolar vasoconstriction, capillary permeability and neu- 
trophil (PMN) chemotaxis (1,2). Given the extensive cap- 

*To whom correspondence should be addressed at Deaconess Hos- 
pital, CRI-116, 194 Pilgrim Rd., Boston, MA 02215. 
Abbreviations: AA, arachidonic acid; ANOVA, analysis of variance; 
ARDS, adult respiratory distress syndrome; CSP, crude surfactant 
pellet; DHA, docosahexaenoic acid; DPA, docosapentaenoic acid; 
DPPC, dipalmitoyl phosphatidylcholine; EPA, eicosapentaenoic 
acid; LA, linoleic acid; LPS, lipopolysaccharide; MUFA, monoun- 
saturated fatty acids; PBS, phosphate buffered saline; PMN, poly- 
morphonuclear neutrophil; PUFA, polyunsaturated fatty acids; 
SFA, saturated fatty acids. 

illary vasculature and large population of marginating 
PMN that  are normally adherent to lung endothelium 
(3), the lung is particularly vulnerable to tissue damage 
by PMN and capillary occlusion by activated platelets 
after t rauma or sepsis. Persistent lung inflammation, 
with or without infection, further compromises pul- 
monary endothelial integrity, impairs gas exchange and 
predisposes the development of adult respiratory dis- 
tress syndrome (ARDS) (4). In theory, then, critically ill 
patients at risk of developing ARDS may derive some 
benefit from treatment modalities that reduce lung gen- 
eration of, or exposure to, AA-derived eicosanoids. 

Clinical and experimental studies conducted during 
the past decade have revealed that  the structural and 
functional properties of host immune cells can be modi- 
fied by nutritional supplementation with marine oil 
(n-3) polyunsaturated fatty acids (PUFA), e.g., eicos- 
apentaenoic acid (20:5n-3; EPA) (5,6). Studies from this 
laboratory have shown that  displacement of n-6 PUFA, 
i.e., 20:4n-6 and 18:2n-6, from plasma phospholipids by 
n-3 PUFA in endotoxin-challenged guinea pigs was as- 
sociated with reduced pulmonary leukosequestration, 
improved lung morphology and increased survival (7,8). 
Others have reported that PaO2 and blood pressure were 
significantly higher and that  plasma thromboxane A 2 
was lower during an infusion of live Escherichia coli in 
pigs prefed an n-3-enriched diet relative to correspond- 
ing values in corn oil-fed animals (9). These studies in- 
dicate that  nutritional modulation of cell membrane 
PUFA with marine oil n-3 fatty acids appears to confer 
an advantage with respect to maintenance of pulmonary 
function during septic complications. 

In the clinical setting, critically ill or surgical patients 
often require enteral nutrition support secondary to 
anorexia and/or a postoperative incapacity (e.g., upper 
gastrointestinal surgery) to consume adequate amounts 
of nutrients. Unfortunately, the majority of commer- 
cially available enteral nutr ient  preparations are en- 
riched with 18:2n-6, thus predisposing incorporation of 
20:4n-6 within macrophage membrane phospholipids. 
Therefore, utilization of novel enteral formulations con- 
taining marine oil PUFA to modulate the phospholipid 
PUFA composition and function of immune cells is now 
being explored. We, and others, have demonstrated that 
continuous enteral delivery of n-3-enriched formulations 
promotes significant displacement of 18:2n-6 and 
20:4n-6 from liver Kupffer and endothelial cells and 
plasma phospholipids in animals (10) as well as from 
erythrocyte phospholipids in humans (11,12) within 
4-7 d, irrespective of concurrent endotoxemic or septic 
complications. Recent studies of the effects of infusion 
time have shown that  the modification of macrophage 
phospholipid PUFA achieved after three days of contin- 
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uous enteral  delivery of diets containing fish and borage 
oil PUFA was not enhanced  by feeding for th ree  addi- 
tional days (13). Other  studies from this laboratory have 
confirmed t ha t  systemic levels of dienoic prostanoids  
elicited af ter  endotoxin (lipopolysaccharide; LPS) expo- 
sure were significantly lower in rats  enteral ly fed with a 
fish oil-enriched formula t ion  t han  in LPS-chal lenged 
rats  infused with a safflower oil-based diet (14). 

The ex ten t  to which shor t - te rm infusions of en te ra l  
formulat ions  enr iched with fish oil modify lung tissue, 
alveolar  macrophages  and sur fac tan t  phospholipid 
PUFA has not been addressed. The ability to induce di- 
e ta ry  modifications of sur fac tant  PUFA may also prove 
important ,  given tha t  the relative percentage of 20:4n-6 
in su r fac tan t  phospholipids increases  in pa t ien ts  with 
ARDS (15,16). The objectives of the present  s tudy were 
to de te rmine  changes in the individual  n-3 and n-6 
PUFA wi th in  the phospholipid fract ions of these  lung 
components from rats  fed enteral ly for 72 h with fish or 
corn oil-enriched formula t ions  conta ining modera te  
(27%) amounts  of lipid. 

MATERIALS AND METHODS 

Animal  surgery. The s tudy design was approved by the 
Deaconess Animal Care and Use Committee. The meth- 
ods and diets were identical  to those described previ- 
ously (10). Briefly, male  (200-250 g) Sprague-Dawley 
ra ts  (Har lan,  Al tamont ,  NY) were allowed s t anda rd  
chow pellets  (Prolab RMH 3000; Agway Inc., Cornell,  
NY)  ad l ibi tum for five days prior  to s tudy entry. One 
group of ra ts  (n = 8) was then sacrificed to provide base- 
line levels of lung tissue, alveolar macrophage and sur- 
factant  phospholipid PUFA. The remaining rats  (n = 16) 
unde rwen t  aseptic surgical  p lacement  of an en te ra l  
feeding catheter .  After  anes the t i za t ion  wi th  diethyl  
e ther  (08:30 h of day 0), a 0.030" • 0.065" medical silas- 
tic ca the te r  was advanced into the duodenum th rough  
an ostomy in the fundus of the stomach and anchored to 
the stomach wall with a purse str ing suture.  The proxi- 
mal end of the ca the te r  was tunne led  subcutaneously,  
exter ior ized at  the midscapular  region and a t tached to 
a f low-through swivel to permi t  freedom of movement .  
Each ra t  was housed individual ly  in a wire-bot tomed 
cage dur ing  en tera l  feeding and allowed wa te r  ad libi- 
tum for the durat ion of the study. 

Enteral feeding. After recovery from surgery, the rats  
received e i ther  a fish oil- or a corn oil-enriched entera l  
formula t ion  based upon preopera t ive  randomiza t ion  
(n = 8/group). The entera l  diets consisted of a complete 
basal formulation (Vital HN; Ross Laboratories,  Colum- 
bus, OH) with which an isocaloric quant i ty  of ei ther  fish 
oil concentrate (Omegacaps Ltd., St. Louis, MO) or corn 
oil (Best Foods, Union, NJ) was blended. The fat ty acids 
from the fish oil concentrate were primari ly in the form 
of ethyl esters. The absorption of fish n-3 PUFA given as 
ethyl esters has been shown to be similar to tha t  of fish 
n-3 PUFA given as t r iglycerides (17). The corn oil was 
supplemented with a-tocopherol to equal the total vita- 
min E activity present  in the fish oil concentrate  (1 U/g 
oil). Each entera l  diet  provided 1.4 g N/kg/d and 250 

kcal/kg/d. Lipids accounted for 27% of the total  d ie tary  
energy in the enteral  formulations. The calories derived 
from lipid in the chow pellets consti tuted 14.5% of total  
d ie ta ry  energy. The re levan t  fa t ty  acids of the en te ra l  
formula t ions  and chow pel let  (baseline) t r iglycer ides  
were determined by gas chromatography and expressed 
as re la t ive  percentage  of the  total  fa t ty  acids p resen t  
(Table 1). The en tera l  diets were infused cont inuously  
by a p rogrammable  syringe pump (Model 42; H a r v a r d  
Appara tus ,  Natick, MA) at  a constant  ra te  for 72 h be- 
ginning at  13:00 h of day 0. 

Tissue procurement.  Each ra t  was anes the t ized  with 
an in t raper i toneal  injection of pentobarbi ta l  (80 mg/kg 
B.W.) at  13:00 of day 3. The thoracic cavity was exposed 
and the lung vascula ture  f lushed with 5 mL saline via 
the  super ior  vena cava. A 14-gauge angioca the te r  was 
inser ted  th rough  a t racheostomy,  and the lungs were 
lavaged eight  t imes wi th  5 mL of cold phospha te  buf- 
fered saline (PBS); gentle  chest  massage  faci l i ta ted 
lavage recovery (>90%). The cumula t ive  lavage fluid 
was kept  on ice during this procedure. Following lavage, 
lung t issue samples  (free of bronchial  t issue) were ex- 
cised, minced, washed with PBS and stored under  N 2 at 
-20~ unti l  analysis .  Frozen lung t issue was homoge- 
nized in saline immedia te ly  before lipid extract ion,  as 
described in the next  paragraph.  

The lavage fluid was spun at  400 •  for 10 min at 4~ 
The cell-free superna tan t  was then respun at  40,000 x g 
at  4~ for 60 min to obtain a crude sur fac tan t  pellet  
(CSP) (18). The superna tan t  was removed, and the CSP 
was resuspended in 200 pL of saline containing 5 mM 
CaC12 for total phospholipid fat ty acid analysis. The cell 
pellet  containing alveolar macrophages  af ter  the first  
centr i fugat ion at  400 x g was resuspended in PBS and 
centrifuged at 110 x g for 10 min at 4~ The washed cell 
pellet  was then  resuspended in PBS, layered on Ficoll 
Paque (Pharmacia ,  Piscataway, NJ) and centr i fuged at  
500 x g at  22~ for 35 min to isolate the alveolar  
macrophages.  The macrophage  layer  was removed, 
washed with PBS, centr i fuged at  110 x g for 10 min at  
4~ and resuspended in PBS. Pur i ty  and viabili ty (try- 
pan blue exclusion) were >95% under  l ight microscopy. 
Alveolar macrophages (5-7 x 106) were stored in PBS at  
-20~ for total phospholipid fat ty acid analysis. 

TABLE 1 

F a t t y  A c i d  C o m p o s i t i o n  o f  B a s e l i n e  a n d  E n t e r a l  D i e t s  a 

Fatty acid Baseline Corn oil-enriched Fish oil-enriched 

<14:0 2.1 4.3 6.7 
16:0 20.2 9.3 2.5 
18:0 8.7 1.8 2.0 
18:1n-9 29.7 24.4 6.8 
18:2n-6 34.6 54.4 12.9 
18:3n-3 0.3 0.7 0.6 
20:5n-3 1.2 0.2 21.7 
22:5n-3 0.1 0.1 4.2 
22:6n-3 1.1 0.1 16.2 
aThe baseline diet was chow pellets. The corn oil- and fish oil-en- 
riched diets were enteral formulations. Relative percent of total 
fatty acids as determined by gas chromatography. 
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Phospholipid fatty acid analysis. S i x t e e n  i d e n t i f i a b l e  
f a t t y  ac ids  (12 -24  ca rbons  in  l eng th )  in  t he  p h o s p h o l i p i d  
f r a c t i o n  of  l u n g  t i s s u e  h o m o g e n a t e ,  C S P  a n d  a l v e o l a r  
m a c r o p h a g e s  w e r e  d e t e r m i n e d  by  m e t h o d s  d e s c r i b e d  
p r e v i o u s l y  (10). D i h e p t a d e c a n o y l  p h o s p h a t i d y l c h o l i n e  
w a s  u s e d  a s  a n  i n t e r n a l  s t a n d a r d  a n d  w a s  a d d e d  p r i o r  
to l i p i d  e x t r a c t i o n .  A f t e r  l i p i d  e x t r a c t i o n  in  ch lo ro-  
f o r m / m e t h a n o l  (2:1, vol /vol) ,  t h e  p h o s p h o l i p i d  f r a c t i o n  
w a s  i s o l a t e d  on s i l i ca  ge l  H ( A n a l t e c h ,  N e w a r k ,  DE)  
t h i n - l a y e r  p l a t e s  u s i n g  a m o b i l e  p h a s e  of  p e t r o l e u m  
e t h e r / d i e t h y l  e t h e r / g l a c i a l  ace t i c  a c id  (80:20:1,  b y  vol)  
a n d  iden t i f i ed  r e l a t i v e  to t h e  m i g r a t i o n  of  a p h o s p h o l i p i d  
s t a n d a r d  u s i n g  d i ch lo ro f luo re sce in  spray .  The  phospho-  
l i p i d  b a n d  w a s  i s o l a t e d  a n d  t h e  f a t t y  a c i d s  we re  t r a n s -  
m e t h y l a t e d  w i t h  14% B F  3 in  m e t h a n o l .  I n  a few in-  
s t ances ,  s m a l l e r  b a n d s  of  s u r f a c t a n t  p h o s p h o l i p i d s  f rom 
i d e n t i c a l l y  t r e a t e d  r a t s  we re  c o m b i n e d  to i m p r o v e  yie ld .  
The  f a t t y  ac id  m e t h y l  e s t e r s  were  s e p a r a t e d  a n d  q u a n t i -  
f ied on a H e w l e t t - P a c k a r d  (Palo  Alto,  CA) 5890 Se r i e s  I I  
g a s  c h r o m a t o g r a p h  e q u i p p e d  w i t h  a 50 -m f u s e d  s i l i c a  
c a p i l l a r y  c o l u m n  c o n t a i n i n g  SP-2330  a s  t h e  s t a t i o n a r y  
p h a s e  w i t h  a 0.20 m m  f i lm  t h i c k n e s s  (Supe lco ,  Be l l e -  
fonte ,  PA). The  r e l a t i v e  mo le  p e r c e n t a g e s  of  i n d i v i d u a l  
f a t t y  a c i d s  w e r e  d e t e r m i n e d  u s i n g  C h e m  S t a t i o n  soft-  
w a r e  ( H e w l e t t - P a c k a r d )  b a s e d  u p o n  t h e  r e l a t i v e  re-  
s p o n s e s  of  a n  e x t e r n a l  s t a n d a r d  of  p u r e  f a t t y  ac id  
m e t h y l  e s t e r s  ( N u - C h e k - P r e p ,  E l y s i a n ,  MN). 

Statistics. C o m p u t e r - b a s e d  s t a t i s t i c a l  p r o g r a m s  w e r e  
u s e d  ( B M D P  Sof twa re ,  Inc. ,  Los Ange le s ,  CA). S t a t i s t i -  
cal  t e s t s  i n c l u d e d  a n a l y s i s  of  v a r i a n c e  (ANOVA) by  die t .  
Levene ' s  t e s t  p r o v i d e d  a t e s t  of  equa l  v a r i a b i l i t y  a m o n g  
d i e t  g roups .  I f  t h e  L e v e n e ' s  t e s t  w a s  s i g n i f i c a n t ,  t h e  

B r o w n - F o r s y t h e  t e s t  w a s  u s e d  to a l l ow for u n e q u a l  
g r o u p  v a r i a n c e s  a t  t h e  e x p e n s e  of  a loss  of  d e g r e e s  of  
f r eedom.  I f  t h e  ove ra l l  ANOVA or  B r o w n - F o r s y t h e  t e s t  
was  s ign i f i can t  (P < 0.05), post hoc compar i sons  of  m e a n s  
were  d e t e r m i n e d  u s i n g  Bonfe r ron i  c ompa r i son  t e s t s .  

RESULTS 

The  e n t e r a l  f o r m u l a t i o n s  u sed  we re  wel l  t o l e r a t e d  by  a l l  
t h e  r a t s .  T h e r e  we re  no s igns  of  p h y s i c a l  s t r e s s  or  d i a r -  
r h e a  d u r i n g  t h e  e n t e r a l  f eed ing .  S p l e e n  w e i g h t s  a n d  
o v e r a l l  m o r p h o l o g i c  a p p e a r a n c e  of  t h e  m a j o r  o r g a n s  
w e r e  s i m i l a r  to t h e  b a s e l i n e  g r o u p  g i v e n  chow p e l l e t s  
ad libitum. T h e r e  w e r e  no s i g n i f i c a n t  d i f f e r e n c e s  be-  
t w e e n  t h e  two g r o u p s  of  e n t e r a l l y  fed r a t s  w i t h  r e s p e c t  
to e i t h e r  i n i t i a l  (overa l l  m e a n  • SD = 230 +_ 7 g) or  f ina l  
(231 • 8 g) body  we igh t s .  

Lung phospholipid PUFA. The  r e l a t i v e  mole  p e r c e n t -  
age  of  t h e  p r i n c i p a l  f a t t y  ac ids  p r e s e n t  in  t h e  p h o s p h o -  
l i p id s  of  t h e  l u n g  h o m o g e n a t e  a r e  l i s t e d  in  Tab le  2. De- 
sp i t e  t h e  fact  t h a t  t he  e n t e r a l  d i e t s  c o n t a i n e d  r e l a t i v e l y  
l o w e r  l eve l s  o f  16:0 t h a n  t h e  chow p e l l e t s  (Tab le  1), a 
t r e n d  t o w a r d  a n  i n c r e a s e d  r e l a t i v e  p e r c e n t a g e  of  16:0 
a n d  to t a l  s a t u r a t e d  f a t t y  ac ids  (SFA) in  t h e  e n t e r a l l y - f e d  
r a t  l u n g s  r e l a t i v e  to t h a t  in t h e  b a s e l i n e  g r o u p  w a s  evi-  
d e n t .  T h i s  r i s e  in  t h e  r e l a t i v e  p e r c e n t a g e  of  16:0 w a s  
s l i g h t l y  offse t  by  a r e d u c t i o n  of  l u n g  p h o s p h o l i p i d  18:0 
a f t e r  e n t e r a l  f e e d i n g  in  c o m p a r i s o n  to t h e  r e l a t i v e  per -  
c e n t a g e  of  18:0 in  t h e  b a s e l i n e  g r o u p  of  r a t s .  T h e  r e l a -  
t ive  p e r c e n t a g e  of  t o t a l  p h o s p h o l i p i d  P U F A  in  t he  l u n g s  
was  s i m i l a r  a m o n g  t h e  t h r e e  d i e t  g roups .  Tota l  m o n o u n -  
s a t u r a t e d  f a t t y  ac ids  (MUFA),  t h e  b u l k  of  w h i c h  is rep-  

TABLE 2 

Phosphol ip id  Fatty Acids of  Lung Tissue a 

Bonferroni P value b 
Fatty acid Baseline Corn oil diet Fish oil diet ANOVA B vs. C B vs. F C vs. F 

14:0 1.6 _+ 0.1 2.2 _+ 0.5 2.8 *-- 1.0 0.01 NS 0.01 NS 
16:0 38.1 + 2.7 41.6 _+ 2.9 43.7 + 4.7 NS r 
16:1m7 1.8 +_ 0.1 1.6 _+ 0.3 1.9 +_ 0.3 NS 
18:0 14.7 _+ 0.7 13.0 +_ 1.3" 12.2 _+ 1.5 NS 
18:1n-9 11.3 _+ 0.6 10.0 _+ 1.0 9.2 +-- 1.1 0.001 NS 0.001 NS 
18:2n-6 7.9 • 0.5 10.3 • 0.8 6.5 • 0.5 0.001 0.001 0.001 0.001 
20:3n-6 0.9 _+ 0.2 0.7 • 0.1 0.4 _+ 0.1 0.001 0.05 0.001 0.01 
20:4n-6 13.4 __r 0.9 12.4 • 1.0 8.6 -+ 1.5 0.001 NS 0.001 0.001 
20:5n-3 1.3 _+ 0.3 0.1 • 0.2 5.0 -+ 1.0 0.001 0.05 0.001 0.001 
22:5n-3 2.7 • 0.7 1.4 • 0.5 3.0 • 0.8 0.001 0.01 NS 0.001 
22:6n-3 2.2 _+ 0.4 1.4 • 0.2 3.2 _+ 0.5 0.001 0.05 0.001 0.001 
SFA 56.0 _+ 2.3 58.7 • 2.3 60.4 _+ 4.2 NS 
MUFA 14.6 _+ 0.6 14.2 • 2.1 12.5 -+ 1.3 0.01 NS 0.05 NS 
Total n-3 PUFA 6.7 • 1.2 3.0 • 0.8 11.4 • 1.4 0.001 0.001 0.001 0.001 
Total n-6 PUFA 22.7 _+ 1.3 24.1 • 1.8 15.7 _+ 2.1 0.001 NS 0.001 0.001 
Total PUFA 29.4 • 1.8 27.1 • 1.9 27.1 _+ 3.1 NS 
20:5n-3/20:4n-6 0.1 • 0.0 0.0 _* 0.0 0.6 _+ 0.2 0.001 NS 0.001 0.001 
n-3/n-6 0.3 _+ 0.1 0.1 _~ 0.0 0.7 • 0.1 0.001 0.001 0.001 0.001 
aAll values are expressed as mean mole % +_ SD; n = 8/group. ANOVA, analysis of variance; SFA, saturated fatty acids; MUFA, monoun- 
saturated fatty acids; PUFA, polyunsaturated fatty acids. 
bBonferroni comparisons listed are between baseline (B), corn oil-enriched (C) and fish oil-enriched (F) diets. 
cNS, not significant. 
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r e s e n t e d  b y  18:1n-9,  d i f f e r ed  s i g n i f i c a n t l y  b e t w e e n  t h e  
f ish  a n d  chow g roups  only  (12.5 vs, 14.2%, respec t ive ly) .  

P r o v i s i o n  of  t h e  f i sh  oi l  P U F A  e n r i c h e d  d i e t  for  72 h 
i n d u c e d  s i g n i f i c a n t  c h a n g e s  in  t h e  i n d i v i d u a l  a n d  t o t a l  
n-3 a n d  n-6  P U F A  in  t h e  l u n g  p h o s p h o l i p i d s  r e l a t i v e  to 
t h o s e  p r e s e n t  in  t h e  b a s e l i n e  (chow) g r o u p  or  t h o s e  in-  
fused  w i t h  t h e  corn  oil P U F A  d ie t  (Table  2). Bo th  18:2n-6 
a n d  20:4n-6 ,  a s  we l l  a s  t o t a l  n-6  P U F A ,  w e r e  s ign i f i -  
c a n t l y  l ower  in  t h e  l u n g  p h o s p h o l i p i d s  of  t h e  r a t s  g iven  
t h e  f i sh  oil  P U F A  d i e t  t h a n  in  t h o s e  m e a s u r e d  in  t h e  
l u n g s  f rom e i t h e r  t h e  co rn  oil  g r o u p  or  b a s e l i n e  g roup .  
T h e  m e a n  r e l a t i v e  p e r c e n t a g e  of  18:2n-6 in  l u n g s  f rom 
t h e  f i sh  g roup  was  6.5% as  c o m p a r e d  w i th  10.3 a n d  7.9% 
in  l u n g s  f rom t h e  corn  a n d  b a s e l i n e  g roups ,  respec t ive ly .  
The  r e l a t i v e  p e r c e n t a g e  of  20:4n-6  in  t h e  l u n g  phospho-  
l i p i d s  of  t h e  f i sh  oi l  g r o u p  w a s  8.6%, in  c o m p a r i s o n  to 
12.4% in  t h e  co rn  oil  g r o u p  (P  < 0.001)  o r  13.4% in  t h e  
b a s e l i n e  g r o u p  (P < 0.001). In  con junc t ion  w i t h  t h e s e  re-  
d u c t i o n s ,  t h e  r e l a t i v e  p e r c e n t a g e  of  i n d i v i d u a l  n-3 
P U F A ,  t h e  20 :5n-3 /20 :4n-6  r a t i o ,  t h e  n-3 /n-6  r a t i o ,  a n d  
t h e  s u m  of  n-3 P U F A  w e r e  s i g n i f i c a n t l y  h i g h e r  (P  < 
0.001)  in  t h e  f i sh  g r o u p  r e l a t i v e  to  t h o s e  of  e i t h e r  t h e  
corn  o r  b a s e l i n e  g roup .  T h e  m e a n  20 :5n-3  in  t h e  l u n g  
p h o s p h o l i p i d s  of  t he  r a t s  g iven  t h e  f i sh  o i l - en r i ched  d ie t  
e n t e r a l l y  w a s  5.0% as  c o m p a r e d  to 1.3% a t  b a s e l i n e  a n d  
0.1% in  t h e  corn  o i l - en r i ched  g roups ,  respec t ive ly .  L u n g  
p h o s p h o l i p i d  d o c o s a p e n t a e n o i c  (DPA; 22 :5n-3)  ac id  (3 
vs. 1.4%) a n d  d o c o s a h e x a e n o i c  (DHA; 22:6n-3)  ac id  (3.2 
vs. 1.4%) were  a lso  h i g h e r  in  t he  g roup  g iven  t h e  f ish  oil 
d i e t  r e l a t i v e  to t h e  r a t s  g iven  t h e  co rn -o i l - en r i ched  diet .  

I t  w a s  a lso  o b s e r v e d  t h a t  t h e  b a s e l i n e  r a t s  h a d  a s ig-  
n i f i c a n t l y  h i g h e r  r e l a t i v e  p e r c e n t a g e  of  l u n g  p h o s p h o -  
l i p i d  20 :5n-3  a n d  t o t a l  n-3 P U F A  t h a n  t h e  co rn  g roup ;  

t h i s  d i f f e r e nc e  w a s  p r e s u m a b l y  d u e  to  t h e  p r e s e n c e  of  
f i sh  m e a l  in  t h e  chow p e l l e t s  u sed .  T h e s e  r e s u l t s  a l so  
sugge s t  t h a t  con t inuous  e n t e r a l  f eed ing  for 72 h w i t h  t h e  
c o r n - o i l - e n r i c h e d  d ie t ,  w h i c h  w a s  devo id  of  n-3 P U F A ,  
p r o m o t e d  r a p i d  loss  of  p h o s p h o l i p i d  20:5n-3 a n d  22:6n-3 
o r ig ina l ly  p r e s e n t  a f t e r  t he  b a s e l i n e  feed ing  per iod.  

Alveolar macrophage phospholipid PUFA. The  effects  
of  e n t e r a l  in fus ion  of  t he  f ish-  or  corn o i l - enr iched  fo rmu-  
l a t i o n s  on  t h e  f a t t y  ac id  c o m p o s i t i o n  of  a l v e o l a r  
m a c r o p h a g e  p h o s p h o l i p i d s  (Table  3) p a r a l l e l e d  those  ob- 
s e r v e d  in  t h e  l u n g  t i s s u e .  T h e r e  w e r e  no d i f f e r e n c e s  
a m o n g  t h e  t h r e e  d i e t  g roups  w i t h  r e s p e c t  to t he  r e l a t i v e  
p e r c e n t a g e  of  i n d i v i d u a l  SFA. However ,  t he  r e l a t i v e  per -  
c e n t a g e  o f  t o t a l  S F A  in  a l v e o l a r  m a c r o p h a g e s  f rom t h e  
e n t e r a l l y  i n fu se d  r a t s  t e n d e d  to be  h i g h e r  t h a n  t h e  t o t a l  
S F A  a t  b a s e l i n e  (65 vs.  61%). C o n c u r r e n t l y ,  t h e  t o t a l  
P U F A  in  a l v e o l a r  m a c r o p h a g e  p h o s p h o l i p i d s  f rom b o t h  
g r o u p s  of  e n t e r a l l y  fed r a t s  were  l ower  t h a n  t h o s e  m e a -  
s u r e d  a t  b a s e l i n e .  Tota l  M U F A  were  s i m i l a r  a m o n g  t h e  
t h r e e  d i e t a r y  g roups .  As  o b s e r v e d  in  t h e  l u n g  t i s s u e  
a n a l y s e s  (Tab le  2), t h e  a l v e o l a r  m a c r o p h a g e s  f rom t h e  
f ish  g roup  h a d  s ign i f i c an t l y  lower  r e l a t i v e  p e r c e n t a g e  of  
18:2n-6 a n d  20 :4n-6  a n d  g r e a t e r  r e l a t i v e  p e r c e n t a g e  of  
22:6n-3 t h a n  t h e  m a c r o p h a g e s  f rom e i t h e r  t h e  b a s e l i n e  
r a t s  or  those  in fused  w i th  t h e  corn o i l - en r i ched  fo rmu la -  
t ion.  The  r a t s  r ece iv ing  t h e  f ish o i l - enr iched  d ie t  a lso  h a d  
s i g n i f i c a n t l y  h i g h e r  20 :5n-3 /20 :4n-6  a n d  n-3 /n-6  r a t i o s  
a n d  to t a l  n-3 P U F A  in t he  a lveo la r  m a c r o p h a g e  phospho-  
l i p id s  t h a n  those  in  t h e  r a t s  a t  b a s e l i n e  or  a f t e r  e n t e r a l  
f e e d i n g  w i t h  t h e  corn  o i l - e n r i c h e d  d ie t .  R a t s  g i v e n  t h e  
co rn  o i l - e n r i c h e d  d i e t  for  72 h h a d  s i g n i f i c a n t l y  h i g h e r  
(P  < 0.001) r e l a t i v e  p e r c e n t a g e  of  18:2n-6 t h a n  b a s e l i n e  
r a t s  (8.9 vs  6.8%, r e spec t ive ly ) .  As  o b s e r v e d  in  t h e  l u n g  

TABLE 3 

Phosphol ip id  Fatty Acids of  Alveolar Macrophages a 

Bonferroni P value b 

Fatty acid Baseline Corn oil diet Fish oil diet ANOVA B vs. C B vs. F C vs. F 

14:0 2.1 • 0.9 3.4 • 1.3 3.3 • 1.4 NS c 
16:0 43.2 • 5.4 44.5 • 5.4 46.7 • 4.6 NS 
16:1n-7 2.0 • 0.7 1.6 • 1.2 1.1 • 0.6 NS 
18:0 15.0 • 1.6 16.1 • 4.6 13.2 • 1.2 NS 
18:1n-9 7.7 • 1.0 6.4 • 1.9 4.8 • 1.4 0.001 NS 0.01 NS 
18:2n-6 6.8 • 0.7 8.9 • 1.4 3.5 • 0.6 0.001 0.001 0.001 0.001 
20:4n-6 13.8 • 1.7 12.4 • 2.8 8.1 • 0.6 0.001 NS 0.001 0.01 
20:5n-3 1.6 _+ 1.9 0.0 • 0.0 2.9 • 1.1 0.01 0.05 NS 0.001 
22:5n-3 1.8 • 1.4 0.5 • 0.5 2.9 • 0.5 0.001 0.01 NS 0.001 
22:6n-3 3.9 • 2.2 1.4 • 0.7 6.4 • 1.4 0.001 0.01 0.01 0.001 
SFA 61.2 _+ 4.5 65.6 • 3.2 65.4 • 1.7 NS 
MUFA 10.8 • 1.4 11.0 • 3.4 11.0 • 2.3 NS 
Total n-3 PUFA 7.3 • 5.1 1.9 • 1.0 12.3 • 2.0 0.001 0.01 0.05 0.001 
Total n-6 PUFA 20.6 • 2.2 21.3 • 2.2 11.6 • 0.4 0.001 NS 0.001 0.001 
Total PUFA 28.0 • 4.0 23.2 • 2.5 23.6 _+ 1.9 0.01 0.01 0.05 NS 
20:5n-3/20:4n-6 0.0 • 0.0 0.2 • 0.2 0.6 • 0.4 0.01 NS 0.001 0.05 
n-3/n-6 0.4 • 0.3 0.1 • 0.1 1.0 • 0.2 0.001 0.05 0.001 0.001 
aAll values are expressed as mean mole % • SD; n = 8/group. For abbreviations, see Table 2. 
bBonferroni comparisons listed are between baseline (B), corn oil-enriched (C), and fish oil-enriched (F) diets. 
cNS, not significant. 
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t i s s u e  p h o s p h o l i p i d s ,  c o n c o m i t a n t  l eve l s  of  a l v e o l a r  
m a c r o p h a g e  phospho l i p id  20:4n-6 a n d  to ta l  n-6 P U F A  in  
t he  r a t s  in fused  w i t h  the  corn o i l -enr iched  d ie t  r e m a i n e d  
s i m i l a r  to those  seen  in  t he  b a s e l i n e  g roup  (Table 3). 

Surfactant phospholipid fatty acids. In  g e n e r a l ,  com- 
p o s i t i o n a l  c h a n g e s  in  t h e  f a t t y  ac id  p ro f i l e s  of  t h e  (SP)  
p h o s p h o l i p i d s  (Tab le  4) a f t e r  e n t e r a l  f e e d i n g  fo l lowed  
t h e  t r e n d s  o b s e r v e d  for  b o t h  t h e  l u n g  t i s s u e  (Tab le  2) 
a n d  t h e  a l v e o l a r  m a c r o p h a g e s  (Tab le  3). The  r e l a t i v e  
p e r c e n t a g e  of  16:0, t h e  p r i m a r y  f a t t y  ac id  a s s o c i a t e d  
w i t h  p h o s p h a t i d y l c h o l i n e ,  t h e  m a i n  s u r f a c t a n t  phospho-  
l ip id ,  w a s  c o m p a r a b l e  a m o n g  t h e  t h r e e  d i e t  g roups .  Al-  
t h o u g h  t h e  b a s e l i n e  d i e t  c o n t a i n e d  a h i g h e r  r e l a t i v e  per -  
c en t age  of  18:0 t h a n  e i t h e r  e n t e r a l  d i e t  (Table  1), sur fac-  
t a n t  p h o s p h o l i p i d s  f rom t h e  e n t e r a l l y  fed  r a t s ,  pa r -  
t i c u l a r l y  t h o s e  r e c e i v i n g  t h e  f i sh  oil  d i e t ,  h a d  s ign i f i -  
c a n t l y  h i g h e r  l eve l s  of  t h i s  SFA.  The  i n c r e a s e  in  sur fac-  
t a n t  S F A  in  t h e  e n t e r a l  f i sh  g r o u p  r e l a t i v e  to t h e  b a s e -  
l i ne  r a t s  w a s  m a t c h e d  b y  a c o r r e s p o n d i n g  d e c r e a s e  in  
t o t a l  MUFA,  s i m i l a r  to t h e  c h a n g e s  obse rved  in  l u n g  t i s -  
sue  (Tab le  2). T h e  r e l a t i v e  p e r c e n t a g e  of  b o t h  18:2n-6  
a n d  20 :4n-6  w e r e  s i g n i f i c a n t l y  l o w e r  in  t h e  s u r f a c t a n t  
p h o s p h o l i p i d s  f rom the  r a t s  r ece iv ing  t h e  f ish  oil e n t e r a l  
f o r m u l a t i o n  in  c o m p a r i s o n  to s u r f a c t a n t  f rom e i t h e r  t h e  
r a t s  a t  b a s e l i n e  or  t h e  r a t s  fed  e n t e r a l l y  w i t h  t h e  co rn  
oil  f o r m u l a t i o n .  T h e  r e l a t i v e  p e r c e n t a g e  of  20 :5n-3 ,  
22:6n-3 a n d  to t a l  n-3 P U F A  c h a n g e d  i n v e r s e l y  to t h e  re l -  
a t i v e  p e r c e n t a g e  of  i n d i v i d u a l  a n d  t o t a l  n-6 PUFA,  Sig-  
n i f i c a n t  d i s p l a c e m e n t  of  n-6  P U F A  f rom t h e  p h o s p h o -  
l i p ids  by  n-3 P U F A  w a s  exempl i f i ed  by  t h e  i n c r e a s e d  ra-  
t i o s  of  b o t h  20 :5n -3 /20 :4n -6  a n d  n-3 /n-6 .  H o w e v e r ,  t h e  
t o t a l  P U F A  in  s u r f a c t a n t  p h o s p h o l i p i d s  r e m a i n e d  s imi -  
l a r  a m o n g  t h e  d i e t  groups .  

DISCUSSION 

N o v e l  e n t e r a l  f o r m u l a t i o n s  c o n t a i n i n g  n-3 P U F A  
d e r i v e d  f rom m a r i n e  a n d  p l a n t  oi ls  a r e  c u r r e n t l y  b e i n g  
e v a l u a t e d  for  p o t e n t i a l  u t i l i z a t i o n  in  c r i t i c a l l y  i l l  o r  
p o s t o p e r a t i v e  p a t i e n t s  (11-13) .  R e c e n t  c l i n i ca l  s t u d i e s  
h a v e  r e v e a l e d  t h a t  su rg i ca l  (11,19) or  b u r n  (20) p a t i e n t s  
p r o v i d e d  w i t h  f i sh  o i l - e n r i c h e d  f o r m u l a t i o n s  ex-  
p e r i e n c e d  r e d u c t i o n s  in  t h e  n u m b e r  of  i n f e c t i o n s  p e r  
p a t i e n t  a n d / o r  l e n g t h s  of  s t a y  r e l a t i v e  to p a t i e n t s  t h a t  
r e c e i v e d  s t a n d a r d  f o r m u l a t i o n s  e n r i c h e d  w i t h  LA. T h e  
e f f icacy  of  l o n g - c h a i n  n-3 P U F A  to a t t e n u a t e  a pos t -  
t r a u m a t i c  i n f l a m m a t o r y  r e s p o n s e  is  p a r t l y  due  to t h e i r  
c a p a c i t y  to d i s p l a c e  n-6 P U F A  f rom i m m u n e  cel l  m e m -  
b r a n e  p h o s p h o l i p i d s .  I n  a d d i t i o n ,  E P A  (20:5n-3) ,  t h e  
p r i n c i p a l  f ish  oil n-3 P U F A ,  a t t e n u a t e s  t h e  f o r m a t i o n  of  
p r o i n f l a m m a t o r y  d ienoic  e i cosano ids  by  c o m p e t i n g  w i t h  
20 :4n-6  for  c y c l o o x y g e n a s e  b i n d i n g  s i t e s  (21). T h e  
e i c o s a n o i d s  d e r i v e d  f rom 20 :5n-3  h a v e  r e d u c e d  in-  
f l a m m a t o r y  p r o p e r t i e s  r e l a t i v e  to t h o s e  d e r i v e d  f rom 
20:4n-6.  E P A  a l so  r e t a r d s  t h e  c o n v e r s i o n  of  18:2n-6  to 
20 :4n-6  b y  i n h i b i t i n g  t h e  r a t e - l i m i t i n g  e n z y m e ,  A6 de-  
s a t u r a s e .  O t h e r  s t u d i e s  h a v e  d e m o n s t r a t e d  t h a t  cy- 
t o k i n e  r e l e a s e  w a s  l o w e r  f rom s t i m u l a t e d  m o n o n u c l e a r  
ce l l s  t h a t  w e r e  e n r i c h e d  w i t h  n-3  P U F A  t h a n  in  ce l l s  
c o n t a i n i n g  h i g h e r  r e l a t i v e  p e r c e n t a g e  n-6  P U F A  (5). 
H o w e v e r ,  t h e  e f f icacy  of  n - 3 - e n r i c h e d  e n t e r a l  d i e t s  for  
a t t e n u a t i n g  l u n g  i n j u r y  or  i n f l a m m a t i o n  in  t h e  c l in ica l  
s e t t i n g  r e m a i n s  u n r e s o l v e d .  Moreove r ,  t h e  e x t e n t  
of  d i e t a r y  n-3 P U F A  u p t a k e  by  l u n g  t i s s u e  a n d  a l v e o l a r  
c o m p o n e n t s  h a s  n o t  b e e n  a s s e s s e d  in  p a t i e n t s  n u t r i -  
t i o n a l l y  s u p p o r t e d  w i t h  n - 3 - e n r i c h e d  e n t e r a l  p r e p -  
a r a t i ons .  

TABLE 4 

Phosphol ip id  Fatty Acids o f  Surfactant a 

Bonferroni P value b 
Fatty acid Baseline Corn oil diet Fish oil diet ANOVA B vs. C B vs. F C vs. F 

14:0 4.8 • 0.8 4.0 • 0.7 4.1 _+ 0.2 NS c 
16:0 73.7 • 3.0 76.6 • 3.1 77.2 • 3.8 NS 
16:1n-7 3.6 • 0.4 1.7 • 0.4 1.2 • 0.8 0.001 0.001 0.001 NS 
18:0 2.7 • 0.3 4.0 • 0.8 5.3 • 1.0 0.001 0.05 0.001 0.05 
18:1n-9 3.4 • 0.7 2.5 • 0.9 1.6 • 1.3 0.05 NS 0.05 NS 
18:2n-6 5.9 -+ 1.7 6.6 • 1.4 2.4 -+ 0.9 0.001 NS 0.01 0.001 
20:4n-6 3.0 _+ 0.6 2.5 • 0.5 1.1 • 0.3 0.001 NS 0.001 0.01 
20:5n-3 0.4 • 0.1 0.0 • 0.0 1.7 • 0.6 0.01 NS 0.001 0.001 
22:5n-3 0.4 • 0.1 0.0 _+ 0.1 0.3 _+ 0.3 NS 
22:6n-3 1.4 • 0.2 0.5 • 0.4 3.4 • 0.1 0.001 0.01 0.001 0.001 
SFA 81.3 _+ 3.3 85.2 • 2.4 87.2 • 3.2 0.025 NS 0.05 NS 
MUFA 7.5 • 0.8 5.2 • 0.7 3.9 • 1.1 0.001 0.01 0.001 NS 
Total n-3 PUFA 2.2 _+ 0.3 0.6 _+ 0.4 5.4 _+ 0.8 0.001 0.01 0.001 0.001 
Total n-6 PUFA 9.0 • 2.3 9.1 _+ 1.9 3.5 • 1.3 0.001 NS 0.01 0.001 
Total PUFA 11.2 • 2.5 9.6 • 1.8 8.9 • 2.1 NS 
20:5n-3/20:4n-6 0.1 • 0.0 0.0 _+ 0.0 1.5 _+ 0.1 0.001 0.05 0.001 0.001 
n-3/n-6 0.3 • 0.1 0.1 • 0.1 1.7 • 0.4 0.001 NS 0.001 0.001 

aAll values are expressed as mean mole % • SD; n = 8/group. For abbreviations, see Table 2. 
bBonferroni comparisons listed are between baseline (B), corn oil-enriched (C) and fish oil-enriched (F) diets. 
cNS, not significant. 
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The present study was conducted to characterize the 
incorporation of n-3 and n-6 PUFA by rat lung, alveolar 
macrophage and surfactant phospholipids after short- 
term enteral infusion of diets enriched with fish or corn 
oil. The results revealed that continuous enteral feeding 
with a fish 0il-enriched formulation fostered significant 
modulation of the PUFA composition of rat lung 
parenchymal tissue (Table 2), macrophage (Table 3) and 
surfactant (Table 4) phospholipids within 72 h. The gen- 
eralized effects were that  n-6 PUFA (i.e., 18:2n-6 and 
20:4n-6), which are potential precursors of the vasoac- 
tive dienoic eicosanoids and leukotrienes, were dis- 
placed by longer chain n-3 PUFA (i.e., 20:5n-3, 22:5n-3 
and 22:6n-3). The rapidity of these changes paralleled 
those previously observed in the plasma pool, as well as 
liver sinusoidal cells of rats after short-term enteral 
feeding with identical formulations (10). These findings 
may have clinical relevance given that equations formu- 
lated to predict tissue incorporation of dietary n-3 PUFA 
at specific intake ratios of n-3/n-6 PUFA are similar for 
rats and humans (22). Moreover, we have also observed 
that  the incorporation of n-3 fatty acids into rat liver or 
lung macrophages during continuous enteral feeding is 
not impaired during concurrent endotoxemia (10,13). 
Evidence from clinical trials supports these findings. 
Other investigators (12) have shown that  the relative 
percentage of EPA and n-3/n-6 ratios in both plasma and 
erythrocytes from critically ill patients were increased 
significantly above baseline within seven days after con- 
tinuous enteral administration of a fish oil-enriched for- 
mulation. 

In contrast to the rats infused with the n-3-enriched 
diet in the present study, rats infused with the corn oil- 
enriched formulation exhibited significant increases of 
18:2n-6 with concomitant reductions of 20:5n-3 and total 
n-3 PUFA in lung (Table 2) and alveolar macrophage 
(Table 3) phospholipids relative to initial levels mea- 
sured in the baseline rats given chow pellets. The impor- 
tance of these results is underscored in that  the major- 
ity of moderate- to high-fat enteral formulations cur- 
rently used in the clinical setting have percentages of 
18:2n-6 similar to that  present in the corn oil-enriched 
formulation. The relative percentage of 20:4n-6 in both 
lung and alveolar macrophage phospholipids after en- 
teral t reatment  with the corn oil diet remained un- 
changed from levels measured at baseline. The results 
from this study support the concept that significant dis- 
placement of 20:4n-6 from phospholipids by dietary 
PUFA is negligible unless: (i) the exogenous dietary 
PUFA have a carbon length or degree of unsaturat ion 
similar to 20:4n-6, and (ii) the relative n-3/n-6 ratio of 
the dietary PUFA is favorably weighted to enhance ex- 
change with endogenous PUFA (23,24). With regard to 
the first conditional requirement, we had previously ob- 
served that  liver sinusoidal cell and plasma phospho- 
lipid 18:2n-6, but not 20:4n-6, could be displaced by 
18:1n-9 in rats infused with an enteral formulation en- 
riched with olive oil (10). 

The data from rats given the diet enriched with fish 
oil PUFA suggest that  alveolar macrophages may be 
more capable of metabolizing 20:5n-3 (EPA) and/or 

22:5n-3 (DPA) to 22:6n-3 (DHA) than lung tissue. Using 
the mean values listed in Tables 2 and 3, rough esti- 
mates of the EPA/DHA ratios for lung tissue and alveo- 
lar macrophages are 1.6 and 0.4, respectively. Further  
examination of the data reveals that  the corresponding 
ratios of EPA/DPA are 1.7 and 1.0, respectively, and the 
ratios of DPA/DHA are 0.9 and 0.4, respectively, for lung 
and alveolar macrophage phospholipids. These ratios 
suggest that  the alveolar macrophage appears to pos- 
sess relatively higher elongase (i.e., for conversion of 
EPA to DPA) as well as A4 desaturase activity (i.e., for 
conversion of DPA to DHA) than the lung. However, 
such estimates based upon relative percentage of sub- 
strate do not take into account any potential differences 
that  may exist between lung tissue and alveolar 
macrophages with regard to their individual capacities 
to incorporate DPA and/or DHA present in the diet 
(Table 1). With this caveat in mind, alveolar macro- 
phages appear to be similar to peritoneal macrophages 
with respect to elongase activity (25). However, the A4 
desaturase activity of peritoneal macrophages has been 
reported to be low (26). Further studies are required to 
determine any actual differences in enzyme activities 
between these two types of macrophages. 

An interesting finding in the present study was that  
although alveolar macrophages and surfactant are not 
in direct physical contact with the plasma pool, displace- 
ment of their respective phospholipid n-6 PUFA by di- 
etary n-3 PUFA during the 72 h infusion period was re- 
markable. Whether these alveolar components acquired 
n-3 PUFA transported directly from the plasma or 
through an intermediary cell source, e.g., type I or II 
pneumocytes, has not been resolved. In support of the 
latter concept, other investigators have recently re- 
ported that incorporation of dietary n-3 PUFA into type 
II pneumocytes, which synthesize surfactant, readily oc- 
curred in vivo in rats given chow enriched with fish oil 
(27). Moreover, an earlier study documented the trans- 
fer of radiolabeled 20:4n-6 from alveolar type II cells to 
alveolar macrophages in vitro (28). Alternatively, some 
portion of the alveolar macrophage phospholipid 22:5n-3 
and/or 22:6n-3 may have been derived from elongation 
and/or desaturation of 20:5n-3 (as discussed earlier) 
within the macrophage or by the type II cell. Presum- 
ably, these latter cells also served as the direct source of 
the n-3 PUFA that  were present in the surfactant phos- 
pholipids. 

Although the possibility exists that  the alveolar 
macrophages were newly recruited from the vascular 
pool of monocytes enriched with n-3 PUFA, an earlier 
study of bone marrow transplant patients indicated that  
replacement of resident alveolar macrophages by those 
derived from the transplanted marrow had occurred 
over several months (29). Alternatively, a source of n-3 
PUFA for alveolar macrophages may, in part, arise from 
the surfactant phospholipid pool (Table 4). Phospho- 
lipids account for 80% of the composition of pulmonary 
surfactant. Moreover, these macrophages actively 
phagocytose surfactant as a regulatory mechanism for 
surfactant clearance (30,31). However, surfactant turn- 
over would have to proceed at a rate high enough to en- 
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able u p t a k e  of s ignif icant  am oun t s  of n-3 PUFA by the  
macrophages.  In this regard,  earl ier  invest igat ions indi- 
cated t h a t  >90% of radiolabel led  s u r f a c t a n t  phos- 
phat idylchol ine  was  c leared f rom the a lveolar  space 
wi th in  24 h in adul t  r abb i t  lungs  in vivo (32). Unfor tu-  
nately, the metabol ic  complexi ty of and potent ia l  inter-  
actions among  the  lung's  a lveolar  cells and  components  
obviate  identif icat ion of the  immed ia t e  source(s) of n-3 
PUFA present  in the alveolar  macrophages  a t  this time. 

We were  unab le  to m e a s u r e  su r f ac t an t  surface  ten-  
sion, p rec lud ing  detect ion of po ten t ia l  d ie ta ry  effects 
ar is ing from n-3 PUFA on this functional parameter .  Di- 
pa lmi toyl  phosphat idy lchol ine  (DPPC) is the  p r i m a r y  
s u r f a c t a n t  phosphol ip id  involved in the  reduct ion  of 
alveolar  surface tension (31,33). In this regard,  the rela- 
tive percentage of palmitic acid (16:0) p resen t  in the sur- 
fac tant  total  phospholipids was similar  among the t reat-  
men t  groups (Table 4). However, it is not known whe ther  
changes  in su r fac tan t  DPPC concentra t ion occurred. A 
recent  s tudy  of r a t s  fed a fish oil-enriched diet  for four 
weeks revealed tha t  the amount  of DPPC present  in the 
s u r f a c t a n t  was  s imi la r  to t h a t  p r e sen t  in r a t s  g iven a 
corn oi l -enriched diet  (27); however,  DPPC assoc ia ted  
wi th  lung  t i s sue  f rom the fish oil g roup  was  increased  
re la t ive  to t h a t  in the corn oil group in t h a t  study. 
Another  recent  s tudy  (34) indicated t h a t  p r e t r e a t m e n t  
of  pigs wi th  an  n-3-enriched diet did not a l te r  the mini- 
m u m  surface tension of pu lmonary  sur fac tan t  a f ter  en- 
dotoxin chal lenge re la t ive  to t ha t  m e a s u r e d  in pigs fed 
an n-6-enr iched diet. Given these  f indings,  i t  a p p e a r s  
unl ikely t ha t  modification of the u n s a t u r a t e d  fa t ty  acid 
profile of sur fac tan t  phospholipids by d ie tary  t r e a t m e n t  
with n-3 PUFA would al ter  or impai r  the surface tension 
propert ies  of lung surfactant .  

In  summary ,  significant d isplacement  of both LA and 
AA from ra t  lung, a lveolar  mac rophage  and  su r f ac t an t  
phosphol ip ids  was  achieved wi th in  72 h by cont inuous  
delivery of an entera l  formulat ion enriched with fish oil 
PUFA. The  capac i ty  of en te ra l  feeding modal i t ies  to 
rap id ly  modu la t e  the  PUFA composi t ion of these  lung  
components  m a y  facil i tate t imely a t t enua t ion  of eicosa- 
noid-dr iven i n f l a m m a t o r y  processes  in cri t ical ly ill or 
postoperat ive pat ients  a t  r isk of developing ARDS. 
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D i e t s  that  c o n t a i n  h igh  l eve l s  of  n-3 fatty  ac ids  f rom fish 
oi l  h a v e  b e e n  s h o w n  to  s i g n i f i c a n t l y  e f fec t  m a c r o p h a g e  
c y t o l y t i c  capac i ty ,  t u m o r  n e c r o s i s  f ac tor  a lpha  produc-  
t i o n  and e i c o s a n o i d  p r o d u c t i o n .  The  p r e s e n t  s t u d y  w a s  
u n d e r t a k e n  to  d e t e r m i n e  w h e t h e r  n-3 fat ty  ac ids  f r o m  
v e g e t a b l e  or ig in  [ l inseed  oi l  (LIN)] w o u l d  h a v e  the  s a m e  
ef fects  on  m u r i n e  m a c r o p h a g e  t u m o r i c i d a l  capac i ty  and 
e i cosan o id  product ion  as w o u l d  fish oil.  Mice  w e r e  fed for 
t h r e e  w e e k s  d i e t s  that  c o n t a i n e d  10% (wt /wt)  o f  e i t h e r  
LIN, w h i c h  is  h igh  in l ino l en i c  ac id  (18:3n-3), m e n h a d e n  
f ish oi l  (MFO), w h i c h  is h igh  in e i c o s a p e n t a e n o i c  (20:5n-3) 
and  d o c o s a h e x a e n o i c  (22:6n-3) ac ids ,  or  s a f f l o w e r  o i l  
(SAF), w h i c h  is  h igh  in l ino l e i c  ac id  (18:2n-6). In vivo. or 
in vi tro-activated m a c r o p h a g e s  w e r e  a s s e s s e d  for s e l e c t  
funct ions .  As e x p e c t e d ,  m a c r o p h a g e s  f r o m  m i c e  fed LIN 
and  MFO p r o d u c e d  s i g n i f i c a n t l y  l o w e r  l e v e l s  o f  b o t h  
p r o s t a g l a n d i n s  and  l e u k o t r i e n e  C 4 w h e n  c o m p a r e d  w i t h  
m a c r o p h a g e s  f r o m  m i c e  fed SAF. In  addi t ion ,  LIN a n d  
MFO m a c r o p h a g e s  w e r e  able  to  s y n t h e s i z e  l e u k o - t r i e n e  
C5, w h i c h  c o u l d  n o t  be  p r o d u c e d  by m a c r o p h a g e s  f r o m  
m i c e  fed SAF. The  e f fec t s  o f  LIN, h o w e v e r ,  w e r e  n o t  as  
p r o n o u n c e d  as t h o s e  o f  MFO. With r e s p e c t  to s p e c i f i c  
funct ions ,  m a c r o p h a g e s  f r o m  m i c e  fed LIN did  not  h a v e  
a l t e r e d  c y t o l y t i c  c a p a c i t y  w h e n  c o m p a r e d  w i t h  m a c r o -  
p h a g e s  f r o m  m i c e  fed SAF and  a c t i v a t e d  in vitro w i t h  
e i t h e r  l i p o p o l y s a c c h a r i d e  (LPS) a l o n e  for  24 h or  w i t h  
LPS  p lus  i n t e r f e r o n  g a m m a  (IFN T) for  5 h. D ie t  d id  no t  
s i gn i f i cant ly  a l ter  t u m o r i c i d a l  c a p a c i t y  of  m a c r o p h a g e s  
a c t i v a t e d  c o m p l e t e l y  in vivo ei ther .  Spec i f i c  b i n d i n g  o f  
m a c r o p h a g e s  to  t u m o r  targe t s ,  n i t r i c  o x i d e  p r o d u c t i o n  
and  the  p r o d u c t i o n  o f  t u m o r  n e c r o s i s  fac tor  a lpha w e r e  
found  to be  u n a l t e r e d  by  LIN w h e n  c o m p a r e d  w i t h  SAF. 
The  r e s u l t s  are  no t  c o n s i s t e n t  w i t h  a g e n e r a l  n-3 ef fect ,  
as LIN could  not  effect  the  funct ions  comparab le  to MFO. 
The  resu l t s  a lso  sugges t  that  a c h a n g e  in e i c o s a n o i d  pro- 
duct ion  m a y  not  be  suff ic ient  to  m o d u l a t e  tumor ic ida l  ac- 
t iv i ty  in m acrop h ages .  
Lipids 29, 651-655 (1994). 

Dietary n-3 fatty acids have attracted much attention of 
late as it has been shown that they can modulate the im- 
mune system and, in particular, macrophage function 
(1-5). Fish oil, which contains high levels of the n-3 fatty 
acids, eicosapentaenoic (20:5n-3) and docosahexaenoic 
(22:6n-3) acids, is a major source of n-3 fatty acids. An- 
other source of n-3 fatty acids is linseed oil (LIN), which 
contains high levels of the n-3 fatty acid, a-linolenic acid 
(18:3n-3). Although there are numerous reports on the ef- 

*To whom correspondence should be addressed. 
Abbreviations: HBSS, Hank's balanced salt solution; IFNT, inter- 
feron gamma; MEM, minimum essential medium; PEC, peritoneal 
exudate cells; PGE, prostaglandin E; LIN, linseed oil; LPS, 
lipopolysaccharide; LT, leukotriene; MFO, menhaden fish oil; 
MVE-2, maleic anhydride divinyl ether; SAF, safflower oil; SDS, 
sodium dodecylsulfate; TNFa, tumor necrosis factor alpha. 

fects of fish oil on immune and, specifically, macrophage 
function, only very few have focused on the effects of LIN. 
One report (6) described the effect of LIN on macrophage 
phagocytosis of yeast and carbon particles and on 
macrophage arginase activity; however, no differences in 
phagocytic capacity were observed among the diets tested 
(LIN and corn oil), although arginase activity was de- 
creased with LIN feeding. The authors (6) suggested the 
decreased arginase activity was due to a decrease in 
prostaglandin E (PGE) production caused by the LIN diet. 
The effects of dietary LIN on macrophage tumoricidal ca- 
pacity have not been studied. We, and others, have re- 
ported, however, on the effects of menhaden fish oil (MFO) 
on macrophage cytolytic capacity (7), peroxide production 
and Ia expression (3,8), as well as on tumor necrosis fac- 
tor alpha (TNFa) production (5,9-11). These studies 
showed that  n-3 fatty acids from MFO could have con- 
trasting effects on macrophage function. For example, al- 
though MFO was shown to decrease macrophage respon- 
siveness to interferon gamma (IFNT), and thus, cytolytic 
capacity (7), it was shown to increase macrophage capac- 
ity for TNFa production (4,5,10). In the present study, we 
show the effects of dietary LIN, which is also high in n-3 
fatty acids, on macrophage tumoricidal activity and 
eicosanoid production. We used two populations of macro- 
phages that have a high capacity for cytolytic activity. One 
population, thioglycollate-elicited macrophages, have been 
well-characterized but must be stimulated in vitro before 
they can kill tumor cells. The other population of 
macrophages are elicited with maleic anhydride divinyl 
ether (MVE-2) and lipopolysaccharide (LPS) and do not 
require activation in vitro as they are fully activated for 
tumor cell kill in vivo (12). 

MATERIALS AND METHODS 

Diets and animals. Female C57BL/6NCr mice, five weeks 
of age, were obtained from Charles River (Kingston, NY). 
Animals were housed in autoclaved cages in a laminar 
flow hood and given sterilized water to minimize "sponta- 
neous" activation of macrophages (13). Mice were fed stan- 
dard chow upon arrival, but were switched to the experi- 
mental diets after 48 h. Mice were fed the semipurified 
diets for at least three weeks before experiments were per- 
formed. The diets tested were adequate in all nutrients 
and varied only in the type of oil fed, i.e., either LIN (Sey- 
mour Organic Foods, Seymour, IL), safflower oil (SAF; 
California Oils, Richmond, CA), or MFO, which made up 
10% of the diet by weight. The basic compositions of the 
semipurified diets have been described previously in 
detail (7); the diets contained casein, 20%; DL-methionine, 
0.3%; corn starch, 15%; sucrose, 44%; cellulose, 5%; 
AIN-76 mineral mix, 3.5%; AIN-76 vitamin mix, 2%; 
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choline chloride, 0.2%; and the dietary oil, 10%. The major 
fatty acids of the SAF diet were (in wt%): 16:0, 7.0%; 18:0, 
2.5%; 18:1n-9, 10.7%; 18:2n-6, 78.2%; and others, 1.6%. 
The LIN diet contained 16:0, 6.5%; 18:0, 3.9%; 18:1n-9, 
22.1%; 18:2n-6, 17.0%; 18:3n-3, 47%; and others, 3.5%. 
The MFO diet contained 14:0, 7.7%; 16:0, 16.0%; 18:0, 
2.8%; 18:1n-9, 10.5%; 18:2n-6, 1.2%; 18:3n-6, 0.6%; 
20:4n-6, 0.6%; 20:5n-3, 16.9%; 22:5n-3, 2.5%; 22:6n-3, 
12.0%; and others, 29.2%. The powdered diets were mixed 
and stored at -20~ under N 2. Animals were allowed free 
access to both food and water. Neither body weights nor 
food intake differed significantly (P > 0.05) between the 
three dietary groups (data not shown). 

Macrophages. Thioglycollate-elicited macrophages were 
obtained 3-5 d after peritoneal injection of 2.0 mL sterile 
fluid thioglycollate medium (prepared to manufacturer's 
specifications; Difco, Detroit, MI). For fully activated 
macrophages, mice were injected with 500 pg MVE-2 
(Hercules, Inc., Wilmington, DE) plus 10 ng/mL LPS 5 d 
prior to use. Peritoneal exudate cells (PEC) were har- 
vested from no less than three mice for each experiment 
with Hank's balanced salt solution (HBSS; BioWhittaker, 
Walkersville, MD) and ones from similar diet groups were 
pooled, centrifuged at 500 x g for 5 min, and resuspended 
in Eagle's minimum essential medium (MEM; BioWhit- 
taker) containing 5% heat-inactivated calf serum (Hy- 
clone, Logan, UT). Macrophage concentrations were ad- 
justed after differential staining. There were no dietary 
fat effects on the percentage of PEC that were macro- 
phages, regardless of the elicitation method or PEC yield 
(data not shown). Following 90 min of adherence in Ea- 
gle's MEM plus 5% serum, nonadherent cells were re- 
moved by rinsing with HBSS, and macrophage monolay- 
ers were further incubated in serum-free Eagle's MEM 
with or without activating agents, as described next. 
Macrophages made up more than 98% of the final adher- 
ent cell population as judged by phagocytosis and mor- 
phology. There were no differences in the adherence effi- 
ciency between the dietary groups (data not shown). The 
endotoxin level of the serum was <0.06 ng/mL, as deter- 
mined by the supplier; all other reagents were negative 
for endotoxin as determined by the Limulus amebocyte 
lysate assay (BioWhittaker) which was sensitive to <0.1 
ng/mL. All glassware was heat-sterilized at 180~ for 4 h 
to degrade residual endotoxin. 

Analysis of eicosanoid production. For the measurement 
of leukotrienes (LT) produced, thioglycollate-elicited 
macrophages were isolated from PEC as described previ- 
ously by adherence to 100-mm tissue culture plates. Cells 
were rinsed, then incubated in serum-free MEM (alpha 
modification; BioWhittaker) supplemented with 20 mM 
[N-2-hydroxyethyl]piperazine-N'-2-ethanesulfonic acid], 
2 mM L-glutamine, 5 ~g/mL gentamicin and 5 mM re- 
duced glutathione for 2 h (14). After purification, macro- 
phages were stimulated with 5 BM calcium ionophore 
A23187 for 40 min, and supernatants were immediately 
frozen at -75~ Leukotrienes were analyzed essentially 
as previously described (15). Briefly, frozen supernatants 
were thawed and extracted using BakerBond reversed- 
phase C18 extraction columns (J.T. Baker, Phillipsburg, 
NJ). Extracted samples were dried under nitrogen and re- 

suspended in a small aliquot of methanol/water (1:1, 
vol/vol). Samples were separated on a Waters 600E high- 
performance liquid chromatography using a Resolve C18 
reversed-phase column (Waters, Milford, MA) and a mo- 
bile phase of methanol/5 mM ammonium acetate (3:1, 
vol/vol) run at 0.55 mL/min. Peaks were compared with 
authentic standards and verified by spectral analysis 
using an on-line photodiode array detector (Waters). 
Leukotrienes were quantitated by peak comparison with 
that of a prostaglandin B 2 standard. Levels of PGE 2 pro- 
duced were measured in macrophage supernatants using 
an enzyme immunoasay kit (Cayman Chemical Co., Ann 
Arbor, MI). Protein was measured using the Biorad pro- 
tein assay (Biorad, Hercules, CA). 

Cytolysis assay and nitric oxide production. Thioglycol- 
late-elicited macrophages from mice fed the experimental 
diets were plated in 96-well dishes and were either acti- 
vated 24 h with LPS (Escherichia coli serotype 0111:B4, 
phenol extract, 0-1000 ng/mL; Sigma, St. Louis, MO), or 
5 h with LPS, IFNy(0-25 v/mL; Gibco, Gaithersburg, MD), 
or LPS + IFN T in serum-free Eagle's MEM. Fully activated 
macrophages were plated in the same manner, but because 
they were completely activated in vivo for cytolysis, they 
received no additional treatment. Monolayers of in vitro- 
or in vivo-activated macrophages were overlaid with 51Cr- 
labeled P815 cells as described (7). Briefly, P815 targets in 
midlog phase of growth (5 x 105/mL) were incubated for 60 
min in 0.5 mL Eagle's MEM + 5% CS with 100 BCi/mL 
Na251CrO4 (NEN, Boston MA) with frequent gentle agita- 
tion. The cells were washed with HBSS, then resuspended 
to 105 cells/mL in Eagle's MEM + 5% serum. Aliquots were 
added to macrophage monolayers to give an effector/target 
ratio of 10:1, and the cultures were incubated for 18 h. To 
assess cytolysis, cell-free supernatant was removed from 
each well and placed into a glass tube for counting in a 
gamma spectrophotometer. Spontaneous release of label 
was determined from wells containing tumor cells alone, 
and total incorporated radioactivity was released by lysis 
with 0.5% sodium dodecylsulfate (SDS). Nitric oxide pro- 
duced was measured in the supernatants of the cytolysis 
experiments using Greiss reagent (16). Briefly, macro- 
phage supernatants were reacted with equal parts of 1% 
sulfanilamide (Sigma) and 0.1% naphthylethylenediamine 
(Sigma). The spectral change was determined on a mi- 
croplate spectrophotometer at 550 nm, and the sample con- 
centrations (nmoles nitrite/106 cells) calculated using a 
standard curve created with known concentrations of pure 
nitrite. Cytolysis and nitric oxide studies were done in trip- 
licate, and each experiment was repeated three times. The 
results presented come from one representative experi- 
ment. Other experiments showed similar trends. 

Selective binding. Thioglycollate-elicited macrophage 
monolayers in 96-well plates were treated with LPS, IFN T 
or LPS + IFN T as in the cytolysis assay described previ- 
ously. Radiolabeled P815 cells were then added for vari- 
ous periods of time from 15 to 90 min, after which nonad- 
herent P815 cells were removed by vigorous rinsing. 
Monolayers with adherent P815 cells were then lysed with 
0.5% SDS and an aliquot counted in the gamma counter. 

TNFa bioassay. Thioglycollate-elicited macrophages 
from diet mice were plated in 96-well dishes and treated 
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with  LPS, as jus t  described. After the  act ivat ion period, 
supernatants  of monolayers were tested for T N F a  content 
by using a bioassay with  the TNFa-sens i t ive  cell line 
L929, as described (2,17). For the bioassay, sample super- 
na tants  or r T N F a  standard were added in triplicate to 96- 
well plates  containing 2-3  x 104 adheren t  L929 cells. 
Twofold serial  dilutions were made,  and the wells were 
then  overlaid with Eagle 's  MEM containing 10% se rum 
and 5 ~g/mL actinomycin D (Sigma). The plates were in- 
cubated for 20 h, rinsed and stained with 0.2% crystal vio- 
let in 2% EtOH, dried, t reated with 0.5% SDS, and quan- 
t i ta ted  at  570 nm. T N F a  activity was calculated as the 
reciprocal dilution at  50% lysis of L929 cells. Sensitivity of 
the assay for T N F a  was tested by t rea t ing  some samples  
containing T N F a  with a polyclonal rabbi t  ant i -mouse  
T N F a  antibody for neutralizing (Genzyme) which, at  a di- 
lution of 1:100, completely inhibited cytolysis of L929 tar- 
gets. All bioassays were repeated at  least  three times. 

Statistical analyses. Statistical analysis was performed 
using a two-tailed Student ' s  t-test. Differences were 
judged as s tat is t ical ly significant when  the P value was 
less than  0.05. The num ber  of mice used for each experi- 
ment  depended upon the number  of cells required, the elic- 
iting agent  and the peritoneal macrophage yield. 

RESULTS 

Eicosanoid production. Eicosanoids were measured:  (i) to 
allow evaluat ion of the extent  to which die tary  fat  could 
modulate  macrophage fa t ty  acid composition; (ii) to com- 
pare  the modulat ion seen with tha t  observed previously 
wi th  die tary  fish oil; and (iii) to help in elucidat ing the  
mechanism by which dietary fat  affects macrophage func- 
tions, many  of which are modulated by eicosanoids. To ad- 
dress the changes caused by LIN feeding, we tes ted LT 
and PGE production by thioglycollate-elicited macro- 
phages  before and  af ter  s t imula t ion  with calcium iono- 
phore A23187. Feeding mice LIN significantly decreased 
(P < 0.05) A23187-s t imulated thioglycollate-elicited 
macrophage leukotriene C 4 (LTC4) production when com- 
pared to macrophages from mice fed SAF (Table 1). More- 
over, a l though there was no production of leukotriene C 5 
(LTC 5) in macrophages  from mice fed SAF, LIN macro- 
phages  produced rela t ively small  amounts  of LTC 5 t h a t  

TABLE 1 

Effect o f  Dietary Fat on Leukotriene Product ion 
in  Thioglycol late-Elicited Murine Macrophages a 

Dietary fat LTC4 LTC 5 

(ng. mg protein -1 . h -1) 

Linseed oil 38 + 7 b 9 _+ 2 
Safflower oil 82 • 11 ND c 
Menhaden fish oil 40 • 3 b'd 24 _+ 6 d 
aMeasured leukotriene levels represent means +__ SEM, and are 
based on triplicate samples from separate mice. Leukotriene pro- 
duction was stimulated in vitro with A23187 (5 ~M). 
bSignificantly (P < 0.05) decreased as compared to levels from saf- 
flower oil-fed group. 
CND, not detected. 
dpublished data (Ref. 15) are presented here for comparison only. 

were significantly (P > 0.05) grea ter  than  those produced 
by SAF macrophages  (Table 1). This al terat ion of LT pro- 
duction by LIN, however, was  not as grea t  as t ha t  seen 
with MFO (Table 1 and Ref. 15). Linseed oil feeding also 
a l tered PGE production by thioglycollate-elicited 
macrophages  when compared with  macro-phages  from 
mice fed SAF. Upon s t imula t ion  with A23187, LIN 
macrophages  produced 3 -4  t imes less PGE when  com- 
pared with A23187-st imulated SAF macrophages  (Table 
2). Macrophages  from mice fed MFO showed fur ther  de- 
creased PGE production compared  with  both LIN and 
SAF mice. We and others  have  previously shown tha t  
MFO feeding significantly decreased PGE production by 
macrophages (7,10). Basal  levels of PGE were not signifi- 
cantly (P > 0.05) altered by dietary fat. 

Cytolysis. Other n-3 fatty acids have been shown to al ter  
macrophage  cytolytic capaci ty (7). I t  has  not been re- 
solved, however, whe ther  the effects of d ie tary  MFO are 
directly due to alterations in eicosanoid metabolism, or to 
some other  mechanism.  Because LIN can also a l ter  
macrophage eicosanoid production (results above), we first 
tes ted the effects of LIN on in vitro act ivat ion of s imilar  
thioglycollatee-elicited macrophages  for tumoricidal activ- 
ity agains t  P815 mas tocy toma cells. LIN feeding did not 
a l te r  cytolysis af ter  shor t - te rm in vitro act ivat ion with  
LPS and IFNT (Fig. 1) or long-term in vitro activation with 
LPS only (data not shown). MFO feeding, however, signif- 
icantly (P < 0.05) a l tered cytolysis when  macrophages  
were incubated with relatively low levels of IFN T and LPS 
(10 ng/mL). At higher levels of IFN T, the cytolytic capacity 
of macrophages from mice fed MFO was similar to tha t  of 
LIN and SAF macrophages.  The resul ts  of cytolysis with 
MFO macrophages  are consistent  with our previously 
published da ta  (7). Because fa t ty  acids m a y  be secreted 
from the macrophages and because culture conditions may  
al ter  cellular lipid levels during activation, macrophages  
were also activated in vivo with MVE-2/LPS. Tumoricidal 
macrophages obtained directly from mice fed LIN, SAF or 
MFO were cytolytic but  did not differ in their  capacity to 
kill tumor  cells (data not shown). 

TABLE 2 

Effect of  Dietary Fat on Prostaglandin E (PGE) Product ion 
in Thioglycol late-Elicited Murine Macrophages a 

Dietary fat Unstimulated Stimulated 

(pg- mg protein -1 - h -1) 

Linseed oil 350 -+ 80 1000 • 160 b'c 
Safflower oil 290 • 30 3550 • 860 b 
Menhaden fish oil c 300 -+ 30 520 _+ 70 b~d 

aWhe enzyme immunoassay kit (Cayman Chemical Co., Ann Arbor, 
MI) used is for PGE 2 and cross-reacts minimally with PGE 1 and 
100% with PGE 3. Macrophages were stimulated with calcium 
ionophore A23187 for 40 min and the supernatants tested directly 
using the kit. 
bSignificantly (P < 0.05) greater when compared with unstimu- 
lated cells. 
cSignificantly (P < 0.05) lower when compared with stimulated 
cells from the safflower oil-fed group. 
dSignificantly (P < 0.05) lower when compared with stimulated 
cells from the linseed oil-fed group. 
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FIG. 1. Ef fec t  o f  d ie tary  fat  on  in vi tro ac t iva t ion  o f  th iogly-  
co l l a t e - e l i c i t ed  m a c r o p h a g e s  for spec i f i c  t u m o r  ce l l  cyto ly-  
sis.  M a c r o p h a g e s  f r o m  m i c e  fed the  d i f f erent  d i e t s  w e r e  ac- 
t i v a t e d  w i t h  i n t e r f e r o n  g a m m a  (IFNT) a n d  l i p o p o l y s a c c h a -  
r ide  (LPS) for 5 h in  serum-free  m e d i u m .  *S ign i f i cant ly  (P < 
0.05) d e c r e a s e d  c o m p a r e d  to t h e  o t h e r  d i e t s  at  t h a t  treat -  
m e n t .  LIN,  l i n s e e d  oil; SAF, s a f f l o w e r  oil; MFO, m e n h a d e n  
f i sh  oil. 
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Nitric oxide production and selective binding. I t  is pos- 
sible tha t  while functional macrophage cytolysis was not 
affected by LIN feeding, some of the capacit ies required 
for cytolysis, such as tumor  cell binding or nitric oxide pro- 
duction, may  be differentially affected such tha t  the sum 
of the i r  a l tera t ion m a y  add up to no effect. Our  results ,  
however, show this not to be the case as dietary fat did not 
a l ter  the production of nitric oxide, a cytolytic media to r  
elaborated by macrophages (Fig. 2). To bring about cytoly- 
sis, act ivated macrophages  mus t  first  specifically bind to 
target  cells (18). When radiolabeled P815 cells were added 
to macrophages activated with 1 ng/mL LPS and 25 v/mL 
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FIG. 3. E f f e c t  o f  d i e t a r y  fa t  on  t h e  p r o d u c t i o n  o f  t u m o r  
n e c r o s i s  factor  a l p h a  (TNFa) b y  L P S - s t i m u l a t e d  (10 ng /mL)  
t h i o g l y c o l l a t e - e l i c i t e d  m a c r o p h a g e s .  T N F a  b i o a c t i v i t y  w a s  
c a l c u l a t e d  as  t h e  r e c i p r o c a l  d i l u t i o n  at  50% l y s i s  o f  L929  
cel ls .  *S ign i f i cant ly  (P < 0.05) i n c r e a s e d  as c o m p a r e d  to the  
o ther  d ie t s  at  that  t i m e  po int .  A b b r e v i a t i o n s  as  in  F igure  1. 

IFN T, no significant differences (P > 0.05) were observed 
between the  d ie tary  groups in the percentage  of t umor  
targets  tha t  were specifically bound (LIN = 16 _+ 3; SAF = 
21 • 4). No differences were observed at  other  levels and 
combinations of LPS and IFNT, such as 10 and 100 ng/mL 
LPS, and 0.25 and 2.5 v/mL IFN 7 (data not shown). 

TNFa production. Dietary  MFO has  been shown to 
modula te  T N F a  production, which m a y  be due to al ter-  
ations in eicosanoid production (5,11). When we tested the 
effects of LIN-feeding, which alters eicosanoid production, 
on bioactive TNFR levels in LPS-s t imula ted  (10 ng/mL) 
thioglycollate-elicited macrophages,  we found tha t  there  
were no significant (P > 0.05) differences as compared to 
the SAF group (Fig. 3). MFO, in contrast, was able to alter 
macrophage T N F a  production at  24 h, which is consistent 
with our previous data  (5). 
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FIG. 2. Ef fec t  o f  d ie tary  fat  on  in vi tro a c t i v a t i o n  o f  th iogly-  
c o l l a t e - e l i c i t e d  m a c r o p h a g e s  for  n i t r i c  o x i d e  p r o d u c t i o n .  
M a c r o p h a g e s  f r o m  d i e t  m i c e  w e r e  t r e a t e d  w i t h  IFNT a n d  
L P S  for  5 h, t h e n  o v e r l a i d  w i t h  t h e  t u m o r  targe t s  for  18 h. 
Ni tr ic  ox ide  w a s  m e a s u r e d  f rom the  s u p e r n a t a n t s  af ter  that  
t i m e  per iod.  No  s i g n i f i c a n t  (P > 0.05) d i f f e r e n c e s  a m o n g  the  
d ie t s  w e r e  observed .  A b b r e v i a t i o n s  as  in  F igure  1. 

DISCUSSION 

In the present  study, we have shown tha t  feeding 10% LIN 
significantly a l tered eicosanoid production, but  was un- 
able to alter specific macrophage cytolytic capacity against  
P815 mas tocy toma  cells or T N F a  production. These  re- 
sults  suggest  t ha t  the mechan i sm of the effects on 
macrophage  function due to die tary  fat  m a y  be indepen- 
dent  of a l tered eicosanoid synthesis ,  as  LIN does a l te r  
eicosanoid synthesis, but  does not alter cytolysis. I t  is well 
established tha t  feeding animals  fish oil can alter the pro- 
duction of eicosanoids by macrophages and other cells. In 
general,  fish oil feeding suppresses  PGE 2 production and 
four-series leukotr iene production in macrophages  while 
s t imulat ing the synthesis of new five-series leukotrienes. 
Few studies prior  to this repor t  have  sought  to eva lua te  
the effects of other n-3 fat ty acid sources on eicosanoid pro- 
duction (19-21). In  one s tudy (19), a diet containing 
18:3n-3 was shown to decrease per i toneal  macrophage  
production of leukotriene B 4 (LTB 4) and LTC 4, as well as 
PGE 2. Recently it was also shown tha t  a diet containing 
18:3n-3 can induce in vivo peritoneal macrophages stimu- 
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lated with zymosan to synthesize leukotriene E 5 (20,21). 
In  our  study, we showed tha t  thioglycollate-elicited 
macrophages from mice fed LIN, which contains relatively 
high levels of 18:3n-3 (47%), were able to produce LTC 5 
af ter  s t imula t ion  with  calcium ionophore A23187. Al- 
though a l imited num ber  of studies have begun to define 
the roles of LTB 4 and PGE 2 in the immune system, the ef- 
fects ofLTC 4 and LTC 5 have not been clarified. The mech- 
anism by which dietary fat  alters eicosanoids and its rela- 
tionship to macrophage function has yet to be determined, 
a l though it may  be due to al tered t issue levels of arachi-  
donate, the precursor for eicosanoids. 

Three previous studies (22-24) have reported on the ef- 
fects of d ie ta ry  LIN on the production of T N F a  by 
macrophages.  In  one, LIN feeding was shown to increase 
T N F a  production in r a t  res ident  macrophages  as com- 
pared to macrophages from animals fed corn oil (22). How- 
ever, in t ha t  same study, no differences were observed 
among the diets with respect to T N F a  production by com- 
plete Freund's Adjuvant-elicited macrophages. In another  
study (23), resident and casein-elicited, but  not thioglycol- 
late-elicited, peri toneal  macrophages  from mice fed diets 
containing high levels of 18:2n-3 produced g rea te r  
amounts  of T N F a  compared with macrophages from mice 
fed diets containing high levels of 18:2n-6. Nei ther  did we 
see an enhancement  of T N F a  production by thioglycollate- 
elicited macrophages with LIN feeding. I t  has  been shown 
tha t  PGE can significantly down-regulate  production of 
T N F a  by macrophages,  whereas  inhibition of PGE synthe- 
sis has  the opposite effect (5,10,25). Therefore, a possible 
mechanism for the effect of fish oil on T N F a  production by 
macrophages may  be related to an alteration in eicosanoid 
synthesis.  LIN feeding, however, does not have the same 
capaci ty to affect T N F a  production in thioglycollate- 
elicited macrophages ,  pe rhaps  because it  does not de- 
crease PGE production to the same extent as MFO. 

Besides modifying the production of T N F a  in macro- 
phages (4,5,10), dietary MFO can significantly al ter  acti- 
vat ion of thioglycollate-elicited macrophages  for cytolysis 
of t umor  ta rge t s  (7). These effects m a y  have  been due to 
the  levels of n-3 fa t ty  acids in the fish oil. One possible 
mechanism for the effects of dietary fat  on tumoricidal ac- 
tivity may  be an alteration of eicosanoid synthesis, as oth- 
ers have shown tha t  PGE is responsible for down-regulat- 
ing resident  macrophage tumoricidal capacity (26-28). In  
the presen t  study, however, we did not observe an  alter-  
ation in cytolysis with LIN feeding after either in vitro ac- 
t ivat ion with  IFN 7 and  LPS or in vivo act ivat ion with  
MVE-2. Perhaps  LIN did not a l te r  eicosanoid production 
to the extent required for down-regulation. 

In  the presen t  s tudy we have  a t t emp ted  to clarify 
whe the r  n-3 fa t ty  acids have  a general  effect on 
macrophage  function. Because LIN contains significant 
levels of 18:3n-3, and 18:3n-3 can be converted to 20:5n-3, 
we expected to observe effects similar to those previously 
reported for fish oil. With respect to eicosanoid production, 
LIN did have  an effect s imilar  to t ha t  of MFO. However, 
wi th  respect  to macrophage  tumoricidal  capacity, LIN 
feeding followed the pat tern  of the SAF (n-6) effects. Thus, 
the relationship between the effects of n-3 fat ty  acids and 
macrophage  function m a y  be specific for the type of n-3 

fa t ty  acid, or m a y  be responsive to the balance between 
n-3 and n-6 fatty acids. 
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I 

The objec t ive  of  th is  s t u d y  w a s  to i n v e s t i g a t e  the  e f fects  
o f  oxys tero l s  (OS), n a m e l y  5a-hydroxy-6-ketocho les tano l ,  
6 -ke tocho le s tano l  and 25-hydroxycholes tero l ,  on spec i f i c  
c e l l - m e d i a t e d  c y t o t o x i c i t y  by  C57BL/6 s p l e e n  ce l l s  
aga ins t  P815-X2 (a DBA/2 m a s t o c y t o m a )  targe t  cel ls .  Cy- 
to lyt ic  T l y m p h o c y t e s  (CTL) w e r e  genera ted  by intraperi-  
tonea l ly  in jec t ing  C57BL/6 m i c e  w i th  P815-X2 t u m o r  ce l l s  
10 d prior  to the  cy to tox ic i ty  e x p e r i m e n t s .  Pre incubat ion  
o f  CTL w i t h  10 -5 M 5 a - h y d r o x y - 6 - k e t o c h o l e s t a n o l  and  
6 - k e t o c h o l e s t a n o l  for 45 m i n  in l i p o p r o t e i n - d e p l e t e d  
m e d i u m  resu l t ed  in an inhib i t ion  of  cy to ly t ic  act iv i ty  (73 
and  43%, r e s p e c t i v e l y )  as  m e a s u r e d  by  4~ 51Cr r e l e a s e .  
At a c o n c e n t r a t i o n  of  5 x 10 -6 M, 5a -hydroxy-6 -ke to -  
cho l e s tano l  inh ib i ted  CTL act iv i ty  by 65%, w h e r e a s  6-ke- 
t o c h o l e s t a n o l  d id  n o t  e l i c i t  any  inh ib i t i on .  By  contras t ,  
25 -hydroxycho le s t ero l  d id  not  inhibi t  CTL at e i ther  con-  
centrat ion ,  a l though  it  is  k n o w n  to be  a po ten t  inh ib i tor  
o f  3 - h y d r o x y - 3 - m e t h y l - g l u t a r y l - c o e n z y m e  A r e d u c t a s e ,  
the  ra te - l imi t ing  e n z y m e  in the  c h o l e s t e r o l  b i o s y n t h e t i c  
pa thway .  When  CTL w e r e  p r e i n c u b a t e d  w i t h  OS in 
l i p o p r o t e i n - r e p l e t e  m e d i u m ,  t h e r e  w a s  no  i n h i b i t i o n  o f  
CTL a c t i v i t y  at  the  r e s p e c t i v e  c o n c e n t r a t i o n s .  The  re-  
su i t s  s u g g e s t  that  the  i n h i b i t i o n  o f  CTL a c t i v i t y  u p o n  
s h o r t - t e r m  i n c u b a t i o n  w i t h  OS is no t  due  to  the  inhibi -  
t ion  o f  cho l e s t ero l  synthes i s ,  but  m a y  be  due  to the  inser- 
t i on  o f  OS in to  the  p l a s m a  m e m b r a n e  to  r e p l a c e  cho les -  
tero l  and a l terat ion  of  m e m b r a n e  phys ica l  propert ies .  
Lipids 29, 657-660 (1994). 

Oxysterols (OS) are cholesterol oxidation products which 
may be produced under a variety of conditions that  are as- 
sociated with oxidant stress (1-7). Increased generat ion 
of OS has been reported to occur in the cell membrane  
under  prooxidant  conditions (6). Cholesterol oxidation 
products have been found in skin exposed to ul traviolet  
light (3,4), which is known to have immunosuppressive ef- 
fects. Grever  et al. (8) observed tha t  af ter  exposure to 
highly reactive oxygen compounds human  lymphocytes 
were significantly impaired in both ant ibody-dependent  
and nonantibody-mediated cytotoxicity against a human  
lymphoblast target  cell. As OS have been shown to inhibit 
cellular immunity (9-11), it is possible tha t  the oxidant in- 
duced inhibition of cell-mediated toxicity observed by 
Grever et al. (8) may be due to generation of OS in the cell 
membrane. OS taken up by diet may also be immunosup- 
pressive, as was shown by Heiniger  et al. (12), who ob- 
served that  a diet containing 0.25% 7-ketocholesterol had 
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96813. 
Abbreviations: ABS, human blood group AB serum; CTL, cytolytic 
T lymphocyte; H-2, mouse major histocompatibility complex; 
HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme A; LPDM, lipo- 
protein-depleted medium; LPDS, lipoprotein-depleted serum; NK, 
natural killer; OS, oxysterol. 

a suppressive effect on the secondary immune response in 
C57BL/6 mice. 

We have previously reported the inhibitory effect of OS 
on natural  killer (NK) cell activity (11). In the present re- 
port, we describe the effects of short term in vitro incuba- 
tion with three OS, namely 25-hydroxycholesterol, 6-keto- 
cholestanol and 5a-hydroxy-6-ketocholestanol, on tumor  
cell killing by cytolytic T lymphocytes (CTL) specifically 
genera ted  in vivo against  the ta rge t  allogeneic tumor  
cells. We chose two OS that  are oxidized at the sterol nu- 
cleus and one OS that  is oxidized at the alkyl side chain, 
in order to determine if the location of the oxygenated 
group influences the effects of OS on CTL activity. We also 
chose to study these OS because they are among the oxi- 
dation products of cholesterol (1) and because their  effects 
on other systems have been studied (11,13). 

MATERIALS AND METHODS 

Animals.  Normal 4-6-week-old male C57BL/6 (H-2 b) mice 
were obtained from Harlon (Frederick, MD). The animals 
were age-matched (6-10 weeks old) at the onset  of each 
experiment. 

OS. 6-Ketocholestanol (3~-hydroxy-5a-cholestan-6-one) 
was obtained from Sigma (St. Louis, MO) and 5a-hydroxy- 
6-ketocholestanol (3 ~,5-dihydroxy-5a-cholestan-6-one) 
and 25-hydroxycholesterol (cholest-5-ene-3~,25-diol) were 
obtained from Steraloids (Wilton, NH). The OS were 
added to lymphocyte suspensions as ethanolic stock solu- 
tions with 100 times the desired final concentration. 

Target cells. P815-X2 mastocytoma cells (DBA/2 origin, 
H-2 d) were maintained in tissue culture flasks containing 
RPMI-1640 medium with Hepes (MA Bioproducts, Walk- 
ersville, MD), 5% heat- inact ivated fetal calf serum 
(GIBCO, Grand Island, NY), 0.1 mg/mL gentamycin and 
5 mM L-glutamine in a 5% CO 2 humidified incubator. Cul- 
tures were passaged twice weekly and periodically tested 
for mycoplasma contamination. 

Preparation oflymphocytes. Ten days a f a r  an intraperi- 
toneal inoculation of 20 x 106 viable P815-X2 cells, spleens 
were removed from C57BL/6 mice immediately after cer- 
vical dislocation. Single cell suspensions of spleen cells 
were made in ice-cold RPMI-1640 with gentle teasing of 
cells out of the spleens by using a scalpel blade. After en- 
r ichment  of the lymphocyte fraction using an Isolymph 
(Gallard-Schlesinger Chemical, Carle Place, NY) gradient, 
the cells were washed, and 2 • 106 cells in 4 mL of RPMI- 
1640 were placed in tubes for incubation. 

Incubation with OS. One mL of l ipoprotein-depleted 
serum (LPDS) or normal human  AB serum (ABS) was 
added to 4 mL of lymphocyte suspension, resulting in 20% 
lipoprotein-depleted medium (LPDM) or l ipoprotein re- 
plete medium. LPDS was prepared as previously de- 
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scribed (11) by ultracentrifugational  flotation of lipopro- 
teins of a density <1.25 g/mL. The residual bottom frac- 
tion was dialyzed extensively against phosphate buffered 
saline, heated to 56~ for 45 rain, and sterilized by mem- 
brane filtration prior to use. Fifty pL of an ethanolic solu- 
tion of OS was added, result ing in a final OS concentra- 
tion ranging from 2.5 • 10-6 M to 10 -5 M. Because OS were 
added in ethanol, all incubations contained a final concen- 
t rat ion of 1% (vol/vol) ethanol. Incubations were carried 
out at 37~ for 45 min with gentle rocking in a water bath. 
Viability of lymphocytes was assessed by t rypan blue dye 
exclusion both before and after incubation. 

51Cr release assay. P815-X2 target cells (106 cells) were 
labeled with 100 pCi Na251CrO4 for 90 min at  37~ and 
were washed three times. The desired concentration of 
lymphocytes (100 pL) and 100 ~L of 51Cr-labeled target  
cells (5,000) were added into triplicate wells of a 96-well, 
U-bottomed microtiter plate (Coming, Coming, NY) to ob- 
tain the desired effector/target cell ratios. The plates were 
centrifuged at 300 • g for 2 min and then incubated for 4 h 
at 37~ under a 5% CO 2 atmosphere in a humidified incu- 
bator. The plates were then centrifuged at 500 • g for 10 
min, and 100 pL of supernatant  was transferred to tubes 
for radioactivity counting. The percentage of specific 51Cr 
release was calculated by using the formula: 

cpm experimental release - cpm spontaneous release 
x 100 [1] 

cpm maximal release - cpm spontaneous release 

in which maximal release refers to the cpm obtained after 
adding Triton X-100 (0.5%) to the target  cells just  before 
centrifugation of the plates, and spontaneous release 
refers to the cpm released by target cells in the absence of 
effectors. All experimental  and control values were the 
means of three replicates. 

Percent inhibition of CTL activity by OS was calculated 
by using the formula: 

% specific 51Cr release with control medium 
- % specific 51Cr release with OS 

% specific 51Cr release with control medium 
x 100 [2] 

Control medium contained 1% ethanol and 20% LPDM 
with no OS added. Percent  inhibition values shown on 
Table 1 are the results of four experiments expressed as 
mean % inhibition _+ standard error. 

RESULTS 

Table 1 shows the inhibition of cytolytic T cell activity 
by the OS used in this study. At a concentration of 2.5 x 
10-6 M in the preincubation medium, none of the OS re- 
sulted in an inhibition of CTL activity. At a concentration 
of 5 x 10-6 M, 5a-hydroxy-6-ketocholestanol resulted in a 
65% inhibition of CTL activity. When the concentration of 
OS in the incubation medium was increased to 10 -5 M, 
6-ketocholestanol resulted in a 43% inhibition of CTL ac- 
tivity, and the inhibition with 5a-hydroxy-6-ketocholes- 
tanol increased to 73%. 25-Hydroxycholesterol resulted in 
little or no inhibition of CTL activity at  any of the above 
concentrations used in these experiments. The viability of 

TABLE 1 

Concentrat ion-Dependent  Inhibit ion of  Specif ic  
Cytolytic T Lymphocyte (CTL) Activity  
by 5a-Hydroxy-6-ketocholestanol and 6-Ketocholestanol 

Oxysterols (OS) 

% of inhibition a of CTL by OS 
at different concentrations 

2.5 x 10 "6 M 5.0 x 10 4 M 1.0 x 10 -5 M 

5a-Hydroxy-6- 
ketocholestanol 8 - 6 b 65 -+ 20 73 -+ 15 

6-Ketocholestanol 10 _+ 6 8 _+ 4 43 _+ 20 
25-Hydroxycholesterol 4 +_ 3 4 _+ 3 0 

a% Inhibition = [(% specific 51Cr release with control medium - 
% specific 51Cr release with OS)/(% specific 51Cr release with con- 
trol medium)] x 100. 
bResults of four experiments are expressed as percentage of inhibi- 
tion (mean -* SE). Effector cell to target cell ratio is 50:1. 

TABLE 2 

Presence  of  Lipoproteins  (ABS) in the Incubat ion 
Medium Prevents  Inhibit ion of  CTL Activity  
by 5~-Hydroxy-6-ketocholestanol (5 x 10 4 M )  a 

Percentage specific 51Cr release (mean _+ S E )  b 

20% LPDS + ethanol 20% LPDS + OS 20% ABS + OS 

57 -* 2 29_+ 14 51 _+ 4 

aAbbreviations as in Table 1. LPDS, lipoprotein-depleted serum; 
ABS, human blood group AB serum. 
bResults of four experiments are expressed as mean percentage of 
specific 51Cr release _+ SE. Effector cell to target cell ratio is 50:1. 

lymphocytes a ~ r  incubation with OS at these concentra- 
tions was more than 90%, excluding the possibility of OS 
toxicity. 

The inhibitory effect of 5a-hydroxy-6-ketocholestanol on 
CTL activity was prevented by the presence of lipopro- 
teins in the incubation medium, which was achieved by 
using normal human ABS instead of lipoprotein-depleted 
serum in the incubation medium (Table 2). At 5 • 10 -6 M 
5a-hydroxy-6-ketocholestanol in the preincubation me- 

. 51 + dium, % specific Cr release was 29 _ 14% in the presence 
of 20% LPDM and 51 _+ 4% (mean _+ standard error) in the 
presence of 20% ABS. Control incubation with 20% LPDM 
and 1% ethanol in the absence of 5a-hydroxy-6-keto- 
cholestanol resulted in a % specific 51Cr release of 57 _+ 2%. 
Results are the means _+ s tandard  errors of four experi- 
ments under each condition at an effector/target cell ratio 
of 50:l. 

DISCUSSION 

In the present study we have examined the effects of OS 
on specific CTL activity. The na ture  of inhibition of spe- 
cific CTL activity by OS was similar to the previously re- 
ported (11) inhibition of NK cell activity by these com- 
pounds, i.e., OS oxidized at the C-5 and C-6 positions of 
the sterol nucleus inhibited CTL activity, whereas 25-hy- 
droxycholesterol being oxidized at C-25 of the alkyl side 
chain had little or no inhibitory effect (Table 1). However, 
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CTL appear to be less sensitive to the inhibitory effects of 
OS as compared to NK cells, which were inhibited more 
profoundly under similar experimental conditions (11). 
When the insertion of OS into the plasma membrane of 
CTL was reduced due to the presence oflipoproteins in the 
incubation medium, there was little inhibition of CTL ac- 
tivity (Table 2). This finding supports the hypothesis that 
OS inhibit CTL lytic function by inserting themselves into 
the plasma membrane and altering its physical proper- 
ties. This phenomenon of lipoprotein competition with 
plasma membrane for OS binding was also observed in 
the OS-induced inhibition of NK cell activity (11). 

OS may influence cellular functions either by altering 
the physical properties of the membrane (e.g., fluidity) 
due to their presence in the lipid bilayer as cholesterol 
analogues, or by inhibiting 3-hydroxy-3-methylglutaryl 
CoA (HMG-CoA) reductase, the key regulatory enzyme in 
the cholesterol biosynthetic pathway (13-15), or by other 
yet unknown means. Heiniger et al. (9) have shown that  
preincubation of CTL generated in secondary C57BL/6 
anti-DBA/2 mixed lymphocyte cultures with an OS in- 
hibitor of cellular cholesterol biosynthesis (25-hydroxy- 
cholesterol) for 24 h strongly depressed cytolytic activity. 
In other studies involving similar long-term incubations 
with OS, Humphries and McConnell (16) have observed 
inhibition of plaque-forming cell response by 25-hydroxy- 
cholesterol, and Spangrude et al. (10) observed inhibition 
of differentiation and function of tumor specific cytotexic T 
lymphocytes by 25-hydroxycholesterol, 20a-hydroxycho- 
lesterol, 7~-hydroxycholesterol and 7a-hydroxycholes- 
terol. Although 20a-hydroxycholesterol and 25-hydroxy- 
cholesterol caused a parallel depression in lymphocyte 
proliferation, CTL activity and endogenous sterol biosyn- 
thesis, 7[~-hydroxycholesterol and 7a-hydroxycholesterol 
abrogated CTL activity without depressing proliferative 
responses and endogenous sterol biosynthesis (10). We 
have previously found that oxidation of cholesterol at C-5, 
C-6 and C-7 of the sterol nucleus results in OS which are 
potent inhibitors of NK cell-mediated cytotexicity (11). 

The mechanism of inhibition of CTL activity by OS is 
unlikely to be due to inhibition of cholesterol synthesis in 
these experiments, because: (i) CTL activity was not in- 
hibited by 25-hydroxycholesterol (Table 1), which is a po- 
tent inhibitor of HMG-CoA reductase, the rate-limiting 
enzyme in cholesterol biosynthesis; and (ii) the duration 
of exposure to OS was too short (45 min) to attribute the 
inhibition of CTL to decreased cholesterol synthesis. Pre- 
viously observed morphologic and fluidity changes in red 
cell membranes (6,13,15,17) and the functional membrane 
changes in lymphocytes (18) and granulocytes (19) in- 
duced by OS suggest that  the inhibition of CTL may be 
due to alterations in the physical properties of CTL 
plasma membrane caused by OS. Figure 1 depicts the OS 
used in this study. The presence of OS in a cell membrane 
would be expected to affect the packing of phospholipid 
molecules. Model membrane (20,21) and red blood cell 
membrane (6,15,22) studies have shown that OS influence 
membrane fluidity and lipid packing. The inhibition of 
CTL activity by OS oxidized at the C-5 and C-6 positions, 
but not by OS oxidized at C-25 position, appears to be con- 
sistent with the hypothesis that inhibition of CTL by OS 

l a  

HO 

R 2 0 

F I G .  1. S c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  s t e r o l s  u s e d .  
( l a )  C h o l e s t e r o l :  R l ffi H;  2 5 - h y d r o x y c h o l e s t e r o h  R 1 ffi OH;  
( l b )  6 ~  R 2 ffi H; 5 a - h y d r o x y - 6 - k e t o c h o l e s -  
t a n o l :  R 2 ffi O H .  

is due to its effects on fluidity and/or packing of the 
plasma membrane, which would be expected to be affected 
more profoundly by OS oxidized at the sterol nucleus (i.e., 
C-5, C-6), as compared to OS oxidized at the alkyl side 
chain (i.e., C-25) (15,22). 

The dynamics of membrane proteins play an important 
role in cellular functions. Fluidity of the lipid matrix ap- 
pears to be a major mechanism whereby the dynamics of 
membrane proteins are controlled (23,24). Thus, the func- 
tion of membrane carriers, receptors and enzymes can be 
markedly affected by changes in lipid microviscosity 
(25-28). Borochov and Shinitzky (29) have shown that  
cholesterol depletion, which reduces membrane microvis- 
cosity, resulted in masking of membrane proteins and, 
conversely, an increase in membrane microviscosity, 
through cholesterol enrichment in red cell membranes re- 
sulted in an increase of protein exposure to the aqueous 
surrounding. Insertion of OS into the red cell membrane 
has also been shown to alter lipid fluidity and protein con- 
formation (15). 

Although the inhibition of HMG-CoA reductase by OS 
as a mechanism of OS-induced modulation of cell functions 
has been extensively investigated, relatively little atten- 
tion has been directed to the possible effects of OS on the 
membrane physical properties (6,13). OS, being cholesterol 
analogues, are readily incorporated into lipid bilayers (13) 
and thus affect the structural and functional integrity of 
the mammalian plasma membrane (15). Under in vivo 
conditions, OS may accumulate in the plasma membranes 
of T cells, which have a long life span, resulting in cellular 
dysfunction and leading to immunosuppression. This 
would be expected to occur particularly when the organ- 
ism is exposed to increased oxidant stress. The alteration 
of cell membrane structure and the inhibition of choles- 
terol biosynthesis by OS may both play a role in the patho- 
genesis of OS-induced immunosuppression in vivo. 

In conclusion, the results show that C-5 and C-6 oxida- 
tion products of cholesterol inhibit CTL activity, and the 
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C-25 oxidat ion p roduc t  does not  inhibi t  CTL u n d e r  the  
shor t - t e rm in vitro exposure  condit ions used in these  ex- 
per iments .  O u r  resu l t s  sugges t  t h a t  the  observed in- 
hibi tory effects of OS on CTL lytic funct ion m a y  be par t ly  
due to modula t ion of lymphocyte  p lasma membrane  fluid- 
ity and s t ructure  induced by insertion of OS into the mem- 
brane. The position of the oxygen group(s) on the OS mole- 
cules appear  to influence the degree of their  effect on mem- 
brane  physical and functional properties. 
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The o y s t e r  c a n n o t  s y n t h e s i z e  s tero l s  f rom s m a l l e r  mole -  
c u l e s  but  m u s t  obta in  t h e m  from its  diet ,  w h i c h  c o n s i s t s  
o f  de tr i tus  and smal l  organ i sms ,  i.e., m o s t l y  s ing le -ce l l ed  
algae.  Algae  differ w i d e l y  in the ir  e f f ec t ivenes s  as o y s t e r  
food.  Smal l  (<5 ~m) a lgae  w h i c h  are  a b u n d a n t  in s t ero l s  
and p o l y u n s a t u r a t e d  fatty ac ids  appear  to be  m o s t  effec- 
t ive .  R e c e n t  s t u d i e s  h a v e  s h o w n  the  o c c u r r e n c e  o f  cho-  
l e s t e r o l  in s t ra ins  o f  the  u n i c e l l u l a r  a lgae  Tetraselmis, 
Chaetoceros and Skeletonema, s o m e t i m e s  in large  quan-  
t i t ies .  In the  s tudy  repor ted  here,  s ix  i so la tes  of  a recent ly  
c o n s t r u c t e d  a lga l  c lass ,  the  E u s t i g m a t o p h y c e a e ,  h a v e  
b e e n  e x a m i n e d  for s t e r o l s  and  fat ty  ac ids  by  gas  chro-  
m a t o g r a p h y  and  gas  c h r o m a t o g r a p h y / m a s s  s p e c t r o m e -  
try. All s t ra ins  w e r e  s h o w n  to  c o n t a i n  c h o l e s t e r o l  as  the  
pr inc ipa l  sterol .  Two i so lates  conta ined  large  a m o u n t s  of  
to ta l  s t ero l  (400-1000 fg/cel l) ,  and  o n e  (S t i cho  0-18) a l so  
c o n t a i n e d  large  a m o u n t s  o f  e i c o s a p e n t a e n o i c  ac id  
(20:5n-3). These  b i o c h e m i c a l  character i s t i c s  are des irable  
in a potent ia l  food source  for oysters .  
Lipids 29, 661-664 (1994). 

The need to improve the productivity of the eastern 
United States oyster fisheries and our capabilities in oys- 
ter aquaculture has stimulated research into finding an 
optimal diet for the oyster (1,2). Most oyster diets are com- 
posed of single-celled algae, but algae differ widely in their 
ability to support oyster growth (2). Although representa- 
tives of most unicellular algal groups have been examined 
for their ability to support oyster growth, the Eustigmato- 
phyceae has not been systematically evaluated as oyster 
food. This class was first proposed by Hibberd and Leedale 
(3) who differentiated it from other algal taxa chiefly 
based on ultrastructural features. Possession of unique 
pigment characteristics, i.e., chlorophyll a as the only 
chlorophyll pigment and violaxanthin as the dominant 
xanthophyll, was later ascribed to the class (4). As most 
eustigmatophycean vegetative stages are small (1-5 ~m) 
and nonmotile unicells, identification beyond the class 
level is difficult, and eustigmatophytes often have been 
misidentified as xanthophytes or chlorophytes. Estab- 
lished cultures can be assigned to the Eustigmatophyceae 
by the absence of chlorophyll b and c and the presence of 
violaxanthin and/or vaucherioxanthin as the main acces- 
sory pigments. The strains analyzed in the present study 
were determined to be eustigmatophytes by these criteria, 
although all had been misidentified previously in several 
chlorophyte genera. Strain designations used are those as- 
signed by the isolator. 

There is little information on the effectiveness of eustig- 
matophytes as bivalve feed. Nannochloropsis salinia 
(strain Sticho-GSB) has been used successfully to rear lar- 

*To whom correspondence should be addressed. 
1permanent address: Department of Pharmacy, University of 
Athens, Greece. 
Abbreviations: GC, gas chromatography; MS, mass spectrometry. 

vae of the hard clam, Mercenaria mercenaria, through 
metamorphosis (Wikfors, G.H., unpublished data). One 
marine eustigmatophyte, N. oculata ("marine chlorella"), 
is widely used in fish aquaculture as a feed for rotifers and 
brine shrimp, which are subsequently given as live prey 
to larval marine fish (5). Recent studies have shown that 
oyster growth is positively correlated with several bio- 
chemical components of its diet (1,6), with sterols and 
polyunsaturated fatty acids being of major importance. As 
all available data indicate that the oyster is unable to syn- 
thesize cholesterol (its major sterol)(7) or sufficient 
amounts of polyunsaturated fatty acids to meet metabolic 
demands (8,9), algal strains containing cholesterol (or 
closely related sterols) and polyunsaturated fatty acids 
offer excellent potential as oyster food. Therefore, our re- 
cent work has involved examination of numerous phyto- 
planktons for their sterol and fatty acid compositions 
(10,11). 

Only five isolates of Eustigmatophytes have been exam- 
ined for sterol and fatty acid composition (12,13). Suen 
et al. (12) reported the sterol ofNannochloropsis sp. QII to 
be cholesterol, and the major polyunsaturated fatty acid 
to be 20:4. Volkman et al. (13) examined four eustigmato- 
phyte isolates and found 20:5n-3 to be the major polyun- 
saturated fatty acid and cholesterol the major sterol in 
each isolate. The present paper reports on the sterol com- 
position and on the major fatty acids in six isolates of the 
Eustigmatophyceae. 

MATERIALS AND METHODS 

Eustigmatophyte cultures analyzed were from the Milford 
Microalgal Culture Collection; strain designations and 
sources are given in Table 1. Most isolates are unidenti- 
fied, or had been misidentified as various chlorophyte 
taxae; they were shown to be eustigmatophytes by spec- 
trophotometric pigment analysis (14), which revealed that 
chlorophyll a was the sole chlorophyll (Table 2). High-per- 
formance liquid chromatography of xanthophyll pigments 
(15) confirmed the presence of violaxanthin and the ab- 
sence of neoxanthin, antheraxauthin and lutein, demon- 
strating that each of these isolates is a eustigmatophyte. 
All cultures were axenic. Biomass for sterol analysis was 
provided by 1500 mL E medium (16) cultures in 2800-mL 
Fernbach flasks. Flasks were inoculated with late-log cul- 
tures, incubated at 20~ with a 12 h light/dark cycle 
(600 I~E m -2 s-l), and harvested, after 30 d growth, in a 
stationary phase characterized as N-limited (Wikfors, 
G.H., unpublished data). Harvested cells were concen- 
trated by cold (5~ centrifugation (2000 x g), washed with 
sterile NaC1 solution isotonic to the growth medium, 
transferred to glass lyophilizer vials, frozen in a cold 
(-25~ methanol bath, and lyophilized with a Virtis 
Unitrap 100 Freeze-dryer (American Optical Company, 
Buffalo, NY). 
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TABLE 1 

Sources of Eustigmatophycean Algae Analyzed 

COMMUNICATION 

Size (l~m) 
Strain Taxon Shape mean (• Isolator Location isolated 

Sticho-GSB Nannochloropsis salina Ovoid 6.37 _+ 0.13 Ryther Great South Bay, NY 
• 3.79 _+ 0.07 

U-106 Unidentified Sphere 2.65 • 0.09 Ukeles Milford, CT (estuarine) 
U-112 Unidentified Sphere 3.34 _+ 0.08 Ukeles Milford, CT (estuarine) 
S t i cho-M Nannochloropsis sp. Sphere 2.95 _+ 0.09 Guillard Milford, CT (estuarine) 
U-113C Unidentified Sphere 3.16 _+ 0.08 Ukeles Milford, CT (estuarine) 
Sticho 0-18 Unidentified Ovoid 4.67 _+ 0.15 Guillard Martha's Vineyard, MA 

• 2.33 • 0.06 (coastal pond) 

TABLE 2 

Pigment Ratios in Eustigmatophycean Algae Analyzed 

Chlorophyll Chlorophyll Chlorophyll Total 
a b c carotenoids 

Sticho-GSBc 1.00: 0.03: 0.02: 0.54 
U-106 1.00: 0.03: 0.00: 0.34 
U-112 1.00: 0.03: 0.02: 0.50 
Sticho-M 1.00: 0.04: 0.05: 0.45 
U-113C 1.00: 0.02: 0.01: 0.26 
Sticho 0-18 1.00: 0.04: 0.04: 0.26 
580 a 1.00: 0.34: 0.02: 0.35 
aChlorella autotrophica, strain 580, is included for comparison of 
chlorophyte pigment composition; ratio of A/B or A/C < 0.1 is not 
significantly different from 0. 

The number  of cells contained within each lyophilizer 
vial was determined microscopically with an Improved 
Neubauer  Hemocytometer  (American Optical Company) 
containing a subsample of a volumetrically diluted cell 
concentrate. For dry weight measurements, cells were col- 
lected on a glass-fiber filter, rinsed with isotonic ammo- 
nium formate solution, dried for 8 h at 80~ and weighed. 

Lyophilized samples were extracted overnight in a 
Soxhlet with chloroform/methanol (2:1, vol/vol). The form 
of sterols present in the phytoplankton was determined by 
fractionating the total lipids on a Biosil A column. Free 
sterols were generated from esters and glycosides (17), fol- 
lowed by sterol identification and quantitative analysis by 
capillary gas chromatography (GC) on SPB-1 (18). Sterols 
were identified by comparing their  relative retention 
times vs. those of cholesterol in capillary GC with those of 
authentic standards.  Identifications were confirmed by 
GC/mass spectrometry (GC/MS) (18). Major fat ty acids 
(over 10% of total) were identified by capillary GC on a 
0.25 mm • 100 m column coated with a 0.2 ~m film of 
SPB~ 

RESULTS AND DISCUSSION 

The major sterol in all Eustigmatophyte isolates was cho- 
lesterol, with amounts  ranging from 52-80% of total 
sterol. Smaller amounts  of 24-ethylcholesterol and iso- 
fucosterol were also present  in many  of the isolates 
(Scheme 1, Table 3). From their sterol compositions, four 
isolates (Sticho-GSB, U-106, U-112 and Sticho-M) were es- 

sentially indistinguishable from each other, having a total 
sterol content of 13-30 fg/cell. Strain U-113C had high 
total sterol content (480 fg/cell) with 79% of the total sterol 
being present as cholesterol. Isolate Sticho 0-18 was dis- 
t inguishable from all the other isolates by its higher dry 
weight (26 pg/cell), its very high total sterol content (1000 
fg/cell), and by the fact that  the companion sterols of cho- 
lesterol were 24-methylcholesta-5,22-dienol and 24-ethyl- 
cholesta-5,22-dienol (Scheme 1). GC/MS data and GC rel- 
ative retention times of the sterols identified were identi- 
cal to those of authentic standards.  Although most algal 
sterols with asymmetry at C-24 have 24~ alkyl groups (9), 
the C-24 stereochemistry was not determined in this 
work. The sterols in all six isolates were present  almost 
exclusively as free sterols. Steryl esters and steryl glyco- 
sides were present at less than 5% of total sterol. 

The major fatty acid of the strains Sticho-GSB, U-106, 
U-112 and U-113C was palmitic acid (16:0); only small 

",,,, I,,,, 

CHOLESTEROL 2 4 -ETHYLCHOLESTEROL 

24-N~PN~X~.NOLESTA-5,22-DIENOL 24-~'I'IYLCHOSESTA-5,22-DIENOL 

FUCOSTEROL ISOFUCOSTEROL 

SCHEME l 
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Sterols of Eustigmatophytes 

COMMUNICATION 
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Cellular dry wt. a Sterol composition 
Isolate (pg/cell) fg/cell CHOL b MC5,22 EC5,22 EC FUCO ISOFUCO 

Sticho-GSB 9.85(0.08) 21 52 39 5 
U-106 6.50(0.23) 30 56 35 2 
U-112 5.58(0.14) 20 52 43 5 
Sticho-M 6.36(0.08) 13 56 33 5 
U-113C 13.90(0.26) 480 79 15 2 
Sticho 0-18 25.77(0.86) 1000 80 13 4 
aMean of four determinations (SE). 
bAs % of total sterol; CHOL, cholesterol; MC5,22, 24-methyl-cholesta-5,22-dienol; EC5,22, 24-ethylcholesta- 
5,22-dienol; EC, 24-ethylcholesterol; FUCO, fucosterol; ISOFUCO, isofucosterol. 

quan t i t i e s  (less t h a n  10% of tota l  fa t ty  acid) of long-chain  
p o l y u n s a t u r a t e d  fa t ty  acids were  p r e s e n t  (Table 4). Iso- 
l a t es  of St icho-M a n d  Sticho 0 - 1 8  con t a ined  e icosapen-  
taenoic  acid (20:5n-3) as  the  ma jo r  f a t ty  acid. Thus ,  
Sticho-M can be differentiated from the  other  three  s t ra ins  
wi th  s imi la r  s terol  composi t ions,  which  have  16:0 r a t h e r  
t h a n  20:5 as the  major  fat ty acid. Biochemical s imilar i t ies  
among  s t ra ins  U-106, U-112 and  Sticho-GSB suggest  t h a t  
all these s t ra ins  may  be isolates ofN. sal inia.  

In te res t ing ly ,  S u e n  et  al. (12) de tec ted  20:4, b u t  no t  
20:5n-3 or 22:6n-3,  i n  N a n n o c h l o r o p s i s  sp. II, b u t  all  
s t r a ins  examined  by the  Volkman group (19,20) had  large 
a m o u n t s  of 20:5n-3. None  of the  isola tes  ana lyzed  in  our  
s tudy  had  both  sterol  and  fa t ty  acid composi t ions  consis- 
t e n t  wi th  N.  oculata,  the  species f requent ly  used  in  aqua-  
cul ture  (5). 

Cholesterol  is the  major  sterol in  all  eus t i gma tophy te s  
s tud ied  in  th i s  a n d  in  previous  work, a l t hough  the  quan-  
t i ty  of cholesterol var ies  great ly  among  isolates. About  ha l f  
the  s t r a i n s  a p p e a r  r ich  in  long-cha in  p o l y u n s a t u r a t e d  
fa t ty  acids (12,13). The  ea r ly  work  of D u p u y  (21) ha d  

shown  t h a t  oysters  can  be grown on a mixed  diet,  which  
included one eust igmatophyte .  Because Sticho 0 -18  is rich 
in  20:5n-3 a n d  very  h igh  in  sterol  con ten t ,  i t  appea r s  to 
have  the  g r ea t e s t  po ten t i a l  as oys ter  food of the  eus t ig-  
matophyte  isolates s tudied to date. 
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13-Carotene Transport in Human Lipoproteins. Comparisons 
with a-Tocopherol 
Maret G. Traber a,1, Seth R. Diamond a,2, Jerome C. Lane b, Rachel I. Brody c and Herbert J. Kayden a,* 
aDepartments of Medicine, bpediatrics and Cpathology, New York University School of Medicine, New York, New York 10016 

The purpose of  this study was to investigate the tempo- 
ral re lat ionships  of  the transport  of  ~-carotene in 
human lipoproteins.  We administered 60 mg ~-carotene 
with breakfast to nine fasting subjects, then blood sam- 
pies were col lected at intervals  of  up to 75 h, l ipopro- 
te ins  were isolated, and B-carotene was quantitated.  
B-Carotene concentrat ions  in chylomicrons  and very  
low density l ipoproteins (VLDL) peaked at 6 and 9 h, re- 
spectively. Nonetheless ,  at all t ime points  the majority 
of  plasma ~-carotene was conta ined in low densi ty  
l ipoprote ins  (LDL), whi le  high densi ty  l ipoproteins  
(HDL) carried a smaller portion (at 24 h, 73 • 8% in LDL 
as compared with  23 +- 5% in HDL). In three subjects,  
transport of  B-carotene was compared with the results 
of  earlier studies  on the transport  of  s tereoisomers  of  
~-tocopherol.  Unlike plasma RRR-a-tocopherol concen- 
trations,  which  are mainta ined by the  preferential  in- 
corporation of  RRR-a-tocopherol into VLDL by the liver, 
B-carotene increased and decreased in VLDL similarly 
to SRR-a-tocopherol, a s tereoisomer whose  concentra-  
t ions are not  mainta ined  in plasma. In conclusion,  
B-carotene is primari ly transported in the plasma in 
LDL, but its incorporation by the liver into l ipoproteins 
does not appear to be enhanced. 
Lipids 29, 665-669 (1994). 

In intestinal cells, ~-carotene can either be secreted di- 
rectly in chylomicrons, or it can be converted by intestinal 
cells to retinol, which is esterified with palmitic acid for 
export in chylomicrons (1). For the purpose of calculating 
the recommended dietary allowance for vitamin A, it has 
been assumed that 33% of a dose of ~-carotene is ab- 
sorbed, and 50% is converted to retinol (2). Most (75--79%) 
of the plasma carotenoids are associated with low density 
lipoproteins (LDL), with the remainder being carried by 
high density lipoproteins (HDL) (3-7). 

We have been studying the transport of a-tocopherol in 
lipoproteins using deuterium-labeled tocopherols, both a- 
and y-tocopherols, as well as two stereoisomers of a-toco- 
pherol (RRR- and SRR-) (8-12). These studies have 
demonstrated that there is little discrimination between 
tocopherols during absorption and secretion in chylomi- 
crons, but, subsequently, there is a preferential incorpora- 
tion of RRR-a-tocopherol, the naturally occurring stereo- 

1Present address: University of California, Department of Cell and 
Molecular Biology, Berkeley, CA 94720. 
2present address: University of Cincinnati School of Medicine, 
Cincinnati, OH 45267. 
*To whom correspondence should be addressed at Department of 
Medicine, NYU Medical Center, 550 First Avenue, New York, NY 
10016. 
Abbreviations: AUC, areas under the plasma curves; EDTA, ethyl- 
enediaminetetraacetic acid; HDL, high density lipoproteins; LDL, 
low density lipoproteins; VLDL, very low density lipoproteins. 

isomer, into very low density lipoproteins (VLDL) (13). 
During catabolism of the triglyceride-rich lipoproteins 
(both chylomicrons and VLDL), there is rapid transfer of 
tocopherols between the lipoproteins. 

~-Carotene is more hydrophobic than a-tocopherol; 
therefore, it may not be transferred to lipoproteins during 
chylomicron catabolism in a manner similar to toco- 
pherols. Furthermore, available evidence suggests that a 
tocopherol binding protein is required for the preferential 
incorporation of RRR-a-tocopherol into nascent VLDL 
(9,14). Although a hepatic carotenoid binding protein, 
which could be involved in the incorporation of ~-carotene 
into VLDL, has been described in a preliminary report by 
Okoh and Lakshman (15), ~-carotene may behave more 
like y- or SRR-(x-tocopherols, which are not efficiently 
resecreted in VLDL into the plasma (16). The purpose of 
this study was to evaluate the temporal relationships of 
the transport of ~-carotene in human plasma lipoproteins. 

EXPERIMENTAL DESIGN AND METHODS 

Experimental protocols. This study was carried out within 
the guidelines of the Institutional Review Board of New 
York University Medical Center (New York, NY). Ten sub- 
jects gave written informed consent and had no abnormal- 
ities of lipid or lipoprotein metabolism. The subjects were 
instructed to consume a gelatin capsule containing 60 mg 
~-carotene beadlets [Hoffman La Roche, Nutley, NJ; 
beadlets are a formulation of ~-carotene that  are espe- 
cially bioavailable (17)] following an overnight fast, along 
with a suggested breakfast consisting of 1 cup whole milk, 
1 cup vanilla ice cream, 1 banana, 1 serving of cereal 
(Cheerios) and 1 cup of coffee. Subsequent meals were the 
subject's choice, but the subjects were instructed to avoid 
carrots, yellow squash, pumpkin, broccoli and spinach a 
week before the study as well as during the course of the 
study. The characteristics of the nine subjects reported 
here are shown in Table 1. 

Blood samples (15 mL/time point) were collected in eth- 
ylenediaminetetraacetic acid (EDTA) tubes (Becton-Dick- 
inson, Rutherford, NJ) at 0, 3, 6, 9, 11, 28, 53 and 76 h 
after the subjects consumed the ~-carotene. Plasma was 
separated from blood cells by centrifugation; a 1.0 mL 
aliquot of plasma was used for ~-carotene quantitation, 
and the remainder was used for isolation of the lipopro- 
tein fractions. Samples were protected from light at all 
times. 

Lipoprotein isolation. Chylomicrons and lipoproteins 
were isolated as described previously (8). Briefly, chylomi- 
crons were isolated from duplicate samples of 4 mL 
plasma overlayed with 2 mL saline (0.15 M NaC1, 0.3 mM 
EDTA, pH 7.4) by centrifugation for 8 min at 40,000 rpm 
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TABLE 1 

Characteristics of  Study Subjects 

Triglycerides Cholesterol HDL a cholesterol 
Subject Sex (mmol /L)  ( m m o l / L )  (mmol/L) 

1 M 0.46 4.29 1.40 
2 F 0.67 4.91 1.99 
3 M 1.21 4.55 0.83 
4 F 0.73 4.22 ND b 
5 F 0.79 3.36 ND 
6 M 0.36 4.73 1.76 
7 F 0.99 4.58 1.50 
8 F 0.58 4.86 ND 
9 M 0.54 4.01 1.11 

Mean _+ SD 0.70 • 0.27 4.39 _+ 0.49 1.43 • 0.42 
aHDL, high density lipoproteins, bND, not determined. 

using a swinging bucket rotor (TLS 55) and a TL 100 ul- 
tracentrifuge (Beckman Instruments,  Inc., Palo Alto, CA). 
The remaining lipoprotein fractions were isolated in 
two sequential  steps by ul t racentr i fugat ion for 2 h at  
435,680 • g using a fLxed angle rotor  (TLA 100.2) with 
density changes achieved by adding solid KBr. The den- 
sity ranges used were: VLDL d < 1.006, LDL 1.006 < d < 
1.063 and HDL 1.063 < d < 1.21. 

[J-Carotene analysis, p-Carotene was analyzed using a 
modification of the method of Stacewicz-Sapuntzakis et al. 
(18). Briefly, upon isolation, the lipoprotein fractions and 
the plasma samples were saponified with alcoholic potas- 
sium hydroxide in the presence of 1% ascorbic acid, then 
were extracted with hexane, and an aliquot of the extract 
was dried under nitrogen. The samples were resuspended 
in 50 ~L chloroform and diluted to 200 tlL with mobile 
phase (methanol/acetonitrile/tetrahydrofuran, 50:45:5, by 
vol) containing 100 mg ammonium acetate per L of mix- 
ture. Aliquots containing between 1 and 50 mg l~-carotene 
were injected into a high-pressure liquid chromatography 
system (Waters, Milford, MA) equipped with a C18 col- 
umn (Waters) at a flow rate of mobile phase of 2 mL/min, 
and detected at  450 nm using a Waters variable wave- 
length ultraviolet  detector, p-Carotene is not stable 
enough to use purified standards for daily use as calibra- 
tors. Therefore, 13-carotene for use as a s tandard was ex- 
tracted daily from beadlets (a stabilized form with added 
antioxidants).  ~:Carotene in plasma or lipoproteins was 
quant i ta ted  by comparison of peak areas with those of a 
p-carotene standard. 

Deuterated tocopherol study. Three of the study subjects 
(numbers 2, 3 and 4) had previously participated in stud- 
ies using deutera ted  tocopherols (12); results  of various 
concentrations of deutera ted a-tocopherols are reported 
here  for comparison with the p-carotene values. Briefly, 
each subject consumed a capsule containing 50 mg each 
of d6-RRR-a-tocopheryl acetate, d3-SRR-a-tocopheryl ac- 
etate and d2-RRR-y-tocopherol , with a breakfast following 
an overnight fast. Blood samples were drawn into EDTA 
tubes at approximately 0, 3, 6, 9, 12, 27, 51 and 75 h after 
consumption of the tocopherols. Subjects were allowed to 
eat ad libitum. 

Plasma was immediately separated from blood cells by 
centrifugation. An aliquot (1.0 mL) was frozen for subse- 
quent  tocopherol analysis, and the remainder  was used 
for isolation of the lipoprotein fractions, as described in a 
previous paragraph. Frozen plasma and lipoprotein frac- 
tions were shipped on dry ice to the National  Research 
Council of Canada where they were kept  frozen at -80~ 
unti l  analyzed. The amounts  of d2-7-tocopherol, d3- , d6- , 
d9-a-tocopherols and unlabeled (do-)a- and ?-tocopherols 
in the collected tocopherol fraction were determined by 
gas chromatography/mass spectrometry after  conversion 
to their  trimethylsilyl ethers. The absolute concentrations 
of do-, d 3- and d6-a-tocopherols and d o- and d2-Y-toco- 
pherols in the plasma and lipoprotein samples were ob- 
tained by comparing their  respective peak areas with the 
peak areas of the corresponding d9-a- and d17-?-toco- 
pherols added (8,9,19). 

Data analysis and statistical methods. Calculations 
were carried out using a Macintosh II computer  (Apple 
Computers, Cupertino, CA). The concentrations oflipopro- 
tein p-carotene were summed and compared with the 
plasma concentrations of p-carotene for each time point. 
The total lipoprotein concentrations ranged from 80-120% 
of the plasma concentrations. The plasma concentration 
was used as the total amount  of 13-carotene, and the sum 
of the lipoprotein p-carotene was corrected to this value. 
The lipoprotein p-carotene distribution was based on the 
actual measurements .  The mean  _+ s tandard  deviations 
were calculated for each t ime point for the plasma and 
each of the lipoprotein fractions for the nine subjects. The 
area under the curve (AUC) was calculated for the plasma 
carotenoids by summing the trapezoids es t imated from 
the X-Y data  points using KaleidaGraph (Synergy Soft- 
ware, PCS Inc., Reading, PA). The statistical significance 
of the differences was determined using the statist ical  
analysis program, Super Anova (Abacus Concepts, Berke- 
ley, CA), using analysis of variance and least  square 
means  comparisons. Results of the statistical tests were 
considered to be significant at  the 95% confidence level 
(P < 0.05). 

RESULTS 

The concentrat ions of p-carotene in the plasma and 
lipoproteins from nine subjects are shown in Figure 1. One 
of the ten subjects studied had almost undetectable 
plasma I~-carotene levels; his data are not included. Previ- 
ously, Prince and Frisoli (20) reported tha t  dietary fat is 
necessary for p-carotene absorption; likely the omit ted 
subject did not consume breakfast  with the dose. Plasma 
p-carotene of the other nine subjects increased up to 27 h 
and then remained relatively constant for the remainder  
of the study. The AUC ranged from 8 to 116 nmol/mL �9 h 
with a mean _+ standard deviation of 51 _+ 33 nmol/mL - h. 
Despite the wide range of p-carotene concentrations, in all 
subjects p-carotene was observed to peak first in the chy- 
lomicrons, and then in the VLDL (Fig. 1). HDL p-carotene 
concentrations appeared to increase only during triglyc- 
eride-rich lipoprotein catabolism (up to 11 h) and then  
reached a plateau,  whereas LDL p-carotene concentra- 
tions increased for a longer period of time (up to 48 h). 
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FIG. 1. P l a s m a  and l ipoprote in  [~-carotene concentrat ions .  
F o l l o w i n g  an overn ight  fast, n ine  subjects  each c o n s u m e d  
a ge la t in  capsu le  c o n t a i n i n g  60 m g  ~-carotene beadle t s  
(Hof fmann La Roche,  Nutley,  NJ) a long  w i t h  breakfast .  
B lood sample s  (15 mL/t ime point)  w e r e  co l l ec ted  in  EDTA 
tubes (Becton-Dickinson,  Rutherford, NJ) at 0, 3, 6, 9, 11, 28, 
53 and 76 hours.  P lasma was  separated from blood cel ls  by 
centr i fugat ion;  c h y l o m i c r o n s  and l ipoprote in  fract ions  
were  isolated as descr ibed in the Exper imenta l  Des ign  and 
Methods  sect ion.  The  dens i ty  ranges  o f  the  l ipoprote ins  
were: very low dens i ty  (VLDL) d < 1.006, l ow  dens i ty  (LDL) 
1.006 < d < 1.063, and h igh  dens i ty  (HDL) 1.063 < d < 1.21. 
S h o w n  are means  "+ SD of  the ~-carotene concentrat ions  in 
p l a s m a  and each  of  the  l ipoprote in  fract ions .  Key: ~, 
plasma; e, LDL; A, HDL; 4~, VLDL; II, chylomicrons .  

The percentage distribution of plasma ~-carotene in the 
lipoprotein fractions throughout the study are shown in 
Figure 2. Early on, increases in proportion of plasma 

[~-carotene increased 6% (22 _+ 5 to 28 _+ 8%, P < 0.03). At 
the outset of the study, 72 _+ 6% of the plasma ~-carotene 
was found in LDL, which contained most of the plasma 
[~-carotene at all time points. However, because the other 
lipoproteins transported [~-carotene during the initial part 
of the study, the proportion of plasma [~-carotene in LDL 
decreased from 3 to 11 h and significantly smaller frac- 
tions of plasma ~-carotene were present in LDL at 3 h (P < 
0.01), 6 h (P < 0.001), 9 h (P < 0.01) and 11 h (P < 0.05). By 
27 h, the distribution of ~-carotene in all lipoprotein frac- 
tions had returned to baseline values. 

Three of the subjects (numbers 2, 3 and 4) studied had 
previously participated in studies using deuterated a-to- 
copherols (12). For purposes of comparison of a-tocopherol 
with ~-carotene (because [~-carotene was unlabeled), the 
increase in [~-carotene concentrations is compared with 
the deuterated a-tocopherol concentrations. As shown in 
Figure 3, the plasma concentrations of both labeled 
stereoisomers of a-tocopherol were about fivefold greater 
than those of [~-carotene at 3 h. By 24 h, the concentra- 
tions of [~-carotene reached those of SRR-a-tocopherol. 
Subsequently, the concentrations of ~-carotene and 
SRR-a-tocopherol decreased at a similar rate. 

Examination of the lipoprotein patterns of ~-carotene 
and of the a-tocopherols in these three subjects shows 
marked differences in the transport of [~-carotene and 
a-tocopherol (Fig. 4). It appears that the peak in chylomi- 
cron [~-carotene precedes that  of a-tocopherol; however, 
because the data are from separate studies, the temporal 
relationship between the chylomicron transport of a-toco- 
pherol and ~-carotene cannot be stated with certainty. In 

[~-carotene were observed in the triglyceride rich-lipopro- 
teins (in chylomicrons a statistically significant increase 
compared to baseline was observed at 3 h, P < 0.001), ~ 
while the VLDL showed significant increases at 3 h (P < E 

C~E 0.001), 6 h (P < 0.01) and 9 h (P < 0.01). During triglyc- ~ = 
eride-rich lipoprotein catabolism from 0 to 9 h, HDL ~ �9 ~ x 

o o 
100% o t- ~ . ,  . 

~-~ ~.~ 

$ 8o%- ~ $ 

60o/0 ~ & 0 1  0 
~' " ~ 2 ' 2  ' ' 0 ' m 72 84 
E 40o/0 ' ( r 
r 

20% FIG. 3. Compar i sons  o f  p la sma  concentra t ions  o f  l abe led  
(x-tocopherol s tereo i somers  w i t h  increases  in  ~-carotene 
concentrat ions .  Three  subjects  (numbers  2, 3 and 4) had 

0% . . . . . . .  previous ly  part ic ipated in a s tudy on the transport of  vita- 
6 9 11 27 51 75 

Time (hours) 

�9 Chylomicrons [ ]  VLDL [ ]  LDL [ ]  HDL 

FIG. 2. Percentage distr ibut ion of  [~-carotene in l ipoprote in  
fractions. The percentage distr ibut ion of  p lasma ~-carotene 
in each  o f  the  l ipoprote in  fract ions  descr ibed  in  Figure 1 
was calculated for each subject. Shown are the means  + SD 
for each fraction. Abbreviat ions as in Figure 1. 

m i n  E by c o n s u m i n g  a dose conta in ing  50 m g  of  each RRR- 
and SRR-~-tocopherols l abe led  w i t h  6 or 3 a toms of  deu- 
terium, respect ive ly  (12). The concentrat ions  o f  ~-carotene 
in the  p l a s m a  of  these  subjects  in response  to the  dose  o f  
[~-carotene beadlets  were  es t imated  by subtract ing the con- 
centrat ion  of  ~-carotene at t ime  0. S h o w n  are the means  + 
SD of  the  concentrat ions  o f  deuterated  tocopherols  (RRR- 
~-tocopherol  and SRR-~-tocopherol) and the  increases  in 
~-carotene above  background.  Key: A, d3-SRR; e, d6.RRR; 
C~, [~-carotene increase.  
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FIG. 4. Lipoprote in  concentrat ions  of  B-carotene increases  
and labeled stereoisomers  of  a-tocopherol .  Lipoprotein (as 
described in Figure 1) concentrat ions  of deuterium-labeled 
stereoisomers of  a-tocopherol and ~-carotene increases  are 
shown from the three subjects described in Figure 3. Key as 
in Figure 3; abbreviations as in Figure 1. 

VLDL, ~-carotene concentrations (although fivefold lower) 
parallel those of SRR-a-tocopherol.  In LDL, the concen- 
trations of ~-carotene increased, nearly reaching those of 
RRR-a-tocopherol  at 48 h, unlike those of SRR-a-toco- 
pherol, which began to decrease at 9 h. In HDL, 
~-carotene concentrations essentially reach their maxima 
by l l h .  

DISCUSSION 

This study demonstrates that ~-carotene is absorbed and 
secreted by the intestine in chylomicrons and is subse- 
quently secreted by the liver in VLDL. Increases in HDL 
~-carotene were observed during the catabolism of these 
two triglyceride-rich lipoproteins in the plasma. Unlike 
HDL ~-carotene, which increased only during the first 
12 h of the study, LDL ~-carotene transport in LDL con- 
centrations increased up to 48 h. These increases are 
likely the result of the conversion of VLDL to LDL. 

The comparisons between the transport of a-toco- 
pherol and ~-carotene provide further insights in the 
transport of these two hydrophobic nutrients. Similar 
amounts of deuterated a-tocopherols and unlabeled 
~-carotene were administered, but increases in plasma 
concentrations of ~-carotene were almost tenfold lower 
(Fig. 3). It is likely that the lower plasma concentrations 
of ~-carotene result from a combination of low absorption 
rates and low plasma incorporation. With respect to ab- 
sorption, although both ~-carotene and a-tocopherols are 
transported in chylomicrons, the greater hydrophobicity 
of ~-carotene may limit its intracellular transport and 
thus its incorporation into chylomicrons. Additionally, 
some ~-carotene is converted to retinol and is absorbed, 
as retinyl palmitate (1). 

With respect to plasma transport, we have previously 
demonstrated that RRR-a-tocopherol is preferentially en- 
riched in plasma by 24 h following an oral dose containing 
various labeled tocopherols (10,12). The preference for in- 
corporation of RRR-a-tocopherol  into nascent VLDL by 
the liver (11) likely results from the selection of this form 
of vitamin E by the tocopherol transfer protein (21-24). 
The catabolism of VLDL enriched in RRR-a-tocopherol in 
the plasma and the continued preferential secretion of 
RRR-a-tocopherol in VLDL by the liver are probably re- 
sponsible for maintaining plasma a-tocopherol concentra- 
tions (13,25). In VLDL, ~-carotene concentrations paral- 
leled those of SRR-a-tocopherol,  suggesting that  
~-carotene is incorporated into VLDL in a nonspecific 
manner. Further, the differences in the a-tocopherol and 
~a ro t ene  concentration curves in LDL and HDL demon- 
strate differences in transport of these two nutrients. Be- 
cause of its hydrophobicity, ~-carotene is likely to be lo- 
cated in the hydrophobic lipoprotein core, which would be 
consistent with the preference of ~-carotene for LDL 
rather than those for HDL. In contrast, HDL ~-carotene 
increased during the first few hours of the experiment, 
suggesting that during the transfer of surface components 
from chylomicrons to HDL there is also transfer of some 
core lipids. Furthermore, HDL ~-carotene represents a 
relatively small fraction of ~-carotene, suggesting that  
~-carotene does not readily exchange between lipoproteins 
in vivo or in vitro (26). 

In conclusion, this study demonstrates that the plasma 
and lipoprotein transport of two hydrophobic nutrients, 
~-carotene and RRR-a-tocopherol, are dissimilar. ~-Caro- 
tene does not readily exchange between lipoproteins, and 
it appears to concentrate in LDL, whereas RRR-a-toco- 
pherol is present in all of the lipoprotein fractions. It h a s  
been suggested that ~-carotene might function as an an- 
tioxidant and protect LDL from peroxidative damage dur- 
ing oxidative stress. However, recent studies have sug- 
gested that ~-carotene supplementation does not neces- 
sarily increase the resistance to oxidative stress (6). Thus, 
the beneficial effects of elevated LDL ~-carotene remain 
to be demonstrated. 
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Rat liver microsomes, when  fortified with NADPH, Fe 3§ 
and phosphate,  can catalyze the oxidative decarboxyla- 
t ion (a-oxidation) of  3-methyl-substituted fatty acids 
(phytanic and 3-methylheptadecanoic  acids) at rates 
that equal 60-70% of those observed in isolated hepato- 
cytes (Huang, S., Van Veldhoven, P.P., Vanhoutte, F., Par- 
mentier, G., Eyssen,  H.J., and Mannaerts,  G.P., 1992, 
Arch. Biochem. Biophys. 296, 214-223). In the present  
study we set out to identify and compare the products  
and possible intermediates of  a-oxidation formed in rat 
hepatocytes  and by rat l iver microsomes. In the pres- 
ence of  NADPH, Fe 3§ and phosphate,  microsomes decar- 
boxylated  not  only 3-methyl fatty acids but also 
2-methyl fatty acids and even straight chain fatty acids. 
The decarboxylat ion products  of  3-methylheptade-  
canoic  and palmitic  acids were purif ied by high- 
performance l iquid chromatography and identif ied by 
gas chromatography/mass  spectrometry  as 2-methyl- 
hexadecanoic  and pentadecanoic acids, respectively. In- 
c lusion in the incubat ion mixtures of  g lutathione plus 
g lutathione peroxidase  inhibited decarboxylat ion by 
more than 90%, suggest ing  that a 2-hydroperoxy fatty 
acid is formed as a possible intermediate.  However,  we 
have not yet been able to unequivocally identify this in- 
termediate.  Instead, several  possible  rearrangement  
metabolites were identified. In isolated rat hepatocytes  
incubated with 3-methylheptadecanoic acid, the forma- 
t ion of  the decarboxylat ion product,  2-methylhexade-  
canoic acid, was demonstrated, but no accumulation of  
putative intermediates or rearrangement products was 
observed. Our data do not allow us to draw conclusions 
on whether the reconstituted microsomal system is rep- 
resentative of  the cellular a-oxidation system. However, 
the results we obtained with [3-3H]-labelled fatty acids 
indicate that during a-oxidation in intact cells the hy- 
drogen at carbon-3, which carries the methyl branch, is 
not attacked. 
Lipids 29, 671-678 (1994). 

Phytanic acid (3,7,11,15-tetramethylhexadecanoic acid) is 
an isoprenoid-derived fat ty  acid tha t  accumulates in the 
body fluids and tissues of patients suffering from Refsum's 
disease, a rare  inheri ted metabolic disorder affecting the 
nervous system (1). Due to the presence of a methyl group 

1present address: McArdle Laboratory for Cancer Research, De- 
partment of Oncology, Medical School, University of Wisconsin, 
Madison, WI 53706-1159. 
*To whom correspondence should be addressed at KUL-Campus 
Gasthuisberg (O & N), Department of Pharmacology, Herestraat, 
B-3000, Leuven, Belgium. 
Abbreviations: ATP, adenosine triphosphate; BSTFA-TMCS, 
bis(trimethylsilyl)trifluoroacetamide containing 1% trimethyl- 
chlorosilane; EI, electron impact; GC, gas chromatography; HPLC, 
high-performance liquid chromatography; MS, mass spectrometry; 
TLC, thin-layer chromatography; TMS, trimethylsilyl. 

at carbon-3, phytanie acid cannot be degraded v/a the clas- 
sical [~-oxidation pathway. Instead,  it is first oxidatively 
decarboxylated by a-oxidation, yielding CO 2 and a 
2-methyl-substi tuted fat ty acid, pristanic acid (1), which 
can then be degraded via peroxisomal ~-oxidation (2). 

The mechanism of phytanic acid a-oxidation has 
remained elusive for many  years.  Ear l ier  studies, by 
Steinberg's group and others (3-7), had suggested tha t  
phytanic acid a-oxidation involved an unusual  a-hydroxy- 
lation step to yield 2-hydroxyphytanic acid as an inter- 
mediate and that  the enzymatic activity was located in the 
mitochondria. In recent years, there have been a number  
of reports (8-12) tha t  showed that  phytanic acid accumu- 
lation also occurs in the body fluids and tissues of patients 
with general  peroxisomal disorders, e.g., Zellweger syn- 
drome, infantile Refsum disease, neonatal adrenoleukody- 
strophy and rhizomelic chondrodysplasia punctata,  sug- 
gesting that  peroxisomes may play a role in phytanic acid 
a-oxidation. However, cell fractionation studies have pro- 
duced contradictory resu l t s - - the  highest  a-oxidation ac- 
tivity was found in either mitochondrial (7,13,14) or com- 
bined mitochondrial plus cytosolic fractions (15). Very re- 
cently, Wanders and van Roermund (16) suggested tha t  
a-oxidation involves the sequential action of mitochondria 
and peroxisomes, and Singh et al. (17) concluded tha t  
a-oxidation is located in mitochondria in the rat, but  it is 
in the peroxisomes in humans. Reports on the cofactor re- 
quirements of phytanic acid a-oxidation have also been in- 
consistent. Tsai et al. (7) postulated tha t  a-oxidat ion re- 
quires 0 2, NADPH and Fe 3§ whereas others found that ,  
besides 0 2, the only cofactors necessary are adenosine 
t r iphosphate  (ATP) and Mg 2+ (13-16) or ATP, Mg 2+ and 
CoA (17). A further  complication in interpreting the above 
studies is the fact tha t  the a-oxidation rates  obtained in 
these broken cell systems were extremely low as com- 
pared with those obtainable in intact cells (18). 

In a recent report  (18), we have demonstrated that  the 
maximal  rates  of a-oxidation in isolated ra t  hepatocytes 
amounted to 7 and 10 nmol/min x 108 cells with phytanic 
acid and 3-methylheptadecanoic acid, respectively. In ra t  
liver homogenates,  optimal ra tes  of a-oxidation, which 
equalled 60-70% of those observed in the intact  hepato- 
cytes, required 0 2, NADPH, Fe 3§ and phosphate ions. 
Subcellular fractionation revealed tha t  under  our assay 
conditions a-oxidation is located in the endoplasmic retic- 
ulum. Using the same assay conditions, we now find that  
ra t  liver microsomes decarboxylate not only 3-methyl 
fatty acids but  also 2-methyl fatty acids, and even straight 
chain fat ty  acids. We fur thermore  a t tempted  to identify 
and purify the decarboxylation products and the putative 
reaction intermediate(s). 
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MATERIALS AND METHODS 

Chemicals. Collagenase, superoxide dismutase, catalase, 
glucose-6-phosphate, and glucose-6-phosphate dehydroge- 
nase were purchased from Boehringer Mannheim (Heidel- 
berg, Germany). Glutathione peroxidase, cytochrome C 
and metyrapone were from Sigma (St. Louis, MO). Glu- 
tathione was from Merck (Darmstadt, Germany). Palmitic 
acid was from Janssen Chimica (Beerse, Belgium). 
Phytanic acid, [1-14C]phytanic acid (specific radioactivity, 
54 mCi/mmol, initial radiochemical purity 99.2%), 
3-methylheptadecanoic acid, 3-methyl-[1-14C]heptadeca - 
noic acid (specific radioactivity, 54 mCi/mmol, initial ra- 
diochemical purity 99.8%), 2-methylpalmitic acid and 
2-methyl-[1-14C]palmitic acid (specific radioactivity, 
35 mCi/mmol, initial radiochemical purity 98.8%) were 
synthesized as described previously (2,18). [1-14C]Palmitic 
acid (specific radioactivity, 57 mCi/mmol, stated radio- 
chemical purity 97.7%) and [9,10-3H]palmitic acid (spe- 
cific radioactivity, 51.6 Ci/mol, stated radiochemical pu- 
rity 98.4%) were obtained from New England Nuclear 
(Bad Homberg, Germany). [3H]NaBH4 (specific radioac- 
tivity 32 Ci/mmol) was from Amersham International 
(Amersham, England) and [1,2-]3C]palmitic acid (isotopic 
purity>99%) was purchased from Isotec Inc. (Miamisburg, 
OH). Bis(trimethylsilyl)trifluoroacetamide containing 1% 
trimethylchlorosilane (BSTFA-TMCS) was obtained from 
Alltech Associates (Laarne, Belgium). Ethereal dia- 
zomethane was prepared from Diazald a as recommended 
by the manufacturer (Aldrich, Brussels, Belgium). 

Synthesis of 3-methyl-[3-ZH]heptadecanoic acid. Triti- 
ated 3-methylheptadecanoic acid was prepared from 
[2-3H]hexadec-2-yl methanesulfonate, similarly to the 
previously described synthesis of cold 3-methylheptade- 
canoic acid (18). [2-3H]Hexadec-2-yl methanesulfonate 
was obtained from 2-hexadecanol as follows. 2-Hexade- 
canol (245 rag, 1 mmol) was dissolved in 20 mL of hexane 
and oxidized by adding 35 mL of 2.7 M CRO3/4.3 M H2SO 4. 
After vigorous stirring for 30 rain at room temperature, 
2-hexadecanone was extracted into hexane. The hexane 
phase was washed twice with saturated NaHCO3, thrice 
with water, and analyzed by thin-layer chromatography 
(TLC) using hexane/diethyl ether/acetic acid (60:40:1, by 
vol). Visualization by iodine or ultraviolet-illumination re- 
vealed only one spot with an Rf value of 0.82. In the next 
step, 2-hexadecanone (48.2 mg, 0.2 mmol, dissolved in 
2 mL of tetrahydrofuran) was reduced by adding 50 ~raol 
of [3H]NaBH4 (10 mCi), which was dissolved in 0.47 mL 
of 0.1 N NaOH. After 5 h, another aliquot ofNaBH 4 was 
added (60 pmol, dissolved in 1 mL of 0.2 N NaOH), and 
the reaction was stirred further at room temperature 
(65 h in total) to ensure complete reduction. The reaction 
mixture was diluted to 10 mL with water, NaC1 was added 
to a final concentration of 1 M, and the mixture was ex- 
tracted thrice with diethyl ether. The combined organic 
phases, after washing with 0.1 M NaOH, contained 
4.6 mCi of tritium. Most of label (76%) was associated 
with 2-hexadecanol (Rf 0.52). Without further purification, 
the crude 2-hexadecanol was mesylated (Rf 0.58), and 
then converted to diethyl-2-(l'-methylpentadecyl)malonic 
acid and decarboxylated (18). Following purification by 

preparative TLC, 3-methyl-[3-3H]heptadecanoic acid 
(Rf 0.50) was obtained with a yield of 33% and a specific 
radioactivity of 6.93 mCi/mmol (radiochemical purity, 
99.8%). Upon further analysis either as fatty acid or 
methyl ester by TLC or high-performance liquid chro- 
matography (HPLC), no difference was observed between 
the tritiated compound and 3-methylheptadecanoic acid 
or 3-methyl-[1-14C]heptadecanoic acid, which were syn- 
thesized by different routes (18). 

Preparation of rat hepatocytes and liver microsomes. 
Male Wistar Albino rats (100-120 g body weight) were 
maintained on a standard laboratory diet until sacrifice. 
Isolated hepatocytes were prepared as described by 
Zahlten and Stratman (19). For the preparation of liver 
microsomes, livers were removed immediately after de- 
capitation and homogenized in 0.25 M sucrose containing 
5 mM 3-[N-morpholino]propanesulfonic acid, buffer 
pH 7.4. The homogenates (12.5%, wt/vol) were centrifuged 
at 10,000 • g for 24 min. The resulting postmitochondrial 
supernatants were then centrifuged at 100,000 x g for 1 h. 
The microsomal pellets were resuspended in the homoge- 
nization buffer and stored at -20~ The microsomes were 
used within one month without significant loss of activity. 
Protein content was measured by the method of 
Peterson (20) using bovine serum albumin as standard. 

Incubation of substrates and extraction of metabolic 
products. Incubations of radiolabelled substrates with 
isolated rat hepatecytes or liver microsomes and the mea- 
surement of 14CO2 production were done essentially as 
described previously (18), except that  the radiolabelled 
substrates were always purified by reverse-phase HPLC 
prior to the start of the incubations. In microsomal incu- 
bations, the reactions were terminated after 15 min by 
acidifying with 1 M HC1 (final pH around 2), and the in- 
cubation mixtures were immediately transferred to ex- 
traction tubes. The fatty acids were extracted thrice with 
three volumes of ethyl acetate, and the combined organic 
extracts were dried in a stream of nitrogen and stored at 
-20~ before HPLC analysis. In hepatocyte incubations, 
the reactions were stopped by acidification with 6% 
(wt/vol) HC104, and the mixtures were extracted with 
3.75 volumes of chloroform/methanol (1:2, vol/vol). The 
mixtures were left on ice for 2 h and then were cen- 
trifuged at 2,000 x g for 20 min at 4~ The pellets were 
discarded, and the supernatants were transferred to 
tubes containing 1.25 volumes of water and 1.25 volumes 
of chloroform. After mixing, the two phases were sepa- 
rated by centrifugation at 2,000 xg for 10 min at 4~ The 
upper aqueous phase was discarded, and the lower phase 
was dried in a stream of nitrogen. The residues were dis- 
solved in 2 mL hexane/diethyl ether (95:5, vol/vol) and ap- 
plied to a silica Sep-Pak column (9 x 20 mm, Analytichem 
International, Harbor City, CA). The fatty acids and the 
polar metabolites were eluted with 15 mL of diethyl 
ether. The eluates were taken to dryness under nitrogen 
and stored at -20~ before HPLC analysis. 

Reverse-phase HPLC. The dried organic extracts were 
dissolved in 100 ~L of methanol, and 75 pL was applied to 
a reverse-phase HPLC column (Nova-Pak ODS C18 , 4 pm, 
3.9 x 150 mm; Waters, Milford, MA). The fatty acid sub- 
strates and the polar metabolites were separated with a 
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methano l  gradient  in wa t e r  (containing 0.1% vol/vol, 
acetic acid) (see Fig. 1B), a t  a cons tant  flow ra te  of 
1 mL/min. The radioactivity was ei ther  constantly moni- 
tored with an  on-line Flo-One/~ HPLC radioactivity detec- 
ter  (Radiomatic A505; Canberra  Packard,  Zurich, Switzer- 
land) or the  fractions were collected and  counted for ra- 
dioactivity in a liquid scintil lation counter. Fract ions  of 
interest  were collected, t aken  to dryness  under  nitrogen, 
derivatized with ethereal  diazomethane, and fur ther  sep- 
a ra t ed  by reverse-phase  HPLC using the same gradient  
program. The radioactive fractions were collected, t aken  
to dryness  under  nitrogen, and  the residues were  dis- 
solved in hexane for gas chromatography/mass  spectrom- 
etry (GC/MS) analysis or derivatized with BSTFA-TMCS 
as recommended  by the  manufac tu r e r  before GC/MS 
analysis. 

Gas-liquid chromatography/MS. A Hewle t t -Packard  
(Palo Alto, CA) 5890 gas chromatograph was directly cou- 
pled to a F innigan  MAT (San Jose,  CA) TSQ70 tr iple 
quadrupole  mass  spectrometer.  Chroma tog raphy  was 
done on a 25 m • 0.32 m m  i.d. RSL 200 chemically bonded 
(FSOT) fused-silica capillary column (Alltech), film thick- 
ness 0.25 inn, using splitless injection and helium as car- 
r ier  gas. The column oven t empera tu re  was held at  80~ 
for 2 min, then  increased to 150~ at  a ra te  of 20~ 
held at  150~ for 1 min, then increased to 200~ at  a rate  
of 2~ held at  200~ for 1 rain, and then increased to 
300~ at  a rate  of 20~ The injection port and GC/MS 
interface were mainta ined at  250~ Electron impact  (EI) 
spectra were obtained with an ionization energy of 70 eV 
and a source t empera ture  of 150~ 

R E S U L T S  

Cofactor requirements and substrate specificity of a-oxida- 
tion. As can be seen from Table 1, in the  presence of the  
necessary cofactors r a t  l iver microsomes decarboxylated 
not only 3-methyl -subs t i tu ted  fa t ty  acids, bu t  also 
2-methyl-subst i tuted fa t ty  acids and s t ra ight  chain fa t ty  
acids. 

In  ag reemen t  wi th  earl ier  da ta  (18), the  format ion of 
CO 2 was clearly dependent  on the presence of Fe 3* ions, 
as omission of Fe 3§ from the incubation mixtures resulted 
in an almost complete suppression of CO 2 production. The 
stimulation of a-oxidation by phosphate and NADPH var- 
ied according to the subs t ra te  used. The reason  for this 
variat ion is presently not known. 

Addition of CoA to the incubat ion mixtures ,  fortified 
wi th  Fe 3§ NADPH and phosphate,  did not affect the de- 
carboxylation rates.  When CoA was added together  wi th  
ATP, CO 2 production decreased, suggesting tha t  fat ty acid 
activation shunted the fat ty acids away from the a-oxida- 
tion pathway. Why the decarboxylation of 3-methyl  sub- 
st i tuted fat ty  acids was affected more than  tha t  of palmi- 
ta te  and its 2-methyl derivative is not clear. In order to ex- 
clude the possibili ty t ha t  the CO 2 production from 
palmita te  and 2-methylpalmitate,  which can be degraded 
v/a ~-oxidation, was derived from ~-oxidation by contami- 
nat ing mitochondria and/or peroxisomes, CO 2 production 
was measured in the presence of the cofactors required for 
p-oxidation. Under  these conditions, hardly  any  CO 2 pro- 
duction could be detected. 

Reverse-phase HPLC separation of a-oxidation products 
and intermediates. In an a t t empt  to identify the reaction 
products and putat ive  reaction in termedia tes  of a-oxida- 
tion, we chose 3-methyl-[1-14C,3-3H]heptadecanoic and 
[1-14C, 9,10-3H]palmitic acids as the substrates  for fur ther  
experiments.  The reverse-phase HPLC chromatograms of 
the ethyl acetate extracts from incubations of ra t  liver mi- 
crosomes with double-labelled subs t ra tes  are shown in 
Figure 1 (A and B). In each incubation, one single-labelled 
tr i t iated peak (P and P') and several double-labelled peaks  
(A, B, C and I, II, III)  were detected. In  addition, we also 
detected a single 14C-labelled peak,  des ignated as D in 
Figure  1A. These  peaks  were all dependent  on the pres- 
ence of the cofactors and of protein and were not observed 
at  zero t ime or upon incubation with boiled microsomes.  
The resul ts  suggest  tha t  the  single-labelled t r i t ia ted  
peaks  represent  the decarboxylated a-oxidation products 
and  t ha t  the double-labelled peaks  m a y  represen t  reac- 
tion intermediates.  The peaks designated S and S 'are  the 

TABLE 1 

C o f a c t o r  R e q u i r e m e n t s  a n d  S u b s t r a t e  S p e c i f i c i t y  o f  a - O x i d a t i o n  a 

Complete system b -Fe 3. -Pi c -NADP +d +CoA e +CoA + ATP f ~ -Oxidati~ 

3-Methylheptadecanoate 89.4 0 0 2.52 92.1 5.05 0 
Phytanate 73.2 1.26 8.65 4.68 72.3 5.95 0.36 
Palmitate 100.7 0.54 39.3 18.6 107.8 52.6 1.80 
2-Methylpalmitate 91.4 0 23.6 14.4 93.7 37.3 0.18 
aWhe results are all expressed as pmoles of CO 2 produced per mg protein per min. 
bWhe complete reaction mixture (final volume, 1 mL) consisted of 200 mM Tris buffer, pH 7.4; 0.1 mM FeC13; 4.0 mM phosphate buffer; 
1.2 mM NADP; 5.0 mM glucose-6-phosphate; 2 units of glucose-6-phosphate dehydrogenase; 0.2 mM [1J4C]fatty acid; and 0.5 mg micro- 
somal protein. Incubations were carried out at 37~ for 15 min. 
CIn incubations listed in this column, the NADPH generating system was replaced by NADPH. 
dNADP+ was omitted from the complete system. 
eCoA (0.5 raM) was added to the complete system. 
fCoA (0.5 mM) and 4 mM ATP were added to the complete system. 
gThe incubation media contained in addition to the Tris buffer only the p-oxidation cofactors: 0.5 mM CoA, 0.5 mM carnitine, 4 mM ATP, 
and 2 mM NAD § 
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unreacted substrates. The peaks labelled P450 and P'450 
probably correspond to (o-oxidation products as they al- 
most completely disappeared when the incubations con- 
tained cytochrome C, which competes with cytochrome 
P450 for electrons from NADPH cytochrome P450 re- 
ductase, or an inhibitor of cytochrome P450, such as 
metyrapone. 

Identification of the decarboxylation products. The sin- 
gle-labelled tritiated fractions P and P'of Figure 1 (A and 
B) were further purified by reverse-phase HPLC after 
methylation with ethereal diazomethane. In a subsequent 
step the tritiated methyl esters were subjected to GC and 
combined GC/MS. Only one major peak, whose elution 
time corresponded to that of methylated 2-methylhexade- 
canoic and pentadecanoic acid, was observed in the GC 
profiles (data not shown). Also, the EI mass spectra of 
these fractions corresponded to those of 2-methylhexade- 
canoic and pentadecanoic acid methyl ester. Intense ions 
were associated with the typical McLafferty rearrange- 
ment fragments of 2-methyl fatty acid (m/z 88) and of 
straight chain fatty acid (m/z 74) methyl esters. Other ions 
that were identified belonged to the carboxymethoxy se- 
ries, starting at m/z 101 (115, 143, 157, 185, 213, 227 and 
241) for methylated 2-methylhexadecanoic acid and at m/z 
87 (101, 129, 143, 157, 171, 199 and 213) for methylated 
pentadecanoic acid. The signals at m/z 227 (M - 57) and 
at 213 (M - 43) reflected the formation of another typical 
fragment of the methyl esters of 2-methyl fatty acids and 
straight chain fatty acids, respectively (data not shown). 

Identification of 5-oxo-, 4-oxo-, 5-hydroxy- and 3-hy- 
droxy-3-methylheptadecanoic acids. The lipids present in 
the fractions corresponding to peaks A, B, C, and D of Fig- 
ure 1A were methylated with ethereal diazomethane and 
further purified by reverse-phase HPLC (data not shown). 
Subsequent treatment with BSTFA-TMCS did not affect 
the polarities of the methyl ester of fractions A, B and D 
but substantially reduced the polarity of the methyl ester 
of C as revealed by TLC analysis (silica gel 60, hexane/di- 
ethyl ether/acetic acid, 70:30:1, by vol); data not shown, 
indicating that peak C represented a hydroxylated fatty 
acid. Further analysis by GC of the BSTFA-TMCS- 
treated purified methyl esters showed in each instance 
only one major peak, the EI mass spectra of which are 
given in Figure 2. 

As illustrated in Figure 2A, peak A of Figure 1A was 
identified as being due to 5-oxo-3-methylheptadecanoic 
acid (expected molecular mass of the methyl ester at m/z 
312). The base peak located at m/z 158 is formed by cleav- 
age between carbons 6 and 7 and transfer of a proton 
from carbon 7 to the 5-oxo group by a typical McLafferty 
rearrangement. Ions at m/z 143 and 197 represent the 
two ions formed by an a-cleavage to the 5-oxo group. 
Other ions identified include m/z 126 (158 - CH3OH), 171 
(157 + 14), 101 and 239 (the two cleavage ions a to the 
3-methyl group), 253 (M § - COOCH 3) and 281 (M + - 
OCH3). 

Based on the fragmentation pattern in Figure 2B, peak 
B was identified as 4-oxo-3-methylheptadecanoic acid. 
Identified ions of the methyl ester include m/z 144 (McLaf- 
ferty ion after cleavage ~ to the 4-oxo group), m/z 129 and 
211 (cleavage ions a to the 4-oxo group), m/z 112 (144 - 
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FIG. 1. Reverse-phase high-performance l iquid chromatog- 
raphy (HPLC) separation of  m-oxidation products and puta- 
t ive  in termedia tes  formed by l iver  microsomes  and in rat 
hepatocytes .  Rat l iver  microsomes  (1 mg of  protein)  were  
incubated in capped s i l iconized vials  at 37~ for 15 min in a 
mixture  (final vo lume  of  2 mL) cons i s t ing  of  200 mM Tris 
buffer (pH 7.4), 12.5 mM sucrose,  0.25 mM 3-[N-mor- 
pho l ino]propanesu l fon ic  acid, (pH 7.4), 0.1 mM FeCI3, 
1~2 mM NADP, 5 mM glucose-6-phosphate ,  2 U glucose-6- 
phosphate  dehydrogenase  and 0.25 mM double- label led  
fatty acid substrates. Reactions were terminated by the ad- 
di t ion of  I M HC1, and media  were extracted with ethyl  ac- 
etate  as descr ibed in the Materials  and Methods sect ion.  
Isolated hepatocytes  (5 • 106 cells)  were  incubated  at 37~ 
in 2 mL Krebs-Hensele i t  buffer, pH 7.4, conta in ing  2% 
(wt/vol) defatted a lbumin  and 0.25 mM double- label led  
3-methylheptadecanoic  acid. React ions were stopped with  
HCIO4, and the fatty acid and its polar metabolites  were ex- 
tracted wi th  chloroform/methanol  and separated as de- 
scribed in the Materials  and Methods sect ion.  The fatty 
acid substrates  and the react ion  products  and intermedi-  
ates were  separated by reverse-phase  HPLC us ing  a 
methanol  gradient in water containing 0.1% (vol/vol) acetic 
acid as shown in part B. The eluates  were monitored for ra- 
dioact ivity  (solid l ine,  14C; dashed line, 3H). A, Microsomes 
incubated  with  3 -methylheptadecanoic  acid (3-methyl-[1- 
14C]heptadecanoic acid; specific radioactivity, 1.5 pCi/lmnol; 
3 .methyl-[3-3H]heptadecanoic  acid; specif ic  radioactivity,  
1.5 ~Ci/pmaol). B, Microsomes incubated  with  palmit ic  acid 
([1-14C]palmitic acid; specif ic  radioact ivity ,  1.5 pCi/pmol; 
[9,10-3H]palmitic acid; specif ic  radioactivity,  1.5 pCi/pmaol) 
C, Hepatocytes  incubated with  3-methylheptadecanoic  acid 
(3.methyl-[1-14C]heptadecanoic acid; specific radioactivity,  
1~5 pCi/~maol; 3-methyl-[3-3H]heptadecanoic acid, specific ra- 
dioactivity, 1.5 ~Ci/$unol). 
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FIG. 2. E l e c t r o n  i m p a c t  (EI) m a s s  spec tra  o f  f rac t ions  A, B, 
C a n d  D s h o w n  in  F i g u r e  1A af ter  t r e a t m e n t  w i t h  dia-  
z o m e t h a n e  a n d  bis(trimethylsilyl)trifluoroacetamide con-  
t a i n i n g  1% t r i m e t h y l c h l o r o s i l o n e  (BSTFA-TMCS).  Frac t ions  
A, B, C a n d  D s h o w n  in  F i g u r e  1A w e r e  c o l l e c t e d ,  m e t h y -  
l a t ed  a n d  fur ther  r e s o l v e d  by  r e v e r s e - p h a s e  h i g h - p e r f o r m -  
ance  l i q u i d  chromatography ,  f o l l o w e d  by  gas chromatogra -  
p h y / m a s s  s p e c t r o m e t r y  a f ter  B S T F A - T M C S  t r e a t m e n t  o f  
t h e  p u r i f i e d  m e t h y l  es ters .  EI m a s s  spec tra  o f  p e a k s  A (A), 
B (B), C (C) a n d  D (D) are s h o w n .  MW, m o l e c u l a r  we igh t .  

CH3OH), m/z 157 (143 + 14), 101 and 239, 281 and 312 
(M+). 

As noted above, the differential mobility of the methyl 
ester of fraction C during TLC upon treatment with 
BSTFA-TMCS indicated that it was a hydroxylated fatty 
acid derivative. Based upon the EI spectrum, peak C was 
identified as 5-hydroxy-3-methylheptadecanoic. The high- 
est ion mass is observed at m/z 371, which is due to a loss 
of a CH 3 group from a molecular ion of 386 (M+), the 
methyl ester/trimethyl silyl (TMS) ether of a monohydrox- 
ylated 3-methylheptadecanoic acid. The base ion at m/z 
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FIG. 3. EI m a s s  s p e c t r a  o f  f r a c t i o n s  I, II a n d  III s h o w n  in  
F i g u r e  1B a f ter  t r e a t m e n t  w i t h  d i a z o m e t h a n e  a n d  
B S T F A - T M C S .  F r a c t i o n s  I, II a n d  III s h o w n  in  F i g u r e  1B 
w e r e  c o l l e c t e d ,  m e t h y l a t e d  a n d  f u r t h e r  r e s o l v e d  b y  re- 
v e r s e - p h a s e  h i g h . p e r f o r m a n c e  l i q u i d  c h r o m a t o g r a p h y ,  fol- 
l o w e d  by  gas  c h r o m a t o g r a p h y / m a s s  s p e c t r o m e t r y  a f ter  
B S T F A - T M C S  t r e a t m e n t  o f  t h e  p u r i f i e d  m e t h y l  es ters .  EI 
m a s s  spec tra  o f  p e a k s  I (A), II (B) a n d  III (C) are s h o w n .  Ab- 
b r e v i a t i o n s  as in  F igures  I a n d  2. 
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217 is formed by a cleavage a to the OTMS group at the 
carbon 5 position, the other a-cleavage ion being observed 
at trdz 271. Other ions identified are at rn/z 73 (TMS), 185 
(217 - CH3OH), 285 (271 + 14), 339 (371 - CH3OH) and 
355 (M § - OCH3). 

Peak D in Figure 1A is only i4C-labelled, suggesting 
that some chemical modification occurred at the carbon-3 
position resulting in the loss of the 3H label. TLC analysis 
indicated that  the compound could not be silylated by 
treatment with BSTFA-TMCS after methylation with di- 
azomethane (see above). The highest ion mass is observed 
at m / z  299 (Fig. 2D), which is in agreement with the mol- 
ecular mass of a monohydroxylated 3-methylheptade- 
canoic acid methyl ester after loss of a methyl group (314 - 
15). Therefore, this compound is easily identified as 3-hy- 
droxy-3-methylheptadecanoic acid methyl ester. Such a 
tert iary alcohol cannot be silylated by t reatment  with 
BSTFA-TMCS due to steric hindrance. The base ion at 
rn/z 117 and the ion at rn/z 241 represent the two ions 
formed by cleavage a to the methyl and hydroxyl groups. 
Other ions identified are rn/z 85 (117 - CH3OH) and 225 
(241 - 17 + 1). 

Identification of 5-oxo-, 4-oxo- and 3-hydroxyhexade- 
canoic acids. The lipids associated with peaks I to III 
(Fig. 1B) were methylated with diazomethane and further 
purified by reverse-phase HPLC. GC analysis of these pu- 
tative reaction intermediates derived from palmitic acid 
sometimes revealed more than one peak (data not shown). 
In order to facilitate the identification of the correct com- 
pound by MS, we decided in this particular experiment to 
incubate the microsomes with double-labelled palmitic 
acid diluted with [1,2-13C]palmitic acid instead of the un- 
labelled palmitic acid. Figure 3 shows the EI mass spec- 
tra of the peaks corresponding to fractions I, II and III of 
Figure 1B, after t reatment  with diazomethane and 
BSTFA-TMCS. Preliminary TLC analysis indicated that 
fractions I and II did not contain a hydroxyl group, 
whereas fraction III appeared to be a hydroxylated fatty 
acid (data not shown). 

Fraction I appeared to be 5-oxopalmitic acid (expected 
molecular ion at m / z  286) (Fig. 3A). The base ion is ob- 
served at m / z  146 (145 + 1, McLafferty ion after cleavage 
[~ to the 5-oxo group). The a-cleavage ions appear at m/z 
131 and 183. Other ions identified include rn/z 114 (146 - 
CH3OH), 159 (145 + 14), 226 (M § - 13COOCH3) and 255 
(M* - OCH3). 

Based upon the fragmentation pattern, fraction II was 
identified as 4-oxopalmitic acid (Fig. 3B). The base ion at 
m/z 132 is a McLafferty ion after cleavage [~ to the 4 oxo 
group. Other ions identified include m/z 100 (132 - 
CH3OH), 145 (131 + 14), and 255 (M § - OCH3). Ions at m/z 
117 and 197 represent the two ions formed by a cleavage 
a to the 4-oxo group. 

The EI spectrum of the methyl ester/TMS ether of frac- 
tion III (Fig. 1B), identified as 3-hydroxypalmitic acid, is 
shown in Figure 3C. The expected molecular mass at m/z 
360 is missing, which is not uncommon with the TMS de- 
rivatives ofhydroxy fatty acids. The highest ion mass is ob- 
served at m/z 345 (360 - 15, a loss of methyl group). The 
hydroxyl group is identified at carbon-3, with one a-cleav- 
age ion at m/z 177 and the other at m/z 285. Other ions 

TABLE 2 

Ef fects  o f  G l u t a t h i o n e  a n d  G l u t a t h i o n e  P e r o x i d a s e  on  
F a t t y  A c i d  D e c a r b o x y l a t i o n  a 

(pmole CO2/min.mg.protein) 

Palmitic acid 3-Methylheptadecanoic acid 

Control 65.78 95.27 
+ GSH (1 mM) 51.44 58.79 
+ GPx (5 units) 73.40 88.55 
+ GSH/GPx 

(1 raM/5 units) 5.30 6.61 
aIncubations were carried out in the complete incubation mixture 
described in Table 1. GSH, glutathione; GPx, glutathione peroxi- 
dase. 

identified include m/z 73 (TMS), 89 (OTMS), 145 (177 - 
CH3OH), 313 (345 - CH3OH) and 329 (M § - 31). 

Effects of glutathione and glutathione peroxidase on 
fatty acid decarboxylation by rat liver microsomes. The re- 
sults of these experiments suggested that the compounds 
identified by GC/MS are not direct reaction intermediates. 
One possibility that we envision was that they might have 
been formed as rearrangement products of an unstable 
hydroperoxy fatty acid intermediate. 

Therefore, in a subsequent experiment we examined 
the effects of glutathione and glutathione peroxidase on 
the decarboxylation of palmitic and 3-methylheptade- 
canoic acids by liver microsomes. Table 2 shows that glu- 
tathione plus glutathione peroxidase almost completely 
inhibited the decarboxylation reaction, again suggesting 
that a hydroperoxy fatty acid intermediate is formed dur- 
ing the reaction. Reverse-phase HPLC analysis of the 
ethyl acetate extracts revealed the disappearance of the 
tritiated decarboxylation products as well as of the dou- 
ble-labelled fractions A, B, C, I, II and III and the 14C-la- 
belled fraction D (Fig. 1). However, we did not detect the 
appearance of a hydroxy fatty acid, expected to be formed 
from the putative hydroperoxy fatty acid by glutathione 
peroxidase (data not shown). 

Experiments with isolated hepatocytes. The results from 
these experiments did not allow for the identification of 
reaction intermediates. We therefore decided to carry out 
experiments with freshly isolated intact hepatocytes as 
enzyme source and 3-methylheptadecanoic acid as the 
substrate. The extracts from the incubations with hepato- 
cytes were separated by reverse-phase HPLC, and the re- 
sults are shown in Figure 1C. The single-labelled tritiated 
fraction was methylated, further purified by reverse- 
phase HPLC, and identified by GC/MS as the decarboxy- 
lation product 2-methylhexadecanoic acid (data not 
shown). The peak, designated S, represents unreacted 
3-methylheptadecanoic acid. Only one other double- 
labelled peak, designated P450, was observed. This peak 
completely disappeared after preincubation of the cells 
with metyrapone, indicating that  the peak represents 
o-oxidation products formed by cytochrome P450. 

DISCUSSION 

This study demonstrates that, in the presence of the nec- 
essary cofactors, rat  liver microsomes are capable of de- 
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carboxylating not only 3-methyl-branched fat ty  acids but  
also 2-methyl -branched fa t ty  acids and  even s t ra igh t  
chain fa t ty  acids. This is not surpris ing,  as it has  been 
shown tha t  plant  leaves as well as m a m m a l i a n  brain  mi- 
crosomes can catalyze the  decarboxylat ion of s t ra igh t  
chain fat ty acids (21-23). 

The ma in  purpose of this s tudy was the identification 
of the reaction products and putat ive reaction intermedi- 
ates  of a-oxidation. Tsai et al. (6,7) identified 2-hydroxy- 
phytanic  acid as a react ion in te rmedia te  in the a-oxida- 
tion of phytanic acid to pristanic acid. Ten Brink et al. (24) 
observed the accumulat ion of 2-hydroxyphytanic  acid in 
p l a sma  from pa t ien ts  wi th  peroxisomal  disorders,  sug- 
gesting tha t  in these patients,  who also accumulate  phy- 
tanic acid, the ma in  defect lies in the conversion of 2-hy- 
droxyphytanic  acid to pr is tanic  acid. However, Skjeldal 
and Stokke (25) have questioned the formation of a 2-hy- 
droxy intermediate in a-oxidation. 

In the present  work, we have identified the decarboxy- 
lat ion products  of palmit ic  and 3-methylheptadecanoic  
acids as pentadecanoic and 2-methylhexadecanoic acids, 
respectively, but  we failed to find any evidence for the for- 
mat ion  of a 2-hydroxy-fat ty acid in te rmedia te  in our mi- 
crosomal assay  sys tems as well as in intact  hepatocytes.  
Instead,  in our  microsomal  sys tem we identified the for- 
mat ion  of 5-oxo-, 4-oxo-, 5-hydroxy- and  3-hydroxy-fat ty  
acids. Obviously, these  compounds are  difficult to inte- 
grate in a mechanistic scheme of a-oxidation, producing a 
fa t ty  acid one carbon shor ter  than  the original molecule. 
Although the i r  molecular  s t ruc tures  seem to rule out a 
role as in termedia tes ,  the i r  format ion appea r s  to be 
closely re la ted to the decarboxylation process as studied 
under  our  assay  conditions. Although the i r  molecular  
s t ructures  seem to rule out a role as intermediates ,  their  
formation appears  to be closely related to the decarboxy- 
lat ion process under  our assay  conditions. Like the pro- 
duction of CO 2 and of fat ty  acids shortened by one carbon 
atom, the formation of these intermediates  was dependent 
on the presence of Fe 3+, NADPH and Pi, and  it was  
s t rongly suppressed  by the  addit ion of g lu ta th ione  and  
glutathione peroxidase. The fact tha t  glutathione and glu- 
ta th ione  peroxidase s t rongly inhibi ted fa t ty  acid decar- 
boxylation suggests  tha t  a 2-hydroperoxy fa t ty  acid was 
formed as an in te rmedia te  in the decarboxylat ion reac- 
tion. The formation of a 2-hydroperoxy in termedia te  has  
also been suggested by others for fat ty acid a-oxidation in 
p lant  leaves and  m a m m a l i a n  bra in  microsomes (21-23, 
26,27). Why we have not been able to detect the accumu- 
lation of a hydroxy fa t ty  acid, which is formed from a hy- 
droperoxy fa t ty  acid by glutathione peroxidase, af ter  ad- 
dition of this enzyme to microsomes, is unclear unless one 
a s sumes  t ha t  the pu ta t ive  hydroxy fa t ty  acid r emains  
t ight ly  bound to the enzyme(s)  involved in a-oxidat ion 
thus keeping its concentration low. In any case, at  least  in 
the microsomal  system, the  pu ta t ive  hydroxy fa t ty  acid 
does not seem to function as an in termedia te ,  because 
fa t ty  acid decarboxylat ion was a lmost  completely sup- 
pressed by glutathione peroxidase. On the other hand, if  a 
hydroperoxy fa t ty  acid is formed as an intermediate,  this 
uns table  compound migh t  be r ea r ranged  to some stable  
oxygenated products,  as has  been repor ted  for other  hy- 
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droperoxy fa t ty  acids (28-30). Such chemical rear range-  
ment  reaction, which is facilitated by the presence of iron 
ions (28,29), might  explain the observed accumulat ion of 
the oxo and hydroxy fatty acids. The possibility tha t  these 
oxygenated fa t ty  acids were formed by react ive oxygen 
species, such as H202, superoxide anions or hydroxyl rad- 
icals, seems remote as their  accumulation was not affected 
by inclusion in the react ion mix tures  of ca ta lase  (H20 2 
scavenger), superoxide dismutase (superoxide anion scav- 
enger) and mannitol  or dimethyl sulfoxide (hydroxyl radi- 
cal scavengers) (data not shown). 

The fact tha t  we did not find any evidence for the accu- 
mula t ion  of in te rmedia tes  in isolated hepatocytes,  sug- 
gests tha t  in the intact  cell the concentrations of interme- 
diates mus t  be low and that ,  if  a hydroperoxy intermedi-  
ate  is formed, it m u s t  be rapidly  converted by the 
a-oxidation system before significant chemical rearrange-  
men t  can occur. 

Because we have been unable to detect similar interme- 
diates in incubations with microsomes and intact  hepato- 
cytes, our results  do not allow us to conclude tha t  the mi- 
crosomal fa t ty  acid decarboxylation system, as described 
here, represents  the t rue a-oxidation process as it occurs 
in the  in tact  cell. Although the different s teps in this 
process are still unclear, our data  show tha t  the hydrogen 
a t  carbon-3 carrying the methyl  branch is not involved in 
these steps, excluding a 2,3-desaturation as a potential re- 
action step. 
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It has been shown that tumor necrosis  factor (TNF) 
rapidly upregulates expression of the low density 
lipoprotein (LDL) receptors on Hep G2 cells and acutely 
stimulates hepatic lipid synthesis and secretion in vivo. 
It may thus be possible that TNF-induced expression of  
LDL receptors is secondary to a decrease in cellular cho- 
lesterol content  caused by TNF-stimulated lipid secre- 
tion. In order to know whether TNF upregulates LDL re- 
ceptors by depletion of the cellular cholesterol content, 
the present experiments were designed to study the tem- 
poral relationship between TNF-stimulated express ion 
of  LDL receptor activity and TNF-induced changes in 
lipid synthesis  and secretion in an in vitro sett ing by 
using Hep G2 cells (a highly differentiated human he- 
patoma cell line) as a hepatocyte  model.  Hep G2 cells 
were incubated with TNF (usually 2.5 nmol/L) for certain 
periods, and LDL receptor activity was evaluated by 
measuring [125I]LDL binding at 4~ lipid synthesis  and 
secretion were assayed by measuring [3H]glycerol incor- 
poration into triglycerides and phospholipids as well as 
[14C]acetate incorporation into cholesterol.  We found 
that a 30-h exposure of  the cells to TNF was needed for 
the effect of TNF to be seen on lipid synthesis and secre- 
tion as measured by incorporation of  [3H]glycerol into 
triglycerides and phospholipids,  whereas  TNF rapidly 
(in several hours) upregulated LDL receptor activity. 
TNF stimulated triglyceride synthesis, but did not stimu- 
late phosphol ipid synthesis .  On the other hand, TNF 
stimulated phospholipid secretion, but did not stimulate 
triglyceride secretion. Exposure of the cells to TNF for 16 
or 24 h neither decreased cholesterol synthesis nor stim- 
ulated cholesterol secretion as measured by []4C]acetate 
incorporation into cholesterol.  Upregulation of  LDL re- 
ceptor activity through inhibition of cellular cholesterol 
synthesis with compactin (a competitive inhibitor of the 
3-hydroxyl-3-methylglutaryl-CoA reductase) was aug- 
mented by TNF, whereas downregulat ion of LDL recep- 
tor activity through st imulation of cellular cholesterol  
synthesis  with mevalonolactone almost completely 
blocked the upregulatory effect of  TNF. In conclusion, 
TNF-stimulated expression of  LDL receptor activity is 
not secondary to a depletion of cellular cholesterol con- 
tent through TNF-stimulated lipid secretion or inhibi- 
tion of cholesterol synthesis. 
Lipids 29, 679-684 (1994). 

Cytokines are believed to mediate various pathophysio- 
logic responses to endotoxin and to infectious agents, of 
which tumor necrosis factor (TNF) is one Of the most im- 
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Nutrition Unit, Centre for Nutrition and Toxicology, NOVUM, 
Karolinska Institute, S-141 57 Huddinge, Sweden. 
Abbreviations: apo, Apolipoprotein; BSA, bovine serum albumin; 
EDTA, ethylenediaminetetraacetic acid; HSA, human serum albu- 
min; IL, interleukin; LDL, low density lipoproteins; PBS, phos- 
phate-buffered saline; TLC, thin-layer chromatography; TNF, 
tumor necrosis factor; VLDL, very low density lipoproteins. 

portant (1-5). TNF is a mediator essential for the expres- 
sion of most biological activities of endotoxin. Endotox- 
emia and gram-negative bacterial infection cause pro- 
found changes in metabolism, including hyperlipidemia. 
Administration of cytokines, such as TNF and interleukin 
(IL) 1, into experimental animals can also lead to a hyper- 
lipidemic response (6-10; for reviews, see Refs. 11,12). 
TNF-induced hyperlipidemia occurs mainly through an 
acute stimulation of hepatic lipogenesis with a subsequent 
release of very low density lipoproteins (VLDL) into the 
bloodstream (6-8). Earlier studies have shown that TNF 
directly stimulates hepatic lipogenesis in Hep G2 cells 
(13). We and others have previously reported that  TNF 
rapidly upregulates expression of the low density lipopro- 
tein (LDL) receptors on Hep G2 cells (14,15). Thus, TNF 
may upregulate LDL receptor expression by decreasing 
hepatic cholesterol content through stimulation of VLDL 
secretion or by other mechanisms. The present study was 
carried out to elucidate the temporal relationship between 
TNF-stimulated expression of LDL receptors and TNF-in- 
duced changes in hepatic lipid synthesis and secretion in 
Hep G2 cells. 

MATERIALS AND METHODS 

Materials. Recombinant human TNF was supplied by 
Boehringer Ingelheim (Vienna, Austria). [l(3)-3H]Glycerol 
(2.8 Ci/mmol), [9,10(n)-3H]oleic acid (5 CVmmol) and 
[1J4C]acetic acid (soditun salt, 53.4 mCi/mmol) were pur- 
chased from Amersham (Buckinghamshire, United King- 
dom). Oleic acid, triolein, cholesterol, cholesteryl oleate, 
fatty acid-free bovine serum albumin (BSA), human 
serum albumin (HSA; fraction V) and mevalonolactone 
were purchased from Sigma (St. Louis, MO). Compactin 
was a kind gift from Dr. Akira Endo (Fermentation Re- 
search Laboratories, Sankyo Co. Ltd., Tokyo, Japan). 
Fetal calf serum was purchased from Flow Laboratories 
(Irvine, United Kingdom). RPMI-1640 with glutamine 
and 0.05% trypsin/0.02% ethylenediaminetetraacetic acid 
(EDTA) were purchased from Life Technologies Ltd. 
(Paisley, United Kingdom). Plastic Petri dishes (35-mm) 
and 80-cm 2 flasks were purchased from NUNCLON 
(Roskilde, Denmark). Thin-layer chromatography (TLC) 
silica gel 60 plates were purchased from E. Merck (Darm- 
stadt, Germany). OptiPhas HiSafe II liquid scintillation 
cocktails were purchased from Wallac Oy (Turku, Fin- 
land). 

Cell culture. The human hepatoma cell line Hep G2 was 
obtained from the American Tissue Type Culture Collec- 
tion (Rockville, MD). The cells were cultured in 80-cm 2 
flasks and seeded into 35-mm Petri dishes for the experi- 
ments as described previously (16,17). 

Lipoprotein isolation and labeling. LDL was isolated 
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from human plasma from normocholesterolemic subjects 
by sequentional preparative ultracentrifugation (18) as 
described earlier (16,17). A narrow density range 
(1.034-1.054 g/mL) was used in the experiments to mini- 
mize contamination of LDL with apolipoprotein E. 

LDL was iodinated with 125I by the monochloride 
method (19) as modified for lipoproteins (20). Unbound 
125I was removed by chromatography on a Sephadex G-25 
column PD10 (Pharmacia, Uppsala, Sweden), followed by 
extensive dialysis against 0.15 M NaC1 with 1 mM EDTA, 
pH 7.4. The specific activity of the LDL was between 150 
and 400 cpm/ng LDL protein. 

Cellular lipid biosynthesis. To measure triglyceride and 
phospholipid synthesis, we used the [3H]glycerol incorpo- 
ration technique under essentially the same experimental 
conditions as cited by Grunfeld et al. (13). In brief, the ef- 
fect of TNF on lipid biosynthesis in Hep G2 cells was 
studied after the cells had reached subconfluency. The 
cells were then incubated in RPMI 1640 containing 0.5% 
HSA in the presence or absence of TNF as described in the 
legends to the figures (shown later). For the last 6 h, the 
medium was replaced with RPMI 1640 containing 
0.5% HSA, 1 mmol/L oleic acid (bound to albumin) and 
2.5 ~tCi/mL [3H]glycerol with or without TNF. Oleic acid 
was included during the incubation to enhance the syn- 
thesis of triacylglycerols. Glycerol incorporation was 
stopped by removing the medium and washing the cells 
three times with cold phosphate-buffered saline (PBS). 
The cellular lipids and the lipids secreted into the medium 
were then extracted with chloroform/methanol (1:2, by 
vol) (21). The chloroform phase was dried under nitrogen, 
after which the lipids were separated by TLC as described 
earlier (22). The triglyceride band was recognized by ex- 
posure to iodine vapor, using triolein as an internal stan- 
dard, whereas phospholipids did not migrate from the ori- 
gin. The triglyceride and phospholipid bands were then 
cut from the plates and counted in 10 mL scintillation 
fluid in a beta counter (Packard 300 CD liquid scintilla- 
tion spectrometer; Packard Instruments, Groningen, The 
Netherlands). 

To measure cholesterol synthesis, we used [14C]acetate 
as precursor. Hep G2 cells were used when the cells had 
reached subconfluency. The cells were then incubated in 
RPMI 1640 containing 0.5% HSA in the presence or ab- 
sence of TNF (2.5 nmol/L). For the last 16 h, [14C]acetate 
(sodium salt, 2 ~tCi/mL medium) was added. [14ClAcetate 
incorporation was stopped by removing the medium and 
washing the cells three times wth cold PBS. The cellular 
lipids and the lipids secreted into the medium were then 
extracted and separated by TLC as described in the above 
paragraph. The cholesterol band was cut from the plates 
and counted in 10 mL scintillation fluid in the beta 
counter. Radioactivity associated with the cholesterol 
band was taken as index of the overall cholesterol biosyn- 
thetic activity. 

LDL receptor activity assay. The LDL receptor activity 
assay was carried out at 4~ by measuring LDL binding 
as described earlier (14,22). In brief, after exposure of the 
cells to TNF (2.5 nmol/L), the cells were washed twice 
with 1 mL PBS containing 0.2% BSA. Ice-cold medium 
(1 mL) containing 0.5% HSA was added to each dish. The 
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cells were then precooled for 20 min at 4~ Next, 
[125I]LDL (2 ~tg LDL protein/mL medium) was added to 
each dish for a 2-h incubation at 4~ The cells were then 
washed once with 1 mL of cold PBS containing 0.2% BSA 
and twice with 1 mL PBS, and then scraped into 1 mL of 
0.5 mol/L NaOH for cell protein assay and for measuring 
radioactivity in a gamma-counter (LKB model 1271 auto- 
matic gamma counter; Wallac, Turku, Finland). 

Cholesterol esterification assay. The cells were incu- 
bated with RPMI 1640 containing 0.5% HSA in the pres- 
ence or absence of TNF (2.5 nmol/L), with increasing 
amounts of LDL added, for 24 h. For the last 4 h, [3H]oleic 
acid complexed with BSA (2 ~tCi/mL medium) was added 
to measure cholesterol esterification as described previ- 
ously (22). The radioactivity recovered in the cholesteryl 
ester band was taken as a measure of the cellular choles- 
teryl ester synthetic activity. 

Statistics. Data are presented as means _+ SD. Experi- 
mental results were analyzed for their statistical signifi- 
cance by Student's t-test. The paired data were analyzed 
by Student's paired t-test, as indicated in the text. A P 
value of less than 0.05 was considered significant. 

RESULTS 

Effect of TNF on cellular triglyceride and phospholipid syn- 
thesis. Incubation of Hep G2 cells with TNF (2.5 nmol/L or 
42.5 ng/mL) did not acutely stimulate li~id synthesis, but 
after 30-h exposure of the cells to TNF, [~H]glycerol incor- 
poration into triglycerides was increased by 15--27% 
(Fig. 1A). An optimal effect of TNF on triglyceride synthe- 
sis was seen after 78 h. The cells were then exposed to in- 
creasing amounts of TNF for 78 h. The data show that 
TNF stimulated triglyceride synthesis in a dose-dependent 
manner (Fig. 2A). Thus 1.56 nmol/L of TNF induced an in- 
crease in triglyceride synthesis by about 21%. At concen- 
trations over 3.125 nmol/L, the level of increased triglyc- 
eride synthesis (by 35-48%, P < 0.05 or less) remained 
quite constant. By contrast, TNF did not seem to stimulate 
phospholipid synthesis (Figs. 1A and 2A). 

Effect of TNF on cellular triglyceride and phospholipid 
secretion. TNF did not stimulate triglyceride secretion, but 
caused a time- and dose-dependent stimulation of secre- 
tion of phospholipids into the medium (Figs. 1B and 2B). 
During shorter incubation (up to 16 h) with TNF (2.5 
nmol/L), there was no increase in the secretion of newly 
synthesized lipids. After 30 h of incubation, TNF-treated 
cells seemed to secrete more labeled phospholipids into t h e  
medium than did control cells (a 19-31% increase) 
(Fig. 1B). Longer incubations with TNF led to a progres- 
sive increase in phospholipid secretion into the medium 
(Fig. 1B). TNF stimulated [3H]glycerol incorporation into 
phospholipids in a dose-dependent manner (Fig. 2B). Thus, 
0.78 nmol/L of TNF cause a 42% increase (P < 0.02) in 
phospholipid secretion. At concentrations over 1.56 
nmol/L, the increase in phospholipid secretion (by 67-84%, 
P < 0.001) remained quite constant. It should also be noted 
that only relatively small amounts of newly synthesized 
lipids were secreted (see legends to Figs. 1 and 2). 

Effect of TNF on cholesterol synthesis and secretion. 
After 16 or 24 h of exposure of cells to TNF (2.5 nmol/L), 
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FIG. 1. Time course  of  the  effect  of  t u m o r  necros i s  f ac to r  
(TNF) on [3H]glycerol i n c o r p o r a t i o n  in to  ce l lu la r  l ip ids  
(synthesis) and into medium lipids (secretion). Hep G2 cells 
were  cu l tu red  in 2 mL RPMI 1640 con ta in ing  10% fetal  calf  
s e rum un t i l  subconf luent .  Medium was then  changed  to 
1 mL medium conta in ing  0.5% human  serum albumin (lISA) 
for  78 h. Dur ing  this  pe r iod  of  incubat ion ,  TNF was added  
at  va r ious  t ime  poin ts  at  a c o n c e n t r a t i o n  of  2.5 nmol/L. 
Total  exposure  t ime  to TNF is i nd i ca t ed  in the  f igure.  Fo r  
the  last  6 h, med ium was r ep laced  wi th  1 mL med ium con- 
t a in ing  0.5% HSA, 1 mmol/L oleic ac id  (bound to a lbumin)  
and  2.5 ~tCi [3H]glycerol wi th  or  wi thou t  TNF. The ce l lu la r  
l ipids and the  secre ted  l ipids were  ex t rac ted  and analyzed  
as desc r ibed  in the  Mate r ia l s  and Methods  sect ion.  The 
da ta  a re  means  -* SD of t h r ee  sepa ra t e  expe r imen t s ,  each  
done  at leas t  wi th  t r ip l i ca te  d ishes  and a re  expressed  as 
percentages  of controls.  The control  values for [~H]glycerol 
incorpora t ion  into the cel lular  t r ig lycer ides  (TG) and phos- 
pholipids (PL) (lipid synthesis) are  202.7 and 31.5 pmol/dish, 
respectively. The control  values  for [3H]glycerol incorpora-  
t ion into  the  med ium TGs and PLs (lipid secret ion)  are  1.1 
and 1.3 pmol/dish, respectively. 

no significant changes could be seen in [14C]acetate incor- 
poration into cellular cholesterol (98 _+ 10% of the control 
for a 16-h exposure in three separate experiments each 
done with triplicate dishes; 98 -+ 12% of the control for a 
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FIG. 2. Dose r e sponse  of  the  effect  of  TNF on [3H]glycerol 
i nco rpo ra t i on  into  ce l lu la r  l ip ids  (synthesis)  and  in to  
med ium lipids (secretion).  Hep G2 cells were  cu l tu red  in 2 
mL RPMI 1640 cont~inlng 10% fetal calf  se rum unti l  subcon- 
fluent. Medium was then  changed to 1 mL medium contain- 
ing 0.5% HSA wi th  increas ing  amounts  of  TNF for 78 h. For  
the last  6 h of  the incubat ion,  med ium was rep laced  wi th  1 
mL m e d i u m  con t a in ing  0.5% HSA, 1 mmol/L oleic ac id  
(bound to a lbumin)  and 2.5 ~Ci [3H]glycerol wi th  increas-  
ing  amoun t s  of  TNF. The ce l lu la r  l ip ids  and the  sec re t ed  
l ipids were  ex t rac ted  and analyzed as descr ibed in the Ma- 
te r ia l s  and Methods  sect ion.  The da ta  a re  means  -* SD of 
t r ip l ica te  de te rmina t ions  and are  expressed as percentages  
of  controls .  The cont ro l  va lues  for [ H]glycerol  incorpora-  
t ion into the cel lular  TGs and PLs (lipid synthesis) are  160.5 
and  25.5 pmol/dish,  respect ively .  The con t ro l  va lues  for  
[~H]glycerol i n c o r p o r a t i o n  into  the  m e d i u m  TGs and PLs 
(lipid secretion) are  0.9 and 1.3 pmol/dish, respectively. One, 
two and th ree  star(s) show tha t  P values  are  less than  0.0"5, 
0.02 and 0.001, respectively. Abbreviat ions as in Figure  1. 
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24-h exposure  in  four  s e p a r a t e  expe r imen t s  each done wi th  
t r i p l i c a t e  d ishes) .  The  d a t a  i n d i c a t e  t h a t  T N F  does  no t  
a cu t e ly  i n h i b i t  ce l lu l a r  cho les te ro l  syn thes i s .  However ,  a 
48-h  e x p o s u r e  to T N F  s e e m e d  to s l i gh t ly  i n h i b i t  c e l l u l a r  
cholesterol  syn thes i s  (85 • 8.2% of the  control  in t h r ee  sep-  
a r a t e  e x p e r i m e n t s  e ach  done  w i t h  t r i p l i c a t e  d ishes) .  On 
t h e  o t h e r  h a n d ,  a f t e r  e x p o s u r e  to T N F  for 16, 24, or  48 h 
t he  cel ls  d id  no t  secre te  more  14C-labeled choles te ro l  in to  
the  m e d i u m  (da t a  not  shown). 

Comparison of TNF-st imulated lipid synthesis and se- 
cretion with its effect on expression of LDL receptors. Expo- 
sure  of t he  cells to T N F  caused  a t i m e - d e p e n d e n t  inc rease  
in  LDL r e c e p t o r  ac t iv i ty  in  H e p  G2 cells. Af t e r  16 h of  in- 
cubat ion,  T N F - s t i m u l a t e d  LDL b ind ing  seemed  to r each  a 
m a x i m a l  leve l  (14). B e c a u s e  T N F  does  no t  i n c r e a s e  non-  
specific b i n d i n g  of  [125I]LDL to H e p  G2 cells  ( d e t e r m i n e d  
in  t h e  p re sence  of  a 40-fold excess  of  u n l a b e l e d  LDL),  t he  
i n c r e a s e  in  b i n d i n g  exc lus ive ly  ref lec ts  i n c r e a s e d  specific 
b i n d i n g  ( ca l cu l a t ed  b y  s u b t r a c t i n g  nonspec i f ic  b i n d i n g  
f rom t o t a l  b ind ing )  i.e., i n c r e a s e d  LDL r e c e p t o r  ac t i v i t y  
(14). Consequent ly ,  in  the  p r e sen t  s t u d y  only  to ta l  b ind ing  
w a s  m e a s u r e d .  The  r e s u l t s  f rom e i g h t  s e p a r a t e  exper i -  
m e n t s  ( i nc lud ing  t h r e e  m a t c h e d  e x p e r i m e n t s  in  w h i c h  
LDL r e c e p t o r  ac t i v i t y  a n d  l i p id  s y n t h e s i s  a n d  sec re t ion  
we re  m e a s u r e d  s i m u l t a n e o u s l y )  a r e  shown  in  Table  1. 
A i ~ r  a 16-h exposure  of  the  cells to T N F  (2.5 nmol/L), LDL 
b i n d i n g  i n c r e a s e d  by  49% (P < 0.005, S t u d e n t ' s  p a i r e d  
t - tes t ) ,  w h e r e a s  no s ign i f i can t  c h a n g e s  could  be  seen  in  
l ip id  s y n t h e s i s  a n d  sec re t ion  (see Table  1). In  fact ,  T N F -  
s t i m u l a t e d  LDL recep tor  ac t iv i ty  became  a p p a r e n t  ea r l i e r  
(af ter  a 2-h exposure  of  t he  cells to 2.5 nmol /L TNF, a n  in- 
c rease  of 16 • 9.9%, P < 0.025, S tuden t ' s  pa i r ed  t - test ,  five 
s e p a r a t e  exper imen t s ;  a f te r  a 12-h exposure  of t he  cells to 
2.5 nmol /L  TNF,  a n  i n c r e a s e  of  43 • 15%, P < 0.001, S tu -  
dent ' s  p a i r e d  t - test ,  e igh teen  s e p a r a t e  exper iments ) .  Af te r  
longer  exposu re  to T N F  (48 h), T N F  i n c r e a s e d  LDL bind-  
i ng  by  62% (P < 0.05, S t u d e n t ' s  p a i r e d  t - tes t ) ,  i n c r e a s e d  
t r ig lyce r ide  syn thes i s  by  15% (P < 0.005, S tuden t ' s  p a i r e d  
t - tes t) ,  a n d  i n c r e a s e d  p h o s p h o l i p i d  sec re t ion  by  27% (P < 
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0.025, S tuden t ' s  pa i r ed  t-test),  respect ive ly  (see Table 1). 
Effect of T NF  on LDL-stimulated cholesterol esterifica- 

tion. One of  t h e  consequences  of  LDL r e c e p t o r - m e d i a t e d  
ce l lu lar  LDL ca tabo l i sm is the  ac t iva t ion  of acyl-coenzyme 
A:choles terol  acy l t r ans fe rase .  LDL- induced  cholesterol  es- 
t e r i f i ca t ion  re f lec t s  LDL r e c e p t o r  act ivi ty.  E x p o s u r e  of  
H e p  G2 cells to T N F  (2.5 nmol /L)  caused  a s ign i f i can t  in- 
c r e a s e  in  L D L - s t i m u l a t e d  cho les te ro l  e s te r i f i ca t ion ,  b u t  
h a d  no effect on b a s a l  choles terol  es te r i f ica t ion  (in the  ab- 
sence of  LDL) (Table 2). This  impl ies  t h a t  T N F - s t i m u l a t e d  
LDL receptor  ac t iv i ty  l eads  to an  inc rease  in ce l lu lar  endo- 
cytos is  of  LDL fol lowed by  h y d r o l y s i s  of  cho les t e ry l  e s t e r  
into free cholesterol  in lysosomes.  

Modulation of  cellular cholesterol content and its effect 
on TNF-induced upregulation of LDL receptor activity. We 
u s e d  compac t in ,  a compe t i t i ve  i n h i b i t o r  of  3 -hydroxy-3-  
m e t h y l g l u t a r y l - C o A  reduc t a se ,  to i nh ib i t  choles tero l  syn-  
thesis .  We used  mevalonolac tone ,  which  enhances  ce l lu lar  
choles terol  syn thes i s  by  supp ly ing  an  i n t e r m e d i a r y  in t he  
choles terol  b iosyn the t i c  p a t h w a y  beyond  the  r a t e - l im i t i ng  
step,  to s t i m u l a t e  choles terol  synthes i s .  We then  observed  
t h e  effect  of  v a r i a t i o n  in  c e l l u l a r  cho les te ro l  c on t en t  on 
T N F - s t i m u l a t e d  express ion  of  LDL receptor  activity. As ex- 
pec ted ,  e x p o s u r e  of  t h e  cel ls  to m e v a l o n o l a c t o n e  for 48 h 
led  to a m a r k e d  reduc t ion  of LDL b ind ing  by  69-75% (P < 
0.001), w h e r e a s  exposure  to compac t in  caused  a n  increase  
in LDL b i n d i n g  by  156-173% (P < 0.001) (Table 3). More-  
over, up regu la t ion  of LDL receptor  ac t iv i ty  wi th  compact in  
showed a synerg is t ic  effect w i th  the  up re gu l a t i on  by  TNF, 
w h e r e a s  d o w n r e g u l a t i o n  of  LDL r e c e p t o r  ac t i v i t y  w i t h  
meva lono lac tone  a lmos t  comple te ly  blocked the  up regu la -  
tory  effect of T N F  (Table 3). 

DISCUSSION 

T N F  is a m e d i a t o r  r e spons ib l e  for mos t  in vivo endotoxic  
ac t iv i ty  (1-5). T N F  m a y  me d ia t e  endotoxin- induced hyper-  
l i p i d e m i a  by  s u p p r e s s i o n  of  l i pop ro t e in  l i pase  (23,24), a n  
enzyme  which  hydro lyzes  t r ig lyce r ides  in  VLDL a n d  chy- 

TABLE 1 

C o m p a r i s o n  o f  t h e  E f f e c t  o f  TNF o n  LDL R e c e p t o r  A c t i v i t y  w i t h  Its  E f f e c t  o n  S y n t h e s i s  a n d  S e c r e t i o n  o f  L i p i d s  a 

Exposure 
time LDL receptor activity 
to TNF 16 h 48 h 

Lipid synthesis Lipid secretion 
TG PL TG PL 

16 h 48 h 16 h 48 h 16 h 48 h 16 h 48 h 

Experiment number 
1 126 +_ 18 132 +_ 19 b 100 _+ 7.9 117 +_ 0 .8  b 102 _+ 10 110 _+ 3.7 92 -+ 3.2 97 _+ 3.5 109 -+ 7.4 137 _+ 5.9 c 
2 136_+3.3 d 171_+30 c 104_+4.4 118_+5.2 102_+2.6 112-+2.7 c 95-+5.8 82_+6.2 c 110_+11 131_+8.8 c 
3 149 _+ 13 f 203 + 16 f 105 _+ 1.2 112 _+ 9.6 110 _+ 3.1 107 -+ 3.9 94 -+ 17 83 _+ 3.4 c 91 _+ 3 110 -+ 1.5 
4 - -  - -  97 _+ 0.3 109 _+ 4 90 _+ 7.7 97 -+ 3.3 85 + 14 51 • 8.4 e 123 _+ 38 114 +_ 27 
5 - -  - -  110 _+ 6.7 121 _+ l0 b - -  - -  107 _+ 17 105 • 24 102 _+ 45 145 +- 25 c 
6 183 _+ 15 e 142 +_ 14 c . . . . . . . .  
7 159 _+ 12 e . . . . . . . . .  
8 138 _+ 6.8 f . . . . . . . . .  

Sum 
(mean _+ SD) 149 _+ 20 e~ 162 _+ 32 b'g 103 _+ 5 115 _+ 5 e"g 101 _+ 8 106 _+ 6 95 _+ 8 84 _* 21 107 _+ 12 127 + 15 c'g 

aSubconfluent cells were used. Ai~r  exposure of the cells to tumor necrosis factor (TNF) (2.5 nmol/L) for 16 or 48 h, low density lipopro- 
and [ H]glycerol incorporation into triglycerides and phospholipids were measured as described in the Materials and tein (LDL) binding 3 

Methods section. The data are means -+ SD of, at least, triplicate determinations, and expressed as percentages of the controls. TG, 
triglycerides; PL, phospholipids, bp < 0.05. cp < 0.025. dp < 0.01. ep < 0.005. fP < 0.001. gStudent's paired t-test. 
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TABLE 2 

Effect  o f  TNF o n  L D L - I n d u c e d  Cho les tero l  E s t e r i f i c a t i o n  a 

[3H]Oleate incorporation into cholesteryl ester 
(fmol/dish) 

LDL added P value, compared 
(pg LDL Control with the 
protein/mL (without corresponding 
medium) TNF) TNF control values 

0 682 _* 75 660 +_ 81 (97) NS 
12.5 1248 _* 177 1824 _+ 56 (146) <0.01 
25 1785 _+ 156 2582 _+ 450 (144) <0.05 
50 1768 _+ 175 3047 _+ 243 (172) <0.005 
100 2065 _+ 91 2905 -+ 240 (141) <0.005 
aHep G2 cells were used when the cells reached subconfluency. The 
cells were incubated with RPMI 1640 containing 0.5% human 
serum albumin in the presence or absence of TNF (2.5 nmol/L) 
with increasing amounts of LDL added for 24 h. For the last 4 h, 
[3H]oleic acid complexed with bovine serum albumin was added for 
the cholesterol esterification assay as described in the Materials 
and Methods section. The data are means ~ SD of triplicate deter- 
minations. Numbers in parentheses are percentages of the corre- 
sponding control values. NS, not significant. Abbreviations as in 
Table 1. 

TABLE 3 

Effect  o f  Var ia t ion  of  Ce l lu lar  Cho le s t ero l  C o n t e n t  o n  TNF- 
I n d u c e d  U p r e g u l a t i o n  o f  LDL R e c e p t o r  Act iv i ty  a 

LDL binding (% of control) 
Additives Experiment 1 Experiment 2 

None (control) 100 ~- 13 100 _+ 13 
Mevalonolactene (10 mM) 25 • 3.3 b 31 _+ 3.8 b 
Compactin (20 pM) 273 ~- 22 b 256 _+ 24 b 
TNF (2.5 nM) 195 ~- 17 c 177 _+ 26 d 
Mevalonolactone (10 mM) + TNF 

(2.5 nM) 29 ~- 4.25 33 _+ 2.3 b 
Compactin (20 ~M) + TNF 

(2.5 nM) 395 ___ 59 c'e 350 _+ 31 b'f 

aHep G2 cells were cultured in RPMI1640 containing 10% fetal calf 
serum until subconfluent. Medium was then changed to RPMI 
1640 containing 0.5% human serum albumin with or without 
mevalonolactone or compactin for 48 h. For the last 24 h, TNF 
(2.5 nmol/L) was added to the dishes as indicated. After the incu- 
bation, LDL binding was measured as described in the Materials 
and Methods section. The data are means _ SD of triplicate deter- 
minations and expressed as percentages of the controls. The con- 
trol values were 15.6 ng LDL protein/mg cell protein (experiment 
1) and 15.5 ng LDL proteirdmg cell protein (experiment 2), respec- 
tively. Abbreviations as in Table 1. 
bp < 0.001, compared with the corresponding control values. 
cp < 0.005, compared with the corresponding control values. 
ap < 0.02, compared with the corresponding control values. 
ep < 0.05, compared with the addition ofcompactin alone, and P < 
0.001, compared with the addition of TNF alone. 
fP < 0.02, compared with the addition of compactin alone, and P < 
0.005, compared with the addition of TNF alone. 

lomicrons, and/or by stimulation of hepatic lipid synthesis 
w i t h a  subsequent release of endogenous triglycerides as 
VLDL particles into the bloodstream (6-8). Current data 
show that  TNF increases serum triglyceride levels primar- 
ily by stimulation of hepatic lipid synthesis and secretion 
of VLDL, rather than by suppression of lipoprotein lipase 
(6-9,12). Administration of TNF leads to an acute hyper- 

triglyceridemic response, which can be seen as early as 2 h 
after TNF administration (6-8). We and others have previ- 
ously reported that  TNF rapidly upregulates LDL recep- 
tor activity in vitro (14,15). Thus TNF may  upregulate 
LDL receptor expression via depletion of hepatocytic cho- 
lesterol content secondarily caused by stimulation of 
VLDL secretion. Therefore, we compared the effects of 
TNF on lipid synthesis and secretion and on expression of 
LDL receptor activity in Hep G2 cells. 

Although the use of Hep G2 cells has some limitations, 
for example, these cells secrete only scarce amounts  of 
lipoproteins which also applies, to some extent, to hepato- 
cytes in primary cultures (25-27), Hep G2 cells have been 
used extensively as a model for studying hepatic lipid me- 
tabelism (28). Grunfeld et al. (13) showed that  TNF and 
other cytokines (IL 1 and interferon a) stimulate lipid syn- 
thesis and secretion in Hep G2 cells by measur ing 
[3H]glycerol incorporation into lipids. They found that  a 
24-h exposure of Hep G2 cells to TNF is needed for TNF to 
stimulate lipid synthesis and secretion (13), although data 
were mostly given as incorporation of [3H]glycerol into 
total lipids. By using the same experimental conditions, 
the present study confirms that  TNF can directly stimu- 
late lipid synthesis and secretion. The response pat terns 
of Hep G2 cells to TNF exposure found in the present study 
are basically consistent with the data by Grunfeld et al. 
(13), i.e., TNF stimulates lipid synthesis and secretion in a 
dose- and time-dependent manner, but long-term exposure 
is needed for the effect to appear. We further  found tha t  
TNF stimulated incorporation of [3H]glycerol into triglyc- 
erides in Hep G2 cells, but did not stimulate phospholipid 
synthesis, and that  TNF caused an increase in phospho- 
lipid secretion, but did not stimulate triglyceride secretion. 
This suggests that  TNF may cause triglyceride accumula- 
tion in hepatocytes. One recent in vitro study showed that  
a i ~ r  exposure of Hep G2 cells to cytokines (TNF, IL 1 and 
IL 6) for 24 h, the concentrations of apolipoproteins (apo) 
A-I and B in the medium were decreased and cellular 
apoA-I mRNA, but not apoB mRNA, was decreased (29). 
In in vivo studies, it was found that  the levels of hepatic 
mRNA for apoB and apoE did not increase 24 h a i~ r  a sin- 
gle administrat ion of TNF (30), but  hepatic lipid (fatty 
acids, triglycerides and cholesterol) synthesis and secre- 
tion were markedly increased (6-8). In vivo stimulation of 
triglyceride synthesis by TNF is fast compared to its stim- 
ulation of cholesterol synthesis (6-8). Hence, TNF may rel- 
atively delay secretion of triglycerides in vivo, resulting in 
hepatic accumulation of triglycerides, a process involved 
in fatty liver formation, which is also observed in endotox- 
emia (31). 

The lipogenetic response of Hep G2 cells to TNF in 
in vitro studies carried out by us and others (13) is signifi- 
cantly different from that  which is seen in an in vivo set- 
ting. TNF administrat ion to intact animals causes an 
acute response of lipid synthesis and secretion by the liver 
as early as 2 h a f a r  administration (6-8), whereas many 
hours are needed for the lipogenetic effect of TNF to ap- 
pear in Hep G2 cells. What  causes this difference is not 
clear. This is also the case with other biological activities 
of TNF, i.e., serum zinc levels and amino acid transport,  
which are rapidly modulated when TNF is given to rats 
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in vivo, but  TNF increases zinc and amino acid t ranspor t  
only af ter  16 to 20 h of exposure in hepatocytes  in vitro 
(32,33). 

LDL receptor expression is believed to be largely con- 
trolled at  the level of transcription and has been linked in- 
versely to intracellular cholesterol levels (34,35), whereas  
little is known about  the regulatory mechanisms for LDL 
receptor activity independent of cholesterol pathways. The 
current s tudy shows tha t  TNF acutely st imulates LDL re- 
ceptor activity, whereas  at  this point, it nei ther  increases 
lipid secretion nor decreases cholesterol synthesis.  These 
findings suggest  tha t  TNF upregula tes  LDL receptor ac- 
tivity v/a a pa thway independent of cholesterol homeosta- 
sis. One recent s tudy has  shown tha t  TNF upregula tes  
LDL receptors by inducing LDL receptor gene transCrip- 
tion in Hep G2 cells (15). Inhibi t ion of protein synthesis  
blocks the st imulatory effect of TNF on expression of LDL 
receptor activity and LDL receptor gene (14,15), suggest- 
ing tha t  TNF induces synthesis of protein factor(s) which 
then  activate(s) LDL receptor  gene transcript ion.  I t  was 
found tha t  TNF simultaneously induced expression of the 
genes for the LDL receptor and its positive t ranscr ipt ion 
factor SP-1 in h u m a n  endothelial  cells (36), suggesting a 
possible role of SP-1 in TNF-induced expression of the LDL 
receptor. Other  macrophage-derived factors, including on- 
costat in M, IL 6, I L l  and t ransforming  growth factor ~, 
have recently been reported to also have the ability to up- 
regulate LDL receptor activity in Hep G2 cells (37,38). 

We previously showed tha t  incubation of Hep G2 cells 
with LDL for 12 h before exposure to TNF completely abol- 
ished the upregulatory effect of TNF on LDL receptor ac- 
t ivity (14). In  the  presen t  study, we fur ther  show tha t  
downregulation of LDL receptor activity via stimulation of 
cholesterol synthesis by using mevalonolactone also com- 
pletely blocked the upregulatory effect of TNF on LDL re- 
ceptor activity, whereas  upregulat ion of LDL receptor ac- 
tivity via inhibition of cholesterol synthesis by using com- 
pactin showed a synergistic effect with TNF. One recent  
study also showed tha t  LDL blocked the stimulatory effect 
of TNF on the expression of the LDL receptor gene (15). 

The present  s tudy fur ther  shows tha t  exposure of 
Hep G2 cells to TNF causes a significant increase in LDL- 
st imulated cholesterol esterffication, suggesting tha t  TNF- 
s t imulated LDL receptor activity leads to an increase in 
cellular endocytosis of LDL followed by hydrolysis of cho- 
lesteryl ester into free cholesterol in lysosomes. 

In  summary,  TNF-st imulated expression of LDL recep- 
tor activity is not secondary to a depletion of cellular cho- 
lesterol content caused by TNF-st imulated lipid secretion 
or by inhibition of cellular cholesterol synthesis, but ra ther  
an effect on LDL receptor  gene expression. TNF-s t imu-  
lated LDL receptor expression may be one example of non- 
cholesterol-mediated modes for the regulat ion of hepatic  
LDL receptors. 
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T h e  e f f ec t  o f  g l u c o s e  s t i m u l a t i o n  (25 m M  for  5 m i n )  on  
t h e  p h o s p h o l i p i d  and  n e u t r a l  l ip id  c o m p o s i t i o n  o f  i so-  
l a t e d  p a n c r e a t i c  i s l e t s  w a s  s t u d i e d  to  f ind  out  w h e t h e r  
t h e r e  is  a c h a n g e  in  t h e  m a s s  o f  p o t e n t i a l  l ip id  m e d i a -  
tors  or  m o d u l a t o r s  o f  in su l in  s ecre t ion .  For  c o m p a r i s o n ,  
the  l ip id  c o m p o s i t i o n s  o f  h o m o g e n a t e s  and  s u b c e l l u l a r  
f r a c t i o n s  f r o m  R I N m 5 F  i n s u l i n - s e c r e t i n g  t u m o r  c e l l s  
and  of  g l u c o s e - s t i m u l a t e d  s t r e p t o z o t o c i n / n i c o t i n a m i d e -  
i n d u c e d  i s l e t  c e l l  t u m o r s  w e r e  a n a l y z e d .  Af ter  s epara -  
t i o n  o f  t h e  l ip id  e x t r a c t  i n t o  a n e u t r a l  a n d  an a c i d i c  
f r a c t i o n  b y  a n i o n - e x c h a n g e  c h r o m a t o g r a p h y ,  l i p i d s  
w e r e  s e p a r a t e d  b y  h i g h - p e r f o r m a n c e  t h i n - l a y e r  chro-  
m a t o g r a p h y  and  q u a n t i t a t e d  by  in situ d e n s i t o m e t r y  o f  
the  cupr ic  su l fa t e - charred  bands .  In  g l u c o s e - s t i m u l a t e d  
i s l e t s ,  the  m o l a r  p e r c e n t a g e s  o f  p h o s p h a t i d i c  ac id  (PA) 
a n d  o f  p h o s p h a t i d y l i n o s i t o l  w e r e  s i g n i f i c a n t l y  in- 
c r e a s e d  (3.1 vs.  4.7 mol% a n d  8.6 vs.  11.8 mol%), w h i l e  
t h o s e  o f  al l  o t h e r  p h o s p h o l i p i d s  a n d  n e u t r a l  l ip ids ,  
i n c l u d i n g  1 ,2 -d iacy lg lycero l ,  w e r e  n o t  s i g n i f i c a n t l y  
c h a n g e d .  In  s t i m u l a t e d  i s l e t  ce l l  t u m o r s ,  an i n c r e a s e  o f  
PA w a s  v i s i b l e  in  t h e  m i c r o s o m a l  f r a c t i o n ,  a n d  t h e r e  
w a s  an i n c r e a s e  of  l y s o p h o s p h a t i d y l c h o l i n e  in  the  mi to -  
c h o n d r i a l  f rac t ion .  H o w e v e r ,  in  b o t h  t u m o r a l  t i s s u e s ,  
par t i cu lar ly  in R I N m 5 F  cel ls ,  the  l ip id  d i s t r i b u t i o n  pat- 
t ern  s h o w e d  a b n o r m a l i t i e s  w h i c h  can  b e  r e g a r d e d  as a 
lo s s  of  d i f f eren t ia t i on  and  w h i c h  l imi t  the  u s e f u l n e s s  of  
t h e s e  t i s s u e s  for  the  s t u d y  o f  the  p h y s i o l o g i c a l  r egu la -  
t i o n  o f  l ip id  m e t a b o l i s m  d u r i n g  g l u c o s e  s t i m u l a t i o n .  In  
conc lus ion ,  the  data  are  in a c c o r d a n c e  w i t h  a ro le  o f  PA 
e a r l y  in  s t i m u l u s - s e c r e t i o n  c o u p l i n g .  T h e  w e l l - k n o w n  
s t i m u l a t i o n  o f  p h o s p h o l i p i d  s y n t h e s i s  in  p a n c r e a t i c  
i s l e t s  dur ing  g l u c o s e - i n d u c e d  insu l in  s e c r e t i o n  d o e s  not  
resu l t  in  an i n c r e a s e  in the  total  p h o s p h o l i p i d  m a s s .  
Lipids 29, 685-692 (1994). 

The role of pancreatic B cell lipid metabolism in the course 
of insulin secretion has remained elusive in spite of the 
considerable research efforts that  have been made (for re- 
cent reviews, see Refs. 1 and 2). Stimulation of lipid me- 
tabolism during glucose-induced insulin secretion has 
been known for a number  of years (3,4), and two, not mu- 
tually exclusive,views of its role have evolved: (i) lipid me- 
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Abbreviations: CHOL, cholesterol; CL, cardiolipin; DG, diacylglyc- 
erol; FA, unesterified fatty acids; HEPES, N-(2-hydroxy- 
ethyl)piperazine-N'-2-ethanesulfonic acid; HPTLC, high-perfor- 
mance thin-layer chromatography; L, prefix designating the 2-1yso- 
form (e.g., LPC) of a phospholipid; PA, phosphatidic acid; PC, 
phosphatidylcholine; PE, phosphatidylethanolamine; PG, phos- 
phatidylglycerol; PI, phosphatidylinositol; PLA2, phospholipase A2; 
PLD, phospholipase D; PS, phosphatidylserine; SPH, sphin- 
gomyelin, SPH1 denoting the low Rf and SPH2 the high Rf species; 
STZ/NA, streptozotocin/nicotinamide; TG, triacylglycerol. 

tabolism provides the pancreatic B cell with additional 
fuel resulting in a potentiation of glucose-induced insulin 
secretion (5-8); and (ii) lipid and, particularly, phospho- 
lipid metabolism generates second messengers which ac- 
t ivate the secretory machinery (9-11). Following the dis- 
covery of phospholipase C-generated inositol-l,4,5- 
t r isphosphate as Ca2§ second messenger  (12) 
and of 1,2-diacylglycerol (1,2-DG) as an endogenous acti- 
vator of protein kinase C (13), both of which are involved 
in stimulus-secretion coupling in a number of tissues, the 
second view also prevailed in studies on lipid metabolism 
in endocrine pancreatic tissue. However, there is a funda- 
mental  difference between stimulus-secretion coupling in 
pancreat ic  B cells and other  secretory cells: The physio- 
logical induction of secretion in pancreatic islet B cells is 
strictly dependent  on metabolism of the secretagogues 
("substrate site" or "fuel" hypothesis of insulin secretion). 
It now appears  tha t  activation of phospholipase C is re- 
stricted to a cholinergic enhancement  of glucose-induced 
insulin secretion or is only secondary to Ca 2+ entry  into 
the B cell during glucose-induced secretion (14). The phys- 
iological importance of lysophospholipid (15,16) and 
arachidonic acid l iberation (17) due to phospholipase A 2 
(PLA 2) activity in pancreatic islets (18) is still uncertain. 
The same applies to the recent description of a phospholi- 
pase D (PLD) activity (19), which results in the production 
of phosphatidic acid (PA). 

Thus, in recent years a wealth of data has accumulated 
on the actions of putative lipid-derived second messengers 
and on their  relative turnover  rates,  as measured by the 
incorporation of radioactively labeled precursors,  but  
there  is comparat ively little information on the mass of 
phospholipids and neutral  lipids in pancreatic islets and 
none on their  subcellular distribution because compara- 
tively large amounts  of tissue are required. Some studies 
on this topic have been published (Refs. 3, 20-22; and see 
Table 1 for an overview), but  only one of these has dealt  
with s t imulated islets for a l imited number  of phospho- 
lipids (21). Mass measurements  are part icular ly neces- 
sary to assess the role of lysophospholipids and of PA. Be- 
cause both compounds are obligate intermediates in phos- 
pholipid metabolism, they are likely to become more 
intensively labeled during stimulation when determined 
by the incorporation of a radioactively labeled precursor. 
However, it is not clear whether  an accumulation occurs 
tha t  might  enable these compounds to influence cellular 
functions, i.e., to exert a second messenger role. We there- 
fore determined a detailed pa t te rn  of phospholipids and 
neutral  lipids of resting and glucose-stimulated islets. As 
it is also desirable to study the subcellular distribution of 
the lipids, a similar pa t te rn  was determined for the ho- 
mogenates  and crude subcellular fractions of RINm5F 
cells and of a number  of streptozotocin/nicotinamide 
(STZ/NA)-induced islet cell tumors  to assess whether  
these tumoral  t issues might be useful tools to s tudy the 
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TABLE 1 

Compari son  o f  Li terature  Data  on P h o s p h o l i p i d  
Compos i t ion  o f  H o m o g e n a t e s  from U n s t i m u l a t e d  
P a n c r e a t i c  Is lets  of  Various  Rodents  a 

Ob/ob NMRI Wistar 
mice mice Sprague-Dawley rats 

Phospholipid (Ref. 3) (Ref. 20) rats (Ref. 21) (Ref. 22) 

LPC n.d. 3.1 7.3 n.d. 

SPH2SPH1 } 8 7.0 n.d. 10.7 

PC 56 57.1 54.4 45.8 
LPE n.d. n.d. n.d. n.d. 
PE 11 23.7 23.8 20.6 
PI ~ 4.5 6.9 8.9 
PS j 12 4.4 6.4 14.0 

PG ~ 13 n.d. n.d. n.d. 
PA J "/ n.d. n.d. (<2) CL n.d. S 1.2 n.d. 

Y~ (nmol/mg) 230 220 152 320 

aWhe data are given as mol% for easier comparison between the dif- 
ferent sets of data. The sums (Y) have been recalculated on the 
basis of a protein content corresponding to half of the dry weight 
(Ref. 3) or an islet protein content of 0.5 ~g (Refs. 20-22). In Refer- 
ences 21 and 22, data on the neutral lipid content were also given, 
the sum being 4-6 pmol/islet [about 10 nmol/mg, excluding choles- 
terol (CHOL)] in Ref. 21, and 1043 ng/islet (about 3500 nmol/mg, 
including CHOL and cholesteryl ester) in Reference 22. PA mass 
in islet tissue was determined by Dunlop et al. (10) and can be re- 
calculated to correspond to 65-130 nmol/mg protein, n.d., Not de- 
termined. LPC, lysophosphatidylcholine; SPH1, denotes the low Rf 
of sphingomyelin; SPH2, denotes the high Rf of sphingomyelin; PC, 
phosphatidylcholine; LPE, lysophosphatidylethanolamine; PE, 
phosphatidylethanolamine; PI, phosphatidylinositol; PS, phospha- 
tidylserine; PG, phosphatidylglycerol; PA, phosphatidie acid; CL, 
cardiolipin. 

re lat ion be tween s t imulus-secret ion coupling and lipid 
metabolism in pancreatic islets. 

MATERIALS AND METHODS 

Chemicals. Phospholipids and neut ra l  lipids which were 
used as s tandards  for chromatography were obtained from 
Sigma (St. Louis, MO), Calbiochem (San Diego, CA) or 
Serdary  (London, Ontario,  Canada) .  The pur i ty  was 
checked before use by high-performance thin- layer  chro- 
matography (HPTLC). Solvents were of high-performance 
liquid ch romatography  grade from Merck (Darmstad t ,  
Germany) ,  Bake r  (Deventer,  The Nether lands)  or F luka  
(Buchs, Switzerland), as pur iss imum grade or as Burdick 
and Jackson brand. Sephadex media  were obtained from 
P h a r m a c i a  (Uppsala,  Sweden). HPTLC 60F254 plates  
were from Merck. 

~ssue preparation and incubation. Pancreat ic  islets 
from fas ted ob/ob mice (50-60 g) were isolated from the 
pancreas  following collagenase digestion in Krebs-Ringer 
bicarbonate medium (23) and collected under  a stereomi- 
croscope. Due to the high yield of islets from the pancreas 
of these mice and the particularly large size of these islets, 
a t issue mass  could be a t t a ined  tha t  was  sufficient for a 
detailed analysis of phospholipids and neutral  lipids of the 
homogenate ,  bu t  was still insufficient for comparable  

analyses of subcellular fractions. An additional advantage 
of these  islets is the high content  (>90%) of B cells (24). 
After preincubation for 30 min in an N-(2-hydroxyethyl)- 
piperazine-N'-2-ethanesulfonic  acid (HEPES)-buffered 
Krebs-Ringer bicarbonate medium containing 5 mM glu- 
cose, batches of 750-1000 islets were incubated for 5 min 
in the same  medium,  containing e i ther  5 or 25 mM glu- 
cose. A i ~ r  the incubation, the islets were homogenized in 
ice-cold homogenizat ion med ium [210 mM mannitol ,  
70 mM sucrose, 20 mM HEPES and 0.5 mM ethylenegly- 
col-bis(2-aminoethyl ether)N,N,N ;N'-tetraacetic acid, ad- 
justed to pH 7.0 with KOH], and the homogenate was ex- 
tracted with hexane/2-propanol. 

The RINm5F  ra t  islet t umor  cell line, which responds 
abnormally  to glucose st imulation (25), was cult ivated in 
H a m s  F12 med ium supplemented  with 10% fetal  calf  
se rum under  an  a tmosphere  of 95% 0 2 and 5% CO 2 at  
37~ After t rypsinat ion,  the cells (ca. 5 • 107) were 
washed  in homogenizat ion med ium (see previous para-  
graph) and homogenized. 

Pancreat ic  islet cell tumors  with a high content  of B 
cells (>90%) were induced in Wistar rats  by STZ/NA treat-  
ment  as described by STZ/NA t rea tment  as described pre- 
viously (26,27). Aider 15-18 mon, pancreat ic  islet tumors  
of variable size had developed in six rats. The pancreases 
were removed, and the tumors  were isolated by microdis- 
section under  a stereomicroscope. After preincubation for 
30 min  a t  5 mM glucose, three  STZ/NA-induced tumors  
(wet weight  3.8, 14 and  71 mg) were s t imula ted  with  
25 mM glucose for 30 min, while the other  three  tumors  
(wet weight  6.8, 98 and 500 mg) served as controls. In 
view of the much larger tissue mass  as compared to islets, 
this longer incubation t ime was chosen to ensure complete 
diffusion of glucose. 

Subcellular fractionation. Crude subcellular  fractions 
from RINm5F cells and islet cell tumors were obtained by 
differential centrifugation at  4~ After centrifuging twice 
a t  660 x g, the  mitochondrial  fraction was isolated from 
the superna tant  by sedimentation at 4,000 x g  for 15 min. 
The pellet obtained after a 100,000 x g  centrifugation was 
the microsomal fraction, and the 100,000 x g  superna tan t  
was the cytosolic fraction. By this centrifugation protocol, 
a fivefold enriched mitochondrial  fraction was obtained, 
as only 10% of the B cell mitochondria  were not pelleted 
by the 4,000 x g  step according to the determination of the 
mitochondrial ma rke r  enzymes, monoamine oxidase, suc- 
cinic acid dehydrogenase  and glutamic  acid dehydroge- 
nase  (S. Lenzen,  unpubl i shed  data). Secretory granules  
were mainly present  in the microsomal fraction, but  were 
also present  in the mitochondrial  fraction, as was visible 
from the insulin content  (S. Lenzen, unpubl ished data).  
There is a close similarity between the subcellular compo- 
sition of normal  islets and STZ/NA tumors  according to 
the determination of subcellular marke r  enzymes (27). 

Lipid analysis. Lipids were extracted from the ho- 
mogenates  or the subcellular  fractions by vortex-mixing 
and  sonicating the samples  with a twentyfold volume of 
hexane/2-propanol  (3:2, by vol) (28). Centr i fugat ion a t  
2,500 x g pelleted the lipid-insoluble compounds. The su- 
p e r n a t a n t  was concentra ted in a vacuum centrifuge 
(aRVC; Sigma-Zentr i fugen,  Osterode, Germany) .  This  
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total lipid extract was separated into a neutral and an 
acidic fraction by passage through a diethylaminoethyl- 
Sephadex minicolumn (1 mL gel volume, acetate as 
counter-ion). The neutral lipids and the zwitterionic phos- 
pholipids were eluted with 1.5 mL of Solvent A (chloro- 
form/methanol/water, 30:60:8, by vol) (30), and the acidic 
phospholipids were eluted with 5 mL of Solvent B (chloro- 
form/methanol/0.8 M sodium acetate, 30:60:8, by vol) (30). 
Both fractions were concentrated, redissolved in 300 pL of 
Solvent A and desalted by application onto a Sephadex 
G15 minicolumn (1.6 mL gel volume) and elution with 
1.3 mL of Solvent A. The effluent of this column was con- 
centrated again and aliquots applied to a HPTLC plate by 
use of a motorized Hamilton syringe. The neutral fraction 
(Fig. 1) was chromatographed with chloroform/meth- 
anol/triethylamine/water (30:35:34:8, by vol), while the 
acidic fraction (Fig. 2) was chromatographed with chloro- 
form/methanol/triethylamine/2.6 M ammonia (30:37:34:8, 
by vol). The plates had previously been impregnated with 
boric acid from 40-100 mm for the development of the 
neutral fraction and from 10-100 mm for the development 
of the anionic fraction. The neutral lipids of the pancreatic 
islets (Fig. 3) were separated by chromatography of a de- 
salted total lipid extract using a modification of a unidi- 
mensional multiple development system according to Yao 
and Rastetter (31) consisting of chlorobenzene/diethyl 
ether/ethanol/acetic acid (60:40:1:0.05, by vol), hexane/di- 
ethyl ether (94.6, by vol), and pure hexane. After develop- 
ment, the lipid bands were charred at 175~ with a cupric 
sulfate reagent (32). Quantification of the charred bands 
was performed in a Desaga CD60 densitometer by com- 
parison with peak areas of standards run on the same 
plate. The precision of the standard curve, calculated as a 
polynomial of second degree, was of particular importance 
for the lower limit of determination of low abundance com- 
pounds, such as phosphatidylglycerol (PG), PA or 1,2-DG. 
Hexadecylphosphocholine, a synthetic phospholipid (syn- 
thesized and provided by Dr. H.J. Eibl, Max-Planck-Insti- 
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FIG. 2. High-performance  thin- layer  chromatogram of an- 
ionic phosphol ipids  and fatty acids (FA) of the homogenate  
from pancreat ic  is lets .  The aster i sk  denotes  an artifactual  
spl itt ing of the phosphatidyl inosi tol  (PI) peak due to resid- 
ual salt  contaminat ion .  At l ower  sample  loads,  only  the 
basic PI peak was  observed (dotted chromatogram).  Abbre- 
v iat ions  as in Figure 1; PS, phosphat idylser ine;  PG, phos- 
phatidylglycerol;  PA, phosphatidic  acid; CL, cardiolipin. 

tute of Biophysical Chemistry, GSttingen), could be used 
as an internal standard due to its migration between LPC 
(L designates the 2-1ysoform of a phospholipid; PC, phos- 
phatidylcholine) and sphingomyelin (SPH) in HPTLC 
(33); its recovery was 89% in this system. Standard phos- 
pholipids, when processed through the different separa- 
tion and concentration steps, suffered a loss of 10-15%. 
All determinations were made in duplicate. [For further 
details see Rustenbeck and Lenzen (33), Rustenbeck et al. 
(34), and references therein.] The mass of each class of 
lipid was determined as nmol per mg protein. To describe 
the phospholipid composition, the molar mass of an indi- 
vidual phospholipid class was expressed as percentage of 
the total phospholipid mass (tool%) of the respective 
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FIG. 1. High-performance thin-layer chromatogram of phos- 
phol ip ids  and neutral  l ipids  of  the h o m o g e n a t e  from glu- 
cose - s t imulated  pancreat ic  is lets .  LPC, lysophosphat idyl -  
chol ine;  SPH, sphingomyel in;  PC, phosphat idy lchol ine;  
LPE, ly sophosphat idy le thano lamine;  PE, phosphat idyl -  
ethanolamine; CHOL, cholesterol;  SF, solvent  front. 
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FIG. 3. High-performance thin-layer chromatogram of neu- 
tral l ipids of the homogenate  from glucose-st imulated pan- 
creat ic  is lets .  The profi le  for the  s tandards  is g iven  in the 
dotted chromatogram.  The aster i sk  denotes  1,3-diacylglyc- 
erol  (DG). The ta i l ing  of the tr iacy lg lycero l  (TG) peak  is 
caused by the mult iple  deve lopment  system. Abbreviations 
as in Figure 1; CE, cholesteryl  ester. 
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homogena te  or subcellular  fraction. Prote in  was deter- 
mined according to McKnight  (35) in aliquots which had 
not been subjected to lipid extraction. Values are pre- 
sented as means  _+ SEM and were tested for statistical sig- 
nificance by Student 's  unpaired t-test. 

RESULTS 

Phospholipid and neutral lipid composition of ho- 
mogenates of glucose-stimulated pancreatic islets in com- 
parison with controls. The total phospholipid and neutral  
lipid content  of pancreat ic  islets did not change signifi- 
cantly during a 5-rain st imulation with 25 mM glucose as 
compared with islets mainta ined at  a nonst imulatory glu- 
cose concentrat ion (5 mM). Phospholipids represen ted  
68.2% of the total  lipid mass  in uns t imula ted  and 62.4% 
in s t imula ted  islets; the respective values  for neu t ra l  
lipids were 31.8 and 37.6% (Table 2). Among the phospho- 
lipids, the molar  percentage of two anionic phospholipids 
showed significant changes (Table 3): Phosphatidylinosi- 
tol (PI), the most  abundan t  anionic phospholipid, in- 
creased from 8.6 to 11.8 mol% (P < 0.05), and PA increased 
from 3.1 to 4.7 mol% (P < 0.005). Lysophospholipids, which 
are regarded  by some authors  as potent ial  media tors  in 
the induction of insulin secretion (2), showed no change in 
abundance  dur ing this shor t - te rm incubation. LPC, 
lysophosphat idylethanolamine (LPE), lysophosphatidyli- 
nositol (LPI) and lysophosphat idic  acid (LPA) were re- 
solved chromatographically. In both s t imulated and rest- 
ing islets, LPE and LPC represen ted  5% of the i r  pa ren t  
compounds,  whereas  LPI  and LPA could not be found in 
any of the samples. In view of the increase in PA, a simul- 
taneous  increase in LPA might  have  indicated whe ther  
de novo synthesis  was responsible for the increase in PA 
mass .  However, the  LPA peak  in the s t anda rd  chro- 
ma tog rams  was not base l ine-separa ted  from the peak  of 
phosphatidylserine (PS), and, therefore, small amounts  of 
LPA (<10% of the PS peak area) may  have escaped detec- 
tion. LPG was also not separa ted  from PS. However, in 
view of the low abundance (0.2 mol%) of PG, it appears  un- 
likely tha t  LPG was present  in amounts  s imilar  to those 
of LPC and LPE. PC and PE were  the mos t  abundan t  
phospholipids. In  accordance with  earl ier  repor ts  on the 
phospholipid composition of pancreatic islets (see Table 1), 
the content  of PC was 49.9 mol% and tha t  of PE 21.2 

TABLE 2 

Total  C o n t e n t s  o f  P h o s p h o l i p i d s  a n d  N e u t r a l  L i p i d s  
in  H o m o g e n a t e s  f r o m  ob/ob  M o u s e  P a n c r e a t i c  I s l e t s  A f t e r  
I n c u b a t i o n  for  5 m i n  at  L o w  or  H i g h  G l u c o s e  L e v e l s  a 

(nmol/mg protein) 
Phospholipid content Neutral lipid content 

5 mM glucose 156.0 • 7.2 (68.2) 72.9 • 7.1 (31.8) 
25 mM glucose 140.2 • 6.3 (62.4) 84.6 • 6.1 (37.6) 
aThe contents of phospholipid and neutral lipid represent the sum 
of each type of lipid determined. The numbers in parentheses de- 
note the respective percentage of the total lipid mass. The data are 
means • SEM of four (5 mM glucose) or six (25 mM glucose) exper- 
iments. Neither the phosph01ipid nor the neutral lipid content is 
significantly different between the two groups. 

TABLE 3 

C o m p o s i t i o n  o f  P h o s p h o l i p i d s  in  H o m o g e n a t e s  f r o m  ob/ob  
M o u s e  P a n c r e a t i c  I s l e t s  A f t e r  I n c u b a t i o n  for  5 rain at  L o w  
o r  H i g h  G l u c o s e  L e v e l s  a 

(mol% of total phospholipid) 
5 mM Glucose 25 mM Glucose 

LPC 2.7• 2.3• 
SPH1 5.4• 5.3• 
SPH2 3.0• 2.8• 
PC 49.9• 48.4• 
LPE 1.1• 1.0• 
PE 21.2• 18.6• 
PI 8.6• 11.8• b 
PS 4.1• 4.1• 
PG 0.2• 0.2• 
PA 3.1• 4.7• c 
CL 0.9• 1.0• 
aThe data are means _* SEM of four (5 mM glucose) or six (25 mM 
glucose) experiments. Where indicated, values are significantly dif- 
ferent to those obtained on islets incubated at low glucose levels 
(bp < 0.05), cp < 0.005). To calculate the mass of individual phos- 
pholipids, the tabulated mol% is to be multiplied by the phospho- 
lipid content of each group (see Table 2). For abbreviations, see 
Table 1. 

mol%. The molar  percentages  were  not significantly dif- 
ferent in glucose-stimulated islets (48.4 and 18.6 mol% for 
PC and PE, respectively). SPH was resolved into two sub- 
fractions. The component  wi th  the lesser  Rf value com- 
prised 64% of the total  SPH mass .  The slower migrat ion 
of this component  probably reflects the presence of a hy- 
droxyacyl group (2-hydroxylignoceric acid and 2-hydroxy- 
nervonic acid), as is known to occur in sphingolipids 
(31,36). The mitochondrial phospholipid, cardiolipin (CL), 
comprised only 1 mol% in the islet homogenates. This very 
low value is consistent with earlier da ta  published on CL 
abundance in pancreatic islets (Table 1). 

Among the neu t ra l  lipids of pancreat ic  islets, choles- 
terol (CHOL) was by far the major component (73 mol% of 
the neutral  lipids). The contents of CHOL, triacylglycerol 
(TG) and unester i f ied fa t ty  acids (FA) were unchanged  
a i ~ r  glucose stimulation. As the intensity of charring de- 
pends on acyl chain length and  unsa tura t ion ,  compara-  
tively large SEM values were observed in the FA determi- 
nations.  The sensi t ivi ty of the charr ing  react ion permit-  
ted the detection of small  amounts  of DG presen t  in 
pancreat ic  islets (Fig. 3). The peak  areas  of 1,2-DG were 
smfficient for quantitation, and no change could be seen in 
the glucose-st imulated islets (Table 4). 1,3-DG was pres- 
ent only in trace amounts.  

Phospholipid and neutral lipid composition of ho- 
mogenates and subcellular fractions of RINm5F cells. In 
homogenates of RINm5F cells, the relative contribution of 
phospholipids (71.6%) and neutra l  lipids (28.4%) relative 
to the total lipid mass  (Tables 5 and 6) was the same as in 
res t ing  pancreat ic  islets (68.2 and 31.8%, respectively). 
However, the l ipid/protein rat io was significantly (P < 
0.01) lower than  in pancreatic islet t issue (136.5 vs. 228.9 
nmol/mg). Although the pa t t e rn  of the phospholipids in 
the homogenate  of the R I N m 5 F  cells was s imilar  to the 
one of the homogenates  of pancreat ic  islets, three  lipid 
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TABLE 4 

C o m p o s i t i o n  o f  N e u t r a l  L i p i d s  i n  H o m o g e n a t e s  f r o m  ob /ob  
M o u s e  P a n c r e a t i c  I s l e t s  A f t e r  I n c u b a t i o n  for  5 m i n  a t  L o w  
or  H i g h  G l u c o s e  L e v e l s  a 

(tool% of total neutral lipid) 
5 mM Glucose 25 mM Glucose 

FA 17.2• 18.3• 
CHOL 73.7• 72.9• 
TG 7.8• 7.7• 
1,2-DG 0.22• 0.18• 
1,3-DG ~ace  0.0 
CE 0.31• 0.22• 
aThe data are means • SEM of four (5 mM glucose) or six (25 mM 
glucose) experiments. To calculate the mass of individual lipids, 
the tabulated mol% is to be multiplied by the neutral lipid content 
of each group (see Table 2). TG, triacylglycerol; DG, diacylglycerol; 
FA, unesterified fatty acids; CHOL, cholesterol; CE, cholesteryl 
esters. 

TABLE 6 

C o m p o s i t i o n  o f  N e u t r a l  L i p i d s  in  H o m o g e n a t e s  
a n d  S u b c e l l u l a r  F r a c t i o n s  f r o m  R I N m 5 F  Cel l s  a 

(nmol/mg protein) 

Mitochondrial Microsomal Cytosohc 
Homogenate fraction fraction fraction 

FA 2.0 • 0.4 17.2 • 3.5 23.1 • 2.2 3.4 • 1.1 
CHOL 30.8 • 2.5 145.2 • 13.8 78.2 • 8.3 4.4 • 0.9 
TG 

(+ DG + CE) 6.0 • 1.2 16.4 • 4.9 12.3 • 4.4 5.8 • 1.6 

Y~ 38.8 178.8 113.6 13.6 
(28.4) (46.1) (51.9) (76.8) 

aThe data are means • SEM of 4-5 experiments. The TG value also 
includes DG and CE. The numbers in parentheses denote the per- 
centage of neutral lipids relative to the total lipid content. For ab- 
breviations, see Table 4. 

c l a s ses  s h o w e d  c l ea r  d i f f e rences  (Table  5): CL a n d  P G  
were  p r e s e n t  a t  h i g h e r  p e r c e n t a g e s  (4.7 a n d  2.0 mol% in  
R I N m 5 F  cells vs. 0.9 a n d  0.2 mol% in is le ts) ,  w h e r e a s  PA 
was  p r e s e n t  only  in  t r ace  a m o u n t s  in  R I N m 5 F  cells. As in  
p a n c r e a t i c  i s le t s ,  S P H  was  r e so lved  in to  two subc l a s se s ,  
a n d  the  componen t  wi th  the  l e s se r  Rf va lue  was  a g a i n  pre-  
d o m i n a n t  (74% of  to ta l  S P H  mass) .  

A m o n g  the  subce l lu l a r  f rac t ions ,  t he  phosphol ip id /pro-  
t e i n  r a t i o  w a s  h i g h e s t  in  t h e  m i t o c h o n d r i a l  f r ac t ion  a n d  
a m o u n t e d  to 208.9 umol/mg,  which  is s im i l a r  to t he  mi to-  
chondr ia l  phospho l ip id  conten t  in  other,  n o n t u m o r o u s  t is-  
sues  (37,38). I n  t h e  m i t o c h o n d r i a l  a n d  m i c r o s o m a l  frac-  
t ions  of  t h e  R I N m 5 F  cel ls ,  t h e  n e u t r a l  l i p id  p e r c e n t a g e  
was  h i g h e r  t h a n  in  t he  h o m o g e n a t e s  (46.1 a n d  51.4% vs. 

TABLE 5 

C o m p o s i t i o n  o f  P h o s p h o l i p i d s  in  H o m o g e n a t e s  
a n d  S u b c e l l u l a r  F r a c t i o n s  f r o m  R I N m 5 F  Cel l s  a 

(mol% of total phospholipid) 

Mitochondrial Microsomal Cytosolic 
Homogenate fraction fraction fraction 

LPC 1.9• 2.6• 4.2• 6.1• 
SPH1 5.7• 11.2• 14.2• 20.7• 
SPH2 2.0• 4.6• 6.3• 8.4• 
PC 52.5• 40.8• 39.2• 42.8• 
LPE 2.7• 2.3• 3.8• 3.4• 
PE 18.1• 10.5• 12.3• 4.8• 
H 6.5• 2.9• 4.1• ~ace 
PS 3.9• 6.1• 10.8• 8.9• 
PG 2.0• 5.5• 1.0• 0.0 
PA ~ace 0.5• ~ace 0.0 
CL 4.7• 13.1• 4.1• 4.8• 

(nmol/mg) 97.7 208.9 105.1 4.1 
(71.6) (53.9) (48.1) (32.2) 

aThe data are means • SEM of 4-5 experiments. The numbers in 
parentheses denote the percentage of phospholipids relative to the 
total lipid content. To calculate the mass of individual phospho- 
lipids, tabulated mol% is to be multiplied by the phospholipid con- 
tent of each group. An amount was termed "trace" when the peaks 
were regularly visible, but below the limit of determination. For 
abbreviations, see Table 1. 

28.4%), which  was  m a i n l y  due  to a h igh  C H O L  conten t  in  
t h e s e  f r ac t ions  (Table  6). A n o t h e r  i n t e r e s t i n g  f e a t u r e  in  
add i t i on  to t he  h igh  C H O L  con ten t  was  t he  h igh  percen t -  
age  of  S P H  in t h e  m i t o c h o n d r i a l  f rac t ion  ( to ta l  S P H  15.8 
mol%), a s  m i t o c h o n d r i a l  m e m b r a n e s  u s u a l l y  h a v e  a ve ry  
low S P H  c o n t e n t  (39). The  CL c o n t e n t  of  t h e  mi tochon-  
d r i a l  f r ac t i on  was  2.8-fold i n c r e a s e d  w h e n  c o m p a r e d  to 
t h a t  of  t h e  h o m o g e n a t e  (13.1 mol% vs. 4.7 mol%). The  in-  
c r e a s e d  p e r c e n t a g e  of  CL in  t h e  m i t o c h o n d r i a l  f r ac t ion  
was  pa ra l l e l ed  by  a s im i l a r  inc rease  in P G  from which  CL 
is s y n t h e s i z e d  in  m i t o c h o n d r i a  (Table  5). T h e  mi tochon-  
d r i a l  f rac t ion was  the  only o n e  in  which  PA could be quan-  
t i t a ted ;  in  the  homoge na t e  a n d  in  t he  mic rosomal  fract ion,  
PA was  p r e se n t  only  in  t race  a m o u n t s  (Table 5). 

Phospholipid and neutral lipid composition of ho- 
mogenates and subcellular fractions of glucose-stimulated 
STZ / NA-induced islet cell tumors in comparison with con- 
trols. I n  m o s t  d e t e r m i n a t i o n s  of  t h e  l ip id  compos i t i on  of  
t he  STZ/NA-induced  i s le t  cell tumors ,  t he  s t a n d a r d  e r rors  
we re  l a r g e r  t h a n  in  t he  c o r r e s p o n d i n g  d e t e r m i n a t i o n s  
w i t h  R I N m 5 F  cel ls  or  i s l e t s  (Tables  7 a n d  8). The  differ-  
en t  s izes of  t he  ~unors ,  r e su l t i ng  in  less  homogenous  sam-  
ples  a r e  l ike ly  to con t r ibu te  to this .  S imi l a r  to t he  hp id  dis- 
t r i b u t i o n  in  R I N m 5 F  cells,  a low con ten t  of  PA in t he  ho- 
m o g e n a t e  (0.2 mol%) was  seen.  C o n s i d e r a b l e  a m o u n t s  of  
C H O L  a n d  S P H  in t h e  m i t o c h o n d r i a l  f r ac t i on  we re  a lso  
r e m i n i s c e n t  of  t h e  r e s u l t s  o b t a i n e d  w i t h  R I N m 5 F  cel ls ,  
even  though  the  m a s s  of  C H O L  in t he  mi tochondr i a l  frac- 
t ion  w a s  c l e a r l y  lower  (71.8 n m o l / m g  in  STZ/NA t u m o r s  
vs. 145.2 umo l /mg  in  R I N m 5 F  cells). As  in  bo th  o t h e r  in-  
su l in  sec re to ry  t i s sues ,  S P H  cons is ted  of two subfract ions ,  
of  wh ich  the  low-Rf c o m p o n e n t  was  p r e d o m i n a n t  (65% of  
t o t a l  S P H  mass) .  A glucose s t i m u l u s  (25 m M  for 30 min)  
affected the  m o l a r  pe rcen tages  of  t h r e e  phosphohpids ,  bu t  
none  of  t he  n e u t r a l  hp ids  (Tables 7 and  8). The  PC conten t  
in  t he  h o m o g e n a t e  was  s ign i f i can t ly  lowered  by  20% (P < 
0.05). P r ac t i c a l l y  t h e  s a m e  r educ t ion  (25%; P < 0.05) was  
s een  in  t h e  m i c r o s o m a l  f r ac t ion  (Table  7). Such  a r educ -  
t ion  m a y  re f lec t  P L A  2 a c t i v a t i o n  in  t h e  course  of  i n s u l i n  
secre t ion  (2), b u t  no accumula t i on  of LPC was  seen  in  t he  
h o m o g e n a t e  a n d  the  mic rosomal  fract ion.  However ,  t h e r e  
w a s  a s i g n i f i c a n t  i n c r e a s e  in  LPC in t h e  m i t o c h o n d r i a l  
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TABLE 7 

Composi t ion of  Phosphol ip ids  in Homogenates  
and Subcel lular  Fractions from STZ/NA Tumors a 

(mol% of total phospholipid) 

Mitochondrial Microsomal Cytosolic 
Homogenate fraction fraction fraction 

LPC 4.2 • 1.3 3.0 • 0.5 4.2 • 1.0 6.9 • 1.0 
LPC 5.0 • 0.5 b 
SPH1 8.3 • 2.2 4.2 • 0.9 6.0 • 1.6 7.3 • 2.7 
SPH2 5.4 • 0.9 3.2 • 0.7 4.7 • 1.4 5.4 • 1.4 
PC 51.2 _+ 2.2 41.7 • 2.5 52.8 • 3.1 39.0 • 7.2 
PC 41.1 • 2.5 b 39.4 • 2.6 b 
LPE 1.4 • 0.4 1.7 • 0.2 1.9 • 0.3 0.6 • 0.3 
PE 23.1 • 4.8 29.0 • 6.1 24.8 • 5.1 24.7 • 9.5 
PI 7.6 • 1.5 8.7 • 1.9 7.7 • 1.9 8.6 • 1.2 
PS 1.9 _+ 0.4 2.5 • 0.6 3.3 • 0.7 4.2 • 0.7 
PG 0.2• 0.3• 0.2• 0.0 
PA 0.1 • 0.5+_0.1 0.2• 3.1+_1.7 
PA 0.9 • 0 .2  b 

CL 3.2• 4.8• 0.1 • 0.2• 

Y (nmol/mg) 136.8 281.1 203.6 18.8 
(67.4) (73.4) (56.0) (52.5) 

aThe values that  were not significantly different between stimu- 
lated (25 mM glucose for 30 min) and control tumors were treated 
as one group and are means • SEM of six experiments. The num- 
bers in parentheses denote the percentage of phospholipids rela- 
tive to the total lipid content. To calculate the mass of individual 
phospholipids, the tabulated mol% is to be multiplied by the phos- 
~whhOlipid content of each group. For abbreviations, see Table 1. 

ere significant differences occurred (P < 0.05), the value of the 
stimulated tumors is given in the line below the value of the con- 
trol tumors; in that case each value is a mean • SEM of three ex- 
periments. 

fract ion.  A p p a r e n t l y  due  to the  sma l l  size of  the  mitochon-  
d r i a l  f r ac t ion  a n d  t h e  c o m p a r a t i v e l y  low a b u n d a n c e  of  
LPC,  a s i m i l a r  c h a n g e  was  no t  d e t e c t a b l e  in  t h e  ho- 
mogena t e .  The  s a m e  r e a s o n i n g  app l i e s  to t he  4.5-fold in-  
c rease  in  PA in t h e  mic ro soma l  f rac t ion  (P < 0.05), which  
was  no t  re f lec ted  in  a s ign i f i can t  change  in  PA in t h e  ho- 
mogena te .  

TABLE 8 

Composi t ion of  the Neutral  Lipids  in Homogenates  
and Subcel lular  Fractions from STZ/NA Tumors = 

(nmol/mg protein) 

Mitochondrial Microsomal Cytosolic 
Homogenate fraction fraction fraction 

FA 
CHOL 
TG 

(+ DG + CE) 

Z 

14.7 • 3.1 17.8 • 4.4 27.3 • 5.3 5.5 • 1.2 
42.2 _+ 5.3 71.8 • 8.9 103.0 • 18.4 9.6 • 3.7 

9.3 • 2.3 12.5 • 2.3 29.7 • 9.3 1.8 • 0.6 

66.2 102.1 160.0 16.9 
(32.6) (26.6) (44.0) (47.6) 

aThere were no significant differences between the values from 
stimulated (25 mM glucose for 30 min) and control tumors; there- 
fore, the mean values _+ SEM for all six tumors are given. The TG 
value also includes DG and CE. The numbers in parentheses de- 
note the percentage of neutral lipids relative to the total lipid con- 
tent. For abbreviations, see Table 4. 

DISCUSSION 

The  c e n t r a l  o b s e r v a t i o n  in  e x p e r i m e n t s  c o n d u c t e d  w i t h  
panc rea t i c  i s le t s  was  t he  inc rease  in  PA a n d  PI  m a s s  a f te r  
a 5 -min  s t i m u l a t i o n  a t  a m a x i m a l l y  effective glucose con- 
c e n t r a t i o n  (25 mM).  T h e  m a g n i t u d e  of  t h e  c h a n g e  in  PA 
(+52%) was  s imi l a r  to t he  inc rease  of r ad ioac t ive ly - l abe led  
pa lmi t i c  acid  in  PA a l ~ r  a 30 min  s t i m u l a t i o n  wi th  28 m M  
glucose  r e p o r t e d  r e c e n t l y  by  K o n r a d  a n d  co l leagues  (40). 
The  p a u c i t y  o f  d a t a  on the  m a s s  of  PA (Table  1) is  due  to 
t he  low a b u n d a n c e  of  PA a n d  the  d i f f icu l ty  of  s e p a r a t i n g  
PA f rom o t h e r  phospho l ip ids ,  p a r t i c u l a r l y  PE.  The  v a l u e  
for PA m a s s  in  i s l e t  t i s s u e  r e p o r t e d  by  Dun lop  et  al .  (10) 
a p p e a r s  s u r p r i s i n g l y  h igh  w h e n  r e c a l c u l a t e d  on a 
n m o l / m g  b a s i s  (see Table  1). In  con junc t i on  w i t h  t h e  in-  
c rease  in  PA, t he  i nc rea se  in  P I  m a s s  in  s t i m u l a t e d  i s l e t s  
m a y  i n d i c a t e  d e  n o v o  s y n t h e s i s  of  t h e s e  l ip ids .  D e  n o v o  
s y n t h e s i s  of  PA a n d  PI  e a r l y  in  g lucose  s t i m u l a t i o n  h a s  
been  p r o p o s e d  to occur  by  F a r e s e  e t  al .  (41) a n d  D u n l o p  
a n d  L a r k i n s  (42). However ,  g e n e r a t i o n  of  PA f rom PC 
t h r o u g h  hyd ro ly t i c  c l eavage  by  a PLD is also possible ,  as  
r ecen t ly  shown by  Metz  and  Dunlop  (19). 

D e  n o v o  syn thes i s  of  PA a n d  PI  a p p e a r s  to be an  a t t r ac -  
t ive  m o d e  in  v iew of  t h e  phys io log ica l  role  of  p a n c r e a t i c  
i s le t s  as  fuel-sensors .  PA syn thes i s  connec t s  glycolysis  a n d  
F A  m e t a b o l i s m  a n d  can  r e l a t e  bo th  p a t h w a y s  to t he  gen-  
e ra t ion  of  a second messenger .  This  m a y  be 1,2-DG gener-  
a t ed  from PA by the  ac t ion of a phosphohydro lase ,  bu t  PA 
m a y  also ac t  as  a s i gna l  t r a n s d u c e r  in  i t s  own r i g h t  
(43,44). I t  is  conce ivab le  a lso  t h a t  PA t h r o u g h  i t s  mi to -  
genic  ac t ion  (43) m i g h t  ac t  as  a m e d i a t o r  of  the  pro l i fe ra-  
t ive  effect of  g lucose  on p a n c r e a t i c  B cel ls  (45). A l t h o u g h  
the  l ack  of  a change  in  1,2-DG noted  in  our  s tudy  does no t  
ru l e  ou t  a s econd  m e s s e n g e r  role  for DG, i t  m a y  s u g g e s t  
t h a t  PA could  p l a y  a ro le  in  s i gna l  t r a n s d u c t i o n  r a t h e r  
t h a n  s imp ly  be ing  a p r e c u r s o r  of  1,2-DG. C o n s t a n t  levels  
of  1,2-DG d u r i n g  g lucose - induced  i n s u l i n  s ec re t ion  h a v e  
a lso  been  r e p o r t e d  by  Wolf  a n d  co l leagues  (46) who mea -  
s u r e d  1,2-DG up to 20 m i n u t e s  a f t e r  t h e  i n i t i a t i on  of  glu- 
cose s t i m u l a t i o n  u s i n g  a D G - k i n a s e  assay .  Mos t  of  t h e  
1,2-DG m e a s u r e d  in  th i s  s t u d y  is l ike ly  to be loca ted  in  the  
e n d o p l a s m i c  r e t i c u l u m  due  to i t s  role as  a n  i n t e r m e d i a t e  
in  t h e  s y n t h e s i s  of  p h o s p h o l i p i d s  a n d  T G  (47). I t  is  no t  
c lea r  w h e t h e r  a s ign i f ican t  a m o u n t  of  1,2-DG is ava i l ab l e  
to se rve  as  a second  m e s s e n g e r  a t  t h e  p l a s m a  m e m b r a n e  
level  (48). P roduc t s  o f P L A  2 reac t ions  form a second group 
of  po t en t i a l  l ip id  m e d i a t o r s  in  g lucose- induced  in su l in  se- 
c re t ion  (2,15). T h e s e  inc lude  l y sophospho l ip id s  a n d  poly- 
u n s a t u r a t e d  FA, in  p a r t i c u l a r  a rach idonic  acid. 

In  t h e  p r e s e n t  s tudy,  we d id  no t  a n a l y z e  F A  compos i -  
t ions  b u t  only  d e t e r m i n e d  unes t e r i f i ed  F A  as  a class.  The  
a m o u n t  of to ta l  FA we m e a s u r e d  (12 nmol /mg  prote in)  d id  
not  change  upon  glucose s t imula t ion .  The  m a s s  of a rach i -  
donic acid  was  e a r l i e r  d e t e r m i n e d  by  Wolf  a n d  col leagues  
(17) a n d  was  found to be 2 pmol / i s le t  aider  glucose s t imu-  
la t ion ,  which  is rough ly  e qu iva l e n t  to 4 nmol /mg  pro te in .  
H P T L C  r e s o l v e d  al l  r e l e v a n t  l y s o p h o s p h o l i p i d s ,  b u t  t h e  
m a s s  of  one of  t he  mos t  a b u n d a n t  compounds ,  LPC,  was  
found unchanged .  This  is s o m e w h a t  in  con t r a s t  to d a t a  by  
T u r k  a n d  co l l eagues  (21) who  r e p o r t e d  a dec l ine  in  LPC 
m a s s  f rom a r a t h e r  h igh  i n i t i a l  v a l u e  of  5.5 to 0.5 
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pmol/islet  dur ing glucose s t imulat ion.  However, an  in- 
crease in LPC tha t  is confined to only one specific subcel- 
lu lar  compar tmen t  can be overlooked when only ho- 
mogenates  are examined. In pancreatic B cells, the mito- 
chondria  represen t  only a minor  c o m p a r t m e n t  as the 
mitochondrial volume accounted for only 4% of the total B 
cell volume, as opposed to more t han  20% in hepatocytes 
(49). The small  size of the mitochondrial  compar tment  in 
pancreatic B cell can also explain the low content of CL in 
the homogenate  (1 mol%), as CL is exclusively located in 
the inner mitochondrial membrane.  

The observat ion t ha t  the total  phospholipid mass  was 
not increased in s t imulated islets m a y  appear  surpris ing 
in view of the numerous reports on enhanced phospholipid 
and neutral  lipid synthesis during glucose-induced insulin 
secretion (3,5,6,8,41). However, the data  are in accordance 
with  those of Montague and  Pa rk in  (9), who found tha t  
the phospholipid (230 nmol/mg) and  cholesterol (60 
nmol/mg) contents  of guinea-pig islets were unchanged  
af ter  glucose s t imulat ion.  Turk  et al. (21) also found a 
slightly reduced content  of PC (150 vs. 130 pmol/islet as 
determined by FA mass)  af ter  30 min of glucose s t imula-  
tion, whereas  all other major  phospholipids were slightly, 
but  not significantly, reduced. Thus, activation of a partic- 
u lar  lipid metabolic pa thway  dur ing glucose s t imulat ion 
does not necessar i ly  resul t  in an accumulat ion of a pre- 
sumptive mediator. Alternatively, the analyses of the lipid 
pat tern  in homogenates may  not be sufficient to elucidate 
t rans ien t  changes restr ic ted to one subcellular  compar t -  
ment .  The la rger  amoun t s  of t issue avai lable from the 
RINm5F insulinoma cell line or from STZ/NA-induced tu- 
mors  permi t  the analysis  of lipids from subcellular  frac- 
tions. The large amounts  of SPH and CHOL, as well as of 
unester i f ied FA, found in the  mitochondrial  fraction are 
consis tent  wi th  observat ions made  on hepa t oma  cells 
(39,50,51), indicat ing a loss of the typical  pa t t e rn  of 
biosynthesis  and in t racel lu lar  t rans locat ion of these  
lipids. The predominance of hydroxyacyl species of SPH, 
which was most  marked  in RINm5F cells, was a common 
character is t ic  of all the  insulin secretory t issues studied 
here, By contrast, liver, kidney and erythrocytes contained 
only low levels of the hydroxylated SPH species (I. Rusten- 
beck, unpublished data). Compared to normal islets in the 
rest ing state,  RINm5F cells contained much  less PA and 
larger  amounts  of CL and of its precursor, PG, in the ho- 
mogenates.  More detailed comparisons between the three 
types of t issues should only be made with caution, as the 
different methods used to prepare the tissues (collagenase 
digestion vs. t rypsinat ion vs. microdissection) may  affect 
observed lipid patterns.  Bearing this in mind, it neverthe- 
less appears  tha t  the abovement ioned s imilar i t ies  be- 
tween the  lipids of R I N m 5 F  cells and those of other  tu- 
morous t issues somewhat  limit the usefulness of this cell 
line to fur ther  investigate the possible role of lipid media- 
tors in insul in secretion. One could even speculate  t ha t  
the alterations in the lipid metabolism might  actually con- 
t r ibute  to the defective secretory responsiveness of these 
cells in addition to the well-known defective recognition of 
glucose (25). 

In cont ras t  to R I N m 5 F  cells, STZ/NA tumors  are  re- 
sponsive to changes in glucose concentration in the physi- 

ological range, al though the insulin secretory responsive- 
ness decreases with increasing tumor  size (27). The sub- 
cellular distribution of lipids appeared to be less deranged 
than  in the RINm5F cells. The localization of the increase 
in PA in the microsomal fraction would be consistent with 
de novo synthesis of PA. The increase in LPC in the mite- 
chondrial  fraction might  resul t  from an  accumulat ion of 
Ca 2+ in the mitochondria during prolonged glucose stimu- 
lation (52), leading to an activation of mitochondrial PLA 2 
(53). These changes need not necessar i ly  be re la ted  to 
s t imulus -secre t ion  coupling, but  they demons t ra te  t ha t  
activation of PLA 2 or PLD in a small  subcellular compart-  
ment  may  not be detectable in tissue homogenates.  There- 
fore the da ta  obtained with islet homogenates  suggest  a 
second messenger  role for PA, but  at  the same t ime do not 
rule out such a role for 1,2-DG or LPC. 
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A m a j o r  ob jec t ive  o f  the  p r e s e n t  s t u d y  w a s  to d e t e r m i n e  
w h e t h e r  a high-fat  d ie t  a f fects  ear ly  e v e n t s  d u r i n g  c o l o n  
c a r c i n o g e n e s i s .  F e m a l e  S p r a g u e - D a w l e y  ra t s  w e r e  in- 
j e c t e d  w i t h  s a l i n e  or  a z o x y m e t h a n e  (20 mg/kg)  and  fed 
e i t h e r  a n o r m a l  (5% corn  oi l  w/w)  or  a h igh  (5% c o r n  oi l  
and  15% b e e f  t a l l o w  w/w)  fat  diet .  To a s s e s s  the  e f fect  of  
a k n o w n  t u m o r - p r o m o t i n g  d i e t  on  t h e  e a r l y  e v e n t s  o f  
n e o p l a s t i c  t rans format ion ,  S t u d y  I e x a m i n e d  the  induc-  
t i on  and g r o w t h  o f  a b e r r a n t  crypt  foc i  (ACF) as  w e l l  as 
o f  p r o l i f e r a t i v e  i n d i c e s .  The  to ta l  n u m b e r  o f  ACF w e r e  
s i m i l a r  in  b o t h  g r o u p s  e v e n  a f ter  8 w k  of  d i e t a r y  treat-  
ment;  h o w e v e r ,  ACF w i t h  a c c e l e r a t e d  g r o w t h  character -  
i s t i c s  (_>4 c r y p t s / f o c a l  l e s i o n )  w e r e  m o r e  p r e v a l e n t  (P _< 
0.05) in t h e  c o l o n s  o f  a n i m a l s  fed t h e  h igh- fa t  d ie t .  
M e t a p h a s e  arres t  ce l l s  and 5 ' -bromo-2 ' -deoxyur id ine  la- 
b e l l e d  ce l l s  s h o w e d  no  a p p r e c i a b l e  r e s p o n s e  to  d i e t a r y  
c h a n g e s .  To d e t e r m i n e  w h e t h e r  c h a n g e s  in  c o l o n i c  sig- 
nal  t r a n s d u c t i o n  p a t h w a y s  r e p r e s e n t  an ear ly  r e s p o n s e  
to  d i e t a r y  m o d i f i c a t i o n ,  S t u d y  2 e v a l u a t e d  the  a c t i v i t y  
o f  p r o t e i n  k i n a s e  C (PKC),  p r o l i f e r a t i v e  i n d i c e s  and  
c h a n g e s  in p h o s p h o l i p i d  fat ty  ac id  prof i les .  In  compar i -  
s o n  to  the  n o r m a l  fat  group ,  the  c o l o n s  o f  h igh- fa t  fed  
a n i m a l s  e x h i b i t e d  h i g h e r  (P _< 0.05) m e m b r a n e s  a n d  
l o w e r  s o l u b l e  PKC act iv i ty ;  h o w e v e r ,  p r o l i f e r a t i o n  pat-  
t e r n s  o f  t h e s e  c o l o n s  w e r e  n o t  a l t e r e d .  C h a n g e s  in  t h e  
m e m b r a n e  l ip id  c o m p o s i t i o n  w e r e  minor ;  h o w e v e r ,  an  
i n c r e a s e  in the  phosphatidylcholine/phosphatidyletha- 
n o l a m i n e  r a t i o  and  in  20:4n-6 w a s  n o t e d .  Our  r e s u l t s  
d e m o n s t r a t e  tha t  in  c o m p a r i s o n  to  a normal - fa t  d ie t ,  a 
h igh- fa t  d i e t  s t i m u l a t e d  t h e  g r o w t h  o f  a p o p u l a t i o n  o f  
ACF, i .e. ,  p r e n e o p l a s t i c  l e s i o n s  l e a d i n g  to  a d v a n c e d  
g r o w t h  c h a r a c t e r i s t i c s .  In  a d d i t i o n ,  a h igh- fa t  d i e t  ex-  
e r t e d  a m a r k e d  i n f l u e n c e  on  tota l ,  c y t o s o l i c  a n d  m e m -  
b r a n e  a s s o c i a t e d  PKC a c t i v i t i e s .  The  f i n d i n g s  s u g g e s t  
t h a t  m o d u l a t i o n  o f  PKC m a y  p l a y  a c r i t i c a l  r o l e  at t h e  
ear ly  s tages  of  c o l o n  c a r c i n o g e n e s i s .  
Lipids 29, 693-700 (1994). 

Epidemiological and an imal  s tudies have  contr ibuted a 
great  deal to our understanding of the role of dietary com- 
ponents  in the etiology and prevent ion of colon cancer  
(1-6). Several  studies have  demons t ra ted  t ha t  rodent  
diets containing 20% fat  by weight  or more from sources 

1This work was presented by L.M.Z. Lafave as a recipient of the 
Honored Student Award at the American Oil Chemists' Society an- 
nual meeting, Anaheim, California, 1993. L.M.Z. Lafave is the re- 
cipient of a Natural Sciences and Engineering Research Council 
Postgraduate Scholarship. 
*To whom correspondence should be addressed at The University 
of Manitoba, Department of Foods and Nutrition, 190 Dysart Road, 
Winnipeg, Manitoba, R3T 2N2, Canada. 
Abbreviations: AC, aberrant crypt; ACF, aberrant crypt foci; AOM, 
azoxymethane; ATP, adenosine triphosphate; BrdU, 5"-bromo-2"- 
deoxyuridine; DAG, diacylglycerol; PBS, phosphate buffered 
saline; PCNA, proliferating cell nuclear antigen; PC, phosphatidyl- 
choline; PE, phosphatidylethanolamine; PKC, protein kinase C; 
PS, phosphatidylserine. 

such as corn oil, safflower oil, beef  fat, lard or a combina- 
tion thereof, have  a promotional  effect on chemically-in- 
duced colon carcinogenesis (3-6). However, this  promo- 
t ional  effect is not seen when  the d ie tary  fa t  is derived 
from fish oil or coconut oil (4,7). 

Although the effect of fat  has  been well-documented,  
the exact  mechan i sm by which the high-fat  diet exerts  
this promotional  effect on colon carcinogenesis r emains  
poorly understood. Several mechanisms have been offered 
to explain the tumor-modula t ing  effect of high-fat  diets. 
One such mechan i sm suggests  tha t  a high-fat  diet in- 
creases the level of luminal  free fat ty  acids and bile acids 
tha t  may  reach the colon and irri tate the mucosa, thus en- 
hancing proliferation of colonic epithelial cells (8-10). 

I t  has also been proposed tha t  membrane  phospholipid 
composition may  regulate the activity of protein kinase C 
(PKC), an  enzyme known to play a pivotal  role in cell 
growth and differentiation (11,12). Alterations in PKC ac- 
tivity may  thus affect the carcinogenic process (13). 

The ma in  objectives of the present  invest igat ion were 
to assess the effect of a high beef  tallow diet with known 
tumor-promoting activity on the number  and growth fea- 
tures  of abe r ran t  crypt  foci (ACF) which are  considered 
preneoplast ic  lesions. We also assessed the effect of this 
diet on phospholipid composition, proliferative indices and 
PKC activi ty of r a t  colonic mucosa.  Feeding a high beef  
tallow diet to ra t s  resul ted in an  increased n u m b e r  of 
aber ran t  crypt foci which exhibited advanced growth fea- 
tures  compared  to those seen with an imals  on a normal  
fat  diet. In  addition, the high beef  tallow diet exerted a 
distinct effect on the  m e m b r a n e  lipid composition and  
PKC activity of ra t  colonic mucosa. 

MATERIALS AND METHODS 

Animals. Female  Sprague-Dawley  ra ts  (Campus  Breed- 
ing, Depar tment  of Animal Care, Universi ty of Manitoba, 
Winnipeg, Canada) ,  approx imate ly  5 -6  weeks old, were 
acclimated for one week prior to the experiments. The an- 
imals were housed in wire cages using a 12:12 h light/dark 
cycle. Temperature  and humidi ty were controlled at  22~ 
and 50%, respectively. Animals  had  access to food and 
water  ad libitum. All animals  were cared for according to 
the guidelines of the Canadian Council of Animal Care. 

Diets. The formula ted  diets were based on a modified 
AIN-76A diet (14,15) as described in Table 1. For the high- 
fat diet, an additional 15% fat by weight was added as beef 
tallow at  the expense of carbohydrate.  The nutr ients  per  
kilocalorie density of the diets were identical except for fat 
and carbohydrate. 

Study 1: Preneoplastic lesions and proliferative pat- 
terns. Animals were injected with a single dose of azoxy- 
me thane  (AOM), 20 mg/kg (Sigma Chemical  Co., 
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TABLE 1 

Diet  Composi t ion  

Ingredients Normal fat a (%) High fat b (%) 

Dextrose 50.0 35.0 
Casein 20.0 22.7 
Dextrin 15.0 10.5 
Corn oil 5.0 5.0 
Beef tallow 0.0 15.0 
a-Cellulose 5.0 5.9 
AIN-76 mineral mix 3.5 4.1 
AIN-76 vitamin mix 1.0 1.2 
DL-Methionine 0.3 0.4 
Choline bitartrate 0.2 0.2 

Total grams 100.0 100.0 
Caloric density (kcaYg) 3.8 4.5 
% Calories from fat 11.6 40.6 
% Calories from linoleic acid 7.1 7.0 
aModified AIN-76A diet composition. 
bDiet based on modified AIN-76A adapted for a high-fat intake. 

St. Louis, MO) and placed on the normal  fat (control) diet 
for 1 wk. Animals  were randomly  allocated into die tary  
groups (8 animals/group)  and fed ei ther  the high or nor- 
mal  fat diet for 8 wk. Two hours and one hour prior to ter- 
mina t ion  by carbon dioxide asphyxiat ion,  an imals  re- 
ceived an i.p. injection of colchicine, 1 mg/kg body weight 
(Sigma) or 5 ' -bromo-2 'deoxyuridine (BrdU), 30 mg/kg 
body weight  (Sigma). Colons were removed immedia te ly  
af ter  t e rmina t ion  and f lushed with phosphate  buffered 
saline (PBS), slit open from caecum to anus,  and fixed in 
70% ethanol. Colons were assessed for ACF and prolifera- 
tive indices. 

Quantification of ACF. Following the protocol estab- 
l ished by Bird (16), the fixed colons were s ta ined in a 
0.02% solution of methy lene  blue (Sigma); then  using a 
light microscope, colons were assessed for the number  and 
growth of ACF. The criteria used to identify a focus of ACF 
included: (i) increased size, (ii) thicker  epithelial cell lin- 
ing and (iii) increased pericryptal  zone relative to normal  
crypts  (17). Visualization and quantif ication of the num- 
ber and crypt multiplicity of ACF in the entire colon were 
done as previously described (16,18). In  order to deter-  
mine crypt multiplicity, the number  of crypts in each focus 
was recorded. To de termine  the distr ibution of ACF, the 
colon was divided into three  sections. R represented  the 
first 4 cm from the rectal end, M was the next 4 cm and C 
was the next 3-4  cm from M. 

Measurement of mitotic and BrdU indices. Colonic tis- 
sue was processed for histology and mitotic proliferation 
as assessed by scoring crypt sections for colchicine (Sigma) 
a r res ted  mitotic figures. BrdU immunohis tochemis t ry  
was performed as described for proliferating cell nuclear  
ant igen (PCNA) immunohis tochemis t ry  with the addi- 
tional step of DNA digestion by 2N HC1 t rea tment  for 1 h 
following rehydrat ion.  The ant i -BrdU monoclonal anti-  
body (Becton-Dickinson, San Jose, CA) 1:40 dilution in an- 
tibody dilut ing buffer was applied to t issues for 1 h. For 
determination of the BrdU labeling index or mitotic index, 
ten wel l-or ientated crypts  were evalua ted  in which the  

base, lumen, and top of the crypts  could be seen display- 
ing a U-shaped configuration. The number  and the posi- 
tion of the positively identified cells in each crypt column 
were  recorded in t e rms  of serial  position counting up- 
wards  from position 1, at  the base  of the crypt  up to the 
mouth of the crypt. The BrdU labelling index and mitotic 
index were calculated as the number  of positive cells per 
crypt divided by the total number  of cells per crypt multi- 
plied by 100. 

Study 2: Colonic PKC activity, cells exhibiting PCNA 
and mucosal lipid composition. Animals received a single 
saline injection and were then  placed on the normal  fat  
diet for one week. Animals were randomly allocated into 
dietary groups (10 animals/group) and fed either the high 
or the normal fat  diet for 4 wk, after which t ime they were 
killed by carbon dioxide asphyxiation. 

Extraction, separation and assay of PKC from rat 
colonic tissue. Rat  colonic PKC activity was measured  ac- 
cording to the PKC assay  previously described (19) with 
some modifications. Briefly, colons were removed, flushed 
with cold Krebs  Ringer  solution, slit longitudinal ly and 
placed on a 0~ cooled surface to collect colonic mucosal  
scrapings.  The t issue was homogenized in 25 mM Tris 
buffer (pH 7.5) containing 0.25 mM phenylmethylsulfonyl 
fluoride, 15 mM ethyleneglycol-bis(B-aminoethyl ether)- 
N,N,N;N'-tetraacetic acid, 0.25 M sucrose and 10 ~w,/mL 
t ryps in  inhibitor. The homogenized mix tu re  was cen- 
trifuged at  100,000 x g  for 60 min. The supernatant ,  which 
represents  the soluble fraction, was applied to a pre-equi- 
l ibrated DEAE-sephacel column. The column was washed 
with two bed volumes of Buffer A (lacking Triton-X 100) 
and eluted with  a 25 mM Tris Buffer B containing 0.25 
mM PMSF, 15 mM mercaptoethanol  and 0.15 mM NaC1. 
The pellet was resuspended and homogenized in Buffer A 
with 0.5% Triton-X 100, centrifuged at  100,000 x g  for 60 
min, and its superna tan t ,  which represents  the part icu-  
late fraction, was par t ia l ly  purif ied as described for the 
soluble fraction. All column procedures were carried out 
at  4~ unless otherwise noted. Activity was determined by 
compar ing  the t rans fe r  of  32p from ~'-[32p]adenosine 
tr iphosphate (ATP) (NEN, Mississauga, Ontario, Canada) 
to a histone protein in both the  presence and absence of 
phosphatidylserine (PS) and diacylglycerol (DAG). All re- 
action mixtures contained 25 mM Tris buffer (pH 7.5) with 
10 mM MgC12, 740 ~g/mL histone, 2 mM CaC12, wi th  
(PS-DAT and calcium-dependent]  or wi thout  (non- 
PS-DAG-dependen t )  80 ~ag/mL PS and 8 ~g/mL DAG. A 
75-~L aliquot of the reaction mixture  was added to 25 IlL 
of column eluate; the reaction was then initiated by addi- 
tion of 10 ~tL of T-[32p]ATP (0.45 ~Ci/10 ~L) and allowed to 
incubate at  37~ for 5 min. Reactions were then quenched 
in an ice bath, and then 50 ~L of the mixture was spotted 
onto small  squares  of P81 phosphocellulose paper. The 
paper  was immersed  in 75 mM phosphoric acid, washed  
with ddH 2) and the dried squares  were counted for ra- 
dioactivity on a Beckman LS6000TA Liquid Scintillation 
Counter  (Beckman Ins t ruments ,  Fullerton, CA). Protein 
content  was assayed  using the Coomasie Blue protein 
assay (Sigma). 

Measurement of PCNA indices. Colonic t issue was em- 
bedded in paraff in  wax, and  5-~lin thick sections were 
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processed for immunohistochemistry employing the unla- 
belled antibody bridge method and the Universal Peroxi- 
dase kit from Signet Laboratories (ID Labs Inc., London, 
Ontario, Canada); the method is similar to that described 
by Richter et al. (20). Tissue sections were deparaffinized 
and then flooded with normal goat serum and incubated 
for 20 min to block nonspecific binding. The anti-PCNA 
monoclonal antibody (Dimension Laboratories, Inc., Mis- 
sissauga, Ontario, Canada) diluted with antibody diluting 
buffer (1:40) was applied to tissue sections, and the slides 
were subsequently incubated for 1 h. Each tissue section 
was then sequentially incubated with anti-mouse IgG (an- 
tibody bridge) and mouse IgG peroxidase (labeling agent). 
The peroxidase reaction was initiated by immersing the 
slides in 0.06% 3,3'-diaminobenzidine tetrahydrochloride 
(Sigma) in PBS to which 0.03% H202 had been added im- 
mediately prior to use. Finally, the slides were lightly 
counterstained with hematoxylin, dehydrated, and 
mounted with Permount (Fisher Scientific, Ottawa, On- 
tario, Canada). All incubations were carried out in a hu- 
midified chamber at room temperature, and between in- 
cubations slides were extensively washed with PBS. The 
PCNA labelling index was determined by identifying ten 
well-orientated crypts in which the base, lumen and the 
top of the crypts could be seen displaying a U-shaped con- 
figuration. The number and the position of the labelled 
cells in each crypt column were recorded in terms of serial 
position counting upward from position 1, at the base of 
the crypt up to the mouth of the crypt. The PCNA la- 
belling index was calculated at the number of positive 
cells per crypt divided by the total number of cells per 
crypt multiplied by 100. 

Analysis of colonic lipids. Animals were killed by CO 2 
asphyxiation and their colons removed rapidly and rinsed 
in ice-cold PBS. Colons were slit open longitudinally, freed 
from all contents, laid flat, and mucosa was scraped with 
a microscope glass slide. Lipids were extracted as de- 
scribed by Folch et al. (21) using chloroform/methanol (2:1, 
vol/vol). Phospholipids were separated by thin-layer chro- 
matography using Silica Gel Merck 60 (BDH Inc., Toronto, 
Ontario, Canada) precoated plates. All major phos- 
pholipids were clearly separated following development 
of the plates in chloroform/methanol/acetic acid/water 
(50:37.5:3:1.5, by vol). Lipid bands were visualized with 
2'7'-dichlorofluorescein and identified by comparison of 
their migration rate with those of standard phospholipids 
(Serdary Research Laboratories Inc., London, Ontario, 
Canada). Bands corresponding to phosphatidylcholine 
(PC) and phosphatidylethanolamine (PE) were scraped 
from the plates and the lipid fractions were directly trans- 
methylated with 6% sulfuric acid in methanol for 2 h at 
80~ in the presence of heptadecenaoic acid (17:0) as in- 
ternal standard. Following incubation, the reaction mix- 
ture was cooled and diluted with water (1 mL) and petro- 
leum ether (2 mL). The upper phase containing the fatty 
acid methyl esters was removed, drie d under pure nitro- 
gen, and reconstituted in small volumes of hexane. Recon- 
stituted fatty acid methyl esters were analyzed by gas-liq- 
uid chromatography (Varian Star 3400; Varian Instru- 
ments, Palo Alto, CA) using a fused Omega Wax capillary 
column (30 • 0.25 Inn) held at 160~ for 1 min, then 

ramped to 220~ at 2~ per min, and then held for 20 min 
using helium as the carrier gas. 

Statistical analyses. Statistical analysis of the data was 
by Student t-test to compare group means using the SAS 
statistical software for microcomputers (SAS Institute, 
Inc., Cary, NC). A P value of <0.05 was considered signifi- 
cant. 

RESULTS 

The body weights of normal-fat and high-fat fed animals 
were similar throughout the experiment in both carcino- 
gen and saline treated animals (Fig. 1); however, after 
4 wk of dietary treatment, the body weight of animals fed 
the high-fat diet was greater, though not statistically sig- 
nificant, from the normal-fat diet (carcinogen: 273.1 -+ 12.9 
vs. 243.4 _+ 5.9; saline: 220.0 _+ 5.5 vs. 194.4 _+ 11.2, respec- 
tively). 

Study 1: Preneoplastic lesions and proliferative pat- 
terns. Dietary changes did not alter crypt height or the 
size of the proliferative zone in either metaphase arrest or 
BrdU labelling identification (results not shown). Al- 
though the number of cells in S-phase as measured by the 
BrdU labelling index were slightly greater in the high-fat 
fed animals both in the mid (3.7 -+ 0.7 vs. 3.1 +- 0.6) and rec- 
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FIG. 1. Init ial  body  we ight  and body  we ight  ga ined  in rats 
fed the  high-fat  (circle) or the  normal  fat (triangle)  diets ,  
and injected  w i t h  sa l ine  in  S tudy  2 (top panel )  or AOM in 
Study I (bottom panel).  Data represent  m e a n  -+ SEM. 
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FIG.  2. C o m p a r i s o n  o f  S - p h a s e  c e l l s  in  c a r c i n o g e n - t r e a t e d  
c o l o n s  b e t w e e n  n o r m a l - f a t  a t  ( h a t c h e d  bar )  a n d  h i g h - f a t  
( f i l l ed  bar)  d i e t s  in  t h e  m i d  a n d  in  t h e  r e c t a l  c o l o n i c  r e g i o n s  
as  m e a s u r e d  b y  t h e  5 ' - b r o m o - 2 ' - d e o x y u r i d i n e  l a b e l l i n g  
i n d e x  (BrdU) .  C o l u m n  a n d  bar  r e p r e s e n t  t h e  m e a n  • SEM. 

t a l  (4.9 _+ 0.9 vs. 3.8 _+'0.5) reg ion ,  t h e  c h a n g e s  d id  no t  
r e a c h  s t a t i s t i c a l  s ign i f i cance  (Fig.  2). S imi la r ly ,  m i to t i c  
ac t iv i ty ,  a s  m e a s u r e d  by  t h e  n u m b e r  of  cel ls  a r r e s t e d  in  
m e t a p h a s e ,  w a s  g rea t e r ,  t h o u g h  no t  s ign i f ican t ly ,  in  t h e  
r e c t a l  (7.4 _+ 1.6 vs. 5.4 _+ 1.2) a n d  m i d  (6.0 _+ 0.9 vs. 5.6 _+ 
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FIG.  3. C o m p a r i s o n  o f  m e t a p h a s e  c e l l s  in  c a r c i n o g e n -  
t r e a t e d  c o l o n s  b e t w e e n  n o r m a l  fa t  ( h a t c h e d  bar)  a n d  h i g h -  
f a t  ( f i l l ed  bar)  d i e t s  in  the  m i d  a n d  in  t h e  r e c t a l  c o l o n i c  re-  
g i o n s  as  m e a s u r e d  b y  t h e  m i t o t i c  i n d e x .  C o l u m n  a n d  b a r  
r e p r e s e n t  the  m e a n  _+ SEM. 

1.1) colonic m u c o s a  of  a n i m a l s  fed t h e  h i g h - f a t  d i e t  
(Fig. 3). 

T h e  t o t a l  n u m b e r  of  A C F  p e r  colon (no. foci/colon) d id  
not  s ign i f ican t ly  differ  be tw e e n  the  two d i e t a r y  groups  al-  
t hough  the  m e a n  mul t ip l i c i t y  (no. AC/focus) was  e l eva ted  
in  a n i m a l s  fed t h e  h igh - fa t  d i e t  (Table  2). The  n u m b e r  of  
foci w i t h  c r y p t  m u l t i p l i c i t i e s  of  1, 2 or  3 were  not  s ignif i -  
c a n t l y  a l t e r e d  by  i n c r e a s e d  d i e t a r y  fa t  i n t a k e .  I n t e r e s t -  
ingly, a s igni f icant  inc rease  in  t he  popu la t ion  of A C F  wi th  
a d v a n c e d  g rowth  f ea tu re s  (AC > 4) was  no ted  in  r e sponse  
to h i g h - f a t  c o n s u m p t i o n ,  A c o m p a r a t i v e  d i s t r i b u t i o n  of  
t he se  advanced  lesions a long  the  colon is shown in Table 2. 
I n  sp i t e  of  a n  i n c r e a s e  in  t h e  n u m b e r  of  A C F  w i t h  ad-  
vanced  g rowth  f ea tu re s  in  the  h igh- fa t  group,  the  re la t ive  
d i s t r i b u t i o n  of  A C F  a long  the  l eng th  of t he  colon was  not  
affected by  d i e t a r y  t r e a t m e n t  (Table 2). 

Study 2: Colonic PKC activity, cells exhibiting PCNA, 
and mucosal lipid composition. The  effect of t he  h igh - f a t  
d ie t  on the  P C N A  labe l l ing  index  was  not  s ign i f ican t ly  dif- 
fe ren t  from t h a t  of  the  no rma l - f a t  d ie t  in  e i the r  t he  rec ta l  
or  m i d  region  of  t he  colon (22.9 _+ 1.1 vs. 19.2 _+ 1.5; 22.0 -+ 
1.3 vs. 18.8 _+ 1.0). However ,  a t r e n d  t o w a r d  a n  e l e v a t e d  
l a b e l l i n g  i n d e x  in  t he  c r y p t s  of  h i g h - f a t  fed a n i m a l s  was  
observed  which  was  s im i l a r  in  bo th  t he  rec ta l  and  mid  re- 
gion of  the  colon (Fig. 4). 

The  ac t iv i ty  of  m e m b r a n e  (par t i cu la te )  PKC was  signif- 
i can t ly  h ighe r  (1.7 _+ 0.4 vs. 0.7 _+ 0.1) in  the  colonic mucosa  
of  a n i m a l s  fed  t h e  h i g h - f a t  d i e t  (Fig.  5). Converse ly ,  t h e  
PKC ac t iv i t y  m e a s u r e d  in  t he  cytosol ic  (soluble)  f r ac t ion  
was  s ign i f ican t ly  lower  (0.1 _+ 0.0 vs. 4.0 _+ 1.4) in  the  high-  
fa t  r e l a t i v e  to t h e  n o r m a l - f a t  fed a n i m a l s .  Tota l  P K C  ac- 
t i v i t y  was  no t  s i gn i f i c an t l y  a l t e r e d  (no rma l ;  4.6 -+ 1.4 vs. 
high;  1.8 -+ 0.3) by  d i e t a r y  changes .  

T h e  two m a j o r  p h o s p h o l i p i d  c l a s ses  of  colonic m u c o s a  
we re  a lso  quan t i f i ed .  C o m p a r e d  to t h e  n o r m a l - f a t  d i e t  
g roup ,  t he  colons f rom a n i m a l s  fed t h e  h igh - f a t  d ie t  con- 
t a i n e d  less  P E  r e s u l t i n g  in  a g r e a t e r  P C - t o - P E  r a t i o  

TABLE 2 

E f f e c t  o f  D i e t a r y  Fa t  o n  th e  N u m b e r  a n d  G r o w t h  Charac -  
t e r i s t i c  o f  A b e r r a n t  C r y p t  (AC) F o c i  a 

Normal fat High fat 

No. foci/colon 169.7 _+ 24.4 185.5 -+ 25.5 
No. AC/focus 2.41 _+ 0.07 2.79 b +_ 0.13 

AC 1 30.7 _+ 4.0 28.0 -+ 6.7 
AC 2 69.0 +_ 9.3 67.3 -+ 12.2 
AC 3 44.5 -+ 7.42 46.2 _+ 7.3 
AC _> 4 25.5 _+ 6.61 44.0 b _+ 4.3 

% Distribution of AC _> 4 c 
R 34 30 
M 40 43 
C 26 27 

aMean _+ SE, n = 8 animals/group. AC I to AC > 4 = foci consisting 
of 1 to >4 AC. 
bSignificantly different from the corresponding normal fat group. 
CPercent distribution of foci with four or more aberrant crypts 
along the divisions of the colon: R, the first 4 cm from the rectal 
end; M, the next 4 cm; the next 3-4 cm from M. 
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FIG. 4. C o m p a r i s o n  o f  c y c l i n g  ce l l s  in  s a l i n e - t r e a t e d  c o l o n s  
b e t w e e n  n o r m a l - f a t  ( h a t c h e d  bar)  a n d  h i g h - f a t  ( f i l l e d  bar )  
d i e t s  i n  t h e  m i d  a n d  i n  t h e  r e c t a l  c o l o n i c  r e g i o n s  as  m e a -  
s u r e d  b y  t h e  p r o l i f e r a t i n g  c e l l  n u c l e a r  a n t i g e n  ( P C N A )  la- 
b e l l i n g  i n d e x .  C o l u m n  a n d  b a r  r e p r e s e n t  t h e  m e a n  • SEM. 

(Table 3). G e n e r a l l y  t he  d i f ferences  b e t w e e n  the  no rma l -  
and  h igh-fa t  diet  groups wi th  respect  to fa t ty  acid compo- 
s i t ion  of  PC and  PE  w e r e  minor.  T h e  p e r c e n t a g e  of  16:0, 
18:0 and  20:4n-6 in the  PC fract ion (Table 4) and  20:4n-6 

TABLE 3 

E f f e c t  o f  F e e d i n g  a N o r m a l  vs. a High Level  o f  D i e t a r y  F a t  
o n  t h e  P h o s p h o l i p i d  P r o f i l e  o f  t h e  C o l o n i c  E p i t h e l i u m  = 

Fatty acids Normal-fat diet High-fat diet 

PC ~g/g wet wt 829 • 104 671 _+ 64 
PE ug/g wet wt 517 • 156 300 • 16 
PC/PE ratio 1.8 • 0.3 2.3 _+ 0.3 

aValues represent means • SEM (n -- 5). PC, phosphatidylcholine; 
PE, phosphatidylethanolamine. 

TABLE 4 

E f f e c t  o f  Feeding  a Normal  vs. a High Level  
o f  D i e t a r y  Fa t  o n  t h e  F a t t y  A c i d  Profi le  
o f  t h e  P h o s p h a t i d y l c h o l i n e  F r a c t i o n  a 

Fatty acids Normal-fat diet High-fat diet 

% Fatty acid composition b 

14:0 1.2 • 0.1 1.0 -+ 0.1 
16:0 43.7 • 0.6 38.5 • 0.5 e 
16:1 0.8 -+ 0.02 0.5 + 0.0 e 
18:0 17.2 • 0.4 20.8 • 0.8 d 
18:1n-9 11.9 _+ 0.9 12.6 • 0.5 
18:2n-6 6.2 _+ 0.4 5.4 • 0.3 
18:3n-6 nd nd 
20:1n-9 0.3 • 0.1 0.5 • 0.0 
20:3n-6 1.6 • 0.1 1.1 • 0.0 c 
20:4n-6 12.6 • 0.5 15.3 • 0.9 
20:5n-3 0.2 • 0.2 trace 
22:1n-9 0.6 • 0.1 0.2 _+ 0.0 d 
22:4n-6 1.4 _+ 0.4 2.5 _+ 0.3 
22:5 0.8 • 0.3 0.3 • 0.03 
22:6n-3 1.5 • 1.1 1.2 _+ 0.2 
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FIG.  5. E f f e c t  o f  n o r m a l - f a t  ( h a t c h e d  bar )  a n d  h i g h - f a t  
( f i l l ed  bar)  f e e d i n g  o n  p r o t e i n  k i n a s e  C a c t i v i t y  in  b o t h  t h e  
p a r t i c u l a t e  ( m e m b r a n e )  a n d  t h e  s o l u b l e  ( c y t o s o l i c )  f rac -  
t i o n .  E a c h  c o l u m n  a n d  b a r  r e p r e s e n t  t h e  m e a n  • SEM, 
w h e r e  a n  a s t e r i s k  i n d i c a t e s  a s i g n i f i c a n t  d i f f e r e n c e  f rom 
t h e  c o r r e s p o n d i n g  n o r m a l  fa t  g r o u p  P < 0.05. 

% Saturated 62.1 • 0.3 60.3 -+ 0.1 d 
% Monounsaturated 13.5 • 1.1 13.8 -+ 0.5 
% Polyunsaturated 24.3 • 1.2 25.9 • 0.4 

aValues represent means • SEM (n = 5). 
bThe weight percent was calculated by dividing the weight of the 
fatty acids by the total fatty acids content and multiplying by 100; 
nd, not detectable. 
cSignificantly different from animals fed the normal 5% fat diet; P 
< 0.05; dp< 0.01; ep < 0.001. 

in  t he  P E  f rac t ion  (Table 5) was  h i g h e r  in  t he  m u c o s a  of  
an ima l s  fed the  h igh-fa t  diet. 

DISCUSSION 

In  t h e  p r e s e n t  i n v e s t i g a t i o n  we exp lo red  t h e  poss ib i l i ty  
t h a t  PKC plays an  i m p o r t a n t  role in colon carc inogenes is  
and  t h a t  the  ac t iv i ty  of  th is  enzyme  is affected by a high-  
fa t  d ie t  which is known to exer t  a tumor-promot ing  effect. 
In  S tudy  1, we found t h a t  a h igh- fa t  d ie t  t h a t  s t i m u l a t e d  
the  g r o w t h  of  a se lect  popula t ion  of  A C F  did not  enhance  
p ro l i f e ra t ive  ind ices  of  t he  colonic e p i t h e l i u m  m e a s u r e d  
by two different  procedures.  S tudy  2 was  conducted to de- 
t e rm ine  w h e t h e r  the  high-fat  diet  would affect PKC activ- 
ity, phospho l ip id  compos i t ion  and  p ro l i f e r a t i ve  ind ices  
m e a s u r e d  by a s s e s s i n g  cel ls  exh ib i t i ng  PCNA.  O u r  d a t a  
show t h a t  f eed ing  a h igh - fa t  d ie t  i n c r e a s e d  the  colonic 
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TABLE 5 

E f f e c t  o f  F e e d i n g  a N o r m a l  vs .  a H i g h  L e v e l  
o f  D i e t a r y  F a t  o n  the  F a t t y  A c i d  P r o f i l e  
o f  t h e  P h o s p h a t i d y l e t h a n o l a m i n e  F r a c t i o n  a 

Fatty acids Normal-fat diet High-fat diet 

% Fatty acid composition b 
14:0 0.4 • 0.0 0.4 _+ 0.0 
16:0 12.3 • 2.1 12.2 • 0.0 
16:1 1.2 • 0.5 0.8 • 0.4 
18:0 33.4 • 7.9 28.3 • 0.7 
18:1n-9 14.7 • 1.1 13.0 _+ 0.5 
18:2n-6 4.5 • 0.6 3.7 _+ 0.2 
18:3n-6 0.4 • 0.1 0.5 • 0.1 
20:1n-9 0.6 • 0.1 0.3 • 0.1 
20:3n-6 1.9 • 0.3 1.5 _+ 0.2 
20:4n-6 20.7 • 5.4 26.8 • 1.1 
20:5n-3 0.3 • 0.2 0.3 • 0.2 
22:1n-9 0.2 • 0.1 0.2 _+ 0.0 
22:4n-6 5.4 • 1.3 7.5 _+ 0.1 
22:5 0.4 • 0.0 0.6 +_ 0.0 c 
22:6n-3 3.7 • 0.3 3.9 • 0.1 

% Saturated 46.1 • 5.9 40.9 • 0.7 
% Monounsaturated 16.7 • 1.0 14.3 • 0.8 
% Polyunsaturated 37.3 • 6.3 44.8 _+ 1.0 
aValues represent means • SEM (n = 5). 
bThe weight percent was calculated by dividing the weight of the 
fatty acids by the total fatty acids content and multiplying by 100. 
cSignificantly different from animals fed the normal 5% fat diet: 
P < 0.01. 

membranous  (particulate) PKC activity and decreased the 
cytosolic (soluble) PKC activity when compared to animals  
fed a normal  fa t  diet. A major  effect of the high-fat  diet 
on the lipid composit ion of the colonic mucosa  was a 
decreased PE content  and  an increased percentage  of 
20:4n-6 in both the PC and PE fractions. 

I t  is recognized tha t  colon carcinogenesis is a mult is tep 
process which includes sequential  selection and propaga- 
tion of preneoplast ic lesions, Aber ran t  crypt foci are pre- 
sent  in carc inogen- t reated rodent  colons as well as in 
h u m a n  colons wi th  colon cancer  in pa t ien ts  a t  high r isk  
for colon cancer  development  (22-26). Several  studies 
a imed at  inves t igat ing the  genotypic, morphologic and  
growth fea tures  of ACF have  suppor ted  the contention 
tha t  ACF are preneoplastic lesions (23-25,27). Moreover, 
a colon harboring a greater  number  of ACF with advanced 
growth fea tures  is a t  g rea te r  r isk for developing the dis- 
ease than  one with fewer advanced ACF (28-30). The abil- 
ity of the high-fat diet to increase the number  of ACF with 
higher  crypt  mult ipl ici ty is compat ible  wi th  the notion 
t ha t  this diet enhances  the carcinogenic process; in the  
present  investigation the high-fat  diet exerted this effect 
by eight weeks of dietary t reatment .  

The high-fat diet did not significantly alter the prolifer- 
ative activity of the colonic epithelium as compared to the 
normal - fa t  diet in e i ther  s tudy  regardless  of the assess-  
men t  used. Generally, a ssessment  of S-phase cells e i ther  
by enumera t i ng  the cells which incorporated BrdU or 
[3H]thymidine has  been advocated to es t imate  the risk of 
colon cancer  development  (31,32). I t  is known tha t  cell 

replication is a complex mult is tep process tha t  can be in- 
t e r rup ted  or s t agna ted  at  several  s tages by endogenous 
and exogenous factors (33,34) and tha t  depending on the 
method of assessment  different stages of the cell cycle are 
enumera ted .  We employed three  different methods  to 
evalua ted  proliferat ion of the colonic mucosa.  The BrdU 
labelling index assesses the percentage of cryptal cells en- 
gaged in DNA synthesis ,  whereas  the m e t a p h a s e  a r res t  
technique allows enumera t ion  of cells actual ly  undergo- 
ing mitosis  (35,36). There  are  only a few studies which 
have measured  both parameters  in the same colon. In the 
presen t  s tudy we found tha t  bo th  p a r a m e t e r s  were 
slightly increased in the high-fat fed animals. The assess- 
ment  of cells exhibiting PCNA allows the identification of 
cycling cells. The antigens detected include various natu-  
rally occurring cell cycle related proteins (35). As a result, 
PCNA labelling indices tend to be grea ter  than  the BrdU 
labelling indices, and it has been suggested tha t  this may  
be due to the gradient  in PCNA expression tha t  enlarges 
the window of reactivity (37). Although this method of as- 
s e s smen t  is in its ear ly  s tages  of development ,  several  
s tudies have  repor ted excellent correlat ions be tween 
BrdU, [3H]thymidine and PCNA proliferat ive indices 
(17,37). I t  has  been suggested tha t  PCNA immunohis to-  
chemis t ry  m a y  be a super ior  technique for de te rmin ing  
proliferative s ta tus  as this technique circumvents the use 
of radioact ive ([3H]thymidine) or cytotoxic (colchicine, 
BrdU) chemicals while still providing spat ia l  and confor- 
mat iona l  information not avai lable with flow cytometric 
analysis. The PCNA methodology is therefore ideal in sit- 
uations where enzymatic and proliferative measurements  
are to be evaluated on the same specimen. In  our experi- 
men t s  it was a p p a r e n t  t ha t  the  PCNA labell ing index 
tended to be greater  in the colons of animals  fed the high- 
fat  diet, which was in accordance with  the t rends  in the 
BrdU and mitotic indices assessed in the  carcinogen- 
t reated colons. The inability of the high-fat diet to signifi- 
cantly increase the proliferative indices of the colonic ep- 
i the l ium and its abil i ty to accelerate the growth of a se- 
lected ACF suggests tha t  the high-fat diet may  be exerting 
a promotional  effect on colon carcinogenesis by mecha-  
nisms other than  st imulat ing colonic cell proliferation. 

PKC is known to exist in various isoforms which exhibit 
differences in co-factor dependence and act ivator  speci- 
ficity (38,39). The ability of PKC to remain associated with 
the membrane  as the active form may  depend on the lipid 
composition of tha t  membrane.  I t  was apparent  that  mem- 
brane PKC activity was higher in the colonic mucosa of an- 
imals  fed the high-fat  diet suggest ing tha t  this diet m a y  
have  increased the turnover  ra te  of PKC. The lower 
amount  of cytosolic PKC activity may  demons t ra te  en- 
hanced translocation of the enzyme to the membrane.  This 
observation is compatible with the findings of others who 
have reported tha t  tumor  promoters appear  to increase the 
t ranslocat ion of cytosolic PKC to the par t iculate  fraction 
(40). Furthermore,  a study investigating the role of dietary 
fat  and PKC in skin carcinogenesis found tha t  activity in 
the particulate fraction increased twofold, and the soluble 
PKC activity decreased dramatical ly in animals  consum- 
ing a high-fat diet (41). PKC has  been recognized as hav- 
ing an important  role in the regulation of cell growth and 
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differentiation (11,12). I t  has been established tha t  PKC is 
a receptor for phorbol ester  tumor  promoters (42), and ac- 
t ivat ion of this enzyme has  been reported in response to 
bile acids, which are known to promote colon carcinogene- 
sis (43). The enzyme has  been implicated in impar t ing  
drug resis tance (44) and is thought  to play a role as a 
tumor  suppressor gene (45). These findings taken together 
i l lus t ra te  the possible importance  of this enzyme in the 
pathogenesis of colon cancer. This has  also led to the sug- 
gestion tha t  PKC may  serve as a convenient intermediate 
m a r k e r  in the evaluat ion of intervent ion studies (43,46). 
However, s tudies have yielded somewhat  conflicting re- 
sults as downregulation of PKC activity has been observed 
in cancerous tissue of chemically induced ra t  colon carcino- 
genesis (47,48) and h u m a n  colonic carcinomas (49,50), 
while others have found no differences (51). I t  is now rec- 
ognized tha t  PKC may  translocate to the nucleus (52) and 
thus participate in biological responses. 

In the present  investigation, PKC activity in the cytoso- 
lic and  par t icula te  fract ions was m eas u red  using a 
method s imilar  to those employed by others for s tudying 
colonic epi thel ium (13,16,43,46,53). Considerable ad- 
vances have been made in the biochemical and molecular 
approaches to s tudy various PKC isoforms and their  role 
in cellular processes. In  our view, the observat ion t ha t  
PKC activity was modulated in the normal  mucosa by di- 
e ta ry  fat  and tha t  the level of various PKC isoforms m a y  
differ in normal  vs. neoplastic colonic t issue (53,54) does 
lend support  to the notion t ha t  PKC plays an impor tan t  
role in colon carcinogenesis. How a tumor-promot ing en- 
vironment  affects PKC activity and its isoforms in normal  
and neoplastic tissue remains  to be seen and should be ex- 
plored in future studies. 

The abil i ty of the high-fat  diet to increase the PC/PE 
ratio in the colonic mucosa is similar  to findings reported 
for the colonic mucosa  of mice fed a high corn oil or beef  
tallow diet (55). Although the initial activation of PKC is 
dependent  on the hydrolysis  of phosphatidylinositol ,  
Nishizuka (11) proposed tha t  this t ransient  st imulation is 
frequently followed by a more sustained increase in DAG 
derived through the hydrolysis of PC. I t  is, therefore, plau- 
sible tha t  the increased PKC activity observed in the high- 
fat  fed animals  may  in par t  be at tr ibutable to an increased 
PC/PE colonic mucosal  ratio. Whether  it is the increased 
PC/PE rat io  or the decreased PE content  of the cellular 
membranes  which affects PKC directly still remains  to be 
established. The consistent increase in the percentage of 
20:4n-6 in response to the high-fat diet in both the PC and 
PE fractions is worth noting and m a y  be of biological im- 
portance. Arachidonic acid and its metaboli tes have been 
associated with neoplastic events and have been proposed 
to affect signal t ransduction by affecting the PKC activa- 
tion pathway (55). 

In summary ,  our resul ts  demons t ra t e  t ha t  a high-fat  
diet rich in sa turated fat ty acids markedly  affects the pre- 
neoplast ic s ta te  of the colonic epi thel ium. Moreover, al- 
though this diet exerted minor effects on the lipid compo- 
sition of the tissue, it exerted a distinct modulat ing effect 
on the activity of PKC, an  enzyme critically associated 
with cell growth and differentiation and the carcinogenic 
process. 
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In a p r e v i o u s  s tudy  we  s h o w e d  that  i n t e s t i n a l  u p t a k e  o f  
a - l i n o l e n i c  ac id  (18:3n-3) w a s  c a r r i e r - m e d i a t e d  an d  w e  
s u g g e s t e d  tha t  a p l a s m a  m e m b r a n e  fat ty  ac id  p r o t e i n  
w as  i n v o l v e d  in  the  t ra ns po r t  o f  l o n g - c h a i n  fa t ty  ac ids .  
To further  test  th is  hypothes i s ,  the  m e c h a n i s m  o f  l ino le i c  
ac id  (18:2n-6) u p t a k e  by  i so la t ed  i n t e s t i n a l  ce l l s  w a s  ex- 
a m i n e d  u s i n g  a rap id  f i l t ra t ion  m e t h o d  a nd  20 mM 
s o d i u m  t a u r o c h o l a t e  as  s o l u b i l i z i n g  agent .  U n d e r  t h e s e  
e x p e r i m e n t a l  c o n d i t i o n s  transport  o f  [1-14C]linoleic ac id  
m o n o m e r s  in  the  c o n c e n t r a t i o n  r a n g e  o f  2 to 2220 nM 
w as  sa turable  w i t h  a V m of  5.1 --. 0.6 n m o l / m g  pr o te in /min  
a n d  a K m of  183 _+ 7 nM. E x p e r i m e n t s  carr i ed  out  in  t h e  
p r e s e n c e  of  metabo l i c  inhib i tors ,  s u c h  as 2 ,4-dinitrophe-  
n o l  and  a n t i m y c i n  A, s u g g e s t e d  tha t  an  act ive ,  carrier-  
m e d i a t e d  m e c h a n i s m  w a s  i n v o l v e d  in  the  i n t e s t i n a l  up- 
t a k e  o f  th i s  e s s e n t i a l  fat ty  acid.  The  a d d i t i o n  o f  e x c e s s  
u n l a b e l e d  l ino le i c  ac id  to the  i n c u b a t i o n  m e d i u m  led  to a 
89% d e c r e a s e  in  the  u p t a k e  of  [1-14C]linoleic acid,  w h i l e  
D-glucose  d id  no t  c o m p e t e  for t ra ns po r t  in to  t h e  cel l .  
Other  l o n g - c h a i n  p o l y u n s a t u r a t e d  fat ty  ac ids  a d d e d  to 
t h e  i n c u b a t i o n  m i x t u r e  i n h i b i t e d  l ino le i c  ac id  u p t a k e  by  
more  t h a n  80%. The p r e s e n c e  of  r acid (18:3no3) 
in  the  i n c u b a t i o n  m e d i u m  c a u s e d  the  c o m p e t i t i v e  inhibi-  
t i o n  ( K  i = 353 nM) o f  | i n o l e i c  ac id  upta ke .  The  data  are  
compat ib le  w i t h  the  h y p o t h e s i s  that  in te s t ina l  u p t a k e  o f  
both  l inole ic ,  and  a- l ino len ic  ac id  is  m e d i a t e d  by  a mem- 
brane  carrier  c o m m o n  to long-cha in  fatty  acids.  
Lipids 29, 701-706 (1994). 

Linoleic acid (18:2n-6) and a-linolenic acid (18:3n-3) are 
essential fatty acids that share the same desaturation and 
chain elongation pathways (1-3) and produce metabolites 
that are incorporated into membrane phospholipids and 
body tissues (4). The two fatty acids compete with each 
other particularly at the limiting A6 desaturase step (1-3). 
Several authors have investigated the effects of the 
n-6/n-3 fatty acid ratio in the diet with focus on the meta- 
bolic steps leading to the synthesis of eicosanoids (5-9). 
On the other hand, few studies have addressed the possi- 
bility that high levels of 18:2n-6 in the diet may interfere 
with 18:3n-3 uptake by intestinal cells, and vice versa 
(10,11). There is increasing evidence showing that cellu- 
lar uptake of long-chain fatty acids occurs by a process of 
facilitated membrane translocation involving a mem- 
brane-bound fatty acid binding protein (12-14). 

In a previous study we observed that a-linolenic acid 
uptake by intestinal cells was carrier-mediated and that 
addition of linoleic acid to the incubation medium led to a 
decrease in the initial rate of cr acid uptake (15). 
Based on these observations, we hypothesized that  the 
parent essential fatty acids were transported by the same 
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n ~ 313 "Lipides et croissance," Facultd de M~decine, 2 bis boule- 
vard Tonnelld, 37032 Tours Cedex, France. 
Abbreviation: HEPES, N-2-hydroxyethylpiperazine-N'-2-ethane- 
sulfonic acid. 

transport protein. This hypothesis could be questioned in 
the light of the facilitated (16-18) or passive (19) diffusion 
mechanism of linoleic acid across membrane enterocytes 
reported by others. Indeed, the mechanism of a-linolenic 
acid uptake that we observed in the presence of linoleic 
acid could be related to an allosteric inhibition of the 
transport protein without any concomitant uptake of 
linoleic acid via the same carrier. In order to address this 
point, it was necessary (i) to determine the kinetic para- 
meters of the initial rate of uptake of linoleic acid and 
(ii) to examine whether the intestinal uptake of these es- 
sential fatty acids is linked by a competitive or noncom- 
petitive inhibition mechanism. 

In the present study we examined the kinetics of 
linoleic acid uptake by isolated hamster intestinal cells 
using sodium taurocholate as solubilizing agent. The ef- 
fect of other long-chain fatty acids, in particular a- 
hnolenic acid, on linoleic acid uptake was also determined. 
The results show that  linoleic acid uptake is active and 
carrier-mediated and that a-linolenic acid added to the in- 
cubation medium leads to the competitive inhibition of 
linoleic acid uptake by intestinal cells. 

MATERIALS AND METHODS 

Chemicals and solutions. Taurocholic acid sodium salt, 
cholesterol, D-glucose, antimycin A, 2,4-dinitrophenol, col- 
lagenase type IA, bovine serum albumin essentially fatty 
acid free, N-2-hydroxyethylpiperazine-N'-2-ethanesul- 
fonic acid (HEPES), Hanks' medium, free fatty acids 
(linoleic, a-linolenic, y-linolenic, linolelaidic, arachidonic, 
eicosatrienoic, eicosapentaenoic, docosatetraenoic), lino- 
leic anhydride and linolenic acid methyl ester were ob- 
tained from Sigma Chimie (St. Quentin Fallavier, France). 
[1-14C]Linoleic acid (1.9 GBq/mmol) was purchased from 
New England Nuclear (DuPont de Nemours, Paris, 
France). The scintillation liquid Optiphase 'Hisafe' II was 
from LKB (Pharmacia, St. Quentin en Yvelines, France). 
Solutions of labeled linoleic acid were prepared by isotopic 
dilution. For the uptake studies, the fatty acids and all 
other reagents were solubilized at room temperature in 
Hanks' medium containing 20 mM taurocholate by soni- 
cation for 5 min in a Ney 300 water-bath sonicator (Bio- 
block Scientific, Illkirch, France). 

Preparation of intestinal cells. Intestinal cells were iso- 
lated as previously described (15,20). Briefly, male 
hamsters weighing 100-120 g (Elevage Ddprd, Saint 
Doulchard, France) were killed by overexposure to diethyl 
ether. The entire small intestine was removed, rinsed with 
oxygenated buffer solution containing sodium citrate and 
incubated for 10 rain in the same buffer at 37~ The 
intestine was then emptied, filled with oxygenated buffer 
solution containing ethylenediaminetetraacetic acid, in- 
cubated for 3 min at 37~ and then gently palpated with 
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the fingers for 2 min. This t rea tment  was repeated twice. 
The buffer containing intest inal  cells was recovered in 
Hanks '  solution. After centr ifugation (765 • g), the iso- 
lated cells were resuspended in Hanks'  medium contain- 
ing collagenase type IA (37~ 15 min with stirring). The 
intestinal cells were then washed twice and resuspended 
in Hanks '  medium (cellular stock solution containing 
about 5 mg protein/mL). Light microscopy of the suspen- 
sion showed that  about 90% of the cells displayed the typ- 
ical features  of villus-tip cells. Viability was assessed 
by t rypan  blue exclusion and by lactate dehydrogenase 
release assay using the lactate dehydrogenase 
(EC 1.1.1.27) optimized kit  DG 1340-K (Sigma Chimie). 
Protein concentrat ion was assayed by the method of 
Lowry et al. (21). 

Determination of linoleic acid monomer concentration. 
Ultrafiltration and polyethylene partitioning were used to 
measure  monomer concentrations.  (i) Ultraf i l t rat ion 
method: Linoleic acid monomers in the micellar solution 
were determined by ultrafiltration through a 1,000-mole- 
cular weight cut-off membrane  YM1 (Grace SA, Amicon 
Division, Epernon,  France) as described previously (15). 
Radioactivity was determined in the initial micellar solu- 
tion, the filtrate, and in the retained solution after ultra- 
filtration. The recovery of the radioactivity initially pre- 
sent in the micellar solution was found to be complete, 
thus  no adsorption occurred on the ul t raf i l t rat ion mem- 
brane. Linoleic acid molar  concentrat ion was calculated 
from the specific activity of [1-14C]linoleic acid. The 
percentage of mofiomer fatty acid in the micellar solution 
was calculated as the ratio of concentrat ion in the fil- 
t ra te  against  the concentrat ion in the re ta ined fraction. 
(ii) Polyethylene part i t ioning system: This technique is 
based upon the part i t ioning of fa t ty  acids between the 
aqueous solution and a solid organic phase, namely a poly- 
ethylene disc. Using this method, Sallee (22) demon- 
strated that  monomer activities of solutions of long-chain 
fatty acids dissolved in 20 mM bile acid were linearly de- 
pendent  on the total fat ty acid concentration in the incu- 
bation medium. Polyethylene discs, 1.2 cm in diameter,  
were punched from polyethylene film, 0.16 mm thick, 
manufactured by Roth Sochiel (Lauterbourg, France). To 
remove any oil and debris, the discs were washed in 
methanol  and distilled water  and were dried before use. 
After equilibration of two discs in 3 mL of fat ty acid test  
solutions for 24 h (shaking waterbath ,  37~ the discs 
were removed, rinsed in Hanks'  medium and the radioac- 
tivity associated with the discs was determined. 

Determination of  linoleic acid uptake. Uptake of 
[1-14C]linoleic acid was measured by the rapid vacuum fil- 
tration assay. One mL of cellular stock suspension was in- 
cubated for 1 min in a 37~ waterbath  with stirring, and 
uptake  was s tar ted by the addition of 1 mL of fa t ty  acid 
solution (Hanks '  medium plus 20 mmoUL sodium tauro- 
cholate) containing [1-14C]linoleic acid at 37~ At various 
t ime points, 200-pL sample aliquots (about 0.5 mg pro- 
tein) were pipetted into 3 mL of 5 mg albumin/mL Hanks'  
medium (4~ to stop cellular influx and to remove bound 
fat ty acids. In separate experiments it was found that  re- 
suspending the cells in 5 mg albumin/mL at  4~ stopped 
uptake after a rapid reequilibration period of 1 min. Dur- 

ET AL. 

ing this t ime about 10% of cell-associated radioactivity 
was removed, and no fur ther  change in radioactivity was 
detected dur ing the next  10 min. The stop solution con- 
taining cells was pipetted onto the center  of Wha tman  
GF/C glass microfibre filter (Poly Labo, Strasbourg, 
France), and filtered under  8 x 104 Pa vacuum pressure 
using a fi l tration appara tus  (Hoefer model FH225V; 
Bioblock). Cells were washed with 5 mL of 5 mg albu- 
min/mL solution (4~ and thereaf te r  with 20 mL of 
Hanks'  medium (4~ Filters were placed in scintillation 
vials, 4 mL of scintillation liquid were added and radioac- 
t ivity was determined in a LKB-1215 Rackbeta liquid 
scintillation counter (Pharmacia). Nonspecific radioactiv- 
ity binding to filters and cells was measured  in each ex- 
per iment  by adding 5 mg albumin/mL Hanks '  medium 
(4~ before the addition of corresponding aliquots of cells 
and [1-14C]-linolenic acid working solutions. The value of 
each sample was the net radioactivity after subtraction of 
this blank. 

The effect of the metabolic inhibitor antimycin A or 2,4- 
dinitrophenol (final concentrations 25 and 250 ~iM, respec- 
tively) was studied by adding the inhibitor to the cells 10 
min before linoleic acid solubilized in taurocholate  was 
added. In studies on the effect of Na § depletion, NaC1 was 
replaced by isoosmotic choline chloride. Cells were first 
washed twice in the Na § depleted medium and then incu- 
bated for 10 min at 37~ in the same medium. One mL of 
[lJ4C]linoleic acid was then added to 1 mL of cell suspen- 
sion (final concentrat ion 100 pM linoleic acid in 20 mM 
taurocholate),  and uptake  was determined as described 
above. The experimental protocol was changed somewhat 
in studies on the effect of o ther  unlabeled substra tes  
(100 pM or 1 mM final concentration) on linoleic acid up- 
take. Nine hundred pL of unlabeled substrate solubilized 
in 20 mM taurocholate was added to 1 mL of cell suspen- 
sion. After 30 s at  37~ with stirring, 100 ~L of [1J4C]- 
linoleic acid was added (final concentrat ion 100 ~M in 
20 mM taurocholate),  and the initial ra te  of uptake was 
determined as described above. 

Statistical analysis. Initial rates  of uptake were calcu- 
lated by the least-squares method which allows an esti- 
mation of simple l inear regression parameters  and their  
s tandard  deviations. Comparisons of ordinates at origin 
with zero value were evaluated by Student  t-test. Curves 
character izing the intracel lular  uptake of linoleic acid 
were calculated with Microsoft | Excel solver (Les Ulis, 
France) and P.C.S.M. program (Deltasoft, Grenoble, 
France). The program provides the kinetic parameters  
(Vm, K m) of a nonlinear function (Michaelis-Menten equa- 
tion) with the least-squares method. Comparisons be- 
tween group means  were evaluated by unpaired  t-test. 
Statist ical  significance of differences among more than  
two groups were determined by analysis of variance. 

RESULTS 

Determination of the concentration of  linoleic acid 
monomers in the incubation medium. Linoleic acid trans- 
port by intest inal  cells was studied in the concentrat ion 
range of 1 to 1000 ~aM. When the fatty acid was solubilized 
in the incubation medium containing a bile salt  (sodium 
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taurocholate),  a mixture  of mixed micelles of fa t ty  
acid/taurocholate and free fat ty acids (monomer) was ob- 
tained. The micelles cannot  readily pass through cell 
membranes  due to their  higher  molecular weight, and it 
is generally accepted tha t  only fa t ty  acids present  as 
monomers can participate in the absorption process (23). 
The membrane  ul t raf i l t rat ion method we used made it 
possible to determine the quanti ty ofmonomeric fatty acid 
in the solution studied (1 to 1000 pM linoleic acid in 
20 mM sodium taurocholate).  Figure 1 shows tha t  the 
monomer concentration was proportional to the quanti ty 
of linoleic acid present  in the incubation medium. The 
Y-intercept of this line was not significantly different 
from zero, and the part i t ion coefficient between fat ty  
acids in the extra- and intramicellar phase was constant 
(K = 2.22 x 10-3). 

Another  est imation of the monomer activities was 
based on the polyethylene disc method (see Materials and 
Methods section). Figure 2 shows the relat ionship be- 
tween the linoleic acid concentrat ion in the incubation 
medium and the quant i ty  of fa t ty  acid taken  up by the 
polyethylene discs. The relat ionship between these two 
parameters  was linear as long as the linoleic acid concen- 
tration in the incubation medium was lower than 400 pM. 

Kinetics of intracellular uptake of linoleic acid. Figure 3 
is an example of uptake kinetics by isolated intest inal  
cells of linoleic acid at 200 ~tM solubilized in 20 mM tauro- 
cholate. Uptake was maximal and l inear during the first 
20 s of incubation, and then decreased progressively. The 
initial uptake rate of the fatty acid (V 0) corresponds to the 
slope of the line obtained by fitting the exper imental  
values measured  during the first 20 s of incubation to a 
l inear  model. The example of Figure 3 gives V 0 = 3.57 
nmol/mg protein/min (mean V 0 = 3.67 _+ 0.57 nmol/mg pro- 
tein/min). 

A reduction in linoleic acid transport  of more than 80% 
was observed when the t empera tu re  of the incubation 
medium was decreased from 37 to 4~ (Fig. 3). A lower 
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FIG. 2. C h a r a c t e r i s t i c s  o f  p a r t i t i o n i n g  o f  l i n o l e i c  a c i d  in to  
p o l y e t h y l e n e  d i s c s  a n d  a p p a r e n t  m o n o m e r i c  a c t i v i t y  o f  
l ino l e i c  a c i d  in 20 mM t a u r o c h o l a t e  m i c e l l a r  so lu t ions .  Val- 
u e s  are  m e a n s  • SE of  four  e x p e r i m e n t s .  A b s e n t  error  b a r s  
i n d i c a t e  t h a t  errors  fe l l  w i t h i n  symbol .  

level of uptake was also noted when intestinal cells were 
incubated for 10 min at 37~ in the presence of metabolic 
inhibitors. In comparison to controls, 2,4-dinitrophenol, 
an uncoupler of oxidative phosphorylation (250 ~M), and 
ant imycin A, an inhibitor of the mitochondrial  electron 
transport  system (25 ~M), caused a considerable decrease 
in the initial rate of uptake of 100 ~M linoleic acid (2.18 +- 
0.22, 0.66 +_ 0.21, 0.32 _+ 0.20 nmol/mg protein/min, respec- 
tively). This drop in fat ty acid uptake was much greater  
than  the decrease in intest inal  cell viability seen due to 
these metabolic inhibitors (<7%). 

Influence of linoleic acid concentration on initial rate of 
uptake. The initial rates  of fa t ty  acid uptake  were mea- 
sured for different concentrations (1 to 1000 pM) oflinoleic 
acid solubilized in 20 mM taurocholate. When initial rates 
were plotted as a function of monomer concentrat ion as 
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FIG. 1. Ef fec t  o f  t h e  l e v e l  o f  l i n o l e i c  a c i d  s o l u b i l i z e d  in  
20 mM t a u r o c h o l a t e  o n  l i n o l e i c  a c i d  m o n o m e r  c o n c e n t r a -  
t i on .  M o n o m e r s  w e r e  s e p a r a t e d  f r o m  m i c e l l a r  a g g r e g a t e s  
b y  u l t r a f i l t r a t i o n  as  d e s c r i b e d  in  t h e  M a t e r i a l s  a n d  Meth-  
o d s  s e c t i o n .  V a l u e s  are  m e a n s  • SE o f  t h r e e  e x p e r i m e n t s .  
A b s e n t  error  b a r s  i n d i c a t e  tha t  errors  fel l  w i t h i n  symbol .  
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FIG. 3. T i m e  c our s e  of  l ino le i c  a c i d  u p t a k e  b y  i s o l a t e d  ente -  
r oc y te s  at  37 a n d  4~ L ino le i c  a c i d  (200 pM) w a s  s o l u b i l i z e d  
in 20 mM t a u r o c h o l a t e .  The  in i t ia l  u p t a k e  rate  (V 0) w a s  cal-  
c u l a t e d  b y  t h e  l e a s t - s q u a r e s  m e t h o d  f r o m  t h e  u p t a k e  ob- 
t a i n e d  o v e r  t h e  i n i t i a l  20-s i n c u b a t i o n  p e r i o d .  V a l u e s  are  
m e a n s  • SE o f  f o u r  e x p e r i m e n t s .  Al l  e r r o r  b a r s  fe l l  w i t h i n  
t h e  symbol s .  
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d e t e r m i n e d  by  u l t r a f i l t r a t i o n  (2 to 2220 nM),  s a t u r a t i o n  
of  u p t a k e  w a s  o b s e r v e d  (Fig.  4). W h e n  t h e  e x p e r i m e n t a l  
va lues  were  fi t  to the  Michae l i s -Men ten  model ,  V m = 5.1 • 
0.6 n m o l / m g  p r o t e i n / m i n  a n d  K m = 183 _+ 7 nM were  cal-  
cula ted .  

Effect of long-chain fatty acids and other substrates on 
the uptake oflinoleic acid. In  o rde r  to d e t e r m i n e  w h e t h e r  
t he  u p t a k e  of  l inoleic acid  by  i n t e s t i na l  cells was  modif ied  
by  t h e  p r e s e n c e  of  o t h e r  s u b s t r a t e s  in  t h e  i n c u b a t i o n  
m e d i u m ,  long-cha in  p o l y u n s a t u r a t e d  f a t t y  acids ,  c e r t a i n  
d e r i v a t i v e s  o f  l inole ic  acid,  or  D-glucose, each  a t  1 mM,  
w e r e  a d d e d  to t h e  m i c e l l a r  so lu t i on  c o n t a i n i n g  100 ~tM 
[1-14C]linoleic acid  a n d  20 m M  taurochola te .  The  add i t ion  
of long-chain  fa t ty  acids  r educed  the  u p t a k e  of l inole ic  acid  
by  more  t h a n  80% (Table 1). This  inh ib i t ion  was  observed  
for f a t t y  acids  wi th  d i f ferent  cha in  l eng ths  or  d i f ferent  de- 
g rees  of u n s a t u r a t i o n .  On  the  o the r  h a n d ,  changes  in  t he  
u p t a k e  of  [1-14C]linoleic acid  induced  by  l inoleic ac id  ana -  
logues  w e r e  d e p e n d e n t  on t h e  t y p e  of  d e r i v a t i v e  used .  
W h e n  t h e  t e r m i n a l  ca rboxy l  g roup  of  l ino le ic  ac id  w a s  
blocked (linoleic acid  m e t h y l  ester,  l inoleic anhydr ide) ,  t he  
inh ib i t ion  of  u p t a k e  was  a t t e n u a t e d .  Final ly ,  when  the  in- 
cuba t ion  m e d i u m  was  s u p p l e m e n t e d  wi th  a molecule  t h a t  
is ac t ive ly  t r a n s p o r t e d  by  i n t e s t i na l  cells, b u t  is u n r e l a t e d  
to a f a t t y  ac id  (D-glucose), t h e r e  was  no change  in l inoleic 
acid  up take .  The  inh ib i t ion  of  l inoleic acid  inf lux observed  
in  the  presence  of un l abe l ed  fa t ty  acids  was  not  r e l a t e d  to 
a decrease  in  the  monofiaer concen t ra t ion  of [1-14C]linoleic 
ac id  in  t h e  i n c u b a t i o n  m e d i u m .  T h e  p o l y e t h y l e n e  disc  
t e c h n i q u e  i n d i c a t e d  no s t a t i s t i c a l l y  s ign i f i can t  d i f ference  
be t ween  l inoleic acid  m o n o m e r s  p r e s e n t  in  the  incuba t ion  
m e d i u m  before  and  a f t e r  the  a d d i t i o n  of  1 m M  u n l a b e l e d  
s u b s t r a t e  (Table 2). 

Effect of a-linolenic acid on the uptake of linoleic acid. 
The  in i t i a l  r a t e  of  [1-14C]linoleic acid  u p t a k e  (50 to 500 ~tM 
so lub i l i zed  in  20 m M  t a u r o c h o l a t e )  w a s  m e a s u r e d  w i t h  
a n d  w i t h o u t  t h e  a d d i t i o n  o f  a c o n s t a n t  q u a n t i t y  of  
a - l i no l en i c  ac id  (100 [tM so lub i l i zed  in  20 m M  t a u r o -  

~ E  4 cL'~ 

~ 3 

.~-6 2 

i i i i 

0 0.5 1 1.5 2 2.5 

Linoleic acid monomers (pM) 

FIG. 4. R e l a t i o n s h i p  b e t w e e n  l i n o l e i c  a c i d  m o n o m e r  con-  
c e n t r a t i o n  in  t h e  i n c u b a t i o n  m e d i u m  a n d  i n i t i a l  u p t a k e  
rate .  Va lues  are  m e a n s  • SE o f  f o u r  s e p a r a t e  e x p e r i m e n t s .  
K i n e t i c s  p a r a m e t e r s  w e r e  g e n e r a t e d  f r o m  w e i g h t e d  l eas t -  
s q u a r e  f i t s  o f  t h e  i n d i v i d u a l  d a t a  p o i n t s  f r o m  e a c h  e xpe r i -  
m e n t  to  a r e c t a n g u l a r  h y p e r b o l a  (V m = 5.1 • 0.6 n m o l / m g  
prote in /min;  K m = 183 • 7 nM). 

TABLE 1 

Effect  o f  A d d i t i o n  of  Var ious  U n l a b e l e d  S u b s t r a t e s  
on  Ce l lu lar  U p t a k e  of  100 ~M [1-14C]Linoleic A c i d  
S o l u b i l i z e d  in  20 mM T a u r o c h o l a t e  a 

Initial rate 
Additive b of uptake c 

None (control) 2.61 -+ 0.15 
Fatty acids 

Linoleic acid (18:2n-6) 
Linolelaidic acid (trans-18:2n-6) 
a-Linolenic acid (18:3n-3) 
y-Linolenic acid (18:3n-6) 
all-cis-8,11,14-Eicosatrienoic acid (20:3n-6) 
Arachidonic acid (20:4n-6) 
Eicosapentaenoic acid (20:5n-3) 
Docosatetraenoic acid (22:4n-6) 

Others 
Linoleic acid methyl ester 
Linoleic anhydride 
D-Glucose 

0.29 -+ 0.05 e 
0.15 -+ 0.05 e 
0.24 + 0.03 e 
0.50 • 0.06 e 
0.23 • 0.08 e 
0.17 +- 0.06 e 
0.21 -+ 0.04 e 
0.42 -+ 0.03 e 

1.80 -+ 0.07 d 
2.04 -+ 0.11 d 
2.46 -+ 0.08 

aResults are given as means _ SE of four experiments. 
bFinal concentration of additive in the incubation medium: 1 mM. 
CInitial rate of uptake is expressed as nmol/mg protein/min. Com- 
parison to control dp < 0.05, ep < 0.001. 

cho la te )  to t h e  i n c u b a t i o n  m e d i u m .  A L i n e w e a v e r - B u r k  
p lo t  of  t h e  d a t a  (Fig.  5) shows  t h a t  t he  a d d i t i o n  of  
a - l i n o l e n i c  ac id  to t h e  i n c u b a t i o n  m e d i u m  c h a n g e d  t h e  
s lope  t h a t  c h a r a c t e r i z e s  [1-14C]linoleic ac id  u p t a k e  
(Km/Vm) , b u t  h a d  no s ign i f i can t  effect  on t h e  Y- in te rcep t  
(1/Vrn). In  o the r  words,  add i t i on  of a - l ino len ic  acid  caused  
a c h a n g e  in  K m w i t h o u t  m o d i f y i n g  V m for [1-~4C]linoleic 
acid. The  dec rea sed  u p t a k e  obse rved  coincided w i th  com- 
pe t i t i ve  inh ib i t ion ,  w i th  a n  a p p a r e n t  K i of  157 ~tM, corre- 
spond ing  to a n  a- l inolenic  acid  m o n o m e r  concen t ra t ion  of 
353 nM. 

Effect of extracellular sodium on linoleic acid uptake. 
The  effect of ex t r ace l l u l a r  sod ium on the  u p t a k e  of 100 ~M 
l inole ic  ac id  d i s so lved  in  20 m M  t a u r o c h o l a t e  was  t e s t e d  
by  r e p l a c i n g  t h e  s o d i u m  ch lo r ide  in  t h e  i n c u b a t i o n  
m e d i u m  by  a n  i soosmot ic  c o n c e n t r a t i o n  of  chol ine  chlo- 

TABLE 2 

Effect  o f  Var ious  U n l a b e l e d  S u b s t r a t e s  on  L ino le i c  Ac id  
C o n t e n t  o f  P o l y e t h y l e n e  D i s c s  a 

Additive b Linoleic acid per disc c 

None (control) 1717 ___ 53 
Fatty acids 

Linoleic acid (18:2n-6) 
a-Linolenic acid (18:3n-3) 
Arachidonic acid (20:4n-6) 

Others 
Linoleic acid methyl ester 1542 • 58 
D-Glucose 1764 _+ 30 

1908 • 24 
1913 _+ 69 
2035 _+ 70 

aIncubation medium contained 100 ~M linoleic acid solubilized in 
20 mM taurocholate. Results are given as means -+ SE of four ex- 
~Friments. 

inal concentration of additive in the incubation medium: 1 mM. 
CLinoleic acid content of polyethylene disc is expressed as 
pmol/disc. There is no statistical difference (P > 0.05) between the 
means (analysis of variance). 
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FIG. 5. L i n e w e a v e r - B u r k  p lot  of  ce l lu lar  [1-14C]linoleic a c i d  
u p t a k e  in  t h e  p r e s e n c e  ( c i rc le s ,  Y = 0.2097 + 0.0303 X, r = 
0.973) a n d  a b s e n c e  ( squares ,  Y = 0.1839 + 0.0185 X, r = 0.984) 
of  100 pM ~ - l i n o l e n i c  a c i d  in  t h e  i n c u b a t i o n  m e d i u m .  T h e  
a d d i t i o n  o f  ~ - l i n o l e n i c  a c i d  c h a n g e d  t h e  K m v a l u e  w i t h o u t  
c h a n g i n g  t h e  V m v a l u e  o f  l i n o l e i c  a c i d  u p t a k e ,  r e v e a l i n g  a 
p r e d o m i n a n t l y  c o m p e t i t i v e  t y p e  of  i n h i b i t i o n  by  a - l ino l en i c  
acid .  Va lues  are  m e a n s  • SE of  four  e x p e r i m e n t s .  

ride. Nevertheless,  the presence of sodium taurocholate  
as solubilizing agent requires a minimum of 20 mM Na § 
in the incubation medium. In Na§ medium, up- 
take of linoleic acid was reduced (1.05 _+ 0.07 nmol/mg pro- 
tein/min) compared with the presence o fNa  § (1.82 _+ 0.06 
nmol/mg protein/min, this control value was lower than  
usually seen due to additional washes used in this proto- 
col). The decreased uptake was associated with a decrease 
in monomer activity of linoleic acid in the incubation 
medium (839 _+ 16 pmol/disc in the Na+-depleted medium 
and 1940 _+ 74 pmol/disc in presence of Na § probably be- 
cause of changes in the ionic s t rength  in the incubation 
medium. Taking into account this decrease in monomer  
concentration, we arrived at  an initial ra te  of uptake  of 
0.99 nmol/mg protein/min. This calculated value for V i 
was quite similar to tha t  reported for Na+-depleted 
medium. Thus, a direct relat ionship between Na+-de - 
pleted medium and reduced linoleic acid uptake seems un- 
likely. 

DISCUSSION 

Prior work in our laboratory had shown tha t  the uptake  
of a-linolenic acid (18:3n-3) by isolated hamster  intestinal 
cells was carrier-mediated (15). This was concluded based 
on results obtained utilizing rapid filtration through glass 
microfiber filter with a bile salt  present  as solubilizing 
agent. Appropriate dispersion of fatty acids in the incuba- 
tion medium is indispensable when studying fatty acid ab- 
sorption by intest inal  cells. Several  authors  have used 
bovine serum albumin to complex fatty acids, and the pro- 
portion of unbound fat ty  acid (monomers) in the incuba- 
tion medium could thus be modulated by varying the fatty 
acid/albumin ratio (11,24,25). This approach is thought to 
be physiologically appropriate for cells tha t  are natural ly 
in contact with circulating plasma, e.g., liver cells. In in- 
testinal absorption, however, fatty acids are solubilized by 

bile salts, and to mimic physiological conditions, the fatty 
acids used in this s tudy were solubilized by the addition 
of 20 mM sodium taurocholate.  We have shown tha t  
sodium taurocholate had no effect on the viability or per- 
meability of intestinal cells when the incubation time was 
shor ter  than  1 min (15), as used in the present  study. 
Membrane ultrafiltration (1,000 molecular weight cut-off) 
showed tha t  the monomer concentrat ion increased pro- 
portionally to the total concentration of linoleic acid solu- 
bilized in the incubation medium (Hanks '  medium plus 
20 mM sodium taurocholate). The partition coefficient be- 
tween monomers and micelles observed for linoleic acid 
(K = 2.22 x 10 -3) was similar to tha t  found for a-linolenic 
acid (K = 2.25 x 10 -3) (15). 

The results obtained in the present study indicate tha t  
linoleic acid uptake by isolated hamster  intestinal cells de- 
pends on an active and carrier-mediated mechanism. Sev- 
eral points argue in favor of this type of transport: 

(i) The initial ra te  of linoleic acid uptake was not pro- 
portional to the monomer concentration in the incubation 
medium. The initial ra te  of fa t ty  acid uptake reached a 
plateau when the monomer concentrat ion was higher  
than  1000 nM. Kinetics were saturable,  and the 
Michaelis-Menten model led to the calculation of V m = 
5.1 _+ 0.6 nmol/mg protein/min and K m = 183 +_ 7 nM. This 
saturable transport  mechanism excludes the simple diffu- 
sion mechanism proposed for this fatty acid by Ling et al. 
(19) and agrees with results  obtained in vitro (16) and 
in vivo (17) by Chow and Hollander  and by Molina et al. 
(18) using everted intestinal sacs. With respect to intesti- 
nal uptake, the data obtained for oleate (13), a:linolenate 
(15) and linoleate (this study), strongly support  the car- 
rier-mediated transport  of C18 fatty acids. 

(ii) Lowering the temperature  of the incubation medium 
from 37 to 4~ caused a considerable reduction in the ini- 
tial rate of linoleic acid uptake. This may in part  be due to 
a decrease in monomer concentration. However, the action 
of metabolic inhibiters, such as 2,4-dinitrophenol and an- 
timycin A, caused a considerable drop in fatty acid uptake. 
This suggests tha t  the process of linoleic acid uptake by 
intest inal  cells requires cellular energy. The uptake of 
linoleic acid, as that  of a-linolenic acid, is thus dependent 
on active transport .  With respect to the role of energy in 
linoleic acid t ransport ,  our results  disagree with work 
published by others (16-18). As we mentioned earlier (15), 
however, the previous authors (16-18) studied the absorp- 
tion of linoleic acid using models and experimental condi- 
tions that  did not permit them to assess the effect of tem- 
pera ture  and metabolic inhibitors on the initial ra te  of 
fatty acid uptake. 

(iii) Involvement of an active, carrier-mediated mecha- 
nism presupposes the existence of a t ransport  protein. In 
order to clarify this point, we determined the effect of sev- 
eral polyunsaturated fatty acids, including linoleic acid it- 
self, on the uptake  of labeled linoleic acid. The separate  
addition of fatty acids to the incubation medium resulted 
in a significant decrease in the initial ra te  of linoleic acid 
uptake. This considerable decrease in linoleic acid uptake 
was apparently not related to the type of fat ty acid added 
in large excess to the incubation medium. The terminal  
carboxyl group of the fatty acid, on the other hand, played 
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an important role in the recognition of linoleic acid by the 
transporter. 

The decreased uptake of linoleic acid we observed could 
nevertheless be related to a disturbance in the monomer/ 
micelle balance induced by addition of a high concentra- 
tion of fat ty acids to the incubation medium (16,26). Al- 
though this cannot be ruled out, it seems improbable since 
the monomer concentration of linoleic acid remained un- 
changed after the addition of different substrates,  based 
on data obtained by the polyethylene disc method. 

Both the active and carrier-mediated uptake of linoleic 
acid, and the inhibitory effect of other fat ty acids, argue 
in favor of the presence of a membrane transport  protein 
that  can be shared by several long-chain fatty acids. In our 
previous work (15) the existence of this common carrier 
was stipulated based on the inhibition of a-linolenic acid 
uptake induced by large amounts  of several polyunsatu- 
rated fat ty acids, part icularly linoleic acid. It  was not 
clear, however, whether the inhibition observed was com- 
petitive or noncompetitive. In the present study, this point 
was examined for the parent  essential fat ty acids, 
a-linolenic and linoleic acids. The addition of a-linolenic 
acid to micellar solutions of linoleic acid changed the K m 
characterizing the uptake without significantly changing 
V m. When a-linolenic acid was added to the incubation 
medium, a competitive inhibition of linoleic acid uptake 
was seen. The inhibition constant  we calculated (K i = 
353 nM) is very close to the K m we reported for a-linolenic 
acid (15). 

Our results suggest tha t  uptake of the two essential 
fat ty acids, linoleic and a-linolenic acids, by intestinal 
cells is brought about by the same transport  protein, prob- 
ably the 40 kDa plasma membrane fatty acid binding pro- 
tein described by Stremmel et al. (12) to occur in intesti- 
nal cells (12) and which was subsequently also found in 
other tissues (27). Within the C18 fatty acids, the K m dif- 
fers for different fatty acids. A K m of 93 nM was reported 
for oleic acid (13), of 183 nM for linoleic acid (present 
study) and of 382 nM for a-linolenic acid (15). These dif- 
ferences suggest tha t  for fat ty acids of the same carbon- 
chain length, the number  and/or the position of double- 
bounds can modulate the affinity to the common mem- 
brane transport  protein. 
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Uncommon cis  and t r a n s  fatty acids can be desaturated 
and elongated to produce unusual Cls and C20 polyunsat- 
urated fatty acids in animal tissues. In the present study 
we examined the formation of such metabolites derived 
from cis  and t r a n s  isomers of oleic and linoleic acids of  
partially hydrogenated vegetable oil origin in rats. For 
two months, adult male rats were fed a partially hydro- 
genated canola oil diet containing moderately high lev- 
els of  t r a n s  fatty acids (9.6 energy%) and an adequate 
level of linoleic acid (1.46 energy%). Analysis of the phos- 
pholipid (PL) fatty acids of  liver, heart, serum and brain 
showed no new Cls polyunsaturated fatty acids, except 
for those uncommon 18:2 isomers originating from the 
diet. However, minor levels (each <0.3% PL fatty acids) of 
six unusual  C20 polyunsaturated fatty acids were de- 
tected in the tissues examined, except in brain PL. Iden- 
tification of their structures indicated that the dietary 
9c,13t-18:2 isomer, which is the major t r a n s  polyunsatu- 
rated fatty acid in partially hydrogenated vegetable oils, 
was desaturated and elongated to 5c,8c~11c,15t-20:4, possi- 
bly by the same pathway that is operat ive  for l inoleic 
acid. Furthermore, dietary 12c-18:1 was converted to 
8c,14c-20:2 and 5c,8c,14c-20:3; dietary 9c,12t-18:2 metabo- 
lized to 11c,14t-20:2 and 5c,8c~[lc14t-20:4, and dietary 9t,12c 
to 11t,14c-20:2. These results suggested that of all the pos- 
sible isomers of oleic and l inoleic acids in partially hy- 
drogenated vegetable oils, 12c-18:1, 9c,13t-18~, 9c,12t-18~ 
and 9t,12c-18:2 are the preferred substrates for desatura- 
tion and elongation in rats. However, their conversions 
to C20 metabolites were not as efficient as that of oleic or 
linoleic acids. 
L i p i d s  29, 707-714 (1994). 

Part ia l ly  hydrogenated vegetable oils (PHVO) contain a 
range ofcis and trans isomers of oleic (9c-18:1) and linoleic 
(9c,12c-18:2) acids (1-5). Studies with rodents have shown 
that  some of these isomers are desaturated and elongated 
to unusual  Cts and C20 polyunsa tura ted  fat ty  acids 
(PUFA) (6-8). 

Cis-9,trans-13-octadecadienoic acid (9c,13t-18:2) is the 
major trans polyunsaturated isomer in PHVO (2,5,9). Dur- 
ing gas chromatographic analysis, this isomer co-elutes 

*To whom correspondence should be addressed at Nutrition Re- 
search Division, Food Directorate, Health Protection Branch, 
Health Canada, Banting Research Centre, Ross Avenue, Ottawa, 
Ontario K1A 0L2, Canada. 
Abbreviations: DMOX, 2-alkenyl-4,4-dimethyloxazoline; ECL, 
equivalent chain length; en%, energy%; EFA, essential fatty acids; 
FAME, fatty acid methyl esters; GC, gas chromatography; HPLC, 
high-pressure liquid chromatography; GC/MS, GC/mass spectrom- 
etry; MI, methylene interrupted; NMI, nonmethylene interrupted; 
PL, phospholipids; PHCO, partially hydrogenated canola oil; 
PHSO, partially hydrogenated soybean oil; PHVO, partially hydro- 
genated vegetable oil(s); TLC, thin-layer chromatography. 

with 8t,12c-18:2, which is a very  minor component in 
PHVO (2). Therefore,  the amounts  of these two isomers 
are general ly listed together  in reports  giving the fa t ty  
acid composition of dietary fats. Canadian margar ines  
contain 0.5-2.6% of the two isomers (2), and many bakery 
products contain similar levels (10). Levels as high as 9% 
were reported for some partially hydrogenated soybean oil 
stocks (5). Information on the metabolism of the two mono- 
trans geometrical isomers of linoleic acid, 9c,12t-18:2 and 
9t,12c-18:2 (5-7,11,12), which are also present  in appre- 
ciable quanti t ies  in PHVO, is available, but  nothing is 
known about the metabolism of 9c,13t-18:2. The A6 desat- 
urase is active only on fatty acids with a cis-9 double bond, 
and, hence, it may be expected that  the 9c,13t-18:2 is con- 
ver ted to a t-20:4 isomer, similar to the conversion of 
9c,12t-18:2 to a trans isomer of arachidonic acid in rodents 
(5-7,12). 

The present study, therefore, examined the possible for- 
mat ion of PUFA metabolites of 9c,13t-18:2 in rats.  Be- 
cause 9c, 13t-18:2 is not commercially available, a mildly 
hydrogenated canola oil, with 9c,13t-18:2 + 8t,12c-18:2 
content of 1.9%, was used as the dietary source of this acid. 
In addition, we report the occurrence of other unusual C20 
PUFA and the compositions of 18:2 and 18:1 isomers in 
the rat. The fatty acid data were compared to a reference 
group of rats fed an unhydrogenated canola oil diet. 

MATERIALS AND METHODS 

Fat ty  acid methyl  esters (FAME) s tandards  were pur- 
chased from Sigma Chemical Company (St. Louis, MO). 
Several  unsa tu ra t ed  FAME required for the identifica- 
tion of unusual  C18 and C20 PUFA were prepared from 
9c,12c-18:2, 9c,12c,15c-18:3, 11c,14c-20:2, 8c,11c,14c-20:3 
and 5c,8c,11c,14c-20:4 standards,  through part ial  re- 
duction with hydrazine,  geometrical  isomerization with 
p-toluenesulfinic acid and fractionation of the products by 
AgNO3-thin-layer chromatography (TLC) (2,13-15). 

The part ial ly hydrogenated canola oil (PHCO) (iodine 
value 94) used in the rat  diet was supplied by Canamara  
Foods (Toronto, Ontario, Canada). Unhydrogenated  
canola oil was purchased from a supermarket  in Ottawa. 

Animals  and diets. Male Sprague-Dawley rats (Charles 
River, Quebec, Canada), weighing 244 _+ 3 g, were housed 
individually in metal  cages in an air-conditioned room 
maintained at 22~ and 60% relative humidity with a 12-h 
day/12-h night cycle. The rats were randomly assigned to 
two groups of ten rats  per group. The animals  were fed 
isocaloric (468 Kcal/100 g diet), semisynthetic diets con- 
taining either 20% PHCO or 20% canola oil. The other in- 
gredients in the diet were, in g/100 g diet, vitamin-free ca- 
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sein, 22.0; cornstarch, 27.0; sucrose, 22.8; alphacel, 3.0; 
mineral mixture-AIN 76, 3.5; vitamin mixture-AIN 76A, 
1.0; choline bitartrate, 0.4; and DL-methionine, 0.3 (Teklad, 
Madison, WI). The diets were prepared weekly and stored 
at -4~ Food and water were available to the animals 
ad libitum. The animals were killed after 60 d of feeding; 
liver, heart, brain and blood (aorta) were collected and im- 
mediately frozen in liquid nitrogen and stored at -80~ 
under nitrogen until analyzed for fatty acids. 

Analytical procedures. Total lipids from the tissues were 
extracted with chloroform/methanol (2:1, vol/vol) (16). 
Phospholipids (PL) were isolated by TLC with develop- 
ment in hexane/diethyl ether/acetic acid (80:20:1, by vol). 
FAME of the PL and dietary oils were obtained following 
treatment with BF3/MeOH (Sigma Chemical Company). 

The FAME from liver PL of the ten rats fed the PHCO 
diet were pooled for determination of the 18:1 isomer com- 
position and for characterization of the unusual C18 and 
C20 PUFA. The FAME were initially fractionated by semi- 
preparative high-pressure liquid chromatography (HPLC) 
on a Waters (Milford, MA) Bondapak C18 column using 
MeOH/H20 (95:5, vol/vol) as mobile phase. Each HPLC 
fraction (four in all) was further fractionated by prepara- 
tive AgNO3-TLC with development either in toluene at 
-25~ (for separation of the fractions containing three or 
less double bonds) or hexane/diethyl ether (2:3, vol/vol) at 
room temperature (for separation of fractions containing 
four or more double bonds). This produced various frac- 
tions enriched .with 18:1c, 18:lt, 18:2tt, 18:2ct/tc (methyl- 
ene interrupted, MI) 18:2ct / tc (nonmethylene interrupted, 
NMI), 18:2cc (MI), 18:2cc (NMI), 20:2ct/tc (MI), 20:2cc 
(MI), 20:3ccc (NMI) 20:3ccc (MI), 20:4 (all isomers) and 
20:5 + 22:4 + 22:5 + 22:6. Each step of the isolation proce- 
dure was monitored by gas chromatography (GC). The 
HPLC and AgNO3-TLC fractionations were repeated sev- 
eral times to obtain sufficient material for structural char- 
acterization. 

For the determination of the composition of the 18:1 and 
18:2 isomers in the dietary PHCO, the FAME were frac- 
tionated by AgNOa-TLC with development in toluene at 
-25~ (2). 

The isomer distribution of the isolated 18:1c and t frac- 
tions was determined through oxidative ozonolysis (17). 
The structures of the various 18:2 isomer fractions were 
identified from the previous work at this laboratory (2). 

The structures of C20 PUFA were initially identified by 
comparison of their GC retention times with those of au- 
thentic standards. The structures of some isomers were 
confirmed through partial hydrazine reduction followed 
by identification of the resultant cis- and trans-monoun- 
saturated FAME. Finally, the double bond positions of all 
the PUFA were confirmed by GC/mass spectrometry 
(GC/MS) analysis of their 2-alkenyl-4,4-dimethyloxazoline 
(DMOX) derivatives (18-20). 

Silica gel plates (Whatman K5, 250 tim layer, 20 cm • 
20 cm; Whatman Laboratory Division, Clifton, NJ) were 
impregnated by dipping in a 10% solution of AgNO 3 in 
acetonitrile for 30 min. The bands were detected under ul- 
traviolet light at 254 nm, after spraying with a 0.2% solu- 
tion of 2',7'-dichlorofluorescein in ethanol, and scraped 
into glass centrifuge tubes. A 1% solution of NaC1 in 90% 

MeOH was added until the silver-dichlorofluorescein com- 
plex disappeared. Water was added, and the methyl esters 
were extracted with hexane. 

FAME were analyzed by GC using a SP-2560 flexible 
fused silica capillary column (100 m • 0.25 mm i.d., 20 tim 
film thickness; Supelco, Inc., Bellefonte, PA) in a Hewlett- 
Packard 5890 Series II gas chromatograph (Palo Alto, 
CA). The column was operated isothermally (180~ or 
the oven temperature was programmed. After 10 min at 
an initial temperature of 160~ the temperature was in- 
creased at a rate of I~ per min to 210~ and held at the 
final temperature for 20 min. The injector and detector 
temperatures were 250~ Hydrogen was used as the 
carrier gas at a pressure of 20 psi. The equivalent chain 
length (ECL) values of the unsaturated fatty acids 
were calculated according to the method described by 
Ackman (21). 

For GC/MS analysis, the isolated fractions or the total 
FAME from the liver PL were saponified and acidified to 
the free acids and then converted to the DMOX derivative 
by treating with 2-amino-2-methylpropanol in a microvial 
at 170~ for 1 h, according to the procedure of Zhang et aL 
(18). Mass spectra of the DMOX derivatives were obtained 
on a VG Analytical MS system (Model 7070EQ; VG Ana- 
lytical, Manchester, England), equipped with an 11/250 
data system interfaced to a Varian GC (Model Vista 6000; 
Varian Associates, Palo Alto, CA) operated at an ioniza- 
tion energy of 70 eV. GC separation of the DMOX deriva- 
tives was performed on the same SP-2560 capillary col- 
umn described for the FAME analysis. Helium was the 
carrier gas. The GC column oven temperature was pro- 
grammed from 70 to 120~ at 50~ and from 120 .to 
220~ at 1.5~ 

RESULTS 

Fatty acid composition of dietary fats. The fatty acid com- 
position of the two diets is summarized in Table 1. Both 
diets contained comparable amounts of saturated fat as 
well as total c-18:1. However, the PHCO diet contained 
lower proportions of essential fatty acids (EFA) (3.8% vs. 
30.3%) and higher proportions of trans fatty acids (26.6% 
vs. 0.2%). The t-18:l isomers of PHCO ranged from A8 to 
A16, whereas the c-18:1 isomers ranged from A6 to A16. In 
contrast, unhydrogenated canola oil contained only two 
c-18:1 isomers, oleic (c-9) and cis-vaccenic (c-ll), and there 
were no t-18:l isomers. 

The unusual 18:2 isomer content in PHCO was 7.6% of 
the total fatty acids. The 18:2 fraction consisted of several 
isomers, of which 9c,13t-18:2 was the major component. 
trans-PUFA were also present in the unhydrogenated 
canola oil, but at much lower levels, derived from the mono- 
trans geometrical isomers of linoleic and a-linolenic acids. 

Food consumption, body and organ weights. Rats fed 
different diets consumed similar amounts of food (20:4 _+ 
3.1 g/rat/d), showed no sign of EFA deficiency and ap- 
peared healthy throughout the experimental period. The 
body, liver, heart  and kidney weights of the PHCO group 
were 574.4 -+ 34.9, 16.2 +_ 2.9, 1.4 _+ 0.2 and 3.1 -+ 0.4 g, re- 
spectively, and did not differ from those of the reference 
group. 

LIPIDS, Vol. 29, no. 10 (1994) 



709 

METABOLISM OF 9c,13t-OCTADECADIENOIC ACID 

TABLE 1 

Fatty Acid Composit ion (% total fatty acids) 
of  the Dietary Fats Fed to Rats 

Fatty acids PHCO a Canola oil 

Sum saturated 8.4 7.7 

8t-18:1 1.1 - -  
9t-18:1 7.3 - -  
10t-18:l 3.9 - -  
11t-18:1 2.8 - -  
12t-18:1 1.6 - -  
13t-18:1 1.0 - -  
14t-18:1 0.5 - -  
15t-18:1 0.4 - -  
16t-18:1 0.3 - -  
Sum t-18:l 18.9 - -  

6c-18:1 0.1 - -  
7c-18:1 0.5 - -  
8c-18:1 1.5 - -  
9c-18:1 46.3 55.1 
10c-18:1 3.3 - -  
11c-18:1 4.3 3.6 
12c-18:1 2.5 - -  
13c-18:1 0.3 - -  
14c-18:1 0.2 - -  
15c-18:1 0.3 - -  
16c-18:1 0.1 - -  
Sum c-18:1 59.4 58.7 

9c,13t/8t,12c-18:2 1.9 - -  
9c,12t-18:2 1.1 0.1 
8t,13c-18:2 0.5 - -  
9t,12c-18:2 1.0 0.1 
lOt,15c/9t,15c-18:2 1.1 - -  
tt-18:2 0.3 - -  
9t,12t-18:2 0.9 - -  
8c,13c-18:2 0.3 - -  
9c,13c-18:2 0.1 - -  
9c,14c-18:2 trace - -  
9c,15c-18:2 0.9 - -  
12c,15c- 18:2 trace - -  
Sum unusual-18:2 7.6 0.2 

18:2n-6 3.8 21.8 
18:3n-3 trace 8.5 
Sum EFA 3.8 30.3 

t-18:3 b 0.1 1.0 
Others c 1.8 2.1 
Sum trans fatty acids 26.6 1.2 
apHCO, partially hydrogenated canola oil; EFA, essential fatty 
acid. 
bA mixture of mono-trans geometric isomers of 18:3n-3. 
cOthers include 16:1, 20:1, 22:1,24:1 and 18:2 conjugated fatty 
acids. 

Tissue P L  fatty acids. The  fat ty acid composit ion of liver, 
hea r t ,  b r a i n  a n d  s e r u m  PL is shown  in  Table  2. The  gas 
chromatograph ic  t race  of the  FAME profile of l iver  PL is 
shown in  F igure  1. Feed ing  PHCO ra ts  led to the incorpo- 
ra t ion  of c- and  t-18:l  and  18:2 isomeric fat ty acids in  liver, 
hea r t  and  serum. However, no dietary isomeric fat ty acids 
were  incorpora ted  in to  b ra in .  Genera l ly ,  the  fa t ty  acid 

composition of b r a i n  PL was unaffected by t ha t  of the  diet. 
C o m p a r e d  to the  cano la  oil group,  the  liver, h e a r t  a n d  
s e r u m  PL of PHCO fed ra t s  con ta ined  h igher  percen tage  
of s a t u r a t e d  fa t ty  acids, 5c,8c,11c-20:3 a n d  lower percent-  
ages of 18:2n-6, 22:5n-3 a n d  22:6n-3. A n o t h e r  not iceable  
difference was t h a t  a l though the  conten t  of 22:5n-6 in  tis- 
sues  of r a t s  fed P H C O  w a s  qui te  large,  i t  was  a lmos t  ab- 
s e n t  i n  the  cano la  oil group.  In  r a t s  fed PHCO,  as com- 
pa red  to the  canola  oil group,  the  con ten t  of 20:4n-6 w a s  
low in  l iver  a n d  s e r u m  PL. I n  con t ras t ,  the  20:4n-6 con- 
t e n t  of h e a r t  PL of P H C O  was  s ign i f i can t ly  h ighe r  t h a n  
t ha t  in  hea r t  PL of canola  oil group. 

C o m p a r i s o n  of the  c- a n d  t -18 : l  i somer  p a t t e r n s  of di- 
e t a r y  P H C O  (Table 1) w i th  those  in  t i s sues  of r a t s  fed 
P H C O  (Table 2) shows t h a t  i somers  r a n g i n g  from A l l  to 
A16, especia l ly  the  A12, were  en r i ched  in  the  t i s sue  PL, 
r e l a t ive  to the  lower  A va l ue  i somers .  Th i s  inc rease  w a s  
accompanied by large decreases in  the  proport ions of both 
10c- a n d  10t- isomers.  In  the  cis series,  the  p ropor t ion  of 
9c-18:1 was  also lower in  the  t i s sue  PL t h a n  in  d i e t a ry  
PHCO.  I n  the  t i s sue  PL of r a t s  fed the  cano la  oil, t he  
11c-18:1 i somer  was  the  on ly  s ign i f i can t  c o m p o n e n t  be- 
sides oleic acid. 

i 

"rIME (rain) 

FIG. 1. The Cls , C20 and C22 regions  of  a gas chromatogram 
obtained on an SP-2560 capil lary col-ran (100 m • 0.25 ram) 
of the fatty acid methy l  es ters  from l iver  phosphol ip ids  of  
rats fed partial ly hydrogenated canola oil. Peak  identifica- 
tions: (peak no., fatty acid) 1, 18:0; 2, 8c-9c-18:1; 3, 10t-18:1; 
4, 11t-18:1; 5, 12t-18:1; 6, 13t-15t-18:1 + 6c-10c-18:1; 7, 11c-18:1; 
8, 12c-18:1; 9, tt-18-.2; 10, 13c-18:1; 11, 14c-18:1 + 16t-18:1; 12, 
tt.18":2 + 15c-18:1; 13, 9t,12t-18:2; 14, 9c,13t /8 t ,12c-18:2;  15, 
9c,12t-18:2 + 8c,13c-18:2 + 9t,13c-18:2; 16, 9t,12c-18:2 § 
10t ,15c/9t ,15c.18:2 + 9c,13c-18:2; 17, 18~n-6; 18, 9c,14c-18".2; 19, 
9c,15c-18~; 20, ,mknown; 21, 12c,15c-18~; 22, 20.~; 23, 11c-20:1; 
24, 12c-20:1; 25, 18:2 conjugates;  26, 13c-20:1; 27, 18:2 conju- 
gates; 28, 18:2 conjugates; 29, 11c,14t-20:2; 30, 8c,14c-20:2; 31, 
11t,14c~ 32, 20:2n-6; 33, 20:3n-9; 34, 5c,8c14c-20:3; 35, 
5c,Iic,14c-20:3; 36, 20:3n-6; 37, 5c,8c~1c,15t-20:4; 38, unknown; 
39, 5c,8c,11c,14t-20:4; 40, 20:4n-6; 41, 22:1; 42, 22:1; 43, 22:2; 44, 
22:2; 45, 20:5n-3; 46, , n k ~ o w n ;  47, Unknown; 48, 24~; 49, 24:1; 
50, 22:5n-6; 51, 22:5n-3; 52, t-22:6n-3; and 53, 22:6n-3. 
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TABLE 2 

F a t t y  A c i d  C o m p o s i t i o n  (% t o t a l  f a t t y  a c i d s )  in  Liver ,  H e a r t ,  S e r u m  a n d  B r a i n  P h o s p h o l i p i d s  o f  R a t s  
F e d  P H C O  or  C a n o l a  Oi l  = 

P H C O  g r o u p  C a n o l a  oil g r o u p  

Fatty acids Liver Heart Serum Brain Liver Heart Serum Brain 

S u m  s a t u r a t e d  37 .10  • 3 .22 25 .16  • 0 .40  37 .50  • 1.20 

t - 1 8 : l  

8 t -18:1  0 .19  + 0 .02  0 .23  • 0 .03  0 .83  • 0 .10  

9t -18:1  3 .46  • 0 .41  1.89 • 0 .22  2 .15  • 0 .31  

1 0 t - 1 8 : l  0 .56  • 0 .07 0 .86  • 0 .10  0 .73  • 0 .21 

l l t - 1 8 : l  1.82 • 0 .21 1.23 • 0 .14  1.36 +_ 0 .18  

12t-18:1  2 .59  -+ 0 .30  1.06 • 0 .12  1.54 -+ 0 .27  

13t-18:1  0 .89  • 0 .10  0 .36  + 0 .04  0 .79  • 0 .07  

14t-18:1  1.23 • 0 .14  0 .42 • 0 .05 0 .88  +- 0 .12  

15t-18:1  0 .21  _+ 0 .02  0 .20  • 0 .02  0 .82  • 0.11 

16t-18:1  0 .21 • 0 .02  0 .12  -+ 0 .01 0 .30  • 0 .07  

S u m  t-18:1  11.15 • 1 .30 6 .37 • 0 .73  9 .40  • 1.43 

c-18:1  

6c-18:1  - -  - -  0 .20  • 0 .07  

7c-18:1 0 .04  • 0 .01 - -  0 .15  • 0 .04  

8c-18:1 0 .12  _+ 0 .01  0 .42  • 0 .02  0 .60  + 0 .12  

9c-18:1  8 .45  • 0 .81 10.09 • 0 .53  8 .14  • 0 .94  

10c-18:1 0 .09  _+ 0 . 0 t  0 .79  -+ 0 .04  0 .82  • 0 .14  

11c-18:1 2 .38_+0 .23  4 .15_+0 .22  2 .21_+0 .47  

12c-18:1  1.00 • 0 .10  1.55 • 0 .08  2 .51 • 0 .39  

13c-18:1 0 .16  _+ 0 .01 0 .17  -+ 0 .01 0 .51 _+ 0 .08  

14c-18:1 0 .06  _+ 0 .01  0 .09  • 0 .01 0 .25  _+ 0 .07  

15c-18:1  0 .17  • 0 .02  0 .17  • 0 .01 0 .62  • 0 .12  

16c-18:1 0 .00  • 0 .00  0 .05  -+0.01 - -  

S u m  c-18:1  12.43 -+ 1.21 17.45 • 0 .93 16.01 • 2 .36  

U n u s u a l - 1 8 : 2  

9c,13t/8t,12c-18:2 0 .26  +_ 0 .04  0 .25 + 0 .08  0 .45  -+ 0 .13  

9c ,12 t -18 :2  0 .08  _+ 0 .05  0 .18  • 0 .09  0 .05  • 0 .08  

8 t ,13c-18 :2  0 .07  • 0 .03 0 .07  -+ 0 .04  0 .01 • 0 .02  

9 t ,12c-18 :2  0 .45  _+ 0 .10  0 .40  • 0.11 0 .81 -+ 0.11 

lOt,15c/9t,15c-18:2 0.01 +_ 0 .01  0 .10  +- 0 .05  0 .08  -+ 0 .08  

t t -18:2  0 .04  • 0 .06  - -  0 .04  • 0 .02  

9 t ,12 t -18 :2  0 .01  _+ 0 .01  - -  0 .03 + 0 .01  

8c ,13c-18:2  0 .02  • 0 .02  0 .01  _+ 0 .01  0 .Ol  _+ 0 .01 

9c ,13c-18:2  0 .01  • 0 .01 - -  - -  

9c ,14c-18:2  0 .01 _+ 0 .01 - -  0 .01 • 0 .01  

9c ,15c-18:2  0 .05  • 0 .02  0 .18  • 0 .06  0 .03  • 0 .01 

12c ,15c-18:2  0 .01  -+ 0 .01  - -  - -  

S u m  u n u s u a l - 1 8 : 2  1.02 • 0 .18  1.19 • 0 .27  1.52 • 0 .34  

U n u s u a l  C2o P U F A  

8c ,14c-20:2  0 .17  • 0 .04  0 .10  • 0 .03  0 .08  • 0 .04  

11c ,14t -20:2  0 .02  • 0 .01 0 .06  • 0 .01  0 .10  -+ 0 .06  

11t ,14c-20:2  t r a c e  • 0 .01  0 .01 • 0 .05  0 .04  • 0 .03  

5c ,8c ,14c-20:3  0 .06  • 0 .05  0 .13  • 0 .04  0 .27  • 0 .10  

5c,8c,11c,15t-20:4 0.18  _+ 0 .09  0 .12  • 0 .05  0 .56  • 0 .33  

5c,8c,11c,14t-20:4 0 .20  • 0 .05 0 .20  • 0 .09  0 .26  • 0 .24  

S u m  u n u s u a l  C2o 
P U F A  0 .63  -+ 0 .25  0 .62  • 0 .22  1.31 • 0 .80  

N o r m a l  P U F A  

D e a d  e n d  p a t h w a y  

11c,14c-20:2 0 .04  -+ 0 .05  0 .06  • 0 .09  0 .24  • 0 .12  

5c ,11c ,14c-20:3  0 .26  • 0 .05  0 .10  • 0 .02  0 .06  • 0 .03  

5c ,8c ,11c-20:3  1.23 +_ 0 .21  1.05 • 0 .13 3 .02  • 0 .55  

44 .41  • 1.03 43 .57  • 1.01 37 .92  • 1.35 

D 

m 

I 

20 .25  • 0 .33 

4.62 _+ 0 .36  

24 .87  • 0 .65  

D 

m 

6.86  • 0 .07 

3 .17 • 0 .14  

10.03 • 0 .21 

0 .01 • 0 .02  

0 .01 • 0 .01 

0 .02  • 0 .03 

0 .16  • 0.01 

0 .12  • 0 .04  

0 .08  -+ 0 .02  

8 .77  _ 1.53 

4 .93 • 0 .17 

13.70 • 1.57 

0 .05  • 0 .05  

0 .08  --- 0 .05  

0 .13  • 0 .10  

0 .10  • 0 .02  

0 .20  • 0 .08  

0 .01  • 0 .01  

44 .50  • 0 .44  44 .34  • 0 .89  

I 

7.31 • 0 .29  19.30 • 0 .26  

2.71 • 0 .33 4 .62  • 0 .25  

10.02 -- 0 .57 23 .92  • 0 .28  

0 .04  • 0 .02  

0 .07 • 0 .02 

0.11 • 0 .04  

_ _  F 

0.12 • 0.04 
0.04 • 0 .01 

trace 

( con t inued  on nex t  page)  
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PHCO group Canola oil group 

Fatty acids Liver Heart Serum Brain Liver Heart Serum Brain 
Main pathway 

18:2n-6 6.05 • 0.73 9.44 • 1.16 8.27 • 0.63 0.60 • 0.20 10.90 • 0.17 20.70 • 1.13 14.39 -+ 0.17 0.83 • 0.12 
20:3n-6 0.93 • 0.10 0.83 • 0.13 1.55 • 0.13 0.24 • 0.07 1.29 • 0.10 0.49 • 0.07 1.57 _+ 0.07 0.38 • 0.09 
20:4n-6 20.32 • 2.40 26.76 • 0.74 13.91 • 1.60 9.63 • 0.19 24.64 • 1.20 17.09 • 1.05 24.20 -+ 0.41 10.06 • 0.36 
22:4n-6 0.16 • 0.14 0.61 • 0.06 0.04 • 0.09 2.70 _+ 0.25 trace 0.21 • 0.06 trace 3.15 • 0.31 
22:5n-6 1.59 • 0.46 2.28 *_ 0.79 2.31 • 0.43 0.88 • 0.19 0.01 • 0.01 0.09 • 0.07 0.08 _+ 0.03 1.06 • 0.31 
Sum n-6 PUFA 29.05 • 3.83 39.92 _+ 2.09 26.10 • 1.30 14.30 • 0.66 36.89 • 0.07 38.71 • 1.73 40.12 • 0.60 15.48 • 0.61 

18:3n-3 0.19 • 0.08 0.15 ~ 0.10 0.01 • 0.02 0.01 • 0.01 0.20 • 0.02 
20:5n-3 0.07 • 0.02 0.29 ~+ 0.07 trace trace 0.66 • 0.34 
22:5n-3 0.12 • 0.08 0.52 _+ 0.05 trace 1.07 • 0.24 0.66 _+ 0.02 
22:6n-3 3.11 • 0.59 6.89 _+ 0.61 2.95 ___ 0.45 11.45 • 0.19 6.16 _+ 0.13 
Sum n-3 PUFA 3.49 • 0.77 7.85 • 0.83 2.96 • 0.47 12.53 _+ 0.67 7.67 • 0.44 
Others b 3.60 • 0.63 0.23 • 0.20 1.88 • 0.17 3.89 • 0.61 1.49 • 0.37 

0.74 • 0.03 trace 0.02 • 0.01 
0.11 • 0.13 trace 0.04 • 0.02 
1.37 • 0.33 0.03 -+ 0.01 1.21 • 0.28 
6.53 • 0.64 4.00 -+ 0.34 11.17 • 0.38 
8.75 • 1.12 4.03 _+ 0.34 12.44 _+ 0.69 
0.62 • 0.19 1.18 _+ 0.22 3.84 • 0.54 

aAbbreviations as in Table 1. PUFA, polyunsaturated fatty acids. Trace, <0.01%. Values are mean • standard deviation (n = 10). 

Linoleic acid was  the  only 18:2 isomer  in  the  PL in  ra ts  
fed canola  oil (Table 2). The  18:2 from liver PL of ra t s  fed 
P H C O  was  la rge ly  l inoleic,  b u t  i t  con t a ined  m i n o r  pro- 
por t ions  (<0.8%) of severa l  u n u s u a l  i somers .  The  
HPLC/AgNO3-TLC a n d  GC a n a l y s e s  sugges ted  t h a t  all  
t he  u n u s u a l  i somers  o r ig ina t ed  from d ie t a ry  PHCO.  No 
new u n u s u a l  i somers  were detected. However,  some pro- 
nounced  quan t i t a t ive  differences in  the  ind iv idua l  isomers 
were observed.  Among  the  u n u s u a l  isomers ,  the  re la t ive  
proport ions of 9c,12t-18:2, 8t,13c-18:2, lOt,15c/9t,15c-18:2 
a n d  9c,15c-18:2 in  pa r t i cu l a r  were s u b s t a n t i a l l y  lower in  
the  t i s sue  PL  t h a n  i n  the  d i e t a ry  PHCO.  On  the  o the r  
hand ,  9t,12c was found in  much  h igher  proport ions in  the 
l iver PL, and  9c,13t appeared  to r e m a i n  unchanged.  

F e e d i n g  of P H C O  diet  to r a t s  led to the  fo rma t ion  of 
m ino r  levels of six u n u s u a l  C20 metabol i tes  (peaks 29, 30, 
31, 34, 37 a n d  39 in  Fig. 1). They  were  iden t i f ied  as 
11c,14t-20:2 (peak 29), 8c,14c-20:2 (peak 30), 11t,14c-20:2 
(peak 31), 5c,8c,14c-20:3 (peak 34), 5c,8c,11c,15t-20:4 
(peak 37) and  5c,8c,11c,14t-20:4 (peak 39). The mass  spec- 
t r a  of the  DMOX derivat ives of those C20 PUFA fat ty acids 
were consis tent  wi th  the  s t ruc tures  proposed for them.  As 
a n  i l l u s t r a t ion ,  the  m a s s  spec t rum of the  DMOX deriva-  
t ive  of 5c,8c,11c,15t-20:4, a h i t he r to  u n k n o w n  PUFA,  is 
shown  in  F i g u r e  2. Table  3 s u m m a r i z e s  the  r e su l t s  ob- 
t a ined  for the  o ther  five u n u s u a l  C20 PUFA. Only  the  di- 
agnostic f ragments ,  locating the double bond positions, are 
presented.  

The  m a s s  s p e c t r u m  of the  DMOX der iva t ive  of 
5c,8c,11c,15t-20:4 (Fig. 2) gave very  i n t e n s e  ions  a t  
m/z 113 a n d  126, which  are  charac ter i s t ic  of the  DMOX 
der iva t ives  of fa t ty  acids (18-20).  The  mo lecu l a r  ion ap- 
peared a t  m/z 357, which is in  ag reemen t  with the  molec- 
u l a r  weight  for the  DMOX derivat ive of 20:4. The A5 dou- 
ble was  localized by a p p e a r a n c e  of the  p r o m i n e n t  ion a t  
m/z 153. This  ion is a d iagnos t ic  ion in  the  spec t ra  of 
DMOX der iva t ives  wi th  the i r  f i rs t  double  bond  a t  the  A5 
pos i t ion  (18-20).  In  DMOX der iva t ives  of u n s a t u r a t e d  

fat ty acids, a mass  in te rva l  of 12 atomic mass  un i t s  (amu) 
i n s t e a d  of the  r e gu l a r  14 amu ,  b e t w e e n  two ne i ghbo r ing  
e v e n - m a s s  homologous  f r a g m e n t s  c o n t a i n i n g  n-1 a n d  n 
ca rbon  a toms  in  the  acid moie ty  ind ica tes  a double  bond  
b e t w e e n  n a n d  n + 1 in  the  c h a i n  (18-20).  T h u s  A8, A l l  
a nd  A15 double bonds in  5c,8c,11c,15t-20:4 were clearly lo- 
cated by ions (m/z 180 vs. 192, m/z 220 vs. 232 and  m/z 
274 a nd  286) which differed by 12 amu.  The p r ominen t  ion 
a t  m/z 260 conf i rms  the  p resence  of al lyl ic  bonds  a t  the  
A l l  a nd  A15 positions. As shown in  Table 3, the  posit ions 
of the  double bonds  in  the  o ther  u n u s u a l  C20 were clearly 
localized by ions which differed by 12 a m u  a nd  the  A5 bond 
by a p r omi ne n t  ion a t  m/z 153. 

The  geomet ry  of the  double bonds  in  5c,8c,11c,15t-20:4 
could be deduced by compar i son  of the  expe r imen ta l  a n d  
ca lcu la ted  ECL values .  This  approach  has  b e e n  success- 
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FIG, 2. Mass  s p e c t r u m  o f  t h e  2 - a l k e n y l - 4 , 4 - d i m e t h y l o x a z o -  
l ine  d e r i v a t i v e  o f  5c,8c,11c,15t-20:4. 
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TABLE 3 

Characteristic Ions in Mass Spectra of  2-Alkenyl-4,4-Dimethyloxazoline (DMOX) Derivatives  of Five Unusual  C20 PUFA 

Fatty acid DMOX M § m/z  (intensity, %) 

8c,14c-20:2 361 (5.4) 
11c,14t-20:2 361 (6.7) 
11t,14c-20:2 361 (5.9) 
5c,8c,14c-20:3 359 (3.5) 
5c,8c,11c,14c-20:4 357 (6.0) 

Diagnostic fragments m/z  (intensity, %) 

182 (11.9), 194 (6.8), 264 (2.3), 276 (2.6) 
224 (9.4), 236 (5.6), 264 (2.1), 276 (1.7) 
224 (10.1), 236 (6.3), 261 (2.4), 276 (2.0) 
153 (22.6), 180 (5.7), 192 (3.0), 262 (1.4), 274 (0.7) 
153 (20.1), 220 (5.7), 222 (0.8), 232 (2.0) 
234 (1.3), 260 (2.2), 272 (1.6) 

fully applied to the identification of C2O all c/s-polyunsatu- 
rated fatty acids (22), geometrical isomers of 20:5n-3 (23), 
as well as to some cis and t rans  C18 isomers (24). The 
observed ECL value for the FAME of the 5c,8c,11c,15t-20:4 
isomer on the SP-2560 column was 22.46. It was possible 
to verify the ECL value of 22.46 for this isomer as the sum 
of the fractional chain length values of FAME of authentic 
5c,8c,11c-20:3 and 15t-20:1, ca. 1.80 and 0.66, respectively, 
on the same GC column, plus the ECL base of 20.00, as 
there is no additional increment for interaction of the eth- 
ylenic bonds (25). Authentic  15t-20:1 (or 20:ln-5t) is not 
readily available. Therefore, its ECL value was estimated 
by extrapolat ing the re tent ion t ime da ta  of 13t-18:1 (or 
18:ln-5t) using semi-log plots of retention time vs. carbon 
number, as described by Ackman (21). From all these data, 
the novel minor  unusual  20:4 isomer was identified as 
5c,8c,11c,15t-20:4. The structures of the other five unusual 
C20 PUFA were also identified using similar techniques. 

The unusual  C20 PUFA were mostly concentrated in the 
serum PL followed by liver and hear t  PL (Table 2). They 
were not detected in the brain PL nor in any of the tissues 
of rats fed canola oil. No unusual C 22 metabolites were de- 
tected in any of the tissues examined. 

DISCUSSION 

The incorporation of dietary c- and t-18:l isomers into tis- 
sue PL (except brain) indicates a preferential  accumula- 
tion of high A value isomers, irrespective of their  geome- 
try. This phenomenon was also reported in rats fed hydro- 
genated soybean oil (26). Thus, the specificity for accu- 
mulat ion of 18:1 isomers appears  to be more a ma t t e r  of 
position of the double bond ra ther  than  of geometry. The 
observed large amounts  both 12c and 12t isomers in tis- 
sue PL may indicate tha t  the accumulation is more spe- 
cific for the A12 position. None of the uncommon 18:1 iso- 
mers,  except for 12c-18:1, were converted to C18 or C20 
PUFA 18:2 (as discussed next). This suggests tha t  all the 
uncommon 18:1 isomers, except for 12c-18:1, are not suit- 
able substrates for chain elongation and/or desaturation. 
Fur thermore ,  the specific accumulat ion of high A value 
isomers may  indicate tha t  high A value isomers are less 
readily subjected to B-oxidation than  are low A value iso- 
mers. Within the series ofc-18:l ,  the ratio of oleic acid to 
cis-vaccenic acid was lower in the tissues of rats fed PHCO 
than  in rats fed canola oil. This may  indicate tha t  the in- 
corporation ofc-18: l  isomers into t issue PL is at  the ex- 
pense oleic acid rather  than cis-vaccenic acid. 

All the 18:2 isomers in the liver PL of ra ts  fed PHCO 

originated from the diet, and no new isomers were de- 
tected. The isomer pat tern  was quite different from tha t  
reported by Holman et al. (8) for liver PL of ra ts  fed par- 
t ially hydrogenated soybean oil (PHSO). Almost all the 
unusual  18:2 isomers in tha t  study were formed from the 
uncommon 18:1 isomers, ei ther through A5 or A6 desatu- 
ration. The differences in the types and levels of the un- 
common C18 PUFA in the two studies were most certainly 
due to the differences in the dietary levels of linoleic acid 
(5). The PHSO diet used by Holman et al. (8) was deficient 
in EFA and provided only about 0.16 energy% (en%) as 
linoleic acid. This allowed the uncommon isomers to act 
as substrates for chain desaturation. In the present study, 
this biochemical process was suppressed,  probably be- 
cause the linoleic acid content (1.46 en%) in the PHCO diet 
was adequate and above the EFA requirement  of 0.6 en% 
for male ra t  (27). 

The uncommon isomers of 18:2 also differ in the degree 
of their  accumulation in tissue PL, with 9t,12c-18:2 and, 
to a lesser extent, 9c,13t/8t,12c-18:2 being more readily de- 
posited than other dietary isomers. The selective accumu- 
lation of 9t,12c isomer over the 9c,12t isomer has also been 
reported by previous investigators (6,7,12). In studies with 
deuterated isotopes, the 9t,12c isomer became enriched in 
mouse liver 2-4 times more than the 9c,12t isomer (7). Of 
all the  uncommon 18:2 isomers, only 9t,12c, 9c,13t and 
9c,12t produced C20 PUFA metaboli tes (as discussed 
later). Thus, the lower accumulation of all the other  iso- 
mers is indicative of their  faster catabolic rates. We have 
also found a similar distribution of 18:2 isomers in adipose 
t issue of Canadian men (Chen, Z.Y., and Ratnayake,  
W.M.N., unpublished data) and in breast milk of lactating 
women (Chen, Z.Y., Pelletier, G., Hollywood, R., and Rat- 
nayake, W.M.N., unpublished data). 

Previous studies, using large amounts  of synthetic  
9c,12t-18:2 and linoleic acid, have shown that  9c,12t-18:2 
is elongated to 5c,8c,11c,14t-20:4 similar to the conversion 
of linoleic acid to arachidonic acid (6,7,12). Fur thermore,  
these reports  have shown tha t  trans, t rans  and the 
trans, cis geometric isomers of linoleic acid are not readily 
converted to isomers of arachidonic acid. The results  
of the present  s tudy confirm these metabolic pathways 
of the three geometrical  isomers of linoleic acid. The 
5c,8c,11c,14t-20:4 was the only geometrical  isomer of 
arachidonic acid detected in all the tissue PL examined, 
except for brain PL. Beyers and Emken (7), using deuter- 
ated fatty acids, estimated that  the rates of conversion of 
9c,12t-18:2 and linoleic acid to 14t-20:4 and arachidonic 
acid were identical. In the present study, however, the 14t 
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geometrical isomer was a minor component in the tissue 
PL and a rapid desaturation and chain-elongation of 
9c,12t-18:2 was not apparent. The ratio of 9c,12t-18:2 to 
linoleic acid in PHCO was 0.29, but the ratios of their 
products in the tissue PL were extremely low, i.e., 0.03, 
0.02 and 0.03 for liver, heart and serum, respectively. This 
indicates that conversion of 9c,12t-18:2 to t-20:4 is lower 
than that of linoleic to arachidonic acid and that the reac- 
tion rates established using deuterated fatty acids (7) may 
not be applicable to diets containing an assortment of iso- 
mers, such as those present in PHVO. Although there was 
no large difference in the proportions of 9c,12t-18:2 and 
linoleic acid in the PHCO diet, they were not proportion- 
ately incorporated into the tissue PL. Linoleic acid was a 
major component, whereas 9c,12t-18:2 was only a minor 
component in the tissue PL. This may indicate that  
9c,12t-18:2 was rapidly catabolized or was not absorbed as 
readily as was dietary linoleic acid. In any event, the 
higher proportion of linoleic acid in tissues provides a 
higher substrate level for the desaturase and elongase en- 
zyme systems, which may partly explain the higher 
arachidonic level and lower 14t-20:4 level in tissues. 

This is the first report that demonstrates the occurrence 
of 5c,8c,11c,15t-20:4 in animals fed PHVO. This unusual 
PUFA most likely derives from dietary 9c,13t-18:2 via an 
alternating sequence of desaturation, chain elongation 
and desaturation (Fig. 3) similar to the conversions of 
9c,12t-18:2 to 5c,8c,11c,14t-20:4 (6,7,12) and 9c-18:1 to 
5c,8c,11c-20:3 (28). Such a common biochemical pathway 
seems possible because the three precursors, 9c-18:1, 
9c,12t-18:2 and 9c,13t-18:2, share some common struc- 
tural features. The first double bond in these three fatty 
acids is at the A9 position and is in cis configuration. Thus, 
all three fatty acids seem to be ideal substrates for A6 de- 
saturase (5). The t rans  double bond in both the 18:2 iso- 
mers is located between the A9c double bond and the 
methyl terminus, which imparts an extended structure to- 
ward the distal part of the fatty acid chain. Thus, the dis- 
tal parts of the two 18:2 isomers share characteristics of a 
saturated hydrocarbon chain and thus are geometrically 
related to each other, as well as to 9c-18:1. We therefore 
suggest that 9c,12t-18:2 and 9c,13t-18:2 could biochemi- 
cally mimic 9c-18:1, and that  the three fatty acids could 
share a mutual metabolic pathway and produce struc- 
turally similar end products (Fig. 3). A similar explana- 
tion has been given by Wolffet al. (29) to rationalize the 
metabolical similarities between 9c,12c,15t-18:3 and 
9c, 12c-18:2. The intermediate metabolites shown in Fig- 
ure 3 were not detected in the present study, suggesting 
transitory existence of the intermediate metabolites dur- 

Desaturation Elongation Desaturation 

+C2 
9C,13t'18:2 ~[6C,9C,13t-18:3]'--~[8C,11C,15t-20:3]~"'fc,8c,11C,15t-20:4 
9C' 12t~1188::21 ~ [  ~': ' 19C~I 18 i:i]"-~ ~ ': ;i: 1CiJ'0~i ~ :' :' 11 11:' 1::':0:4 
FIG. 3. S c h e m e  s h o w i n g  the  probable  b i o c h e m i c a l  path-  
ways  for the formation of  5c,8cJ1c,15t-20:4, 5c,8c,11c,14t-20:4 
and 5c,8c~11c-20:3. 

ing the chain elongation and desaturation process of the 
three dietary fatty acids. 

The two unusual mono-trans  C20 diethylenic fatty acids, 
llc,14t and llt,14c, detected as trace components in tis- 
sues, were likely derived from the two mono- trans  geomet- 
ric isomers of linoleic acid, which were present in the di- 
etary PHCO in almost equal quantities. In contrast to our 
fndings, Beyers and Emken (7) found only 11c,14t-20:2, 
but not the other geometric isomer, in mice fed deuterated 
isotopes of the two mono- trans  geometrical isomers. These 
authors suggested that 9t,12c-18:2, but not 9c,12t-18:2, is 
a good substrate for chain elongation. Our study, on the 
other hand, indicates that  both are good substrates for 
chain elongation. Thus, it appears that the metabolism of 
the two m ono- t rans  geometrical isomers of linoleic acid 
may be species dependent. Rats may have a greater capac- 
ity to metabolize isomeric fats from dietary sources than 
do mice. Other factors, such as the age of the animals and 
the duration of the experiments, could also have been re- 
sponsible for the observed differences. 

The two al l  cis NMI C20 PUFA, 8c,14c-20:2 and 
5c,8c,14c-20:3, detected in the present study are struc- 
turally related to each other and, therefore, both PUFA 
may have originated from dietary 12c-18:1. Thus, 8c,14c- 
20:2 may arise by A6 desaturation of 12c-18:1, followed by 
2-carbon chain elongation and subsequent A5 desatura- 
tion of 8c,14c-20:2c0uld give 5c,8c,14c-20:3. However, 
6c,12c-18:2 was not present in the tissue PL, suggesting 
that the 2-carbon chain extension is the fastest step in the 
proposed metabolic pathway for 12c-18:1. The conversion 
of 8c,14c-20:2 to 5c,8c,14c-20:3 is probably similar to the 
conversion of 11c,14c-20:2 to 5c,8c,14c-20:3 (28). The lat- 
ter two C20 PUFA are metabolites of the "dead end" meta- 
bolic pathway of linoleic acid (7). The levels of these four 
C20 PUFA are low in tissue PL, indicating that the previ- 
ously mentioned pathways of 12c-18:1 and linoleic acid do 
not play a major biosynthetic role. 

The amount of dietary linoleic acid has been implicated 
to exert a profound influence on the formation of unusual 
C20 PUFA in animals fed PHVO. Holman et al. (8) re- 
ported the formation of high levels of several C20 PUFA 
derived from isomeric fatty acids of oleic acid in rats fed 
an EFA-deficient PHSO diet. On the other hand, Zeven- 
bergen et al. (30) did not report the occurrence of unusual 
PUFA in rats given PHSO containing 2 en% linoleic acid 
and various levels of t rans  fatty acids. The present study, 
however, shows the formation of unusual PUFA, even at 
adequate dietary levels of linoleic acid. Thus, it appears 
that linoleic acid at a dietary level of slightly greater than 
1.46 en% is required to completely inhibit the formation of 
unusual C20 PUFA in rats. The presence of high levels of 
22:5n-6 in tissue PL in the PHCO group indicated that the 
PHCO diet was deficient in the n-3 fatty acids, but not in 
n-6 fatty acids (31). The PHCO diet contained only trace 
levels of a-linolenic acid (<0.01% of total fatty acids), 
whereas the a-linolenic acid requirement in rats has been 
suggested to be 0.4% of the total dietary energy (33). This 
deficiency may have also exacerbated the formation of un- 
usual PUFA, as all the dietary fatty acids compete with 
each other for the same desaturation and elongation en- 
zymes. Future studies should focus on the optimal dietary 
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levels oflinoleic and a-hnoleic acids required to completely 
inhibit the formation of unusual  PUFA. From the present 
study, it is apparent  tha t  of the various uncommon iso- 
mers of 18:1 and 18:2 in partially hydrogenated fats, 12c- 
18:1, 9c,12t-18:2, 9t,12c-18:2 and 9c,13t-18:2 are the pre- 
ferred substrates for desaturation and chain elongation to 
C20 PUFA metabolites in the rat. However, their conver- 
sion to the C20 PUFA is not as efficient as tha t  of oleic or 
linoleic acid. 

It is well estabhshed that  geometrical isomers oflinoleic 
acid are incorporated, desaturated and elongated in the 
developing brain of mouse (7) and ra t  (11). Formation of 
t rans  long-chain n-3 PUFA has also been shown in the 
brain PL of developing rats (32). However, in the present 
s tudy the dietary 18:1 and 18:2 isomers and their  C20 
PUFA metabohtes were not detected in the brain PL. Fur- 
thermore,  the PHCO diet had no overt influence on the 
fat ty acid composition of the brain. In contrast  to other 
studies, the present study was done on adult rats. Thus, it 
appears that  the adult brain selectively excludes isomeric 
fatty acids, whereas the developing brain is less selective 
(11). In a separate study, we found significant amounts of 
t rans  and 18:2 isomeric fat ty acids of PHVO origin in 
breast milk of lactating Canadian women (Chen, Z.Y., Pel- 
letier, G., Hollywood, R., and Ratnayake, W.M.N., unpub- 
lished data). Future  studies should investigate the possi- 
ble incorporation of the isomeric fatty acids into the brain 
of infants and evaluate the physiological effects of such in- 
corporation. 

ACKNOWLEDGMENTS 
The technical assistance of L. Samara and D. Paltry is greatly ap- 
preciated. T. Mag of Canamara Foods Ltd., Toronto, is thanked for 
supplying partially hydrogenated canola oil. Drs. R. Peace and R. 
Mongeau are thanked for reviewing the manuscript and for their 
valuable suggestions. Z.Y. Chen was a T.K. Murray Post-Doctoral 
Fellow of the National Institute of Nutrition, Canada. 

REFERENCES 
1. Dutton, H.J. (1979) in Geometrical and Positional Fatty Acid 

Isomers (Emken, E.A., and Dutton, H.J., eds.) pp. 17-52, The 
American Oil Chemists' Society, Champaign. 

2. Ratnayake, W.M.N., and Pelletier, G. (1992) J. Am. Oil Chem. 
Soc. 69, 95-105. 

3. Beare-Rogers, J.L. (1983) in Advances in Nutritional Research 
(Draper, H.H., ed.) Vol. 5, pp. 171-200, Plenum Press, New 
York. 

4. Emken, E.A. (1991) in Health Effects of Dietary Fatty Acids 
(Nelson, G.J., ed.) pp. 245-263, The American Oil Chemists' 
Society, Champaign. 

5. Houtsmuller, U.M.T. (1978) Fette Seifen Anstrichm. 80, 
162-169. 

6. Anderson, R.L., Fullmer, C.S., and Hollenbach, E.J. (1975) J. 
Nutr. 105, 393-400. 

7. Beyers, E.C., and Emken, E.A. (1991) Biochim. Biophys. Acta 
1082, 275-284. 

8. Holman, R.T., Pusch, F., Svingen, B., and Dutton, H.J. (1991) 
Proc. Natl. Acad. Sci. USA 88, 4830-4834. 

9. Kuemmel, D.F., and Chapman, L.R. (1966)Anal. Chem. 38, 
1611-1614. 

10. Ratnayake, W.M.N., Hollywood, R., O'Grady, E., and Pelletier, 
G. (1993) J. Am. Coll. Nutr. 12, 651-660. 

11. Cook, H.W. (1980) Can. J. Biochem. 58, 121-127. 
12. Privett, O.S., Stearns, Jr., E.M., and Nickell, E.C. (1967) J. 

Nutr. 92, 303-310. 
13. Ratnayake, W.M.N., and Beare-Rogers, J.L. (1990) J. Chro- 

matog. Sci. 28, 633-639. 
14. Ratnayake, W.M.N., Grossert, J.S., and Ackman, R.G. (1990) 

J. Am. Oil Chem. Soc. 67, 940-946. 
15. Ratnayake, W.M.N. (1980) Studies on Fatty Acids from Nova 

Scotian Seaweeds and on the Specificity of Hydrazine Reduc- 
tion of Unsaturated Fatty Acids, Ph.D. Thesis, Dalhousie Uni- 
versity, Halifax, Nova Scotia, pp. 169-170. 

16. Ackman, R.G., Sebedio, J.L., and Ratnayake, W.M.N. (1981) 
Methods Enzymol. 72, 253-276. 

17. Bligh, E.G., and Dyer, W.J. (1959) Can. J. Biochem. Physiol. 
37, 911-917. 

18. Zhang, J.Y., Yu, Q.T., Liu, B.N., and Huang, Z.H. (1988) Bio- 
reed. Environ. Mass Spectrom. 15, 33-44. 

19. Fay, L., and Richli, U. (1991) J. Chromatogr. 541, 89-98. 
20. Luthria, D.L., and Sprecher, H. (1993) Lipids 28, 561-564. 
21. Ackman, R.G. (1972) Prog. Chem. Fats Other Lipids 12, 

167-184. 
22. Sebedio, J.L., and Ackman, R.G. (1982) J. Chromatogr. Sci. 20, 

231-234. 
23. Wijesundera, R.C., Ratnayake, W.M.N., and Ackman, R.G. 

(1990) J. Am. Oil Chem. Soc. 66, 1822-1830. 
24. Ackman, R.G., and Hooper, S.N. (1973) J. Chromatogr. 86, 

83-88. 
25. Ackman, R.G., Manzer, A., and Joseph, J. (1974) Chro- 

matographia 7, 107-113. 
26. Reichwald-Hacker, I., Ilsemann, K., and Mukherjee, K.D. 

(1979) J. Nutr. 109, 1051-1056. 
27. Subcommittee on Laboratory Animal Nutrition, Committee on 

Animal Nutrition, Board on Agriculture and Renewable Re- 
sources, National Research Council (1978) Nutrient Require- 
ments of Laboratory Animals, No. 10, 3rd edn., pp. 7-37, Na- 
tional Academy of Sciences, Washington, D.C. 

28. Bernert, Jr., J.T., and Sprecher, H. (1975) Biochim. Biophys. 
Acta 398, 354-363. 

29. Wolff, R.L., Combe, N.A., Entressangles, B., Sebedio, J.L., and 
Grandgirard, A. (1993) Biochim. Biophys. Acta 1168, 285-291. 

30. Zevenbergen, J.L., Houtsmuller, U.M.T., and Gottenbos, J.J. 
(1988) Lipids 23, 178-186. 

31. Bourre, J-M., Francois, M., Youyou, A., Dumont, O., Picciotti, 
M., Pascal, G., and Durand, G. (1989) J. Nutr. 119, 1880-1892. 

32. Grandgirard, A., Bourre, J.M., Julliard, F., Homayoun, P., Du- 
mont, O., Piciotti, M., and Sebedio, J.L. (1994) Lipids 29, 
251-258. 

[Received January 13, 1994, and in revised form July 15, 1994; 
Revision accepted July 31, 1994] 

LIPIDS, Vol. 29, no. 10 (1994) 



Rat Liver Chromatin Phospholipids 
E. Albi a, M. Mersel b, C. Leray b, M.L. Tomassoni a and M.P. Viola-Magni a,* 
alstituto di Patologia Generale, Universit& di Perugia, Italy and bLaboratorie de Neurobiologie Moleculaire des Interactions Cellulaire 
du CNRS, Centre de Neurochimie, 67084 Strasbourg Cedex, France 

715 

To s h e d  l ight  on  the  q u e s t i o n  w h e t h e r  the  p h o s p h o l i p i d s  
p r e s e n t  in c h r o m a t i n  are  n a t i v e  or  are  d u e  to  c o n t a m i -  
n a t i o n  f r o m  n u c l e a r  m e m b r a n e s ,  w e  l a b e l e d  t h e  phos -  
pho l ip ids  of  i so la ted  n u c l e i  and d e t e r m i n e d  the  a m o u n t  
o f  p h o s p h o l i p i d s  (PL) and PL fat ty  ac id  c o m p o s i t i o n  in 
n u c l e i  and  c h r o m a t i n .  The  h e p a t o c y t e  n u c l e i  w e r e  iso-  
l a t ed  and r a d i o i o d i n a t e d  by  the  l a c t o p e r o x i d a s e  m e t h o d  
u n d e r  s a t u r a t i n g  and n o n s a t u r a t i n g  cond i t i ons ,  and the  
r a d i o a c t i v i t y  a s s o c i a t e d  w i t h  c h r o m a t i n  e x t r a c t e d  f rom 
t h e s e  n u c l e i  w a s  m o n i t o r e d .  Whereas  97% the  labe l  w a s  
r e c o v e r e d  in  t h e  n u c l e a r  m e m b r a n e s ,  o n l y  0.08-0.6% 
w a s  f o u n d  in  c h r o m a t i n .  The  PL p r e s e n t  in c h r o m a t i n  
w e r e  r e l a t i v e  to  the  a m o u n t s  p r e s e n t  in  the  e n t i r e  nu-  
c l e i  a n d  c a l c u l a t e d  as p e r c e n t a g e  o f  tota l ,  phos -  
p h a t i d y l e t h a n o l a m i n e  (10%), p h o s p h a t i d y l s e r i n e  (22%), 
p h o s p h a t i d y l i n o s i t o l  (19%) p h o s p h a t i d y l c h o l i n e  (14%), 
and  s p h i n g o m y e l i n  (35%). In  s p h i n g o m y e l i n  o f  chro-  
m a t i n - a s s o c i a t e d  PL an e n r i c h m e n t  in p o l y u n s a t u r a t e d  
fa t ty  a c i d s  w a s  s e e n .  T h e  da ta  i n d i c a t e d  tha t  t h e  PL 
f o u n d  in  i s o l a t e d  c h r o m a t i n  do n o t  s e e m  to  b e  d u e  to  
c o n t a m i n a t i o n  f rom the  n u c l e a r  m e m b r a n e .  
Lipids 29, 715-719 (1994). 

The presence of lipids inside the nuclei has been demon- 
strated in plant and animal cells using the acid hematein 
method (1). These results have been confirmed using au- 
toradiographE on semi-thin sections of plant cells incu- 
bated with [~ (2). Rees et al. (3) have 
shown that  in liver nuclei, after complete destruction of 
the nuclear membrane, the fraction heavily labeled with 
[14C]orotic acid contains phospholipids (PL) and probably 
corresponds to the etherochromatin attached to the nucle- 
oli of whole nuclei. The presence of PL in chromatin was 
confirmed by Cocco et al. (4) after treatment with Triton 
X-100 and digestion of the nuclei with micrococconucle- 
ase. The results suggest that the PL are part of nuclear 
matrix and serve as anchorage for DNA during replication 
or are involved in the transport of mRNA within the nu- 
clei (4). In blood lymphocytes, PL are linked to the nonhis- 
tonic fraction (5), and this complex has a stimulating ef- 
fect on inactive chromatin extracted from thymus lympho- 
cytes (6). A specific role has been attributed to sphin- 
gomyelin (SP), present in high concentrations in the non- 
histonic fraction (5), which stimulates DNA polymerase 
activity in vitro (7) and inhibits RNA polymerase, which, 
in turn, is stimulated by phosphatidylserine (PS) (8). 
Changes in the concentration of SP have also been ob- 
served in tumor cells (9,10). 

*To whom correspondence should be addressed at Istituto di 
Patologia Generale, Policlinico Monteluce, 06100 Perugia, Italia. 
Abbreviations: DNase, deoxyribonuclease; EDTA, ethylenedi- 
aminetetraacetic acid; GO, glucose oxidase; LPO, lactoperoxidase; 
PBS, phosphate buffered saline; PC, phosphatidylcholine; PE, 
phosphatidylethanolamine; PL, phospholipid(s); PMSF; phenyl- 
methylsulfonylfluoride; PS, phosphatidyl-serine; SP, sphin- 
gomyelin; TLC, thin-layer chromatography. 

These results have been criticized by Tata et al. (11) who 
showed that the presence of PL depends in part on cyto- 
plasmic and in part on internal nuclear membrane conta- 
mination since their turnover is equal to that  of the nu- 
clei. Therefore, in spite of some evidence, the presence of 
PL in chromatin has often been considered a marker of in- 
complete purification (12). Nevertheless, the presence of 
PL in chromatin was corroborated using a method for sep- 
arating chromatin from Triton X-100-treated hepatocyte 
nuclei, since chromatin had a PL and fatty acid composi- 
tion different from that of the Triton X-100-treated whole 
nuclei (2). Turnover and synthesis of this fraction also dif- 
fered from those of the nuclei and the microsomes (13). 
Autoradiography and electron microscopy have further- 
more suggested the presence of PL inside the nuclei 
(14,15). Using gold-complexed phospholipase A 2 and 
RNAse, it has been shown that PL and RNA are present 
in noncondensed chromatin in hepatocyte nuclei (14) and 
in erythroleukemic cells (15). It has been demonstrated 
that during hepatic regeneration, chromatin PL are syn- 
thesized in parallel with DNA synthesis, whereas no mod- 
ifications have been observed in the nuclear PL (16). 
There are also differences in the composition of nuclear 
and chromatin PL in proliferating rat liver cells after 
partial hepatectomy (17). The composition of PL further- 
more changes in relation to changes in gene expression, 
as has been shown during hepatocyte maturation in new- 
borns (18). 

In view of the possible functional role of PL in chro- 
matin (7-10), it is essential to demonstrate that they are 
not contaminants derived from nuclear membrane. This 
question was addressed in the present study in which the 
lactoperoxidase (LPO)-catalyzed radioiodination assay 
for lipids was employed. This method, initially used to 
study cell surface proteins (19), exclusively labelled the 
hydrophobic core of PL constituting the outer leaflet of li- 
posomes or the surface of cultured cells (20,21). There- 
fore, labelling intact liver nuclei and following the ra- 
dioactivity during chromatin preparation and PL extrac- 
tion appears to be a suitable methodological approach to 
demonstrate whether the PL present in liver chromatin 
are derived from nuclear membrane contamination or 
not. Furthermore, comparison of the fatty acid patterns 
of the main PL classes found in chromatin with those of 
nuclear PL would provide further evidence of the speci- 
ficity of chromatin-associated PL. 

MATERIALS AND METHODS 

Animals ,  Thirty-day-old Sprague-Dawley rats of either 
sex were used. They were kept on a natural  l ight-dark 
cycle and had free access to pelleted food and water ad li- 
bitum prior to killing between 9 and 10 a.m. 

Nuclei  preparation and chromatin isolation (Proce- 
dure I). Rats were anesthetized, and livers were perfused 
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via the portal vein with 0.25 M sucrose containing 3 mM 
CaC12 and 1 mM phenylmethylsulfonylfluoride (PMSF; 
Sigma, St. Louis, MO) adjusted to pH 7.4 with concen- 
trated Tris. The livers were then quickly removed and 
washed in the same solution. Hepatic nuclei were isolated 
according to the procedure of Bresnick et al. (22) which 
yields 95-98% of isolated hepatocyte nuclei. After Wash- 
ing in the solution described by Barnes et al. (23), the nu- 
clei were gently suspended in 10 mM Tris containing 
0.25 M sucrose, 1 mM PMSF and 0.3% (vol/vol) Triton 
X-100 (Sigma) adjusted to pH 7.4 with 0.1 N NaOH, and 
were centrifuged for 5 min at 5,000 x g at 4~ Swelling of 
the nuclei and chromatin extraction were done according 
to Shaw and Huang (24). The nuclei were then washed 
four times with hypotonic solution containing 0.075 M 
NaC1, 0.024 M ethylenediaminetetraacetic acid (EDTA), 
and 1 mM PMSF adjusted to pH 8 with 0.1 N NaOH, and 
again washed with Tris solution of decreasing concentra- 
tions (from 50 to 0.4 mM) containing 1 mM PMSF, pH 8. 
The entire procedure was carried out at 0-4~ Finally, the 
material was suspended in 1 mM PMSF (100 mL for 20 g 
of liver), brought to pH 8 with NH4OH , and stirred 
overnight at 4~ The solution was then centrifuged at 
90,000 x g for 30 min at 4~ The chromatin-containing 
sediment was resuspended in 10 mM Tris, pH 8. During 
purification, the preparations were monitored at each step 
by light microscopy following methylene blue staining to 
check the swelling of nuclei and the chromatin separation; 
and also by measuring biochemical markers as previously 
described (2). 

Preparation of nuclei and isolation of nuclear mem- 
branes (Procedure II). Rats were killed by cervical disloca- 
tion and livers were rapidly removed, chopped, and then 
nuclei isolated according to the procedure of Widnell and 
Tara (25). Briefly, tissue was homogenized in 0.32 M su- 
crose containing 3 mM MgC12, pH 7.4, and then cen- 
trifuged at 700 x g for 10 min at 4~ The pellet was re- 
suspended in the same medium, and centrifugation was 
repeated. The final pellet was resuspended in 2.4 M su- 
crose containing 1 mM MgC12, pH 7.4, and the suspension 
was centrifuged at 50,000 x g for 60 min at 4~ The nu- 
clei were then washed with 0.25 M sucrose containing 
1 mM MgC12, pH 7.4, and the suspension was centrifuged 
at 700 xg  for 5 min at 4~ This procedure, although suit- 
able for the preparation of membranes is not suitable for 
the isolation of chromatin. The nuclei isolated by this 
method are being referred to as liver nuclei. 

Nuclear membranes were isolated according to Kay and 
Johnston (26). The isolated nuclei were lysed in 8 mM Tris 
HC1, pH 8.5, containing 0.1 mM MgC12, 4 mM 2-mer- 
captoethanol (Merck, Darmstadt, Germany), 8% sucrose, 
1 l~/mL deoxyribonuclease I (DNase I) (Sigma). After 15 
min of incubation at 22~ the reaction was stopped by di- 
luting the lysate with cold water (1:1, vol/vol). The lysed 
nuclei were centrifuged at 38,000 x g for 15 min at 4~ 
and the sediment was resuspended in 10 mM Tris HC1, 
pH 7.4, containing 0.1 mM MgC12, 5 mM 2-mercap- 
toethanol, 10% sucrose and 1 llg/mL DNase I. Digestion 
was carried out for 20 min and stopped as described. The 
final nuclear envelope pellet was obtained afte~ centrifu- 
gation at 38,000 x g for 15 rain at 4~ 

LPO-catalyzed radioiodination of nuclei and chromatin. 
The LPO reaction (27,28) was used to radiolabel lipid moi- 
eties. For this purpose, hepatocyte nuclei (isolated by Pro- 
cedure I) were suspended in Ca 2+ and Mg2+-free phos- 
phate buffered saline (PBS), pH 7.2, and liver nuclei (ob- 
tained by Procedure II) were suspended in 0.25 M sucrose 
containing 1 mM MgC12. In both experiments the nuclear 
suspension contained 5 mg protein, 1.1-1.2 mg DNA and 
0.6-0.7 mg RNA. Under nonsaturating conditions, the 
reagents were added to 1 mL of nuclei suspension which 
included 400 lJCi Na125I (212 pmol) free of carrier (15 
mCi/llg125I; Amersham, Buckinghamshire, United King- 
dom) in 400 pL PBS, 50 lxg LPO [EC 1.11.1.7.] (Sigma) in 
50 IlL PBS, and 50 mU of glucose oxidase (GO) [EC 
1.1.3.4.] (Sigma) in 50 llL PBS. The reaction was initiated 
by adding 45 llg D(+)glucose (Merck) in 50 llL PBS and 
then allowed to proceed for 10 min at room temperature. 
Under saturating conditions, the carrier-free radioactive 
iodide was mixed with 240 nmol KI Analar grade (Pro- 
labo, Paris, France) and 100 txg LPO (in 50 pL PBS) and 
500 mU GO (in 50 lJL) were added. The reaction was initi- 
ated by adding 450 rig D(+)glucose and continued for 30 
min at room temperature. 

Al~r radioiodination the lipids of 100 I~L of the nuclear 
suspension were extracted. The remaining labeled nuclei 
were diluted with unlabeled nuclei for other assays. All 
experiments were repeated three times for each of the iso- 
lation procedures. 

The method was also used for chromatin, except that  
the LPO and GO concentrations were increased five- and 
twofold, respectively, in respect to the amount of protein 
used. 

Lipid extraction. Lipids were extracted from nuclei 
(8 mg/mL) and chromatin (2.5 mg/mL) with 20 vol of chlo- 
roform/methanol (2:1, vol/vol). The organic phase was 
washed with 0.2 vol 0.74% KC1, and after phase partition 
the organic phase was washed with 0.4 vol of chloro- 
form/methanol/water (3:48:47, by vol) according to Folch 
et al. (29). When radioiodinated PL were extracted, the 
washing phases contained 1 mM KI. 

Radioiodinated lipid fractionation. The organic phase 
was evaporated under a nitrogen stream and fractionated 
on silica H 60 (Merck) columns (35 mm high, 3 mm diam- 
eter; bed volume, 0.3 mL). The silica was washed once 
with chloroform/methanol (1:1, vol/vol), twice with 
methanol, and then activated at ll0~ From the silica 
equilibrated in chloroform, the neutral lipids, the neutral 
glycolipids, and the PL were eluted successively with 4 
volumes of chloroform, acetone, and methanol, respec- 
tively. The radioactivity of each of the fractions was deter- 
mined. 

PL identification and fatty acid analysis. PL were sepa- 
rated on thin-layer chromatography (TLC) plates (What- 
mann LK5, Maidstone, United Kingdom) according to 
Leray et al. (30). The plates were pretreated with 2.3% 
boric acid in ethanol and activated for 15 min at ll0~ 
Chloroform/ethanol/water/triethylamine (30:35:7:35, by 
vol) was used as solvent. The plates were air-dried and 
sprayed with primulina (5 mg/100 mL acetone/water, 4:1, 
vol/vol), and the PL were identified under ultraviolet light 
relative to standards. The PL were then subjected to 

LIPIDS, Vol. 29, no. 10 (1994) 



717 

CHROMATIN PHOSPHOLIPIDS 

boron trifluoride (Sigma)-catalyzed methanolysis without 
prior elution according to Morrison and Smith (31). Fat ty  
acid methyl  esters dissolved in n-hexane were analyzed 
using a Perkin-Elmer Sigma I gas chromatograph (Palo 
Alto, CA) equipped with a 50-m bonded fused silica open 
tubular  column (0.32 mm diameter  • 50 m, superox; Al- 
tech Associates Inc., Deerfield, IL) with helium gas as car- 
rier (23 psi) and at a column tempera ture  of 200~ The 
split/splitless injector and the flame-ionization detector 
were maintained at 230~ The amounts of PL were esti- 
mated using methylheptadecanoate as internal s tandard 
and are expressed as umol PL/mg DNA. Abundances of in- 
dividual fat ty acids are given in mole percent relative to 
total fatty acid methyl esters. 

Other assays. Protein, DNA and RNA contents were de- 
termined according to Lowry et al. (32), Burton (33) and 
Schneider (34), respectively. Since the RNA values were 
not corrected for the presence of DNA, the RNA values are 
overestimated about 1A-fold when the DNA concentration 
is five times that  of RNA, as it is in chromatin (34). 

RESULTS 

Criteria of  purity for isolated chromatin and nuclear mem- 
branes. Rat liver tissue contains hepatocytes as well as 
other cell types, including Kupffer and endothelial cells 
and connective tissue-which represent  about 40% of the 
total (35). When using Procedure I, 95-98% of the nuclei 
recovered were from hepatocytes,  whereas Procedure II 
yielded 60% hepatocyte and 40% nonhepatocyte nuclei. 
Therefore nuclei from Procedure I are being referred to as 
hepatocyte nuclei, those from Procedure II as liver nuclei, 
although no significant differences in DNA and RNA con- 
tents, expressed in ~tg/mg protein were seen between the 
preparat ions (Table 1). The isolated nuclear membrane  
was found to contain approximately the same amount  of 
DNA and RNA/mg protein (Table 1), which is in agree- 
ment  with data reported by Kay and Johnston (26). 

Chromatin isolated from hepatocyte nuclei contained a 
significantly greater amount  of DNA/mg protein than did 
hepatocyte and liver nuclei preparat ions (Table 1). This 
difference is also evident when one compares the percent- 

TABLE 1 

Comparison of  DNA and RNA Contents  o f  Hepatocyte  
Nuclei ,  Chromatin,  Liver Nucle i  and Nuclear  Membranes  a 

Hepatecyte Liver Nuclear 
nuclei Chromatin nuclei membranes 

DNA 210.7 _+ 22.8 b 351.7-+67.5 b 230.5_+ 70.0 c 55.2 + 30.4 c 
(16.4 -+ 1.5) (24.4 -* 3.5) (17.3 • 3.9) (7.0 + 1.4) 

RNA 69.0 -+ 30.0 77.6 -+ 21.7 93.8 _* 44.8 54.0 �9 37.2 
(5.3 -+ 2.1) (5.4 -+ 1.3) (10.5 • 3.1) (7.0 • 1.0) 

aValues are expressed as ~tg/mg protein and indicate means +_ SD 
of ten experiments for hepatocyte nuclei, 15 for chromatin, 3 for 
liver nuclei and 3 for nuclear membranes. Values given in paren- 
theses are percentage of total nuclear content. 
bp < 0.05 for difference between hepatocyte nuclei and chromatin. 
cp < 0.05 for difference between liver nuclei and nuclear mem- 
branes. 

ages of total DNA (Table 1). Our present results are simi- 
lar to those obtained in a previous study (2) on hepatocyte 
chromatin of rats of different age (28-32% DNA, 5--7% 
RNA, 60-65% protein and 0.2% PL). In the hepatocyte nu- 
clei, the RNA/DNA ratio was 0.32 and decreased by 35% 
to 0.21 upon chromatin isolation. This decrease is similar 
to that reported by Tata et al. (11) and gives additional cre- 
dence to the purity of the preparations. 

LPO-catalyzed radioiodination. Table 2 shows that a 
1100-fold dilution of radioactive iodide (Na125 I) with KI re- 
duced the amount of label associated with nuclear PL 
(8-fold and 6-fold in nuclei isolated by Procedures I and If, 
respectively). Thus, under saturating conditions, all PL 
accessible to the radioiodination system appeared la- 
belled. Under nonsaturating conditions, at least 10% of 
the sites accessible to LPO were labelled. The high spe- 
cific radioactivity allowed for a more accurate identifica- 
tion of the label in the course of the chromatin and nuclear 
preparations. It  is noteworthy that  the labelling of nuclei 
isolated according to Procedure II  was 96% lower than for 
nuclei isolated according to Procedure I. The low labeling 
yield could be explained by the fact tha t  the nuclei were 
labeled in unbuffered medium containing Mg 2+ (4 raM), 
which is known to inhibit LPO (36). 

Table 2 also shows tha t  the label associated with nu- 
clear PL was almost entirely recovered in the nuclear 
membranes, while only minute quantities of radioactivity 
were found in the PL extracted from chromatin 
(0.08--0.6%). Extraction of labeled PL from either nuclei 
or nuclear  membranes,  followed by TLC separation and 
autoradiography, indicated that  all the major PL classes 
were radioiodinated. Since the amounts  of labeling seen 
in chromatin are very similar, irrespective of whether sat- 
urat ing or nonsaturat ing radioiodination conditions were 
used with intact nuclei, the minute quantities of labeling 
are probably due to adsorbed free radioactive iodine which 
migrates  with the solvent front on the chromatogram. 
When chromatin was isolated from unlabeled nuclei and 

TABLE 2 

Distr ibut ion of  mSI-Label Associated w i t h  Phosphol ip ids  
Extracted from Nuclei ,  Nuclear Membranes  
and Chromat in  a 

Hepatocyte Liver Nuclear 
nuclei Chromatin nuclei membranes 

7084 x 103 6 x 103 208 x 103 202 x 103 
(0.08%) (97%) 

5 x 103 38 x 103 36 x 10 z 
(O.6%) (95%) 

Nonsaturating 
conditions b 

Saturating 873 x 103 
conditions c 

aValues for a typical experiment are given in cpm/mg protein. The 
recoveries of label associated with phospholipids that were ex- 
tracted from chromatin and from nuclear membranes are given in 
parentheses. The experiment was repeated four times. Nuclei were 
separated according to the method of Bresnick et al. (22) for hepa- 
tecytes and of Kay and Johnston (26) for liver nuclei. Nuclei were 
radioiodinated using lacteperoxidase under saturating and nonsat- 
urating conditions. Chromatin was extracted according to the 
method of Shaw and Huang (24). 
bl.6 • 10 -3 tool Na z2SI/mol phospholipid. 
CFootnote c as footnote b + 1.8 • 10 -3 tool K 125I/mol phospholipid. 
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TABLE 3 

Compari son  o f  the  Amounts  of  Total P h o s p h o l i p i d  (PL) and  o f  Ind iv idua l  PL Classes  
in H e p a t o c y t e  Nuc le i  and  Chromat in  a 

PL PE PS PI PC SP 

Nuclei 123.9 • 10.1 25.6 • 2.3 3.2 • 0.5 14.5 • 2.4 68.5 • 13.2 6.5 • 0.5 

Chromatin 12.5 • 3.6 2.5 • 0.8 0.7 • 0.3 2.8 • 0.7 9.5 • 0.5 2.4 • 1.0 
(10) (9.8) (22) (19) (14) (35) 

aValues are given in nmol/mg DNA. Values in parentheses give the percentage of individual chromatin PL 
classes relative to total nuclear PL. PE, phosphatidylethanolamine; PS, phosphatidylserine; PI, phos- 
phatidylinositol; PC, phosphatidylcholine; SP, sphingomyelin. 

t h e n  rad io iod ina ted ,  i n t e n s e  l abe l i ng  was  seen  which  is 
cont rary  to the  resul ts  obta ined  wi th  ch romat in  extracted 
from radioiodinated  nuclei.  

As the  da ta  show t h a t  ch romat in  PL extracted from la- 
be l led  nuc le i  a re  un l abe l l ed ,  a n d  PL are  labe l led  on ly  
w h e n  the  r a d i o i o d i n a t i o n  is done di rec t ly  on ch roma t in ,  
the  ch romat in  PL canno t  be due to l ipid con tamina t ion  of 
the  nuc lea r  m e m b r a n e  PL. 

Principal PL distribution and fatty acid pattern of  nu- 
clei and chromatin. The total  PL content  ofhepatocyte  nu-  
clei was 124 nmol /mg DNA as i l lus t ra ted  in  Table 3. PL in  
the  ch roma t in  a m o u n t e d  t o  12.5 nmol /mg DNA (Table 3), 
which was  about  10% of the  a m o u n t  p resen t  in  the  nuclei  
and  is i n  ag reemen t  wi th  previous da ta  (2). 

If  the nmoles  of ind iv idua l  ch romat in  PL classes are di- 
v ided  by  the  respec t ive  n u c l e a r  to ta l  PL (considered  as 
equal  to 100), phospha t idy le thano lamine  (PE) a m o u n t s  to 
9.8%, PS to 22%, phospha t idy l inos i to l  (PI) to 19%, phos- 

phat idylchol ine (PC) to 14% a nd  SP to 35% (Table 3). This  
c lear ly  shows t h a t  compared  to nuc le i  PL, c h r o m a t i n  PL 
are par t icu la r ly  rich in  SP, bu t  are deficient in  PE. 

F a t t y  acid a n a l y s e s  showed a h igh  u n s a t u r a t e d / s a t u -  
r a ted  fat ty acid rat io for ch romat in  PE largely due to a low 
16:0 level (Table 4). PS showed a decrease in  18:1, bu t  a n  
inc rease  in  20:4 a n d  22:6 re la t ive  to PS of the  nucle i .  
Large differences were observed for c h r oma t i n  SP, which 
was rich in  po lyunsa tu ra t ed  fat ty acids. 

The  d a t a  t a k e n  toge the r  are  cons i s t en t  w i th  the  idea  
t h a t  c h r o m a t i n - a s s o c i a t e d  PL have  specific fa t ty  acid 
profiles. 

DISCUSSION 

LPO-catalyzed radio iodinat ion  of l iver nuclei  a nd  localiza- 
t ion  of the  label  showed a 97% recovery in  n u c l e a r  mem-  
b r a n e  PL a n d  of 0 .08-0 .6% in  c h r o m a t i n  PL. A compar i -  

TABLE 4 

Fat ty  Acid  Di s t r ibut ion  in  P h o s p h o l i p i d s  Extrac ted  from Rat Liver  Nuc le i  and Chromat in  a 

Fatty acid Source PE PS PI PC SP 

16:0 

18:0 

18:1n-9 

18:2n-6 

18:3n-6 

Nuclei 
Chromatin 

Nuclei 
Chromatin 

Nuclei 
Chromatin 

Nuclei 
Chromatin 

Nuclei 
Chromatin 

35.1• 19.6• 17.7• 34.8• 27.2• 
25.3• 14.6• 15.3• 34.8• 36.7• 

15.3• 28.3• 25.8• 12.6• 10.8• 
18.0• 31.5• 29.1• 12.6• 13.3• 

5.3• 19.3• 6.3• 7.6• 29.0• 
8.2• 7.5• 8.1• 7.8• 20.6• 

8.2• 3.7• 4.3• 14.6• 6:1• 
9.2• 5.5• 4.5• 14.8• 5.1• 

0.2• 0.6• 0.5• 0.2• 0.9• 
1.0• 1.3• 0.6• 0.5• 1.9• 

20:4n-6 Nuclei 22.4• 10.7• 30.4• 13.6• 0.2• 
Chromatin 16.7• 15.2• 26.4• 12.6• 2.6• 

22:6n-3 Nuclei 
Chromatin 

Nuclei 
Chromatin 

Unsaturated/ 
saturated ratio 

5.3• 2.8• 1.6• 2.4• 0.9• 
2.7• 7.9• 1.0• 2.4• 2.2• 

1.09 • 0.26 1.12 • 0.20 1.12 • 0.20 1.02 • 0.04 0.85 • 0.22 
1.19 • 0.04 1.00 • 0.10 1.45 • 0.50 1.07 • 0.13 0.69 • 0.15 

aResults are expressed as mole percentage of total fatty acid methyl esters; only major components are 
listed. For abbreviations see Table 3. 
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son of data obtained under nonsaturat ing and saturating 
labeling conditions showed that  chromatin labeling was 
due to free iodide rather than to contamination by nuclear 
membrane.  Since chromatin PL amounted to 10% of the 
total nuclear PL and contamination was less than 1%, this 
would support the conclusion that  the PL extracted from 
chromatin are genuine chromatin PL and are not due to 
PL contamination. These data are in agreement with elec- 
tron microscopic evidence for the presence of PL inside the 
nuclei based on gold labelling (14,15). The lipids appear  
largely localized in the active chromatin (6), and their dis- 
tribution seems similar to that  of RNA (14,15). The PL ap- 
pear more concentrated near the nucleolus and, according 
to Cocco et al. (4), are likely to be anchored close to the nu- 
clear matrix. 

Contamination can also be excluded because of the de- 
creases seen in RNA and PL with respect to the nuclei. In 
fact, the RNA/DNA ratio seen in chromatin was 35% 
lower than that  in the nuclei, a difference similar to that  
reported by Tata et al. (11). Previous studies on PL com- 
position, synthesis and turnover (2,16,13) had indicated 
that  the PL found in chromatin are not contamination ar- 
tifacts, but  constituents of chromatin. Moreover, nuclear 
membrane or cytoplasmic contamination does not fit the 
time course for 32p incorporation into chromatin (13). Our 
present data  provide direct and independent evidence in 
support  of our previous findings based on different 
methodologies. 

Analyses of the PL composition of the nuclei show that  
chromatin is part icularly rich in SP which confirms the 
earlier observation by Chayen and Gahan (37). Fat ty acid 
analyses confirm that  chromatin PL differ from whole nu- 
clei PL. In particular, SP is rich in polyunsaturated fatty 
acids and all PL being components of chromatin have spe- 
cific profiles. 

In regard to the role of chromatin PL, several hypothe- 
ses about their  potential function in relation to DNA 
structure and translat ional  activity have been proposed 
(7). However, at present there is no clear evidence for their 
specific role in vivo. During rat  liver regeneration, de novo 
synthesis of chromatin-associated PL was correlated with 
DNA replication, whereas this was not the case for nu- 
clear PL (16). Changes in PL composition were observed, 
especially during the first days of life (18) at the onset of 
hepatocyte maturation (38). 

In regard to PL synthesis, the kinetics of 32p incorpora- 
tion in chromatin were shown to be similar to those found 
in microsomes, except that  its peak was delayed by three 
hours (13), suggesting that  PL are synthesized in micro- 
somes from where they are transferred to chromatin (13). 
Experiments  are presently under  way to explore these 
questions. 
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Preparation of Defined Molecular Species of Lactosylceramide 
by Chemical Deacylation and Reacylation with N-Succinimidyl 
Fatty Acid Esters 
Hiroko Kadowaki* and Marianne A. Grant 
Department of Medicine, Boston University School of Medicine, Boston, Massachusetts 02118 and Division of Lipid Metabolism, 
Boston Veterans Administration Medical Center, Boston, Massachusetts 02130 

A p r o c e d u r e  for the  preparat ion  of  specif ic  m o l e c u l a r  
species  of  v-erythro-lactosylceramide involv ing  deacyla- 
t ion and reacylat ion  of  lac tosy lceramide  prepared from 
b ov i ne  brain  gang l ios ides  is described.  Lactosylcer-  
amide  was  N-deacy la ted  by a lkal ine  hydrolys i s  and the  
resu l t ing  four  ly so lac tosy lceramides ,  w h i c h  c o n t a i n e d  
d18:l, d20:l, d18:0 and d20.~ long-chain bases,  were  simul- 
taneous ly  re-N-acylated wi th  the N-succlnlmidyl  ester  of  
e i ther 16~, 18:0, 20~, 22.~, 24:0, 20:1, 22:1 or 24:1 fatty acid- 
The resu l t ing  lac tosy lceramide  conta ined  four  molecu-  
lar spec ies  of  lac tosy lceramides ,  i.e., d18:1, d20:1, d18:0 
and d20:0 long-cha in  bases  coupled  wi th  the  fat ty  ac id  
that was  introduced.  Lactosylceramides  prepared in this  
m a n n e r  w e r e  separated  into  four  indiv idual  mo lecu lar  
spec ies  by h igh-per formance  l iquid c h r o m a t o g r a p h y  
(HPLC). Each of  the purif ied molecular  species  of  lacto- 
sy lceramide  was  quant i tated  by HPLC after derivatiza-  
t ion  wi th  b e n z o y l c h l o r i d e  and w a s  charac ter i zed  by 
mass  spectrometry.  The yie lds  of  reacy lated  lactosylce-  
ramide  w e r e  38-58% re lat ive  to the  s tart ing  lactosylce-  
ramide;  the  puri ty  of  each  of  the  m o l e c u l a r  spec ies  of  
lactosylceramide was  greater  than 95%. 
Lipids 29, 721-725 (1994). 

The ceramide molecular species composition of various 
glycosphingolipids has been shown to affect the biological 
activity of glycosphingolipids (3-5). In the case of the in- 
trinsic Golgi membrane enzyme CMP-N-acetylneur- 
aminate:lactosylceramide a2,3-sialyltransferase (Lac- 
Cera2,3-ST) [EC 2.4.99.9], which catalyzes the synthesis 

*To whom correspondence should be addressed at Research Build- 
ing, Room RB-8, Boston VA Medical Center, 150 South Huntington 
Avenue, Boston, MA 02130. 
Abbreviations: HPLC, high-performance liquid chromatography; 
HPTLC, high-performance thin-layer chromatography; Lac- 
Cera2,3-ST, CMP-N-acetylneuraminate:lactosylceramide a2,3- 
sialyltransferase; NeuAc, N-acetylneuraminic acid. 

The glycosphingolipid nomenclature is as recommended by the 
IUPAC-IUB Commission on Biochemical Nomenclature (1). 
GalCer, galactosylceramide, Gal(~l-1)Cer; GlcCer, glucosylce- 
ramide, Glc(~l-1)Cer; LacCer, lactosylceramide, Gal(~l-4)GlcCer; 
GbOse3Cer , globotriaosylceramide, Gal(ccl-4)Gal(~l-4)GlcCer; 
GbOse4Cer, globotetraosylceramide, GalNAc(~l-3)Gal(al-4)- 
Gal(~l-4)GlcCer; GgOse3Cer, gangliotriaosylceramide, GalNAc- 
([$1-4)Gal([~l-4)GlcCer; GgOse4Cer, gangliotetraosylceramide, 
Gal([~l-3)GalNAc([~l-4)Gal(~l-4)GlcCer; GM3, (NeuAca2-3)- 
Gal~l-4GlcCer; GM1, Gal~l-3GalNAc~l-4(NeuAca2-3)Gal~l-4- 
GlcCer. 

The molecular species abbreviations suggested by Breimer et al. 
(2) are used. For example, in the notation d18:1-18:0, the d18:l rep- 
resents the long-chain base sphingosine (D-erythro-l,3-dihy- 
droxy-2-amino-trans-4-octadecene) and 18:0 represents the fatty 
acid (octadecanoic acid). 

of (N-acetylneuraminosyl)-galactosylglucosylceramide 
(GM3) from lactosylceramide (LacCer), it has been shown 
that  the enzyme displays a distinct molecular species 
specificity for the lipophylic substrate LacCer (6,7) and 
that  the molecular species specificity of the enzyme is 
highly dependent on the lipid composition of the Golgi 
membrane (8). To determine the basis fol' this effect, it be- 
came necessary to obtain a wide range of pure molecular 
species of LacCer containing specific combinations of 
long-chain base and fatty acid. It is difficult to isolate in- 
dividual pure molecular species of LacCer from natural 
sources because the LacCer content is generally very low 
and the molecular species composition of most LacCer is 
highly complex. LacCer can be prepared from other gly- 
cosphingolipids by stepwise enzymatic hydrolysis or by 
mild acid hydrolysis, but it is still not possible to isolate 
more than a few individual molecular species of LacCer 
from natural sources. It therefore became necessary to 
chemically synthesize the specific LacCer molecular 
species required to shed light on the molecular species 
specificity of LacCera2,3-ST. The present paper describes 
the synthesis of pure molecular species of LacCer by 
N-deacylation of LacCer (derived from bovine brain gan- 
gliosides) followed by re-N-acylation of the resulting lyso- 
LacCer with the N-succinimidyl ester of one of several 
fatty acids. 

EXPERIMENTAL PROCEDURES 

Materials. Octadecanoic, eicosanoic, docosanoic, tetra- 
cosanoic, cis- l l-eicosenoic, cis-13-docosenoic and cis-15- 
tetracosenoic acids were obtained from Nu-Chek-Prep 
(Elysian, MN); N,N'-dicyclohexylcarbodiimide, N-hydrox- 
ysuccinimide, palmitic acid N-hydroxysuccinimide ester, 
psychosine (1-~-D-galactosylsphingosine) and triethy- 
lamine were from Sigma Chemicals (St. Louis, MO); silica 
gel 60 (particle size 0.063-0.100 mm) and precoated 
high-performance thin-layer chromatography (HPTLC) 
plates coated with silica gel 60 were from EM Separations 
(Gibbstown, NJ); DEAE-Sephadex A25 was from Pharma- 
cia Fine Chemicals (Piscataway, NJ); analytical and 
HPLC-grade solvents, and Nylon membrane filter (pore 
size 0.45 ~n) were from Fisher Scientific (Medford, MA); 
bovine brain was from Pel-Freez Biologicals (Rogers, AR). 
Globotetraosylceramide (GbOse4Cer) was prepared from 
human red blood cells (9). 

Synthesis of N-succinimidyl ester of fatty acid. The 
N-succinimidyl ester of each of the fatty acids used (i.e., 
18:0, 20:0, 22:0, 24:0, 20:1, 22:1 and 24:1) was synthesized 
by reacting the fatty acid with N-hydroxysuccinimide in 
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the presence ofN, N'-dicyclohexylcarbodiimide according 
to the method of Lapidot et al. (10). The purity of each of 
the recrystallized N-succinimidyl fatty acid esters was de- 
termined by HPTLC (10). Only a single spot correspond- 
ing to the N-succinimidyl fatty acid ester was observed in 
HPTLC. 

Preparation ofLacCer. LacCer was prepared from both 
gangliosides and GbOse4Cer. Gangliosides were isolated 
from bovine brain as described by Ledeen and Yu (11) 
and Kadowaki et al. (12). 

Approximately 100 mg of gangliosides are incubated 
with 6 mL of 0.05 N sulfuric acid in water at 80~ for 2 
h, and the resulting hydrolysate is neutralized with 
sodium hydroxide. Chloroform and methanol are then 
added to bring the final solvent proportion to Folch par- 
titioning conditions (13). After vigorous mixing, the two 
phases are separated by centrifugation. The upper phase 
contains gangliosides (predominantly GM1). The lower 
phase contains two major glycosphingolipids, i.e., gan- 
gliotriaosylceramide (GgOsenCer) and gangliotetraosyl- 
ceramide (GgOse4Cer), and two minor ones, i.e., gluco- 
sylceramide (GlcCer) and LacCer. The lower phase is 
evaporated to dryness, redissolved in chloroform, and ap- 
plied to a silica gel 60 (acid-washed) column (3 • 25 cm) 
to isolate LacCer. The column is eluted successively with 
1 L each of chloroform, chloroform/methanol (96:4, 
vol/vol), (94:6), (92:8), (90:10), (86:14) and finally metha- 
nol. The glycosphingolipid composition of each fraction is 
monitored by applying an aliquot to an HPTLC plate 
which is developed in chloroform/methanol/water 
(60:35:8, by vol) and on which fractions are visualized 
with orcinol spray (14). The fractions containing LacCer 
as the major component are combined, evaporated to 
dryness, dissolved in chloroform, and then re-applied to 
a silica gel 60 column (1 x 25 cm). The column is eluted 
successively with 100 mL of mixtures of chloroform and 
methanol (from 6 to 14% methanol in 1% increments). 
The glycosphingolipid composition of these fractions is 
also monitored by HPTLC as described above. The frac- 
tions containing only LacCer are combined and used for 
the deacylation procedure. Fractions from the silica gel 
60 column that  contain GgOse3Cer and GgOse4Cer are 
combined and subjected to further acid hydrolysis. Gan- 
gliosides in the upper phase are also subjected to further 
acid hydrolysis. LacCer obtained from these fractions is 
purified as described above. After several cycles of acid 
hydrolysis, approximately 25 mg of LacCer is obtained. 
LacCer was also prepared from human red blood cell 
GbOse4Cer by enzymatic cleavage of the sugars as previ- 
ously described (15). 

Preparation oflysoLacCer. LysoLacCer was prepared by 
a modified procedure developed for the preparation of 
lysocerebrosides by Radin (16). For this purpose, LacCer 
(10 ~mol) is dissolved in 3.6 mL of n-butanol in a culture 
tube (20 x 150 mm) with a Teflon-lined cap, and 0.4 mL of 
12.5 M potassium hydroxide in water is added. The reac- 
tion mixture is sealed under nitrogen and heated at 125~ 
for 4 h. After cooling, 10.4 mL of Chloroform, 1.2 mL of 
methanol and 2.4 mL of water are added to the reaction 
tube. The tube is shaken vigorously and then centrifuged 
at 1,000 x g to separate the two phases. The lower phase 

(containing lysoLacCer) is washed twice with 2.5 mL of 
saline/methanol (1:1, vol/vol) and dried under a stream of 
nitrogen. 

Re-N-acylation of lysoLacCer and purification of the 
product LacCer. LysoLacCer is re-N-acylated with N-suc- 
cinimidyl fatty acid ester in the presence of triethylamine 
by a modification of the procedure for the reacylation of 
lysoGM1 ganglioside as reported by Neuenhofer et al. (17). 
N-Succinimidyl fatty acid ester (50-200 lamol) and lyso- 
LacCer (derived from 10 ~mol of the original LacCer) are 
dissolved in 10 mL of chloroform/methanol/water (60:40:9, 
by vol) in a culture tube (16 x 125 mm) with a Teflon-lined 
cap, and 100 pL of triethylamine is added. The tube is 
sealed under nitrogen, and the reaction is allowed to pro- 
ceed overnight at room temperature. To the reaction mix- 
ture, 2 mL of chloroform and 2 mL of water are added, 
mixed vigorously, and then centrifuged at 1,000 x g for 10 
min. The lower phase containing reacylated lysoLacCer is 
washed twice with 2 mL of saline/methanol (1:1, vol/vol), 
dried under nitrogen, and redissolved in 5 mL of chloro- 
form. The sample is applied to a silica gel 60 column (1 x 
25 cm) equilibrated with chloroform. The column is eluted 
(approximately 1 mL/min) successively with 100 mL mix- 
tures of chloroform and methanol (from 4 to 14% methanol 
in 2% increments). Excess N-succinimidyl fatty acid ester 
elutes from the column in the 4% methanol fraction. 
Lac-Cer elution is monitored in an aliquot of each fraction 
by HPTLC, and the fractions that contain LacCer are com- 
bined. 

Separation of individual molecular species of LacCer. 
Underivatized LacCer was separated (6) into individual 
molecular species by high-performance liquid chromatog- 
raphy (HPLC) on a C18 reversed-phase (5 1am, Ultra- 
sphere ODS; Beckman, San Ramon, CA) column (4.6 x 
250 mm) using a mobile phase of metha-nol/water (96:4, 
vol/vol) at 30~ at a flow rate varying from 1 mL/min to 
1.5 mL/min depending on the carbon chain length of the 
reacylated fatty acid (the longer the carbon chain, the 
faster the flow rate) with the effluent being monitored at 
205 nm. Each fraction is collected, dried under nitrogen, 
and Folch partitioned. The lower phase containing LacCer 
is used for the molecular species identification. 

Identification of LacCer molecular species. The individ- 
ual molecular species of LacCer isolated by HPLC are con- 
verted to O- and N-benzoyl derivatives by reaction with 
benzoylchloride in pyridine (18) and identified by HPLC 
on a C18 reversed-phase (3 pm, Spherisorb ODS-2; 
Metachem Technologies, Redondo Beach, CA) column (2 x 
250 mm) using a mobile phase of acetonitrile/2-propanol 
(8:2, vol/vol) at 30~ at a flow rate of 0.3 mL/min with the 
effluent being monitored at 230 urn. Peaks are identified 
by their retention times relative to those of known molec- 
ular species of perbenzoylated LacCer (d18:1-16:0, 
d18:1-18:0, d18:1-24:0 and d20:1-18:0) used as standards, 
and also by HPLC--mass spectrometry. 

Quantitation of LacCer. The perbenzoylated LacCer is 
quantitated by HPLC on a LiChrospher Si 500 (10 ~m; 
EM Science, Cherry Hill, NJ) column (4.6 x 250 ram) 
using a mobile phase of hexane/dioxane (88:12, vol/vol) at 
room temperature at a flow rate of 1 mL/min with the ef- 
fluent being monitored at 230 nm. The perbenzoylated 
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LacCer species elute between 14 and 26 min and are 
quantitated by digital integration. 

RESULTS AND DISCUSSION 

Bovine brain gangliosides contain primarily d18:1 and 
d20:l long-chain bases while d18:0 and d20:0 long-chain 
bases are present as minor components (19,20). Therefore, 
when LacCer is prepared from brain gangliosides, the ce- 
ramide molecular species of the LacCer reflect the origi- 
nal ganglioside molecular species. It was observed that as 
the gangliosides were repeatedly reprocessed by mild acid 
hydrolysis, the proportion of d20:l long-chain base in the 
resulting LacCer fraction increased from approximately 
30 to over 60%. Thus, it appears that glycosphingolipids 
containing a d18 long-chain base were more readily hy- 
drolyzed under mild acidic conditions than glycosphin- 
golipids containing a d20 long-chain base. 

Procedures for deacylating glycosphingolipids have 
been reported for cerebrosides (16), GM3 (21), GM1 
(22,23), GM3 and GM1 (24), and a number of other gan- 
gliosides (17). The alkaline hydrolysis procedure for cere- 
brosides using potassium hydroxide in n-butanol/water 
with refluxing at 125~ for 4 h (16) and for gangliosides 
using potassium hydroxide in methanol with refluxing at 
102~ for 25 h (17) both hydrolyzed LacCer to lysoLacCer 
equally well. The procedure for GM1 ganglioside using 
tetramethylammonium hydroxide in n-butanol/water 
with refluxing at 100~ for 13 h (22) resulted in more 
by-products and lower recovery of lysoLacCer. Because of 

the shorter reflux time, the procedure developed for cere- 
brosides by Radin (16) was used to prepare lysoLacCer. 
However, after the reaction, the potassium hydroxide and 
the hydrolyzed fatty acids were removed by repeated sol- 
vent partitioning. Figure 1A shows the results of alkaline 
hydrolysis of LacCer as monitored by HPTLC. The 
amount of the unknown by-product detected above lyso- 
LacCer (lane 3) increased when the lysoLacCer was stored 
for a few days. A similar observation was made in the 
HPTLC analysis of psychosine (data not shown). We did 
not identify the structure of these by-products. 

Procedures have been reported for the re-N-acylation of 
long-chain bases (25) and of lysoGM1 (17) using N-succin- 
imidyl esters of fatty acids, and of lysoGM1 using free 
fatty acids (22). For reacylation of lysoLacCer, the meth- 
ods using N-succinimidyl fatty acid esters in tetrahydro- 
furan (25) or in chloroform/methanol/water/triethylamine 
(17) resulted in equally high yields. The method using free 
fatty acids (22) did not give good yields. The method for 
reacylation developed by Neuenhofer et al. (17) was used 
in the present study because it was simpler to purify the 
products. The lysoLacCer prepared from brain ganglioside 
LacCer was reacylated with N-succinimidyl 16:0, 18:0, 
20:0, 22:0, 24:0, 20:1, 22:1 and 24:1 fatty acid esters. Rea- 
cylated lysoLacCer was purified on a silica gel 60 column 
and separated into individual molecular species by HPLC 
as described in Experimental Procedures section. As an 
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FIG. ] .  Thin-layer chromatogram of  LacCer and lysoLacCer. 
LacCer prepared from red blood cell  GbOse4Cer was  deacy- 
lated as descr ibed  in Exper imenta l  Procedures  sect ion.  A. 
Lane 1, neutral  g lycosph ingo l ip id  s tandards  (from top are 
GlcCer, LacCer, GbOse3Cer and GbOse4Cer); lane 2, LacCer 
prepared  f rom GbOse4Cer; lane  3, lysoLacCer; and lane  4, 
p s y c h o s i n e  ( lysoGalCer).  B. Lane 1, neutral  g lycosphin-  
go l ip id  standards;  lane  2, LacCer deacy la ted  and reacy- 
lated w i t h  16:0; lane  3, reacy lated  w i t h  20:0; lane  4, reacy- 
lated w i t h  22:0; lane  5, reacy la ted  w i t h  22:1. High-perfor-  
m a n c e  th in- layer  c h r o m a t o g r a p h y  p lates  were  developed 
in ch loroform/methano l /water  (60:35:8, by vol) and visual-  
ized wi th  orcinol  spray and heat ing  at 130~ (14). 
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FIG. 2. Molecular species  separation o f  LacCer after deacy- 
lat ion fo l lowed by reacylation.  LacCer prepared from brain 
gang l io s ides  was  deacy la ted  and then  reacy la ted  w i t h  
N-succ in imidy l  20:0 fatty acid ester and puri f ied  on a s i l ica 
gel  60 c o l u m n  as descr ibed  in E x p e r i m e n t a l  Procedures  
sect ion.  Under iva t i zed  LacCer was  separated into individ-  
ual  m o l e c u l a r  spec ies  by  h igh-per formance  l iqu id  chro- 
matography on a C18 reversed-phase co lumn (5 lmn, Ultras- 
phere  ODS, 4.6 x 250 mm)  at 30~ The mobi l e  phase  was  
methano l /water  (96:4, vol/vol) at a f low rate o f  1.2 m l  Jmin. 
The sample  was  injected in ethanol.  The eff luent  was  moni-  
tored at 205 n m  with  an attenuat ion of  0.16 absorbance unit  
ful l  scale. Peak 1, d18:1-20:0; peak  2, d18:0-20:0 (approxi-  
mate ly  70%); peak 3, d20:1-20:0; and peak 4, d20:0-20:0. 
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example, the molecular species pattern of LacCer reacy- 
lated with 20:0 fatty acid is presented in Figure 2. The 
major molecular species of reacylated LacCer were 
d18:1-20:0 (peak 1) and d20:1-20:0 (peak 3), and the minor 
molecular species were d18:0-20:0 (peak 2) and d20:0-20:0 
(peak 4). 

An aliquot of each of the LacCer molecular species was 
perbenzoylated, and purity was determined by HPLC 
using an acetonitrile-containing mobile phase. With this 
mobile phase, it is possible to separate molecular species 
containing a saturated fatty acid from a molecular species 
that contains a monounsaturated fatty acid with two more 
carbons but the same long-chain base, e.g., d18:1-22:0 
from d18:1-24:1 (26). Moreover, using a mobile phase of 
acetonitrile/2-propanol (8:2, vol/vol) and a 3 t~m C18 re- 
versed-phase column, perbenzoylated LacCer molecular 
species which have the same number of carbons and 
the same number of double bond, e.g., d18:1-20:0 and 
d20:1-18:0, could also be resolved into two peaks (data not 
shown). As seen in Figures 3 and 4, all molecular species 
of LacCer prepared were single molecular species. It ap- 
pears, however, that lysoLacCer reacylated with unsatu- 
rated fatty acids (Fig. 4) are less pure than those reacy- 
lated with saturated fatty acids (Fig. 3). For d18:l and 
d20:l long-chain bases, over 95% of the reacylated LacCer 
were one molecular species. It was difficult to obtain rela- 
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FIG. 3. De terminat ion  of  the  puri ty  of  LacCer molecu lar  
spec ies  reacy lated  wi th  saturated fatty acid. LacCer pre- 
pared from brain gangl ios ides  was deacylated  and then  
reacylated  wi th  N-succ in imidy l  16:0, 18:0, 20:0, 22:0 or 24:0 
fatty acid ester, and separated into  ind iv idua l  molecu lar  
species  as shown in Figure 2. Major peaks  were  col lected,  
perbenzoylated ,  and the ir  molecu lar  spec ies  and puri ty  
were determined by high-performance l iquid chromatogra- 
phy  on a C18 reversed-phase  co lumn (3 ran, Spherisorb 
ODS-2, 2 x 250 ram) at 30~ The mobile  phase  was acetoni-  
tri le/2-propanol (8:2, vol/vol)  at a f low rate of  0.3 mIJmin.  
The sample  was  injected in the mobi le  phase.  A, LacCer 
conta in ing  d18:1 long-chain  base; B, LacCer conta in ing  
d20:1 long-chain  base.  The fatty acid moie ty  is ident i f i ed  
above each peak. 
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FIG. 4. De terminat ion  of  the  pur i ty  of  LacCer molecular  
species  reacylated with  unsaturated fatty acid. LacCer rea- 
cylated with N-succlnlmldy120:1, 22:1 or 24:1 fatty acid ester 
was  separated into  ind iv idua l  molecu lar  spec ies  and the 
puri ty  was  de termined  by h igh .per formance  l iquid  chro~ 
matography as described in Figure 3. A, LacCer containing 
d18:1 long-chain base; B, LacCer containing d20:1 long-chain 
base. The fatty acid moiety is identif ied above each peak. 

tively pure molecular species of LacCer containing d18:0 
long-chain base coupled with the fatty acid introduced 
(Fig. 2, peak 2) due to contamination with other minor 
components. Because of the small amount of these conta- 
minants, we were not able to identify them. On the other 
hand, the LacCer molecular species containing d20:0 
long-chain base coupled with the fatty acid introduced 
(Fig. 2, peak 4) was relatively pure (approximately 90%). 
The identity of each molecular species of LacCer was con- 
firmed by HPLC-mass spectrometry (data not shown). 

The recovery of reacylated lysoLacCer was determined 
relative to the original LacCer used as starting material. 
For this determination, the original LacCer was prepared 
from GbOse4Cer because the LacCer prepared from red 
blood cell GbOse4Cer contains only d18:1 as long-chain 
base, and that  the product LacCer after de/reacylation 
contains only a single molecular species. In the present 
study, N-succinimidyl 16:0, 20:0, 22:0 or 20:1 fatty acid 
ester was used for reacylation. Each newly synthesized 
LacCer showed a single band in HPTLC (Fig. 1B, lanes 
2-5) and gave a single peak in HPLC (data not shown). 
The yields of LacCer relative to the original LacCer (650 
nmol) used as starting material upon reaction with N-suc- 
cinimidyl 16:0, 20:0, 22:0 or 22:1 fatty acid ester were 290 
nmol (45%), 376 nmol (58%), 277 nmol (43%) and 245 
nmol (38%), respectively. Thus, it appears that reacylation 
with saturated fatty acids results in higher yields. 

As seen in Figures 3 and 4, the L-isomer, which can 
clearly be resolved from the D-isomer by HPLC (data not 
shown), was not observed. Moreover, as reported by 
Neuenhofer et al. (17), the threo-sphingoid configuration 
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was  not  fo rmed  in t he  course  of  t he  deacy la t ion  a n d  reacy-  
l a t ion  p rocedures .  The  m e t h o d s  desc r ibed  h e r e  a r e  the re -  
fore use fu l  for p r e p a r i n g  a v a r i e t y  of  p u r e  D-erythro-Lac- 
Cer  mo lecu la r  species.  
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I 

Copper  d e f i c i e n c y  i n d u c e s  h y p e r c h o l e s t e r o l e m i a  in  th e  
rat. Th i s  h y p e r c h o l e s t e r o l e m i a  is  m a i n l y  due  to an  in- 
c r e a s e  in  apo E-r ich  h i g h  d e n s i t y  l i p o p r o t e i n s  (HDL]). 
The  present  s tudy  was  u n d e r t a k e n  to de termi ne  w h e t h e r  
the  HDL increase  could  be e x p l a i ned  by  a l tered low-mol-  
ecular  w e i g h t  apo l ipoprote in  (apo) synthes i s  in  the  liver. 
The  effect  o f  copper  d e f i c i e n c y  on apo A-I, apo A-IV an d  
apo E c o n c e n t r a t i o n s  in  plasma,  as  we l l  as  on re spec t ive  
mRNA leve l s  and  synthes i s  in  the  liver, were  therefore  in- 
ve s t i ga ted .  We o b s e r v e d  tha t  the  i n c r e a s e d  HDL 1 l e v e l s  
in  t h e  p l a s m a  o f  c o p p e r - d e f i c i e n t  rats  w e r e  a s s o c i a t e d  
w i t h  a s i g n i f i c a n t  r i se  in  p l a s m a  apo E c o n c e n t r a t i o n s ;  
however ,  p lasma apo A-I and  apo A-IV concentra t ions  re- 
m a i n e d  u n c h a n g e d .  L iver  apo s y n t h e s i s  and  r e s p e c t i v e  
apo m R N A  l e v e l s  w e r e  no t  s i g n i f i c a n t l y  a l t ered  in  cop- 
per-def ic ient  an ima l s  w h e n  compared  to  control  rats. No 
c h a n g e s  in  apo E m R N A  l e v e l s  in  v a r i o u s  t i s s u e s  f rom 
copper -de f i c i en t ,  as  c o m p a r e d  to co ntr o l  rats ,  w e r e  
noted.  Based  on the data obtained,  it  was  co nc l uded  that  
the  observed  changes  in  p lasma l ipoprote in  and apo con- 
c e n t r a t i o n s  are not  re la ted  to c h a n g e s  in  l o w - m o l e c u l a r  
w e i g h t  apo syn thes i s  in  the  liver. The  m e c h a n i s m s  o f  the  
impaired  catabol i sm of  HDL 1 should  be further  eva lua ted  
to poss ib ly  exp la in  the  observed  increase  in  th is  fract ion 
in  copper-def ic ient  rats. 
Lipids 29, 727-729 (1994). 

Copper deficiency has been shown to induce hypercholes- 
terolemia in humans and in various experimental animals 
(1,2). It was suggested that hypercholesterolemia in cop- 
per-deficient rats may be the result of an increased rate of 
cholesterol synthesis in the liver (1-3). Recently Kim et al. 
(4) proposed that copper deficiency-induced hypercholes- 
terolemia and elevated 3-hydroxy-3-methyl-glutaryl coen- 
zyme A reductase activity may be due to elevated hepatic 
glutathione. The authors (4) have shown that inhibition of 
elevated hepatic glutathione abolishes the increase in 
plasma cholesterol concentration. Copper deficiency-in- 
duced hypercholesterolemia is associated with changes in 
lipoprotein concentration and composition (2,5,6). We have 
recently shown that increased apolipoprotein (apo) B syn- 
thesis in the liver accompanies copper deficiency induced 
hyperlipemia and an increase in plasma apo B concentra- 
tion (7). Moreover, the specific rise in apo B100 synthesis 
suggested that this increase may contribute to the ele- 
vated plasma low density lipoprotein concentrations. The 
induction of apo B synthesis through copper deficiency 
may be related to the increased production of fatty acids 
and cholesterol in the liver for both the assembly and the 
secretion of triglyceride-rich lipoproteins (2). However, in 
copper-deficient rats, increases in plasma lipid and apo 

*To whom correspondence should be addressed. 
Abbreviations: apo, apolipoprotein; HDL, high density lipopro- 
teins; TCA, trichloroacetic acid. 

levels are mostly associated with high density lipoprotein 
(HDL) (5,6,8). In the present study, we therefore investi- 
gated whether the increase in HDL could be explained by 
changes in low-molecular weight apo synthesis in the 
liver. We followed the effect of copper deficiency on apo A-I, 
apo A-IV and apo E concentrations in plasma as well as 
on the respective mRNA levels and synthesis in the liver. 

MATERIALS AND METHODS 

Weanling male Wistar rats (Iffa-Centre des Recherches et 
d'Elevage des Oncins, L'Arbresle, France) were randomly 
divided into copper-deficient and control groups. Rats 
were housed in wire-bottomed cages in a temperature-con- 
trolled room (22~ with a 12-h light/dark cycle and were 
pair-fed appropriate diets for six weeks. The semi-purified 
diets contained (g/kg): casein, 200; sucrose, 650; corn oil, 
50; alphacel, 50; DL-methionine, 3; choline bitartrate, 2; 
modified AIN-76 mineral mix, 35; and/kiN 76A vitamin 
mix, 10 (ICN Biomedicals, Orsay, France). Cupric carbon- 
ate was omitted from the AIN-76 mineral mix in the cop- 
per-deficient diet. As assessed by atomic spectrophotomet- 
ric analysis (model 560; Perkin Elmer, Norwalk, CT), the 
copper concentrations of the two diets were 0.4 mg/kg (de- 
ficient) and 6 mg/kg (control). Animals were anesthetized 
with sodium pentobarbital (40 mg/kg body weight i.p.) and" 
then killed. Blood was collected into tubes containing eth- 
ylenediaminetetraacetic acid or heparin, and plasma was 
obtained by low-speed centrifugation (2,000 x g). Copper 
in plasma was determined by atomic absorption analysis. 
Total cholesterol (BioM~rieux, Charbonni~res-les-Bains, 
France) in plasma was determined enzymatically. Apo 
were determined by radial immunodiffusion using sheep 
anti-rat ape antisera; plasma samples were diluted with 
Nonidet P40 (0.5% final concentration) for apo E assay 
and with urea (7M final concentration) for apo A-I and apo 
A-IV assays (9,10). 

Lipoprotein fractions were separated from plasma by 
continuous gradient ultracentrifugation in an L8.70 Beck- 
man (Beckman Instruments, Palo Alto, CA) centrifuge 
using a SW 41 rotor as described previously (11). Twenty- 
two fractions were collected from the meniscus of the 
tubes, and total cholesterol content in these fractions was 
assayed. 

Total cell RNA was isolated from tissues using the 
guanidinium/phenol/chloroform method described by 
Chomczynski and Sacchi (12). Northern and dot blots of 
total cellular RNA, labeling of probes, hybridization and 
washing of filters were done as described previously 
(13,14). The cDNA probe for rat apo E (kindly provided by 
P. Cardot, URA-CNRS 1283, Paris, France) and oligonu- 
cleotide probes for apo A-I and apo A-IV were used to de- 
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tect  specific mRNA (13,14). A mouse 18S rRNA cDNA 
clone was used as control probe (kindly provided by G. 
Veyssibre, Universi t6  Blaise Pascal,  Clermont  Ferrand,  
France). Quantification of specific mRNA was performed 
on au torad iograms  of filters by densi tometr ic  analys is  
using a laser densitometer (Ultroscan XL; LKB, Bromma,  
Sweden), and values were expressed in absorbance units  
relative to the level for control animals. 

Ape synthesis rates were determined in the liver of cop- 
per -adequate  and  copper-deficient ra t s  a f ter  in t rapor ta l  
vein injection of 1.0 mCi L-[4,5-3H]leucine (specific activ- 
ity 5.29 TBq/mmol; Amersham,  Buckinghamshire,  United 
Kingdom), as described by Baum et al. (15). Quant i ta t ive  
immunoprec ip i ta t ion  of apo was done on l iver ho- 
mogenates  us ing polyclonal rabbi t  an t i se ra  directed 
aga ins t  r a t  apo E, A-I and  A-IV. The i m m une  complexes 
obtained were washed extensively and separated on dena- 
tu r ing  sodium dodecylsulfate polyacrylamide gel elec- 
trophoresis  disc gels (7.5% acrylamide).  Gels were sliced 
and radioact ivi ty was de te rmined  by liquid scinti l lation 
spect rometry  (Kontron, St-Quentin-en-Yvelines, France)  
following the addit ion of 3% Protosol-Econofluor (NEN, 
Boston, MA) to gel slices. Data  are expressed as percent of 
total [trichloroacetic acid (TCA)-insoluble] radioactivity. 

Values are given as means  _+ SEM. Data  were analyzed 
by Student 's t-test. 

RESULTS AND DISCUSSION 

As previously noted in other laboratories (1,16), as well as 
in our own (7,17,18), we observed, in addition to reduced 
p lasma  copper concentrations, a n u m b e r  of changes tha t  
are usually associated with copper deficiency (Table 1). As 
shown in Table 1, significantly lower body weights  and  
higher relative hear t  and liver weights were seen in ra ts  
fed the copper-deficient diets when compared to controls. 
In  agreement  with previous works (2,17,18), p l a sma  cho- 
lesterol concentrations were significantly elevated in cop- 
per-deficient ra t s  when compared  to those of controls 
(Table 1). As is shown by density gradient ultracentrifuga- 
t ional  analysis  of p la sma  lipoproteins (Fig. 1), hypercho- 
lesterolemia is mainly due to an increase in the concentra- 
t ion of HDL, and  par t icular ly  HDL r This  is consis tent  
with earlier observations (4,19) when p lasma lipoproteins 
were  analyzed by polyacrylamide gradient  gel elec- 
trophoresis and by gel filtration. In the present  study, we 
have clearly shown tha t  the changes in lipoprotein distri- 

TABLE 1 

Effect o f  Copper Def ic iency  on Body Weight, 
Relat ive Organ Weights and Plasma Copper 
and Cholesterol  Concentrat ions  a 

Control Copper-deficient 

Body weight (g) 
Relative liver weight (g/100 g) 
Relative heart weight (g/100 g) 
Plasma copper (~mol/L) 
Plasma total cholesterol (retool/L) 

289 • 3 242 +-- 8 b 

3.8 _+0.1 6.1 +0.2 b 
0.33 _+ 0.01 0.73 • O.O5 b 

14.60 • 0.50 0.60 • 0.08 b 
1.55 _+ 0.06 1.98 • 0.11 b 

aMeans of 12 animals per group +_ SEM. 
bSignificant difference from control rats, P < 0.001. 
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120 ] [-----0~- Cu-Defident 

i 
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FIG. 1. Effect  o f  copper  de f i c i ency  on cholesterol  distr ibu-  
t ion  in  l i p o p r o t e i n  fract ions  separated  by  dens i ty  gra- 
d ient  u l tracentr i fugat ion .  The  resul ts  represent  the  m e a n  
(• SEM) of  six determinat ions  for control  and of  f ive deter- 
m i n a t i o n s  for copper -de f i c i en t  rats.  The po in t s  that  w e r e  
s i g n i f i c a n t l y  d i f f erent  b e t w e e n  control  and copper-def i -  
c i en t  rats  are d e s i g n a t e d  w i t h  an as ter i sk  (*P < 0.05; 
**P < 0.01; ***P < O.001). 

bution in copper-deficient ra t s  are associated with an in- 
crease in p lasma apo E concentration. However, copper de- 
ficiency had  no significant effect on p l a sma  apo A-I and  
ape A-IV levels (Table 2). 

Studies on apo A-I, A-IV and apo E synthesis in the liver 
have shown (Table 2) tha t  the synthesis of these apo is not 
significantly a l tered by copper deficiency. Total protein 

TABLE 2 

Effect of  Copper Def ic iency  on Apol ipoprotein A-I, A-IV 
and E Concentrat ions in the P lasma and on Their 
Synthes i s  and mRNA Levels in the Liver a 

Control Copper-deficient 

Ape A-I 
Plasma (mg/100 mL) 27.8 _+ 1.7 29.1 _+ 1.8 
Synthesis in liver 

(% of TCA-insoluble 
radioactivity) 0.19 • 0.02 0.16 +__ 0.02 

Liver mRNA (AU) 100 • 5 93 +_ 3 
Ape A-IV 

Plasma (rag/100 mL) 16.6 _+ 0.7 17.5 _+ 1.0 
Synthesis in liver 

(% of TCA-insoluble 
radioactivity) 0.21 _+ 0.03 0.18 _+ 0.03 

Liver mRNA (AU) 100 • 6 87 _+ 2 
Ape E 

Plasma (rag/100 mL) 17.5 _+ 0.3 23.2 +_ 0.85 
Synthesis in liver 

(% of TCA-insoluble 
radioactivity) 0.98 • 0.03 0.88 _.+. 0.17 

Liver mRNA (AU) 100 • 7 96 • 7 
aMeans of 12 animals per group • SEM for plasma apelipeproteins, 
and of six animals _+ SEM per group for apolipeprotein mRNA lev- 
els and synthesis. TCA, trichloroacetic acid; AU, absorbance unit. 
bSignificant difference from control rats, P < 0.001. 
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FIG. 2. Ef fec t  o f  c o p p e r  d e f i c i e n c y  o n  a p o l i p o p r o t e i n  (apo)  
E m R N A  a b u n d a n c e  in  v a r i o u s  t i s s u e s .  T h e  a m o u n t  o f  a p o  
E m R N A  in  e a c h  t i s s u e  is  e x p r e s s e d  r e l a t i v e  to  t h e  a m o u n t  
in  the  l iver  of  contro l  rats  ( t a k e n  as  100%). Values  are  m e a n  
• SEM of  s ix  ra t s  p e r  g r o u p s .  T h e r e  w a s  n o  s i g n i f i c a n t  dif -  
f e r e n c e  (P > 0.05) b e t w e e n  b o t h  groups .  

synthesis in the liver, as indicated by [3H]leucine incorpo- 
rat ion into TCA-insoluble material, was similar between 
both groups (control, 118 • 10 cpm/llg protein; copper defi- 
cient, 110 _+ 13 cpm/pg protein; P > 0.05). Copper deficiency 
did not significantly change apo A-I, apo A-IV and apo E 
mRNA levels in the liver either (Table 2). As apo E is syn- 
thesized not only by hepatocytes but by a wide variety of 
mammalian cells (20), we studied the effect of copper defi- 
ciency on apo E mRNA levels in several tissues from con- 
trol and copper-deficient rats. Consistent with results of 
previous studies done in the rat  (20), apo E mRNA was 
most abundant  in the liver, but  substantial  amounts  of 
apo mRNA were also found in adrenals and in brain 
(Fig. 2). Copper deficiency did not significantly alter the 
apo E mRNA levels in all tissues studied (Fig. 2). 

In summary,  one can conclude from the present work 
that  copper-deficiency does not affect apo E, apo A-I and 
apo A-IV synthesis in the liver. However, since the liver 
weight and, in particular, the relative liver weight in- 
crease in copper-deficient rats, the possibility exists that  
the increase in liver mass may contribute to the apparent 
absolute increase in apo synthesis by this organ. On the 
other hand, the increase in plasma volume in copper-deft- 

cient animals may have an effect on plasma apo concen- 
trat ion independent  of changes in apo metabolism. This 
will need to be considered in future work. Furthermore,  
as the specific increase in apo E plasma concentration, 
without changes in apo A-I and apo A-IV concentrations, 
occurs in copper deficiency, the mechanisms of  the im- 
paired catabolism ofHDL 1 should be evaluated to pinpoint 
the cause of the increase in this lipoprotein fraction. 
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1-O-Hexadecylglycerol (chimyl alcohol), 1-O-heptadecyl- 
glycerol and 1-O-octadecylglycerol (batyl alcohol) have 
b e e n  identif ied as the  major nat ive  const i tuents  of  a 
mixture of  free alkyl  glycerol  ethers isolated from the 
conta ined water  and the methanol ic  extract of  the 
sponge Desmapsamma anchorata. Minor components  
were the free C14 , C15 , C19 , C20 and C21 alkyl glycerol  
monoethers .  The alkyl  glycerol  monoethers  were  ana- 
lyzed and identified by gas chromatography/mass spec- 
trometry of  their isopropylidene derivatives. This is the 
first report on the occurrence of free Cm, Cm, C20 and C21 
Rlkyl glycerol monoethers  in a sponge. 
Lipids 29, 731-734 (1994). 

The sa tura ted  monoalkyl ethers of glycerol, 1-O-hexade- 
cyl-sn-glycerol(lc; chimyl alcohol) (see Fig. 1); and 1-O- 
octadecyl-sn-glycerol(le; batyl  alcohol) commonly occur 
ester i f ied to fa t ty  acids in a wide var ie ty  of mar ine  or- 
ganisms (1-5). They  have also been found in some ma- 
rine sponges in the unester i f ied form (6-11). Thus,  free 
chimyl alcohol l c  was recent ly  found in Stylopus aus- 
tralis (Poeci loscler ida:Hymedesmiidae)  (6), Tethya au- 
rantia (Hadromer ida :Tethyidae)  (7) and Tedania ignis 
(Poecilosclerida:Myxill idae) (8), while batyl  alcohol l e  
was found in Ulosa ruetzleri (Axinellida:Axinellidae) (9) 
and T ignis (8). The first  repor t  on the  occurrence of a 
free alkyl glycerol monoe the r  ~n a sponge was t h a t  on 
1-O-tridecyl-sn-glycerol (ll) from a sponge of the family 
Plocamiidae (10). At about  the same time, the branched- 
chain alkyl glycerol monoesters 5a  and 5b were isolated 
from a Taiwanese  mar ine  sponge of genus Aaptos 
(Hadromer ida :Suber i t idae)  (11) and l j  and l k  from 
T aurantia (7). 

Desmapsamma anchorata (Poecilosclerida:Esperiop- 
sidae) f irst  described by Car te r  in 1882 (12) and more 
recently by Green et al. (13), is a Desmapsamma ramose 
sponge erec ted  on an encrus t ing  base. Alive, it is pale 
p ink ex te rna l ly  and dark  orange internal ly,  and it is 
smooth and "spongy." Desmapsamma anchorata inhab- 
its hexacora l ia  plates  and Acropora cemeter ies  on the  
leeward side of coral reefs  in the Gul f  of Mexico and 
Car ibbean  Sea. I t  has  previously been shown tha t  the  
Caribbean D. anchorata contains interest ing fat ty  acids 
wi th  unusua l  unsa tu ra t i on  and methy l  b ranch ing  as 

1Contribution No. 1241 from the Instituto de Quimica, UNAM. 
This work was presented in part at the First Lanbio Symposium, 
Trends in Natural Products Research: Prospects for Pharma- 
cological and Agrochemical Applications, AsunciSn, Paraguay, 
August 6-10, 1993. 
*To whom correspondence should be addressed at Instituto de 
Quimica, Universidad Nacional AutSnoma de M~xico, Circuito 
Exterior, Cuidad Universitaria, Coyoac~n, 04510 Mdxico, D.F., 
Mdxico. 
Abbreviations: GC/MS, gas chromatography/mass spectrometry; 
MS, mass spectrometry; NMR, nuclear magnetic resonance; TLC, 
thin-layer chromatography; TMS, totramethylsilane. 

well as the common Cz4 to C26 fa t ty  acids and common 
sponge sterols; bu t  no free alkyl glycerol e thers  were 
found (14). We repor t  here  on the isolation of free satu- 
r a t ed  monoalkyl  e thers  of glycerol from D. anchorata 
harvested in the Gulf  of Mexico. 

EXPERIMENTAL PROCEDURES 

Sponge collection. Approximately 30 specimens ofD. an- 
chorata were collected at  depths  of 2 to 15 m and at  a 
water  surface tempera ture  of 28~ near  the La Anegada 
de Afuera reef  (Veracruz, Ver., Mexico) in Ju n e  1989. A 
voucher  specimen is being kep t  a t  the  Labora tor io  de 
Farmacologia  Marina ,  Ins t i tu to  de Ciencias del Mar  y 
Limnolog/a (UNAM). Desmapsamma anchorata is a 
shallow water  species which shows no association with 
symbiotic algae bu t  considerable aff ini ty for Holop- 
samma helwigi at the same location. Desmapsamma an- 
chorata is a very abundant  species near  the reefs of Ver- 
acruz, Mexico. 

Isolation. The sponge (6.0 kg) was squeezed, and the 
wa te r  from the sponge was f i l tered th rough  a Bi ichner  
funnel using a celite layer  as filter aid to remove insolu- 
ble mater ials .  The f i l t rate was ext rac ted  with ethyl  ac- 
e ta te  (4 x 500 mL). The insoluble mater ia l  was washed 
from the celite layer first with petroleum ether  (4 x 2 L) 
and then  with methanol  (4 x 2 L). The ethyl  acetate  ex- 
t rac t  and the pe t ro leum e the r  and methanol  washings 
were t aken  to dryness  in vacuo to yield 1.42, 0.43 and 
0.94 g of material ,  respectively. The residues were then  
combined as they were found to be similar as judged by 
th in- layer  chromatography  (TLC) using the developing 
solvent dichloromethane/acetone (9:1, vol/vol). 

To the remain ing  sponge mater ia l  (545.5 g dry wt), 
methanol  (5 x 2.5 L) was added, and the mixture  was fil- 
tered through celite. The aqueous methanol  phase was 
brought  to dryness  and then  ex t rac ted  with dichloro- 
m e t h a n e  and ethyl  ace ta te  (4 x 2 L each). The organic 
extracts  were concentra ted in vacuo to yield a reddish- 
brown oil (35 g). The residue from the aqueous phase of 
the sponge was chromatographed  on  a column (4.5 x 
35.0 cm) of 60 g of silica gel, while the residue from the 
remain ing  sponge mater ia l  was separa ted  on a column 
(6.0 x 35.0 cm) conta ining 170 g of silica gel, and the 
columns were eluted wi th  pe t ro leum ether,  pe t ro leum 
e ther /e thyl  ace ta te  mixtures ,  and methanol .  Elut ion 
wi th  pe t ro leum e the r  yielded 135 mg of a mix tu re  of 
fa t ty  acid methyl  es ters  which were likely formed dur- 
ing methanol  extract ion.  Gas chromatography/mass  
spectrometry (GC/MS) analysis of the mixture  indicated 
the  presence of C14 to C21 fa t ty  acids which had  previ- 
ously been identif ied in this  species (14). Pe t ro leum 
ether /e thyl  ace ta te  (9:1, vol/vol) yielded 4.2 g of a mix- 
tu re  of sterols  (m.p. 134-140~ Acetyla t ion of the  
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sterol mixture (60 mg) gave the corresponding acetates. 
GC/MS of the acetates confirmed the presence of the 
sterols previously identified in this species (14), i.e., 
desmosterol (3.9%), cholesta-5,22-dienol (9.2%), choles- 
terol (44.6%), 24-methylcholesta-5,22-dienol (18.3%), 24- 
methylcholesterol (6.2%), stigmasterol (4.4%) and sitos- 
terol (11.1%). Elution with petroleum ether/ethyl ac- 
etate (4:1 and 3:1, vol/vol) yielded a mixture of the 
monoalkyl ethers of glycerol (10 mg from aqueous phase, 
and 300 mg from sponge) as an amorphous solid (la-h). 
The compounds found in the aqueous and sponge 
residues were similar. 

Optical rotations were measured on CHC13 solutions 
using a Jasco DIP-360 Digital polarimeter (Japan Spec- 
troscopic Co., Tokyo, Japan). 1H and 13C nuclear mag- 
netic resonance (NMR) spectra on CDC13 solutions, with 
tetramethylsilane (TMS) as internal standard, were 
recorded at 300 MHz or 200 MHz, either on a Varian 
VXR-300S instrument or a Varian Gemini-200 instru- 
ment (Varian, Palo Alto, CA). Mass spectra (MS) were 
recorded using a Hewlett-Packard MS5985B mass spec- 
trometer (Palo Alto, CA). GC/MS was done using a PAS- 
1701 (ECD tested 1701 silicone) column (25 x 0.32 mm x 
0.25 pm) in a Hewlett-Packard 5890 Series II gas chro- 
matograph linked to a JEOL JMS-AX505HA mass spec- 
trometer with a data system (Tokyo, Japan). Samples 
were analyzed using temperature programming: first 
isothermal at 100~ for 1 min, then increased at 
10~ to 280~ and finally kept at 280~ for 10 min. 
TLC was done on silica gel plates impregnated with flu- 
orescent dye (Merck Silica Gel 60 F254; Merck, Darm- 
stadt, Germany). 

HO R 

1 

H ~ 2  "OAc a) R = 13:0 
A c O ' x ~ ~  R "  ~xl - -  b) R = 14:0 

3 1 1" c) R = 15:0 
2 d) R = 16:0 

e) R = 17:0 

" ~ 0 - ~ 0 ~  h) f) R = 18:0 R g) R = 19:0 
R = 20:0 

3 i) R = 12:0 
j) R = 16:0 iso 
k) R = 16:0 anteiso 

4 

o.\ tOo, i . HO 
V ~ /  \ ( C H ~ , ) / ' V \  bl " = 12 n = 1 4  
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FIG. 1. S t r u c t u r e s  o f  a l k y l  g l y c e r o l  m o n o e t h e r s  (1a -h)  f r o m  
Desmapsamma anchorata a n d  o f  s o m e  s t r u c t u r a l  a n a l o g s  
( 2 a - h ,  3 a - h )  as  w e l l  a s  o f  s o m e  r e l a t e d  c o m p o u n d s  f r o m  
o t h e r  s p o n g e s  ( l i - k ,  5a-b) .  

Monoalkyl ethers of glycerol (Fig. 1, 1a--h). 1H NMR 
(CDC13, 300 MHz) 5 0.88 t, J = 6.7 Hz, CH3; 1.26, s, 
(CH2)n, aliphatic chain; 1.57, quint, J = 6.9 Hz, H-2'; 3.46, 
AB m; apparent td, J = 6.6 Hz, J = 1.2 Hz, H-I'; 3.48, dd, 
J = 9.6 Hz, J = 6.0 Hz, H-la; 3.53, dd, J = 9.6 Hz, J = 4.2 
Hz, H-lb; 3.63, dd, J = 11.7 Hz, J = 5.4 Hz, H-3a; 3.71, dd, 
J = 11.7 Hz, J = 3.9 Hz, H-3b; and 3.86, pseudo quint, J = 
5.4 Hz, H-2.13C NMR 5 (CDC13, 75 MHz) 5 14.13, 22.70, 
26.08, 29.36, 29.47, 29.58, 29.59, 29.62, 29.67, 29.70, 
31.92, 64.23, 70.48, 71.83, 72.43. The chemical shifts for 
H-1 and H-3 are reverse compared to those described in 
Ref. 15. Assignments for H-2 and H-3 were confirmed by 
the downfield shifts of the signals in the 1H NMR spec- 
trum of the acetylation product. 

Acetylation of the monoalkyl ethers of glycerol. An 
aliquot of monoalkyl ethers (10 mg) was treated with 
Ac20 (0.2 mL) and pyridine (0.1 mL) at room tempera- 
ture overnight. The excess reactants were removed on a 
rotary evaporator under reduced pressure. The residue 
was chromatographed on a column of silica gel to yield 
the diacetates (Fig. 1, 2a-h) (5 mg) as a yellowish oil. 1H 
NMR (CDC13, 300 MHz) 5 0.89, t, CH3; 1.26, s, CH 2, 
aliphatic chain; 1.56, quint, H-2"; 2.07, s, AcO; 2.10, s, 
AcO; 3.44, AB m, H-I'; 3.56, d, J = 5.3 Hz, H-l; 4.16, dd, 
J= 11.5 Hz, J = 5.8 Hz, H-3b; 4.34, dd, J = 11.5 Hz, J = 
4.0 Hz, H-3a; and 5.19, m, H-2.13C NMR 5 (CDC13, 75 
MHz) 14.15, 20.81, 21.08, 22.71, 26.03, 29.37, 29.46, 
29.53, 29.62, 29.64, 29.72, 31.94, 62.99, 68.82, 70.31, 
71.76. 

Isopropylidene derivatives of monoalkyl ethers of glyc- 
erol. To a solution of monoalkyl ethers of glycerol (20 mg) 
in dry acetone (12 mL), dry CuSO 4 was added in excess 
and refluxed with stirring for 2 h. The reaction was 
monitored by TLC. The mixture was filtered, and the fil- 
trate was directly subjected to silica gel column chro- 
matography. Elution with petroleum ether/CH2C12 (4:1, 
vol/vol) yielded the isopropylidene derivatives (Fig. 1, 
3a-h). 1H NMR (CDC13, 300 MHz) 5 0.88, t, CH3; 1.26, 
s, CH 2, aliphatic chain; 1.37, s, 3H, 1.43, s, 3H, gem di- 
methyl; 1.56, quint, H-2'; 3.41 and 3.52, dd, J = 9.8 Hz, 
J = 5.6 Hz, H-lb and H-la; 3.46, AB m, H-l 'a and H-l'b; 
3.73 and 4.07, dd, J = 8.2 Hz, J = 6.4 Hz, H-3b and H-3a; 
and 4.28, pseudo quint, J = 6.2 Hz, H-2. 13C NMR 
(CDC13, 175 MHz) 5 14.07, 22.65, 25.38, 26.01, 26.73, 
29.33, 29.43, 29.56, 29.65, 29.99, 31.89, 66.93, 71.81, 
71.89, 74.75, 109.37. 

Periodate oxidation of the monoalkyl ethers of glycerol. 
A solution of monoalkyl ethers of glycerol (50 mg) in di- 
ethyl ether was treated with 38% periodic acid (10 mL) 
at room temperature overnight, and the reaction mix- 
ture was purified by column chromatography to yield 
the respective glycolaldehyde ethers (Fig. 1, 4a-h)  
(10 mg). 1H NMR (CDC13, 200 MHz) 5 0.9, t, CH a, J = 7.0 
Hz; 1.25, s, CH 2, aliphatic chain; 1.57, m, H-2'; 3.53 t, 
J = 6.5 Hz, H-I'; 4.05, d, J = 1.0 Hz, H-l; and 9.74, t, J = 
1.0 Hz, H-2. 

R E S U L T S  A N D  D I S C U S S I O N  

The monoalkyl ethers of glycerol were isolated as a waxy 
solid (m.p. 57-58~ [a] D + 2.0 ~ at c = 0.2 in CHC13) and 
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were identified by 1H NMR and GC/MS of the isopropy- 
lidene derivatives. The 1H NMR spectrum exhibited sig- 
nals for an al iphat ic  long chain and signals associated 
with the presence  of  the  glycerol monoe the r  moiety. 
Three  methy lenes  and one meth ine  were observed at- 
tached to oxygen atoms: a two proton AB mult iple t  (an 
apparent  tr iplet  of doublets, J = 6.6 Hz, J = 1.2 Hz H-I ' )  
a t  3.46 ppm, two AB doublets  of doublets  centered  at  
3.48 ppm ( J  = 9.6 Hz, J = 6.0 Hz, H- l a )  and 3.53 ppm 
( J  = 9.6 Hz, J = 4.2 Hz, H-lb) ,  two AB doublets of dou- 
blets cen te red  at  3.63 ppm (J  = 11.7 Hz, J = 5.4 Hz, 
H-3a) and 3.71 ppm (J  = 11.7 Hz, J = 3.9 Hz, H-3b) and 
a pseudo quintuplet  at 3.86 ppm (J  = 5.4 Hz) for the me- 
th ine  proton  (H-2). The 13C NMR spec t rum was in 
agreement  with this s t ruc ture  and showed three  meth-  
ylene carbons at  72.43 (C-l),  71.83 (C-I ')  and 64.23 
(C-3), and a methine  at  70.48 (C-2). These assignments  
are based on multipulse APT and 2D 1H-13C correlation 
experiments.  

Proton assignments were confirmed by converting the 
diols to the  corresponding diacetates .  The 1H NMR 
showed two sharp  singlets a t  2.07 and 2.10 ppm corre- 
sponding to the  acetyl  protons,  as well as a downfield 
shift  of the two H-3 doublets of doublets (4.16, J = 11.5 
Hz, J = 5.8 Hz, H-3a; 4.34, J = 11.5 Hz, J = 4.0 Hz, H-3b) 
and the methine  proton (H-2, 5.19 ppm). 

Oxidative cleavage of the diols with periodic acid gave 
the  corresponding glycoaldehyde alkyl e thers  confirm- 
ing the presence of a !,2-diol group. The 1H NMR spec- 
t r u m  exhibi ted the  aldehydic  proton at  9.74 ppm as a 
t r iplet  ( J  = 1.0 Hz) coupled with the methylene  doublet  
at  4.05 ppm (J  = 1.0 Hz). 

The above ass ignments  are  in good ag reemen t  with 
those published for chimyl and batyl  alcohol ( lc ,  l e )  as 
well as o ther  monoalkyl  e thers  of glycerol l j ,  l k  
(7,15,16). 

Al though useful  anomalous  ion peaks  at  one mass 
uni t  above the  molecular  weight  [M + 1] have been re- 
ported to occur in the spectra of various ethers,  alcohols, 
glycols, amines and nitriles (17), the presence of such a 
peak has  not been repor ted previously for alkylglycerol 
e thers  (6-11,15). We noted tha t  the electron impact  
mass  spec t rum measu red  at  70 eV on the mix tu re  of 
monoalkyl e thers  of glycerol isolated from D. anchora ta  
showed a useful  [M + 1] peak  at  m / z  317 (0.9%) and 
other  significant peaks at  m/z  285 [M - CH30] § (0.6%), 
255 [M - C2H502  ]+ (0.9%) and 225 [M - C3H703  ]+ (3.1%) 
character is t ic  of chimyl alcohol l c  as the major  compo- 
nent.  The mass spect rum also showed addit ional  weak  
[M + 1] ion peaks  at  m / z  331 (0.2%) and 345 (0.1%) in- 
dicative of the presence of C17 and C18 analogs. Similar  
results  were obtained at  12 eV and in the chemical ion- 
ization mode (data not shown). 

While mass  spec t romet ry  us ing the direct  inser t ion  
mode, of the in tact  alkyl glycerol monoethers  indicated 
the presence of glycerol e thers  with 16:0, 17:0 and 18:0 
hydrocarbon chains as major constituents,  GC/MS of the 
isopropyl idene der ivat ives  identif ied glycerol e thers  
with hydrocarbon chain lengths from C14 to C2r GC/MS 
of the isopropylidene derivatives did not give molecular 
ion peaks, but  it showed the [M - 15] + ion and the char- 

acter is t ic  base peak at  m / z  101 (18). The major  satu-  
r a t ed  1-O-alkyl glycerol e thers  in decreas ing order  of 
abundance  were: C16 (56.48%), C17 (21.98%), and C18 
(17.24%), followed by C14 (1.65%), C15 (1.44%), C~9 
(0.77%), C2o (<0.5%) and C21 (<0.5%). GC/MS fur ther -  
more indicated the presence of two C16, four C17 , th ree  
C18 and two C19 sa tura ted  alkyl isomers, suggesting the 
presence  of iso, anteiso,  and/or  o ther  b ranched  struc- 
tures.  It  was not possible to identify the position of the 
methy l  b ranching  in the  hydrocarbon side chain. I t  
should be noted tha t  GC/MS of the methyl  esters of the 
fa t ty  acids isolated from this sponge also indicated the 
presence of carbon chain lengths from C14 to C21 and the 
presence of sa tura ted  branched isomers (14). 

Sponges such as D. anchora ta  have been shown to be 
a good source of phospholipids with fa t ty  acids having 
unusua l  unsa tu ra t i on  and methy l  b ranch ing  which is 
typical ly not found in t e r res t r i a l  sys tems (14). Chimyl 
alcohol (lc),  batyl  alcohol ( le)  and the i r  u n s a t u r a t e d  
analogs are widely distr ibuted in na tu re  and have been 
found in elasmobranch fish, h u m an  milk and bone mar-  
row, atherosclerotic h u m an  aorta,  pig spleen, in the fat 
of neonatal  calves, in colostrum and milk of cows, goats, 
pigs and sheep (9), and more  recent ly  in rept i le  skin 
gland secret ions (18). Unes ter i f ied  alkyl glycerol mo- 
noe thers  have  been isolated from mar ine  sponges, al- 
though screening of several marine  sponges of the class 
Demospongiae has shown tha t  this type of e ther  lipid is 
not widely distr ibuted among sponges (7). Studies on the 
ant imicrobial  act ivi ty of alkyl glycerol e thers  have  
shown tha t  these  compounds inhibi t  bacter ia l  growth 
(19). Their  role in sponges is still uncertain,  al though it 
has  been proposed tha t  alkyl glycerol monoethers  may  
play some par t  in the defense mechanism in the life of 
the sponge (7). 
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HDL3-Mediated Cholesterol Efflux from Cultured Enterocytes: 
The Role of Apoproteins A-I and A-II 
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H i g h  d e n s i t y  l i p o p r o t e i n s  (HDL) w e r e  r e c e n t l y  d e m o n -  
s trated in  an  e n t e r o c y t e  mo de l  (CaCo-2 cel ls)  to m e d i a t e  
r e v e r s e  c h o l e s t e r o l  t r a n s p o r t  by  r e t r o e n d o c y t o s i s .  T h e  
p r e s e n t  s t u d y  w a s  ca rr i ed  o u t  to  d e f i n e  t h e  ro le  o f  t h e  
major  HDL a p o p r o t e i n s  (apo) A-I a nd  apo  A-II in  t h i s  
pa thway .  HDL 3 w a s  f r a c t i o n a t e d  by  h e p a r i n  a f f i n i t y  
c h r o m a t o g r a p h y  in to  the  two  m a i n  f rac t ions  c o n t a i n i n g  
e i t h e r  apo A-I o n l y  ( frac t ion  A) or b o t h  apo A-I an d  apo 
A-II ( f rac t ion  B). In  a d d i t i o n ,  l i p o s o m e s  w e r e  recon s t i -  
t u t e d  from p u r i f i e d  apo A-I or apo A-II a nd  d i m y r i s t o y l  
p h o s p h a t i d y l c h o l i n e .  The  ce l l  b i n d i n g  p r o p e r t i e s  an d  
c h o l e s t e r o l  e f f lux  p o t e n t i a l  w e r e  s t u d i e d  in the  l ipopro-  
t e i n  f r a c t i o n s  and  the  l i p o s o m e s .  B o t h  f r a c t i o n s  exh ib -  
i t ed  s i m i l a r  m a x i m a l  b i n d i n g  c a p a c i t i e s  o f  4427 (A) an d  
5041 (B) n g / m g  ce l l  pro te in ,  bu t  t h e i r  d i s s o c i a t i o n  con-  
s tants  di f fered (40.5 and 167.7 ~g/mL, respect ive ly) .  Frac- 
t i on  A i n d u c e d  cho le s t ero l  e f f iux  and s t i m u l a t e d  choles -  
terol  s y n t h e s i s  more  t h a n  did fract ion  B. Fract ion  A mo- 
b i l i z e d  b o t h  c e l l u l a r  free  a n d  e s t e r i f i e d  c h o l e s t e r o l ,  
w h e r e a s  f rac t ion  B p r e f e r e n t i a l l y  m o b i l i z e d  c h o l e s t e r y l  
esters .  L iposomes ,  c o n t a i n i n g  e i ther  apo A-I or apo A-II, 
s h o w e d  s p e c i f i c  b i n d i n g ,  e n d o c y t o s i s  a nd  e n d o s o m a l  
transport ,  and  w e r e  re l eased  as  in tact  part ic les .  Apo A-I 
l i p o s o m e s  a l so  m e d i a t e d  c h o l e s t e r o l  e f f lux .  In con c lu -  
s ion,  there  is e v i d e n c e  that  the  HDL 3 subfrac t ions  A and  
B, as  w e l l  as  r e c o n s t i t u t e d  l i p o s o m e s  c o n t a i n i n g  e i t h e r  
apo A-I or apo A-II, w e r e  spec i f i ca l ly  b o u n d  and  en tered  
a r e t r o e n d o c y t o s i s  p a t h w a y  w h i c h  w a s  d i r e c t l y  l i n k e d  
to cho le s tero l  efflux. Quant i tat ive ly ,  the  apo A-I subfrac- 
t i on  a p p e a r e d  to p lay  the  d o m i n a n t  ro le  in  normal  ente-  
rocytes .  The  apo A-II c o n t e n t  o f  f r a c t i o n  B w a s  r e l a t e d  
to the  m o b i l i z a t i o n  of  cho le s t ery l  esters .  
Lipids 29, 735-745 (1994). 

Cur ren t  u n d e r s t a n d i n g  of cholesterol  t r a n s p o r t  in vivo 
sugges ts  a p r i m a r y  role for high dens i ty  l ipoprote ins  
(HDL) in the  reverse  cholesterol  t r a n s p o r t  (1) f rom pe- 
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Abbreviations: ACAT, acyl-CoA:cholesterol acyl transferase; apo 
A-I, apoprotein A-I; apo A-II, apoprotein A-II; BCA, bicinchoninic 
acid; Bmax, maximal binding capacity; CaCo-2, carcinoma of the 
colon cells; FCS, fetal calf serum; DMEM, Dulbecco's minimal es- 
sential medium; DMPC, dimyristoyl phosphatidylcholine; HDL, 
high density lipoproteins; HMG-CoA, hydroxymethylglutaryl 
coenzyme A; KD, dissociation constant; LDL, low density lipopro- 
teins; Lip A-I, A-I liposomes; Lip A-II, A-II liposomes; LPD, 
lipoprotein deficient; MVL, mevalonolactone; PAGE, polyacry- 
lamide gel electrophoresis; PBS, phosphate buffered saline; SDS, 
sodium dodecylsulfate. 

r iphera l  t issues to the  liver (2). HDL represen t  a series 
of dynamica l ly  changing  HDL popula t ions  differ ing in 
density, size and composition (3). HDL contains var ious 
apol ipoprote ins  (4), mos t  i m p o r t a n t l y  apopro te in  A-I 
(apo A-I) and  apopro te in  A-II  (apo A-II). Specific bind- 
ing of HDL 3 has  been observed in a va r ie ty  of different  
cell sys tems  (5-10), as well as in freshly isolated or cul- 
tu red  in tes t ine -der ived  cells (11-17). Two pr inc ipa l ly  
di f ferent  cel lu lar  p a t h w a y s  were  sugges ted  for HDL 3- 
med ia t ed  cholesterol  efflux: (i) a docking receptor  pro- 
moting cholesterol t ranslocat ion (5,18), or (ii) a receptor- 
med i a t ed  in t r ace l lu la r  endosomal  p a t h w a y  t e r m e d  
"re t roendocytosis"  (6,17,19). Both are  associa ted  wi th  
subsequent  efflux of p redominan t ly  in t racel lu lar  as op- 
posed to p l a sma  m e m b r a n e  cholesterol  (20). Therefore,  
a c o m p a r t m e n t a t i o n  of s t ruc tu ra l  and kinet ic  domains  
of cholesterol (21-23), as well as a role of the functional 
in t r ace l lu la r  c o m p a r t m e n t a t i o n  of en terocyte  choles- 
terol (24-28), seems feasible. Fur thermore ,  the identifi- 
cation of HDL binding proteins  (29-32) has  made  some 
progress ,  bu t  the  exact  receptor  s t ruc tu re  is still un-  
clear. 

P rev ious  work  sugges ted  a different  efflux poten t ia l  
of HDL 3 fract ions,  dependen t  on the  mola r  ra t io  of the  
major  apoproteins ,  apo A-I to apo A-II. In  several  s tud- 
ies it was  shown tha t  apo A-I p redominan t ly  promoted  
cholesterol  efflux f rom adipose cells (33,34) and  
macrophages  (35). In contrast ,  s imilar  effects of apo A-I 
and apo A-I/apo A-II particles of different rat ios were ob- 
served not only in another  macrophage  sys tem (36), bu t  
also in r a t  h e p a t o m a  cells, no rma l  h u m a n  skin  fibro- 
b las t s  and  rabb i t  aort ic  smooth  musc le  cells (37). In  
bovine aortic endothel ia l  cells (38), the binding affinity 
and  capaci ty  were  found to be s imi lar  in apo A-I HDL 3 
and apo A-II  HDL 3. In another  study, the part icles con- 
t a in ing  only apo A-I were  bound to the  m e m b r a n e s  of 
these  cells with h igher  capaci ty  and lower affinity (39). 
Specific b inding  and  media t ion  of cholesterol  efflux by 
apo A-IV-containing par t ic les  was  also recent ly  shown 
(40). These particles also bind to the apo A-I/apo A-II re- 
ceptor site of adipose cells (40). 

We previous ly  repor ted  t h a t  HDL 3 med ia t e s  choles- 
terol  efflux f rom in tes t ina l  cells by a re t roendocytos is  
p a t h w a y  (16,17). The  p resen t  work  defines the  role of 
HDL 3 subfract ions containing e i ther  apo A-I or apo A-I 
and  apo A-II,  as well  as the  role of r econs t i tu ted  lipo- 
somes  of apo A-I or apo A-II,  us ing  a previous ly  
descr ibed cul ture  sys t em of d i f fe ren t ia t ing  in tes t ina l  
cells (17). These cells, derived from a adenocarcinoma of 
the  colon (CaCo-2), are  r ega rded  as a val id en terocyte  
model (41). 
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MATERIALS AND METHODS 

Cell culture system. CaCo-2 cells were obtained from the 
American Type Culture collection (HTB 37, Rockville, 
MD) (42). Cells were subcultured and then grown as 
monolayers on 30-mm Millicell HA filters (Millipore 
GmbH, Eschborn, Germany) as described previously 
(17,43). Cells were maintained in 10% (vol/vol) Dul- 
becco's minimal essential medium (DMEM) (Gibco, 
Eggenstein, Germany) supplemented with L-glutamine 
(2 mmol/L), 1% nonessential amino acids, 1% Pen Strep 
(Gibco) and 20% (vol/vol) fetal calf serum (FCS) 
(Biochrom, Berlin, Germany) in an atmosphere contain- 
ing 8% CO 2. Depending on the experimental design, 
FCS was removed and DMEM was supplemented either 
with 10% lipoprotein-deficient (LPD) FCS or with fatty 
acid-free albumin (Sigma Chemicals, Deisenhofen, Ger- 
many) as detailed later. 

The cells displayed polarized morphology character- 
ized by apical microvilli and a basolateral membrane 
covering the filter membranes. Confluence of the cell 
layers was observed around day five after plating. Al- 
though the cells partially differentiated during the ini- 
tial rapid proliferation, a burst of differentiation was 
primarily observed after day 11 of culture (17). Conflu- 
ence was observed by light microscopy as well as in a se- 
ries of electron microscopic studies. Experiments were 
mainly performed in the postconfluent proliferating 
phase of cells. Gold-labeled and [125I]labeled HDL 3 frac- 
tions and liposomes were exclusively added to the baso- 
lateral medium compartment. For efflux measurements, 
designed with the label [14C]mevalonolactone (MVL) or 
[14C]octanoate, the fractions and particles used were 
present basolaterally. 

Lipoprotein preparation and isolation. Human plasma 
was obtained from healthy blood donors. Plasma 
lipoprotein fractions were separated by ultracentrifu- 
gation as described earlier (44). Using potassium 
bromide for density adjustment, the fractions were iso- 
lated at the respective densities of d < 1.006 g/mL for 
very low density lipoproteins, d 1.019-1.063 for low den- 
sity lipoproteins (LDL), d 1.063-1.130 for HDL 2 and 
d 1.130-1.210 for HDL 3. Apo E was removed from the 
HDL 3 obtained by heparin-Sepharose (CL-6B; Pharma- 
cia, Uppsala, Sweden) affinity chromatography (45) as 
checked by sodium dodecylsulfate polyacrylamide gel 
electrophoresis (SDS-PAGE). The fractions were de- 
tected as distinct homogeneously shaped peaks. The 
first and quantitatively most important peak (fraction 
A) only contained apo A-I. The second peak (fraction B) 
contained apo A-I, slightly lesser amounts of apo A-II 
and a trace of apo E. To check the purity and the 
apolipoprotein pattern of the fractions, the lipoproteins 
were delipidated and the apo residue was incubated 
with 0.03% SDS and 125 mM mercaptoethanol solution. 
Subsequently, SDS-PAGE and Coomasie blue staining 
were used to identify the apo bands. The protein content 
of the particles was determined using bicinchoninic acid 
(BCA)(Sigma) as described in the method by Smith et al. 
(46). The lipoprotein concentrations refer to their  pro- 
tein contents. LPD-FCS was prepared from the bottom 

layer of unfrozen FCS (obtained from Gibco) ultracen- 
trifuged at a density of 1.210 g/mL. 

Isolation of the apo A-I and A-H. HDL 3 separated by 
ultracentrifugation was subjected to the guanidine pro- 
cedure (47) and repeated dialysis, using a procedural 
modification (A. Steinmetz, Marburg, Germany, per- 
sonal communication). The sample was centrifuged at a 
KBr density of 1.21 g/mL for 24 h at 50,000 rpm. A sep- 
aration into two phases, an aqueous bottom layer and a 
lipid containing top layer, was achieved with this proce- 
dure. The top layer contained all the lipids, part of apo 
A-I and most of apo A-II, and the bottom layer mainly 
contained apo A-I. Compared to apo A-I, only a small 
quantity of apo A-I.I could be isolated. To delipidate the 
lipid containing layer, the phase was incubated several 
times with diethyl ether/ethanol (1:3, vol/vol) at -20~ 
for 24 h. The incubation mixture was centrifuged at 
2000 rpm for 10 min, and the turbid, lipid-containing su- 
pernatant  was removed. Then, top and bottom layers 
were each mixed with a buffer containing 30 mM Tris 
and 6 M urea at pH 8, and each other was eluted sepa- 
rately over a diethylaminoethyl sephacel column (Phar- 
macia) using an NaC1 gradient up to 125 mM. Subse- 
quently, the samples were dialyzed against 5 mM am- 
monium bicarbonate. Finally, apo A-I and apo A-II were 
shown to be pure by SDS-PAGE, were lyophilized, and 
then stored at -20~ 

Preparation of dimyristoyl phosphatidylcholine 
(DMPC) A-I and A-H liposomes (Lip A-I and Lip A-II). 
The liposomes were prepared as previously described 
(40). Apo and DMPC (Sigma) were mixed in a molar 
ratio of 1:150. For 10 mg ofapo A-I, 36.6 mg of DMPC in 
chloroform (-20~ were dispersed in a glass tube and 
the apo was added. Next, 850 ~L of cholic acid (Sigma) 
[750 mM in phosphate buffered saline (PBS)] were 
added, mixed and incubated for 30 min at 24~ To re- 
move excess cholate, the suspension was dialyzed 
against PBS (40). The protein content of liposomes was 
measured as described above (46); the liposome concen- 
trations used refer to their protein content. 

Colloidal gold preparation and lipoprotein labeling. 
Preparation of colloidal gold as well as the labeling pro- 
cedure were essentially done as previously described 
(17). According to the method of Frens (48), a particle 
size of 20-40 nm was used in the studies. For the con- 
jugation to HDL 3 fractions and liposomes, the method 
originally described for LDL (17,49) was used. Gold la- 
beled liposomes were characterized by negative stain- 
ing. Similar to earlier studies with HDL 3 (16,17), col- 
loidal gold was used as a control, but no specific binding 
and no internalization were detected. 

[125I]Labeling of HDL 3 fractions and liposomes. Using 
sodium [125I]iodide (Amersham Buchler GmbH, Braun- 
schweig, Germany), Bilheimer et al.'s modification (50) 
of the iodine monochloride method was utilized, arriv- 
ing at a final specific radioactivity in the range of 
200-500 cpm/ng protein for HDL 3 and 100-300 cpm/ng 
protein for the liposomes. Studies with iodinated and 
gold labeled lipoproteins and liposomes were performed 
as previously described (16,17), with minor modifica- 
tions. Briefly, the cells were incubated in a medium con- 
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taining 20% FCS until day five and 100 pg/mL LDL (to 
enrich the cells with cholesterol) between days three 
and five. The incubation time for binding was 2 h at 4~ 
Then, DMEM medium, containing 2 mg/mL albumin, 
was added, containing increasing concentrations 
(10-200 ~g lipoprotein protein/mL) of [125I]HDL3 frac- 
tions or [125I]liposomes. Specific binding was deter- 
mined as the difference between total and nonspecific 
binding, measured with a 50-fold excess of unlabeled 
HDL 3. 

Studies with [14C]labeling of cellular cholesterol. In 
this set of experiments, procedures and methods were 
used identical to those described previously (17). Briefly, 
cells were cultured in DMEM with 20% FCS until  day 
seven and medium was changed every two days. Be- 
tween days seven and nine, the culture medium con- 
tained DMEM, 10% LPD-FCS and 0.5 mM unlabeled oc- 
tanoate. Newly synthesized cholesterol was labeled 
using the precursor [14C]octanoate [Du Pont GmbH 
(NEN), Dreieich, Germany; specific activity 11,600 
dpm/nmol], which was also present in the medium be- 
tween days seven and nine. The HDL 3 subfractions were 
added to the medium at day eight for a 24-h period. The 
labeling procedure was done according to a previously 
described method (25), which had shown comparable re- 
sults using both [3H]water or [14C]octanoate. Following 
the incubation, the cells were chilled on ice, and the 
medium was collected separately, together with three 
portions of buffer (PBS + 1 mg/mL albumin). Lipids 
were extracted separately from cells and medium, and 
free and esterified cholesterol were isolated by thin- 
layer chromatography (25). Cholesteryl esters were sep- 
arated and saponified to remove labeled fatty acids (25). 
Initially, internal standards were routinely added to cell 
homogenates and medium, to correct for cholesterol loss. 
Cholesterol synthesis was calculated from the C2-flux 
from [14C]octanoate into cholesterol (51). 

In a set of time course experiments, DMEM medium 
containing 20% FCS was present until day five of culture. 
For cholesterol loading of the cells, cells were 
incubated in 5 mM MVL (Sigma) between days four and 
five of culture. FCS was replaced by 10% LPD-FCS 
to minimize the availability of exogeneous unlabeled cho- 
lesterol and the label [14C]MVL [Du Pont GmbH (NEN)] 
was added from day five to six. The labeling 
incubation was carried out at 37~ for 24 h. The specific 
activity was identical in all subsequent sets of ex- 
periments (1.5 ~Ci/filter, 0.5 pCi/mL). To prevent the 
esterification of labeled nascent cholesterol, 5 ~g/mL 
of Sandoz-Compound 58035 (gift of Sandoz Research 
Institute, East Hanover, NJ) was added only during 
the labeling incubation. The labeling procedure was 
stopped by chilling the cells on ice. Unspecific membrane- 
associated radioactivity was removed by intensively wash- 
ing the cells (PBS + lmg/mL albumin). Subsequently, the 
medium was changed to DMEM-supplemented with 1 
mg/mL albumin, as well as with the different HDL 3 frac- 
tions (present only in the basolateral compartment), and 
efflux of preformed sterols was measured during a 24-h 
incubation at 37~ In aliquots of 200 ~L of medium, the 
cell detritus was removed by centrifugation, and the re- 

leased radioactivity was determined and calculated per 
mg cell protein. Cellular protein content was determined 
as described above (46). 

Statistics. For statistical analysis, the Student's t-test 
for paired or unpaired samples was used as applicable 
(* = P < 0.05; ** = P < 0.01). 

R E S U L T S  

Binding of [125I]labeled HDL 3 subfractions A and B. The 
HDL 3 density class represents a mixture of particles dif- 
fering in their  apo pattern. The further  separation by 
heparin-sepharose affinity chromatography revealed 
two main fract ions, 'a l ternatively containing apo A-I 
(fraction A) or apo A-I plus apo A-II (fraction B,) which 
both were used for further  experiments. Specific bind- 
ing of [125I]labeled HDL 3 fractions A and B was sat- 
urable and concentration-dependent (Fig. 1). Compared 
to fraction A, the apo A-II containing fraction B showed 
a lower level of specific binding at all concentrations 
tested (Fig. 1). The maximal binding capacity (Bma x) for 
fraction A, as derived from Scatchard analysis of the 
mean values, amounted to 4427 ng/mg cell protein, and 
the dissociation constant (K D) was 40.5 pg/mL (correla- 
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FIG. 1. B i n d i n g  o f  H D L  3 s u b f r a c t i o n s  A a n d  B. CaCo-2  c e l l s  
w e r e  c u l t u r e d  w i t h  20% f e t a l  c a l f  s e r u m  u n t i l  d a y  f ive ,  100 
l~, /mL l o w  d e n s i t y  l i p o p r o t e i n  w e r e  a d d e d  f r o m  d a y s  t h r e e  
to  f ive ,  a n d  b i n d i n g  w a s  m e a s u r e d  at  4~ fo r  2 h as  de-  
s c r i b e d  in  t h e  M a t e r i a l s  a n d  M e t h o d s  s e c t i o n .  T h e  c u r v e s  
s h o w  s p e c i f i c  b i n d i n g  a n d  t h e  c o r r e s p o n d i n g  S c a t c h a r d  
a n a l y s i s ,  w h i c h  w a s  c a l c u l a t e d  f r o m  th e  m e a n  v a l u e s .  T h e  
d a t a  r e p r e s e n t  t h e  m e a n  v a l u e s  o f  t w o  s e p a r a t e  e x p e r i -  
m e n t s  ( w h i c h  v a r i e d  b y  l e s s  t h a n  ~.8%). A b b r e v i a t i o n s :  HDL,  
h i g h  d e n s i t y  l i p o p r o t e i n .  
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t ion  coeff ic ient  r = 0.927). The  c o r r e s p o n d i n g  v a l u e s  for 
f rac t ion  B w e r e  5041 n g / m g  cell  p ro te in  and  167.7 ~g /mL 
(K D) (r = 0.832). 

Cholesterol synthesis  f rom [14C]octanoate and  H D L  3 
subfraction A- and  B-media ted  efflux. In  th i s  se t  of  ex- 
p e r i m e n t s ,  c h o l e s t e r o l  s y n t h e s i s  w a s  m e a s u r e d  w i t h  
sma l l  a m o u n t s  o f  oc t anoa te  which  did not  ef fec t ively  en- 
h a n c e  ce l l u l a r  cho les te ro l  con ten t .  T h e  l abe l i ng  process  
inc luded  p re l abe l i ng  as wel l  as con t inuous  l abe l ing  dur-  
i ng  t h e  e f f lux  p h a s e  of  t h e  i n c u b a t i o n .  T h e  s y n t h e s i s  
r a t e  of  c h o l e s t e r o l  in  con t ro l s  r a n g e d  f rom 20.7 to 38.8 
n m o l  C2-f lux/mg/48 h (n = 8) w i t h  a m e a n  v a l u e  o f  26.9 
nmol  C2-flux/mg/48 h. N e w l y  s y n t h e s i z e d  cho les te ry l  es- 
t e r s  of  con t ro l s  v a r i e d  b e t w e e n  5 a n d  10% of  t o t a l  cho- 
l e s te ro l  w i t h  a m e a n  v a l u e  of  6%. Wi th  bo th  H D L  3 frac- 
t ions ,  t o t a l  c h o l e s t e r o l  s y n t h e s i s  w a s  i n d u c e d  a n d  in- 
c r e a s e d  m o d e r a t e l y ,  b u t  dose  d e p e n d e n t l y ,  f r o m  28.8 _+ 
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FIG.  2. H D L  3 s u b f r a c t i o n  i n d u c e d  c h a n g e s  in  free ,  e s t e r i f i e d  
a n d  t o t a l  c h o l e s t e r o l .  C e l l s  w e r e  t r e a t e d  as  d e s c r i b e d  in  
Tab le  1. F r e e  a n d  e s t e r i f i e d  c h o l e s t e r o l  o f  c e l l s  a n d  m e d i u m  
w e r e  e x t r a c t e d  as  d e s c r i b e d  in  t h e  M a t e r i a l s  a n d  M e t h o d s  
s e c t i o n ,  a n d  t h e  v a l u e s  for  c e l l s  a n d  m e d i u m  w e r e  c o m -  
b i n e d .  T h e  d a t a  r e p r e s e n t  n m o l  C2-f lux/mg/48 h o f  t h r e e  sep-  
a r a t e  e x p e r i m e n t s  • 1 SEM *P _< 0.05; a b b r e v i a t i o n s  a s  in  
F i g u r e  1. 

3.9 up to 39.7 -+ 9.5 n m o l  C2-f lux /mg/48  h ( f r ac t ion  A) 
and  f rom 30.5 -+ 1.1 up to 36.7 -+ 1.4 nmol  C2-flux/mg/48 h 
(fract ion B) (Fig. 2). 

I n t e r e s t i n g  c h a n g e s  in  c h o l e s t e r o l  d i s t r i b u t i o n  be- 
t w e e n  cel ls  and  m e d i u m  w e r e  a lso  observed .  The  in t r a -  
c e l l u l a r  c h o l e s t e r o l  m o i e t y  v a r i e d  only  m i n i m a l l y ,  b u t  
m o s t  of  t h e  H D L 3 - i n d u c e d ,  n e w l y  s y n t h e s i z e d  choles-  
t e ro l  w a s  found  in t h e  c u l t u r e  m e d i u m .  C o m p a r e d  to 
m e d i u m  cont ro l s ,  t h e  l a b e l e d  f ree  c h o l e s t e r o l  in  t h e  
m e d i u m  was  s t i m u l a t e d  up to 173% (f rac t ion  A) and  up 
to 143% ( f rac t ion  B) (Table  1). Th i s  s t i m u l a t i o n  was  
found  to be s i g n i f i c a n t  for bo th  f rac t ions  a t  t he  h i g h e s t  
c o n c e n t r a t i o n  t e s t e d  (Table 1), bu t  r e m a i n e d  j u s t  be low 
the  s igni f icance  level,  i f  both  f rac t ions  were  compared  to 
each  other.  

Notably ,  bo th  f rac t ions  p r e d o m i n a n t l y  e f fec ted  an  ef- 
f lux of  free as c o m p a r e d  to es te r i f i ed  choles te ro l  into the  
m e d i u m .  T h e  C2-f lux in to  t h e  e s t e r  p o r t i o n  in con t ro l  
cells did not  exceed 8.7% of  to ta l  choles tero l  flux, and  in 
t h e  m e d i u m  a m a x i m a l  v a l u e  o f  6.8% of  t o t a l  w a s  
reached .  There fo re ,  changes  in e s t e r i f i ed  cho les te ro l  af- 
fected only a v e r y  sma l l  a m o u n t  as c o m p a r e d  to free cho- 
les terol .  N e v e r t h e l e s s ,  a s o m e w h a t  d i s t inc t  d i s t r i bu t ion  
profi le was  obse rved  for es ters .  Wi th  f rac t ion  A, to ta l  es- 
t e r i f i e d  c h o l e s t e r o l  s y n t h e s i s  was  s l i g h t l y  e n h a n c e d  to 
117 _+ 20.5% of  controls ,  w h e r e a s  es te r i f ied  choles te ro l  in 

TABLE 1 

H D L  3 S u b f r a c t i o n  M e d i a t e d  C h a n g e s  o f  L a b e l e d  F r e e  
a n d  E s t e r i f i e d  C h o l e s t e r o l  a 

Free Free Esterified Esterified 
HDL 3 cellular medium cell medium 
(~g/mL) cholesterol cholesterol cholesterol cholesterol 

HDL 3 (fraction A) 

25 106.3 • 4.1 109.7 ~- 7.0 94.0 • 12.1 105.3 • 14.1 
50 112.2 • 3.1 123.5 • 8.9 100.4 • 3.0 126.8 • 10.1 

100 106.3 • 7.4 155.6 • 20.8 105.4 • 4.0 132.1 _+ 19.9 
150 104.7 • 8.3 173.3 • 24.6 b 95.6 • 21.0 147.8 • 31.2 

HDL 3 (fraction B) 
25 103.1 • 3.2 97.8 • 5.4 88.3 • 16.2 101.5 • 4.0 
50 103.4 • 7.8 109.3 • 8.8 88.0 • 3.8 c 89.4 • 15.8 

100 97.5 • 2.8 120.8 • 9.8 76.1 • 6.9 c 98.9 • 25.7 
150 104.7 • 2.6 143.3 • 13.1 c 67.4 • 13.1 b 118.2 • 24.7 

aThe data show changes in percentage of their corresponding con- 
trol values measured separately in cells and in medium. Cells were 
grown in Dulbecco's minimal essential medium with 20% fetal calf 
serum (FCS) until day seven. Between days seven and nine, FCS 
was replaced by 10~ lipoprotein deficient-FCS and only [14C]oc- 
tanoate was present for these 48 h. High density lipoprotein 
(HDL) 3 subfractions were added only for the last 24 h until day 
nine, without medium change. Free and esterified cholesterol of 
cells and medium were extracted separately as described in the 
Materials and Methods section. The C2-fluxes (nmol/mg/48 h) are 
given as percent of controls + SEM. For free cell cholesterol, the 
flux into controls was 12.79 • 1.55 (fraction A) and 14.66 • 0.85 
(fraction B). For medium cholesterol the controls were 12.90 • 2.45 
(fraction A) and 13.46 • 0.13 (fraction B). For esterified cell choles- 
terol, the controls refer to 1.16 • 0.04 (fraction A) and 1.39 • 0.19 
(fraction B). For esterified medium cholesterol, the controls 
amounted to 0.84 • 0.19 (A) and 0.98 • 0.13 (B). The data repre- 
sent the mean of three separate experiments. 
bp ~ 0.01. 
cp ~ 0.05. 
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the medium rose not significantly, up to 148% of con- 
trols, and the intracellular  portion remained essentially 6000 
constant  (Table 1). With fraction B, total  esterified cho- 
lesterol fell to 88 _+ 11.1% of control values, whereas the sooo 
es ters  in the  medium reached  118%, and the cel lular  
es ter  port ion significantly decreased to 67% of controls 4000 
(Table 1). 5000 

Kinetics of the HDL subtraction A- and B-mediated ef- 
flux. In this set of experiments,  MVL was used as a pre- 2000 

cursor as well as [14C]MVL as label, to bypass the regu- 
la tory  enzyme hydroxymethy lg lu t a ry l  coenzyme A looo 
(HMG-CoA) reductase  and to effectively load the cells o 
with cholesterol. In a separate  experiment  it was shown 
that  CaCo-2 cells normally contained about 38.5 • 4.1 pg 
cholesterol/mg protein (30.3 • 2.0 ]lg/mg of free and 8.2 +- i sooo  
2.0 pg/mg of ester i f ied cholesterol,  n = 6). The choles- sooo 
terol  content  could be effectively enhanced by the incu- 
bat ion with MVL up to values  of 52.9 • 12.9 ~g/mg 4000 

(36.9 • 12.5 pg/mg of free and 16.0 • 4.0 pg/mg of esteri- 
~= 3000 fled cholesterol, n = 4). Compared to albumin, which was 

p resen t  in controls and acted as an unspecific choles- ~ 2000 
terol  acceptor, f ract ion A actively enhanced  the basal  
cholesterol efflux dose dependent ly  (P < 0.05) (Fig. 3A). ~ 1000 
It showed similar kinetics in cholesterol loaded cells, but  
with higher  efficiency (Fig. 3C). The inhibition of choles- o o 

o 
terol  es ter i f icat ion dur ing  the labeling incubat ion re- 
duced the induced efflux of label to the  level of non- sooo 
loaded cells (Fig. 3El, but  r emained  signif icantly (P <_ 
0.05) above tha t  of controls. In contrast ,  fract ion B e n -  5ooo 
hanced the efflux in nonloaded cells significantly only at  
the highest  concentrat ion tested (P -< 0.05) (Fig. 3B). Its 4000 
effect on loaded cells was more pronounced (Fig. 3D), 5000 

but  did not reach the efficiency of fraction A. Compared 
to f ract ion A, its efflux potent ia l  could be complete ly  2000 
blocked by the simultaneous inhibition of the esterifica- 

1000 
tion of the nascent  labeled cholesterol (Fig. 3F). 

Binding of [125I]labeled liposomes, reconstituted from o 
DMPC and apo (Lip A-I and Lip A-II). According to a o 
previously described procedure  (17) to charac ter ize  
binding and the fate of HDL 3 (fraction A), similar exper- 
iments  were performed with the apo A-containing lipo- 
somes. Labeled liposomes, Lip A-I and Lip A-II, exhib- 
ited specific binding to CaCo-2 cells at 4~ with satura-  
t ion kinetics (Figs. 4 and 5). Equi l ibr ium of binding at  
4~ was reached  af ter  near ly  2 h for both Lip A-I and 
Lip A-II (data  not  shown). Derived from Sca tchard  
analysis of the mean  values, the binding characterist ics 
of the l iposomal part icles were calculated.  The Bma x of 
Lip A-I amoun ted  to 7445 ng/mg cell prote in  and the 
binding affinity K D was 99.9 ]ag/mL (r = 0.920) (Fig. 4). 
The corresponding values for Lip A-II showed a Bma x of 
5024 ng/mg cell prote in  and a K D of 47.3 pg/mL 
(r = 0.972) (Fig. 5). 

In a separa te  series of exper iments ,  Lip A-! and Lip 
A-II were prebound to the cells at  4~ and the i r  fate 
was followed during subsequent  warm-up at 37~ (Fig. 
6). The amount  of the specifically membrane  bound Lip 
A decreased rapidly to approximately  ha l f  of the initial 
value within 1 h for Lip A-I and within 2 h for Lip A-II. 
Simultaneously,  the medium release of intact  part icles 
showed a complementary rise (Fig. 6). 
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FIG.  3. E f f l u x  k i n e t i c s  m e d i a t e d  b y  H D L  3 s u b t r a c t i o n s  A 
a n d  B a f t er  c h o l e s t e r o l  p r e l a b e l i n g .  Ce l l s  w e r e  p r e p a r e d  as  
d e s c r i b e d  in  t h e  M a t e r i a l s  a n d  M e t h o d s  s e c t i o n .  A + B 
d e m o n s t r a t e  t h e  e f f l u x  in  n o n l o a d e d ,  p r e l a b e l e d  ce l l s ,  C + D 
t h e  e f f i u x  a f t er  p r e i n c u b a t i n g  o f  t h e  ce l l s  w i t h  5 mM m e v a l -  
o n o l a c t o n e  (MVL), E + F s h o w  c h a n g e s  a f t er  t h e  a d d i t i o n a l  
s u p p l e m e n t a t i o n  w i t h  5 p~g/mL S a n d o z - C o m p o u n d  58035  
d u r i n g  t h e  l a b e l i n g  p r o c e s s  to  i n h i b i t  th e  e s t e r i f i c a t i o n  o f  
n e w l y  f o r m e d  c h o l e s t e r o l .  T h e  d a t a  r e p r e s e n t  th e  m e a n  val-  
u e s  o f  t h r e e  to  f i v e  s e p a r a t e  e x p e r i m e n t s  • SEM. S i g n i f i -  
c a n c e  l e v e l s  a r e  r e l a t i v e  to  c o n t r o l s .  *P <_ 0.05; a b b r e v i a t i o n  
as  in  F i g u r e  1. 

Studies with gold labeled Lip A-I and Lip A-H. The ar- 
tificial liposomes reacted with gold similarly to the native 
HDL3, as described previously (16,17). The labeled lipo- 
somes were identified by negative staining (Figs. 7 and 
8). The particle volumes were comparable to native HDL 3 
and resembled the nat ive fraction A (data not shown). 
The membrane  associated, labeled particles were pre- 
dominantly found basolaterally. For both, internalization 
was shown by the membrane  areas  forming coated pits 
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FIG. 4. C o n c e n t r a t i o n  d e p e n d e n t  b i n d i n g  of  l iposome A-I 
(Lip A-I) a t  4~ Specif ic  and  unspeci f ic  b ind ing  were  mea- 
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FIG. 5. C o n c e n t r a t i o n  d e p e n d e n t  b i n d i n g  of  l iposome A-II 
(Lip A-II) a t  4~ Specific and  unspecif ic  b ind ing  were  mea- 
sured,  and  the Sca tcha rd  plot  was ca lcu la ted  from the mean  
values.  The da ta  r ep re sen t  the  mean values  of two sepa ra t e  
exper imen t s  (which va r i ed  by  less than  *_15%). 

< 

.J 

c 
0 J~ 

.E 
"6 

1 0 0  

80 

60  

4 0  

2 0  

0 

0 0 sp la l f l c  blndlng 

�9 medium release 

�9 A .  

l J .A I a = = I i = ~ I 

1 0 0  

< 8 0  
._o. 
- I  
"0 
= 6 0  
O 
J~ 

m 4 0  

.E 

"6 2 0  
o~ 

0 

specific binding 
�9 medium release 

�9 B .  

I J = A I t I J I 
0 60  120  180 

Tlmo of  Incubat ion (rnln) 

FIG. 6. Medium re lease  of  p r e b o u n d  l iposome A-I (Lip A-I) 
a n d  l iposome A-II (Li~A-II ) .  At day  five, cel ls  were  incu-  
b a t e d  wi th  10 Rg/mL [ I ]Lip A-I or  [125I]Lip A-II  for  2 h a t  
4~ to al low specific binding.  Subsequent  warm-up  to 37~ 
a f t e r  r emov ing  the  m e d i u m  and  in t ens ive ly  w a sh ing  the  
cel ls  led  to a t i m e - d e p e n d e n t  r e d u c t i o n  of  m e m b r a n e  
b o u n d  [125I]Lip A-I (A) and  []25I]Lip A-II (B) and  a s imul ta-  
neous  a p p e a r a n c e  of  in t ac t  l a be l e d  p a r t i c l e s  in the  
medium.  The da t a  r e p r e s e n t  the  mean  va lues  of  two sepa-  
r a t e  exper imen t s  (which va r ied  by  less than  ~.13%). 

a s  wel l  as  by  i n t e r n a l i z e d  e n d o s o m a l  go ld - l a be l ed  p a r t i -  
cles (Figs.  7 a n d  8). Lip A-I  also was  de tec ted  close to par -  
t i a l l y  d i s so lved  l i p id  d r o p l e t s  (Fig.  7D). Bo th  l i p o s o m a l  
p a r t i c l e s  were  found  in n o r m a l  as  wel l  as  in  b l o a t e d  en-  
dosomes,  con ta in ing  cur led  m e m b r a n e  f r agmen t s .  

Effiux kinetics of Lip A-I-mediated efflux after choles- 
terol prelabeling. Lip A-I  were  u s e d  to m o n i t o r  t he  eff iux 
c a p a c i t y  of  l i p o s o m a l  p a r t i c l e s .  S i m i l a r  to t h e  n a t i v e  
l i p o p r o t e i n  f r ac t ions ,  Lip  A- I  w a s  a d d e d  a f t e r  p r e l a b e l -  
i ng  the  cel ls  a s  de sc r ibed  above.  I n t e r e s t i n g l y ,  bo th  con- 
c e n t r a t i o n s  of  t h e  l i p o s o m a l  f r ac t i on  u s e d  r e s u l t e d  in  a 
s i m i l a r  e f f lux  e f f i c i ency  (Fig .  9), w h i c h  w a s  s l i g h t l y  
h i g h e r  t h a n  t h a t  obse rved  w i t h  f r ac t ion  A. Th i s  was  t r u e  
for non-  a n d  M V L - loa de d  cel ls  (Fig.  9A,B). The  cells,  ad-  
d i t i o n a l l y  i n c u b a t e d  wi th  S a n d o z - C o m p o u n d  58035, a l so  
s h o w e d  a v e r y  h i g h  e f f lux  (Fig .  9C), m u c h  h i g h e r  t h a n  
t h a t  obse rved  w i th  f rac t ion  A. 
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FIG. 7. Elec t ron  microscopy of gold labeled l iposome A-I (Lip A-I). The fate of gold-labeled l iposomes was followed after  a 
2-h incubat ion  at 37~ washing the cells and subsequent  fixation. Basolateral  b inding as well as in ternal iza t ion  was seen. 
(A) Elec t ron  mic rograph  shows binding,  format ion  of a coated pit  (small a r row heads), and endosomal  up take  and intra- 
cel lular  t ranspor t  (arrows) of the gold-labeled liposomes; magnif icat ion (M), 80,000-fold. The r ight  lower corner  shows the 
gold-liposome complex by negat ive  s ta ining (a). (B) Membrane  b inding site, forming a coated pit, M, ll0,000-fold. (C) Mul- 
t iple endosomal  s t ructures ,  conta in ing  the gold label; M, 60,000-fold. (D) Bloated endosome (small a r row heads) in di rect  
con tac t  wi th  the r e m a i n d e r  of a l ip id  d rop le t  (small arrows).  The endosome conta ins  cur led  m e m b r a n e  f ragments ;  M, 
60,000-fold. (E) Ano the r  gold label in an endosomal  s t ruc ture ,  also con ta in ing  res idua l  m e m b r a n e  f ragments ;  M, 60,000- 
fold. 
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FIG. 8. E l e c t r o n  mic ro scopy  of  go ld - l abe led  l iposome A-II  
(Lip A-II). The fa te  of  go ld- labe led  l iposomes  was fol lowed 
af te r  a 2-h incuba t ion  at  37~ washing  the cells, and  subse- 
quen t  f ixat ion.  Baso l a t e r a l  b i n d i n g  as  wel l  as  i n t e rna l i za -  
t ion  was  seen.  (A) M e m b r a n e  a s soc ia t ed  gold label ,  induc-  
ing  the  f o r m a t i o n  of  a coa ted  p i t  (small  a r r o w  heads)  and  
gold- labeled Lip A-II loca ted  in an endosome; magnif ica t ion  
(M) 80,000-fold. (B) Some b l o a t e d  endosomal  s t r uc tu r e s ,  
c o n t a i n i n g  m e m b r a n e  f ragments ,  as  shown for  Lip A-I; M 
40,000-fold. (C) Demons t r a t ion  of such an  endosomal  s truc-  
tu re  in g rea t e r  detai l ;  M 80,000-fold. Left lower  corner,  neg- 
at ive s ta in ing  of the  gold-l iposome complex (c). 

D I S C U S S I O N  

I n  c u l t u r e d  e n t e r o c y t e s ,  H D L - m e d i a t e d  e f f lux  w a s  re-  
c e n t l y  s h o w n  to i nvo lve  a c o m p l i c a t e d  p a t h w a y  of  cel l  
s u r f a c e  b i n d i n g ,  e n d o s o m a l  i n t e r n a l i z a t i o n  a n d  lys i s  of  
l ip id  d rop le t s ,  fo l lowed by  r e t r o e n d o c y t o s i s  of  t h e  p a r t i -  
c les  (16,17). Thus ,  u n l i k e  HDL2,  w h i c h  d e l i v e r s  choles-  
t e r o l  to ce l l s  in  a s i m i l a r  m a n n e r  to L D L  (25,27,28) ,  
H D L  3 h a s  i t s  own r e c e p t o r  p a t h w a y  (11-17)  a n d  ac ts  as  
a cho le s t e ro l  acceptor .  D u r i n g  the  p r e v i o u s  s t u d i e s ,  t h e  
H D L  3 s u b f r a c t i o n  u s e d  w a s  e q u i v a l e n t  to f r a c t i o n  A in 
t h e  p r e s e n t  s tudy ,  i .e. ,  i t  c o n t a i n e d  on ly  apo  A-I .  How-  
ever ,  b e c a u s e  H D L  3 p r e p a r e d  by  u l t r a c e n t r i f u g a t i o n  

7000 

6000 

5000 

&O00 

3000 

2000 

1000 

0 

nonloade~ ceils 
0 control 
�9 50 / J g / m L  LIpAI 

�9 P< 0.06 A, 
I I I I I I i Lip A-I, MVL4oaded cells * 

7OOO 

6000 

5000 

4000 

5000 

2000 

1000 

o 

Lip A4, MYL-Ioaded ~ 1 ~  

7000 § 
6000 

5000 

4000 

3000 

2000 

1000 
C. 

0 I I I I I I  

0 4 8 12 16 20 24 

Efflux Time (h)  

FIG. 9. Efflux k ine t ics  of l iposome A- (Lip A-I) a f te r  choles- 
t e ro l  p re l abe l ing .  Cells were  p r e p a r e d  and  t r e a t e d  as de- 
sc r ibed  in the  Ma te r i a l s  and  Methods  sect ion.  The exper i -  
men ta l  des ign  c o r r e s p o n d e d  to t ha t  in F igu re  3. (A) shows 
the  eff lux in n o n l o a d e d  cells; (B) the  eff lux a f t e r  p re load -  
ing  of  the cells wi th  5 mM MVL; (C) shows changes  a f te r  ad- 
d i t iona l  supp l emen ta t i on  with  5 pg/mL Sandoz-Compound 
58035 du r ing  the labe l ing  process  to inh ib i t  the  ester i f ica-  
t ion  of  newly  fo rmed  cho les te ro l .  The d a t a  r e p r e s e n t  the  
mean  values  of  th ree  sepa ra t e  exper imen t s  +_1 SEM. Signifi- 
cance levels re fer  to controls .  *P < 0.05. See F igure  3 for  ab- 
brevia t ion .  

c o n t a i n s  o t h e r  apo,  in  p a r t i c u l a r  A-I I ,  i t  was  of  i n t e r e s t  
to c o m p a r e  f r ac t ions  d i f f e r ing  in  t h e i r  apo  compos i t i on .  
T h e  apo  a n d  l i p i d  c o m p o s i t i o n s  c l e a r l y  d e p e n d  on t h e  
m e t h o d  of  i so l a t ion  a n d  have  been  shown  to affect  b ind -  
i ng  a n d  p r o b a b l y  cho les t e ro l  ef f lux (33-36,38 ,39) .  How- 
ever,  s t u d i e s  in  m a c r o p h a g e s  w i th  p a r t i c l e s  d i f f e r ing  in  
t h e  apo  A - I / a p o  A - I I  r a t i o  o b t a i n e d  by  p r e p a r a t i v e  iso- 
e lec t r ic  focus ing  (36) or  i s o t a c h y p h o r e s i s  (35) gave  oppo- 
s i t e  r e s u l t s .  W h e n  d i f f e r e n t  p a r t i c l e  p o p u l a t i o n s  con- 
t a i n i n g  e i t h e r  apo  A-I  or  apo  A-I  p lu s  apo A- I I  we re  ob- 
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tained by immunoaffinity chromatography (34), only the 
apo A-I containing fraction promoted cholesterol efflux. 
Nevertheless, both particles displayed specific binding 
within the same range of concentrations. Another ap- 
proach used the substitution of apo A-I by apo A-II in in- 
tact HDL 3 (38) or a combination of immunological meth- 
ods and apo A-II enrichment of HDL 3 (39). These well 
designed binding experiments led us to postulate that  
the mechanisms involved probably differ between apo 
A-I and apo A-II containing particles. The lack of agree- 
ment in the respective li terature is probably due to dif- 
ferences in particle preparation resulting in variable 
particle compositions. Therefore, it seemed appropriate 
to use native particles of different apo compositions ob- 
tained by a method which was able to clearly separate 
two quanti tat ively important  subfractions, a pure apo 
A-I fraction from the mixed fraction. The characteriza- 
tion of the binding properties of the two fractions de- 
scribed above revealed a higher specific binding affinity 
of the apo A-I particles (fraction A) as compared to the 
apo A-I/apo A-II containing fraction B, but the maximal 
binding capacity of both fractions was similar. An in- 
verse affinity pattern between distinct apo A-I and apo 
A-I/apo A-II containing particles was reported for en- 
dothelial cells (39). No differences, depending on the apo 
composition, were observed in adipose cells (34) and 
macrophages (36). Thus, intestinal epithelial cells ap- 
pear to differ with respect to these binding patterns 
from most other cell types. 

Considering the differences in binding of both frac- 
tions, it was of interest  to study the efflux characteris- 
tics. In one experiment, cholesterol synthesis was la- 
beled before (24 h) and during (24 h) the incubation with 
the HDL 3 subfractions. With the use of the label [14C]oc- 
tanoate, the mechanisms of feedback regulation re- 
mained intact and accumulation of excess cholesterol 
could be avoided. The amount of labeled cellular choles- 
teryl esters did not exceed 10% of the total cholesterol 
label. Both fractions mainly stimulated the synthesis of 
free cholesterol dose dependently in these nonloaded 
cells, whereas the ester portion remained nearly un- 
changed. Fraction A was more effective in releasing cho- 
lesterol particularly at lower concentrations. Interest- 
ingly, the excess cholesterol was completely found in the 
medium, whereas the portion of cellular free cholesterol 
remained unchanged. Changes of the very small amount 
of esterified cholesterol were quantitatively less impor- 
tant, although a significant reduction in the amount of 
labeled cellular esters by fraction B was noted. The re- 
sults indicated a net loss of free cholesterol, which was 
apparently balanced by the induction of synthesis. The 
findings were compatible with a HMG-CoA reductase 
(EC 1.1.1.34) induction by unfractionated HDL 3 ob- 
served in rat  intestinal crypt cells (27) and CaCo-2 cells 
(52). Simultaneously, an inhibition of acyl-CoA:choles- 
terol acyltransferase (ACAT; EC 2.3.1.26) was observed, 
which explains decreased cholesteryl ester formation 
(52). 

At any rate, simple cholesterol exchange mechanisms 
(53) simulating the observed net efflux of labeled choles- 
terol may be excluded. A reduction of cellular cholesterol 

mass (free and esterified) was observed previously in 
cholesterol and cholesteryl ester loaded cells (17) and re- 
cently also in normal cells (unpublished data). Loading 
with MVL effectively enhanced total cellular cholesterol, 
mainly in the esterified form, and enlarged the efflux 
sensitive cholesterol pool. As recently shown, cholesterol 
enriched cells displayed more HDL receptors because 
they are subject to up- and downregulation, depending 
on the cellular cholesterol content (6,17). This may ex- 
plain why the amount of cholesterol efflux, particularly 
by fraction A, was related to the intracellular cholesterol 
excess. 

The medium cholesterol detected in control experi- 
ments may be due to serum proteins, especially albumin 
acting as potential acceptors (54, and unpublished data). 
In addition, CaCo-2 cells synthesize and secrete lipopro- 
teins basolaterally as has been shown previously 
(43,55). Compared to the secretion of triglycerides and 
phospholipids, the amount of secreted cholesteryl esters 
was low, especially when the medium contained 
LPD-FCS (43). Because the ester portion in our medium 
was  also very low, it seems possible that  small amounts 
of cholesteryl esters were actively secreted by lipopro- 
tein formation. However, such a contribution is unlikely 
to be specifically induced by HDL 3 and therefore does 
not explain the differential between controls and under 
HDL 3 supplemented conditions. 

To further  discriminate the observed relationship in 
cholesterol synthesis and efflux, efflux was studied in 
normal and cholesterol-enriched cells which had been 
labeled with [14C]MVL. Although the kinetics of efflux 
in the presence of HDL 3 were quite similar in nonloaded 
and loaded cells, the effiux efficiency in loaded cells was 
higher for both fractions. Compared to fraction A, frac- 
tion B was less effective in promoting efflux from non- 
loaded cells which were low in cholesteryl esters. Frac- 
tion A also mediated efflux of labeled cholesterol in 
mevalonolactone loaded cells if the esterification of the 
labeled, newly synthesized cholesterol was blocked by 
an ACAT-inhibitor, whereas fraction B did not. The total 
amount of fraction A-induced effiux was reduced as com- 
pared to loaded but untreated cells, suggesting that  ac- 
cessible pools of cholesteryl esters were reduced. These 
findings provide evidence that  the apo A-II containing 
fraction B predominantly mobilized esterified choles- 
terol and was less effective, compared to fraction A, in 
mediating effiux of excess free cholesterol. Electron mi- 
croscopic observations demonstrated a direct interaction 
between endosomes, containing labeled fraction A 
(16,17) or labeled liposomes and lipid droplets. It may 
be hypothesized that  these cholesteryl ester stores and 
their hydrolysis represent the cholesterol substrate for 
effiux. Recent work had also demonstrated intracellular 
traffic of HDL (56), involvement of the trans-Golgi sys- 
tem (56,57), and possibly exocytosis as HDL2-1ike, apo E 
enriched particles (58). 

Previous results reported for other cells in regard to 
cholesterol efflux mediated by lipoprotein particles ei- 
ther  containing apo A-I or apo A-I and apo A-II have 
been controversial. With native lipoprotein fractions of 
varying apo A-I/apo A-II ratios, a predominant role of 
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apo A-I had been demons t ra ted  in adipose cells, whereas  
effiux was inhibited with increasing apo A-II  concentra- 
t ions (34). Another  s tudy  on the  s ame  cell line showed 
tha t  cholesterol  efflux was  p romoted  only by na t ive  
HDL 3 par t ic les  conta in ing  apo A-I (33). Artif icial  lipo- 
somes of different apo A-I/apo A-II rat ios also had  an ef- 
flux poten t ia l  which decreased with  an increase  in apo 
A-II content  (33). The prepara t ion  of six distinct subpop- 
u la t ions  of HDL,  differing in the i r  apo A-I/apo A-II  ra-  
tios, had  comparab le  effects on the  efflux f rom peri-  
toneal  m a c r o p h a g e s  (36), while o ther  m a c r o p h a g e  
s tudies  (35) identified apo A-I as the p redominan t  apo. 
Johnson  et al. (37) found e i ther  no rma l  or choles- 
terol  loaded, no par t ic le  specific differences in th ree  
cell types .  F rom these  da t a  it could be concluded tha t  
apo A-I plays  the dominan t  role in med ia t ing  efflux (4, 
33-35),  whe reas  apo A-II  m a y  even be an tagonis t i c  to 
the  process (33,34). The  p re sen t  resu l t s  in en terocytes  
are  cons is ten t  wi th  a reduced efflux poten t ia l  of apo 
A-II,  bu t  for the f irst  t ime  sugges t  cholesteryl  e s te r  el- 
flux by apo A-II containing particles. 

For  f u r t he r  charac te r iza t ion ,  the b inding of apo A-I 
and of apo A-II was studied separately, using previously 
descr ibed l iposomal  p r e p a r a t i o n s  (33,59). These  lipo- 
somes ma in ly  differed in the i r  l ipid composi t ion f rom 
na t ive  or apo A-II  enr iched HDL 3 and  less so in size. 
Compared  to the  apo A-I subfrac t ion  A, the apo A con- 
ta in ing l iposomes differed with respect  to binding affin- 
i ty and  m a x i m a l  b inding  capacity.  Lip A-I showed a 
h igher  Bma x and  lower aff ini ty t h a n  the  corresponding 
na t ive  part icle ,  whereas  Lip A-II  r e sembled  fract ion A 
in affinity. S imi lar  but  lower b inding  aff ini t ies  were  
found with apo A-I and apo A-II liposomes in ra t  ovaries 
(60). I t  r emains  to be clarified why the measured  KI) val- 
ues of nat ive and reconst i tuted particles were somewhat  
h igher  as compared  to o ther  expe r imen ta l  sy s t ems  
(34-36) deal ing wi th  different  par t ic les  der ived from 
plasma.  Both gold-labeled l iposome part icles  displayed 
endocytosis ,  i n t r ace l lu la r  endosomal  pack ing  and  con- 
tacts  to lipid droplets, as shown for HDL 3 (17). Prebound 
Lip A-I and  Lip A-II  were  re leased  as in tac t  par t ic les ,  
s imi la r  to the  na t ive  par t ic les  (17). Taken  together ,  
these findings also support  the retroendocytosis concept 
for l iposomal particles. 

Finally, the l iposomal  b inding  and  u p t a k e  s tudies  
were complemented by exper iments  demons t ra t ing  tha t  
Lip A-I induced efflux. Lip A-I induced an efflux of cho- 
lesterol  a t  a m a x i m a l  ra te ,  which was  s l ight ly above 
t ha t  of fract ion A. Unl ike  fract ions A and B, efflux was 
not reduced if  es ter i f ica t ion was  inhibi ted,  sugges t ing  
tha t  accessible pools of free cholesterol were depleted. 

In conclusion, efflux efficiency was influenced by the 
cholesterol and es ter  content  of the cells and by the apo 
p a t t e r n  of the  HDL 3 part ic les .  There  is evidence t h a t  
both apo, A-I and A-II, were bound specifically and were 
retroendocytosed.  Apo A-I played the dominan t  role for 
the receptor  media ted  cholesterol efflux in cul tured en- 
terocytes ,  but  the  apo A-I I  content  did not p reven t  el- 
flux. The apo A-II content  may  preferent ial ly account for 
the mobil izat ion of cel lular  cholesteryl  esters,  therefore  
mainly  promoting effiux from cholesterol-enriched cells. 
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The Effects of Clofibrate and Bezafibrate on Cholesterol Metabolism 
in the Liver of the Male Rat 
J.H. Shand and D.W. West* 
Hannah Research institute, Ayr, KA6 5HL, Scotland 

Fibric  ac id  der iva t iv e s  are  used  to treat  h y p e r l i p i d e m i a  
and  h a v e  w i d e  r a n g i n g  effects  on  l ip id  me ta bo l i sm.  The  
ac t ion  of  the se  c o m p o u n d s  on cho le s t ero l  es ter i f i cat ion ,  
c a t a l y z e d  by  a c y l - c o e n z y m e  A:cho les tero l  acy l t rans -  
ferase  (ACAT), has  b e e n  qu i t e  w i d e l y  s tud ied ,  but  t h e i r  
ef fect  on  c h o l e s t e r y l  e s t er  h y d r o l y s i s  and  the  e n z y m e  
n e u t r a l  c h o l e s t e r y l  e s t er  h y d r o l a s e  (nCEH) has  b e e n  
large ly  ignored.  Male rats  w e r e  therefore  fed for 10 d on 
a s t a n d a r d  c h o w  diet  s u p p l e m e n t e d  w i t h  e i t h e r  clof i -  
brate  or bezaf ibrate ,  to  s t u d y  the i r  e f fects  on  p l a s m a  
l ip id  l eve l s  and  hep a t i c  c ho l e s t ero l  metabo l i sm.  P l a s m a  
t r i a c y l g l y c e r o l s  w e r e  not  s i g n i f i c a n t l y  a l t ered  by  t h e s e  
diets ,  but  bezaf ibrate  s i g n i f i c a n t l y  l o w e r e d  p l a s m a  cho- 
l e s tero l  l eve l s  (29.7%, P < 0.01). When  expres sed  per  un i t  
w e i g h t  of  DNA, both  f ibrates  reduced  the  hepat ic  content  
of  tr iacy lg lycerol ,  cho le s tero l  and cho le s t ery l  es ters  (40, 
18.7, 16.5 and  66.7, 28.6, 34.2% for c lo f lbrate  and  bezaf l -  
brate,  re spec t ive ly ) .  ACAT ac t iv i ty  wa s  s i g n i f i c a n t l y  re- 
d uced  by both  drugs,  but  c lof ibrate  (65% inh ib i t ion)  was  
m o r e  e f f ec t ive  t h a n  b e z a f i b r a t e  (35% i n h i b i t i o n ) .  T h e  
mos t  dramat ic  effect  o f  the  d ie ts  wa s  a m a r k e d  i n c r e a s e  
in  the  ac t iv i ty  of  bo th  the  m i c r o s o m a l  and  the  c y t o s o l i c  
nCEH. W h e n  expres sed  on a w h o l e  l iver  basis ,  the  effect  
o f  bezaf ibrate  on  the  cytoso l ic  e n z y m e  (13.6-fold increase  
in  act iv i ty)  was  m u c h  greater  than  that  of  c lof ibrate  (4.8- 
fold increase) .  Increases  in  the  act iv i ty  of  a cytoso l ic  pro- 
t e i n  tha t  i n h i b i t s  th e  a c t i v i t y  o f  nCEH w e r e  a lso  noted ,  
but  these  changes  were  re la t ive ly  small .  The  resul ts  sug- 
gest  that  the  ac t iva t ion  of  nCEH, in c o m b i n a t i o n  wi th  the  
i n h i b i t i o n  in  ACAT activity,  contr ibutes  to a decrease  in  
the  c h o l e s t e r y l  e s ter  c o n t e n t  o f  the  l i v er  w h i c h  m a y  in-  
f luence  the  secret ion  of  very  low dens i ty  l ipoprote in .  
Lipids 29, 747-752 (1994). 

The fibric acid derivatives clofibrate and bezafibrate are 
used in the t reatment  of hyperlipidemia in patients at risk 
from coronary ar tery disease and in some diabetics whose 
hyperlipidemia cannot be controlled by other means. De- 
spite their wide use, the mechanisms by which these com- 
pounds exert their  hypolipidemic effects are not yet clear 
but  seem to involve both increased clearance of very low 
density lipoprotein (VLDL), through activation of lipopro- 
tein lipase, and, to a lesser extent, to a decreased produc- 
tion of triglycerides (1-3). In addition, these agents cause 
substant ial  reductions in plasma cholesterol (4-6) al- 
though again the mechanism of this effect is unknown. 

The hepatic metabolism of cholesterol involves four key 
enzymes as well as receptors,  controlling the uptake  of 
lipoprotein particles from plasma. The synthesis of cho- 
lesterol is catalyzed by 3-hydroxy-3-methylglutaryl coen- 
zyme A (HMG-CoA) reductase while cholesterol 7a-hy- 
droxylase governs the catabolism of cholesterol to bile 

*To whom correspondence should be addressed. 
Abbreviations: ACAT, acyl-coenzyme A:cholesterol acyltransferase; 
C, cholesterol; CE, cholesteryl ester; nCEH, neutral cholesteryl 
ester hydrolase; HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme 
A; SEM, standard error of the mean; TRIS, tris(hydroxymethyl)- 
aminomethane; VLDL, very low density lipoprotein. 

acids. The formation ofcholesteryl esters, the storage form 
of cholesterol in the liver, is catalyzed by acyl-coenzyme 
A:cholesterol acyltransferase (ACAT) (7,8) while the hy- 
drolysis of the esters back to free cholesterol is due to the 
action of a neutral  cholesteryl ester hydrolase (nCEH) (9). 
Most of the fibric acid derivatives appear to inhibit ACAT 
(4,5,9) while the more potent derivatives, such as bezafi- 
brate, also inhibit  HMG-CoA reductase and cholesterol 
7a-hydroxylase (4,5,10) and, at the same time, stimulate 
cholesterol excretion by increasing the biliary output  of 
the sterol (11,12). 

An important  aspect of hepatic cholesterol metabolism 
that  appears  to have been largely neglected is the possi- 
ble involvement of nCEH in the mechanism of action of 
these hypolipidemic agents. It may, nevertheless, have a 
major role since its substrate,  the pool of cholesteryl es- 
ters, will be influenced by the decline in ACAT activity. 
Such an effect has been suggested to explain the fibrate- 
induced loss of cholesteryl esters from cultured 3T3 fibrob- 
lasts (13,14). 

In addition to possible variations in the activity of the 
nCEH, we have also shown tha t  the activity of a hepatic 
protein inhibitor of this enzyme can be varied under a va- 
riety of hormonal and nutrit ional conditions (15,16). It is 
possible, therefore, that  these hypolipidemic agents would 
also affect the activity of this protein, so al tering nCEH 
activity. 

In the present  s tudy we have fed clofibrate and bezafi- 
brate to male rats  and have demonstra ted that ,  in addi- 
tion to inhibiting ACAT and altering the cholesterol con- 
tent of the liver, a major effect of these drugs was to cause 
a marked  increase in the activity of hepatic nCEH, both 
cytosolic and microsomal. Minor changes in the activity of 
the cytosolic inhibitor of nCEH were also noted. 

MATERIALS AND METHODS 

[9,10(n)-3H]Oleic acid (370 GBq/mmol), [9,10(n)-3H]tri - 
olein (370 GBq/mmol), [1-14C]oleic acid (2 GBq/mmol) and 
cholesteryl [1-14C]oleate (2 GBq/mmol) were obtained 
from Amersham (Little Chalfont, United Kingdom). Cho- 
lesteryl [9,10(n)-3H]oleate and [9,10(n)-3H]oleoyl CoA 
were synthesized as described (15,17). Dithiothreitol was 
purchased from Calbiochem (Nottingham, United King- 
dom). All other  biochemicals were from Sigma (Poole, 
United Kingdom). 

Animals  and diets. Male Wistar  rats,  weighing about 
120 g at  the s tar t  of the experiment,  were kept  on a con- 
s tant  light/dark cycle (lights on 08.00-20.00 h) and were 
fed for 10 d on crushed CRM(X) breeding diet (Special Diet 
Services, Manea, Cambridgeshire, United Kingdom) con- 
taining 2.4% (w/w) fat and less than  0.01% (w/w) choles- 
terol. One group of rats was fed the control diet while two 
other groups were fed the same basic diet supplemented 
with ei ther  clofibrate or bezafibrate (0.3% w/w). These 
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agents  were incorporated by mixing an acetone solution 
with the crushed diet and then allowing the solvent to 
evaporate for at least 48 h. The control diet was t r ea ted  in 
the same way but with acetone alone. The rats were fed at 
08.30 h at  a rate  of 30 g per ra t  per day and were weighed 
at  daily intervals.  At the end of the exper imenta l  period, 
the animals  were killed by cervical dislocation at 09.30 h, 
i.e., 25 h after  their  last  feed, and the livers were excised, 
weighed, and frozen in liquid nitrogen. Blood samples were 
centrifuged immediately (10,000 x g) in heparinized tubes 
and the clear p lasma samples stored at -20~ 

~ssue processing. Livers were homogenized as de- 
scribed (17) in 4 vol of ice-cold buffer consisting of 50 mM 
2-(N-morpholino)ethanesulfonic acid, 50 mM tris(hy- 
d roxymethy l )aminomethane  (TRIS)/HC1 buffer, pH 7.2, 
containing 1 mM ethylenediaminetetraacet ic  acid, 1 mM 
ethyleneglycol-bis(2-aminoethyl)tetraacetic acid, 1 mM 
dithiothreitol and proteinase inhibitors (1 ~g/mL each of 
peps ta t in  A, leupept in  and  antipain).  Microsomal and 
cytosolic fractions were then  p repared  according to the 
method of Shand et al. (18) and stored in aliquots at  
-80~ 

Enzyme assays. The activity of ACAT was assayed  in 
microsomes (150 ~g protein) by measur ing the rate  of con- 
version of [9,10(n)-3H]oleoyl CoA (20 nmol, 250,000 dpm) 
to cholesteryl [9,10(n)-3H]oleate as previously described 
using endogenous cholesterol as the subs t ra te  in a total  
volume of 0.2 mL (17). In  addition, paral lel  assays  were 
performed in the presence of exogenous cholesterol (200 
~tg/mL) added as a suspension ofl iposomes,  p repared  as 
described by Batzr i  and  Korn (19) us ing cholesterol and 
phosphatidylcholine in a molar  rat io of 1:2. All assays  
were preincubated for 30 min before addition of substrate  
and incubation t ime was limited to 5 min to ensure linear- 
ity. Cholesteryl [1-14C]oleate was used as an internal stan- 
dard to correct for recovery. 

The activity o fnC EH was measured,  essentially accord- 
ing to Shand and West (15) using 50 ~g of either microso- 
mal  or cytosolic protein in a total  volume of 0.2 mL. The 
reaction was initiated by addition of an ethanolic solution 
of cholesteryl  [9,10(n)-3H]oleate (20 nmol, 1 x 106 dpm) 
and t e rmina ted  af ter  45 min. [1-14C]Oleic acid was then  
added as a recovery s tandard ,  and the ra te  of hydrolysis 
of the subs t ra te  was measured  by es t imat ion of the re- 
leased [9,10(n)-3H]oleic acid. 

Triacylglycerol l ipase in cytosols was assayed  in an 
identical  m a n n e r  to n C E H  using [9,10(n)-3H]triolein as 
substrate.  

Assay of the nCEH inhibitor protein. The liver cytosols 
were assayed for inhibitory activity against  ra t  m a m m a r y  
gland microsomal  n C E H  essent ial ly  as described (15) 
using 30-40 ~g of cytosolic protein. The quanti ty of cytoso- 
lic protein required to produce 50% inhibition of the nCEH 
was then  calculated. Controls, wi thout  m a m m a r y  gland 
microsomes, were incubated at  the same t ime to allow cor- 
rection for the activity of cytosolic nCEH. 

Estimation of cholesterol and cholesteryl esters. Lipids, 
extracted (20) from the liver homogenates and microsomal 
suspensions,  were redissolved in ethanol  while those ex- 
t racted from p lasma lipids were resuspended,  by sonica- 
tion, in buffer  containing 50 mM TRIS pH 7.9, 100 mM 

KC1, 20 mM KF and 0.05% (wt/vol) Triton X-100. The ex- 
tracts were then assayed, with and without cholesteryl es- 
terase,  according to the f luorimetric  method of Gamble  
et al. (21), to give the microsomal contents of total and free 
cholesterol, respectively. Esterified cholesterol could then 
be est imated by difference. 

Estimation oftriacylglycerols. Triacylglycerols were es- 
t imated directly in the liver homogenates and in the aque- 
ous suspensions of the extracted p lasma lipids by a modi- 
fication of the method of McGowan et al. (22) using assay 
kit number  339-10 as supplied by Sigma. 

Protein and DNA measurements. Protein  concentra- 
tions were assayed by the dye-binding method of Bradford 
(23), using bovine serum albumin as s tandard,  and DNA 
as described by Labarca and Paigen (24). 

RESULTS 

Body weight, liver weight and hepatic and plasma lipid 
levels. Nei ther  of the d ie tary  supplements  affected the 
ra te  of body weight gain in the course of the experiment,  
but, in agreement  with previous reports, liver weight was 
significantly increased by both clofibrate (21%; P < 0.05) 
and bezaf ibrate  (50%; P < 0.01) by the end of the experi- 
men t  (Table 1). The concentrat ion of cholesterol in the 
p lasma tended to be lower in the animals  t reated with the 
f ibrates  (Table 1), but  only with bezaf ibra te  did this 
achieve significance (P < 0.05). Both drugs also tended to 
decrease p l a sma  triacylglycerol levels but  ne i ther  pro- 
duced a significant effect. The triacylglycerol levels in the 
liver, whether  expressed on a cellular (i.e., related to DNA 
concentration) or whole liver basis, were significantly low- 
ered by the dietary t rea tments  (Table 2). Bezafibrate was 
more effective than  was clofibrate since it reduced cellu- 
lar and whole liver triacylglycerol by 63% (P < 0.001) and 
32% (P < 0.01), respectively, compared  with 38% (P < 
0.001) and 15% (P < 0.05) for clofibrate. 

The dietary supplementat ion with the fibric acid deriv- 
at ives caused significant reductions in the levels of both 
free and esterified cholesterol in the liver when expressed 
on a DNA basis  (Table 2), the most  effective again  being 
bezafibrate.  However, when expressed on a whole l iver 
basis, the differences disappeared. 

T A B L E  1 

The Effect  o f  T r e a t m e n t  w i t h  Clof ibrate  a n d  B e z a f i b r a t e  
on  Liver  Weight  a n d  P l a s m a  Lip id  Leve l s  a 

P l a s m a  

Liver  w e i g h t  Tr iacylglycerol  Total choles tero l  
T r e a t m e n t  (g) (mg/100 mL) (mg/100 mL) 

Contro l  (11) 8.4 • 0.4 50.0 • 2.6 44.1 _+ 2.9 

Clof ibra te  (6) 10.2 --- 0.5 b 45.9 • 2.5 40.0 • 5.2 
Beza f ib ra t e  (5) 12.6 • 1.0 C 45.5 • 3.3 31.0 • 2.1 c 

aPlasma triacylglycerols and total cholesterol were estimated in 
lipid extracts of plasma resuspended in buffer as described in the 
Materials and Methods section. The results are the means • SEM 
for the number of animals given in parentheses. Significant differ- 
ences from control values were determined using the Student's 
t-test. 
bp < 0.05. 
cp < 0.01. 
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TABLE 2 

T h e  Effect  o f  T r e a t m e n t  w i t h  C lo f ibra te  a n d  B e z a f i b r a t e  o n  L i v e r  L i p i d  L e v e l s  a 
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Triacylglycerol Cholesterol Cholesteryl esters 

mg/mg mg/total pg/mg mg/total ~g/mg mg/total 
Treatment DNA liver DNA liver DNA liver 

Control (11) 1.5 -+ 0.1 77.8 _+ 2.4 261.4 ~ 15.0 15.5 _+ 0.7 168.0 • 7.6 10.7 _+ 0.6 
Clofibrate (6) 0.9 -+ 0.06 d 66.5 _+ 4.45 212.5 ~- 3.9 c 15.8 _+ 0.3 140.2 • 8.9 b 10.4 _+ 0.7 
Bezafibrate (5) 0.5 +- 0.06 d 53.2 _+ 4.4 c 186.6 ~- 6.8 d 19.1 _+ 1.9 110.6 *_ 4.8 d 11.1 +_ 0.7 

aLiver triacylglycerol levels were determined directly in the tissue homogenates whereas liver cholesterol 
and cholesteryl esters were measured by means of a fluorimetric assay in lipid extracts dissolved in ethanol 
as described in the Materials and Methods section. The results are the means _+ SEM for the number of ani- 
mals given in parentheses. Significant differences from control values were determined using the Student's 
t-test. 5p < 0.05. cp < 0.01. dp < 0.001. 

ACAT and microsomal cholesterol and cholesteryl esters. 
The  effects of d i e t a ry  fibric acid de r iva t ives  on ACAT ac- 
t iv i ty  are  shown in Table 3. W h e n  assayed  us ing  the  cho- 
lesterol  endogenous  to the  microsomes,  clofibrate reduced 
the  act ivi ty  of ACAT by about  65% (P < 0.001) and  in this  
i n s t a n c e  was  m o r e  effect ive  t h a n  beza f ib r a t e  wh ich  
caused  only a 35% (P < 0.01) r e d u c t i o n  in  t he  ac t iv i ty  of  
the  enzyme.  W h e n  exogenous  cholesterol  was  inc luded in 
the  assay, t he  d i f ference  b e t w e e n  the  cont ro ls  and  the  
c lo f ib r a t e - t r ea t ed  a n i m a l s  was  m a i n t a i n e d  w h e r e a s  the  
effect o fbeza f ib ra t e  became insignif icant .  The  total  ACAT 
ac t iv i ty  in  t he  whole  l ive r  was  not  s ign i f ican t ly  c h a n g e d  
by bezaf ib ra te  bu t  was  reduced  by about  56% (P < 0.001) 
by clofibrate. 

A s imi la r  resu l t  was  observed in re la t ion  to the  levels  of 
microsomal  free and ester if ied cholesterol  (Table 4) where  
c lof ibra te  r educed  t he se  v a l u e s  to a g r e a t e r  e x t e n t  t h a n  
did bezaf ibra te .  The  ra t io  of  free to es te r i f ied  choles tero l  
in t he  mic ro somes  was  not  a f fec ted  by c lof ibra te  t r ea t -  
m e n t  bu t  was  s ignif icant ly ra ised  by bezafibrate .  

TABLE  3 

T h e  Ef fec t  o f  T r e a t m e n t  w i t h  Clo f ibra te  a n d  B e z a f i b r a t e  
o n  ACAT A c t i v i t y  ~ 

ACAT activity 

pmol CE formed per min/mg 
microsomal protein nmol CE formed 

Endogenous Exogenous per min/total 
Treatment cholesterol cholesterol liver 

Control (11) 231.6 +_ 19 .5  597.9 +- 65.9 23.0 _+ 1.8 
Clofibrate (6) 79.9 _+ 12.3 c 226.8 -+ 34.9 c 10.1 _+ 1.4 c 
Bezafibrate (5) 151.2 _+ 14.15 435.6 +- 52.1 20.0 +- 2.9 

aAcyl-CoA:cholesterol acyltransferase (ACAT) activities were 
assayed using 150 itg microsomal protein incubated with 
[9,10-3H]oleoylCoA for 5 min. Activity was measured using the 
cholesterol endogenous to the microsomes and in the presence of 
saturating amounts of exogenous cholesterol added as choles- 
terol/phosphatidylcholine liposomes as described in the Materials 
and Methods section. The "total liver" figures are based on the 
assay using endogenous cholesterol. The results are the means +_ 
SEM for the number of animals given in parentheses. Significant 
differences from control values were determined using the Stu- 
dent's t-test. CE, cholesteryl ester. 
bp < 0.01. 
~P < 0.001. 

The  changes  in ACAT act iv i ty  showed a posi t ive  corre- 
la t ion  wi th  the  levels  of both free (r = 0.60) and  es ter i f ied  
cho les te ro l  (r = 0.54) in  t he  m i c r o s o m a l  m e m b r a n e s  

(Fig. 1). 
Microsomal and cytosolic cholesteryl ester hydrolase 

(nCEH). T h e  m o s t  d r a m a t i c  effects  p roduced  by the  fi- 
b r a t e - s u p p l e m e n t e d  die ts  were  changes  in  t he  ac t iv i t i es  
of bo th  m i c r o s o m a l  and  cytosolic n C E H  (Table 5). On  a 
prote in  basis,  clofibrate led to a 4.5-fold increase  in the cy- 
tosolic n C E H  whi le  bezaf ib ra te  inc reased  the  e n z y m e  ac- 
t iv i ty  by a factor of 8.6. W h e n  the  increase  in l iver  we igh t  
was  t aken  into account,  i t  was appa ren t  t h a t  the  increases  
in cytosolic n C E H  act iv i ty  were  even  greater .  The  micro-  
somal  n C E H  was  also inc reased  by the  fibric acid der iva-  
t ives  a l t h o u g h  the  d i f fe rences  were  not  qu i t e  as m a r k e d  
as seen  w i t h  t he  cytosolic e n z y m e  wi th  bo th  d rugs  caus-  
ing a 3- to 4-fold increase  in enzyme  activity. The re  was  a 
significant,  nega t ive  corre la t ion (r = 0.91) be tween  the  mi- 
c rosomal  n C E H  ac t iv i t i e s  and  the  levels  of  m i c r o s o m a l  
cholesteryl  es ters  (Fig. 2). In  contrast ,  the  levels  of cytoso- 
lic t r i acy lg lycero l  l ipase  were  una f f ec t ed  by any  of  t he se  
diets (data  not  shown). 

Cytosolic inhibitory protein. Table 6 shows the  effects of 
the  d ie tary  t r e a t m e n t s  on the  act ivi ty  of the  l iver  cytosolic 
inh ib i to r  of  n C E H .  W h e r e a s  c lof ibra te  caused  no signifi-  
can t  changes  in t he  ac t iv i ty  of  t he  inh ib i to r  w h e n  ex- 
pressed  on a pro te in  basis,  bezaf ibra te  t r e a t m e n t  led to a 
decrease in inhibi tory  act ivi ty  of 22% (P < 0.01). W h e n  ex- 

TABLE 4 

T h e  Ef fec t  o f  T r e a t m e n t  w i t h  Clo f ibra te  
a n d  B e z a f i b r a t e  o n  t h e  M i c r o s o m a l  C o n t e n t s  
o f  C h o l e s t e r o l  a n d  C h o l e s t e r y l  E s t e r s  a 

Cholesterol Cholesteryl esters 

Treatment (~g/mg protein) (~g/mg protein) C/CE ratio 

Control (11) 31.4 +_ 1.3 19.0 _+ 1.0 1.63 +- 0.05 
C]ofibrate (6) 19.3 +_ 0.9 d 11.3 _+ 0.8 d 1.73 -+ 0.07 
Bezafibrate (5) 26.0 +- 0.8 c 13.2 _+ 0.7 d 2.00 -+ 0.15 b 

aCholesterol (C) and cholesteryl ester (CE) concentrations were mea- 
sured by means of a fluorimetric assay on ethanolic solutions of the 
extracted microsomal lipids. The results are the means _+ SEM for 
the number of animals given in parentheses. Significant differences 
from control values were determined using the Student's t-test. 
5p < 0.05. 
~P < 0.01. 
dp < 0.001. 
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FIG. 2. S c a t t e r  d i a g r a m  r e l a t i n g  m i c r o s o m a l  n e u t r a l  cho l e s -  
t e r y l  e s t e r  h y d r o l a s e  ( n C E H )  a c t i v i t i e s  to  t h e  m i c r o s o m a l  
c o n t e n t s  o f  c h o l e s t e r y l  e s t e r s  (CE) in  t h e  l i v e r s  o f  c o n t r o l  
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th e  r e l a t i o n s h i p  to  b e  l i n e a r  (y = -54 .71x  + 1133.34, r = -0.91).  

pressed  on a whole l iver  basis ,  however,  it  was  a p p a r e n t  
t h a t  both f ib ra tes  ha d  inc reased  the  to ta l  a m o u n t  of in-  
h ibi tor  p resen t  in  the  t i ssue by a r o u n d  21% (P < 0.05). In  
general ,  however, there  appeared  to be li t t le or no correla- 
t ion  b e t w e e n  the  ac t iv i t ies  of the  cytosolic i nh i b i t o r  a n d  
those of the microsomal  or cytosolic n C E H  enzymes.  

D I S C U S S I O N  

The i n h i b i t i o n  of ACAT act iv i ty  recorded in  the  p r e s e n t  
s tudy  conf i rms the  obse rva t ions  of o the r  workers  (4,9). 
The  level of ACAT act iv i ty  is n o r m a l l y  d e p e n d e n t  on the  
avai labi l i ty  of cholesterol subs t ra te ,  and  there  was a good 
cor re la t ion  be t w e e n  ACAT act iv i ty  a n d  mic rosomal  cho- 
lesterol  c on t e n t  s u g g e s t i n g  t h a t  a decrease  in  the  avai l -  
ab i l i ty  of s u b s t r a t e  c on t r i bu t e d  to the  effect. However,  
ACAT act iv i ty  in  i so la ted  microsomes  can  also be in- 
c reased  by the  provis ion  of exogenous  cholesterol ,  a n d  
wi th  such t r e a t m e n t  the ACAT activity in  the microsomes 

TABLE 5 

The  E f f e c t s  o f  T r e a t m e n t  w i t h  C l o f i b r a t e  a n d  B e z a f i b r a t e  o n  t h e  A c t i v i t i e s  
o f  the  M i c r o s o m a l  a n d  C y t o s o l i c  C h o l e s t e r y l  E s t e r  H y d r o l a s e s  (CEH) a 

Microsomal CEH Cytosolic CEH 

pmol/min/mg pmol/min/mg 
Treatment protein nmol/min/liver protein nmol/min/liver 

Control (11) 139.8 _+ 10.3 13.9 +_ 0.8 11.7 _+ 1.5 12.2 _+ 1.6 
Clofibrate (6) 494.2 _+ 49.35 63.3 --+ 5 . 8  b 52.6 -+ 7.85 68.8 _+ 8.7 b 
Bezafibrate (5) 509.8 _+ 38.95 66.9 _+ 7.05 100.9 _+ 11.3 b 166.7 _+ 25.55 

aCEH activities were assayed on 50 ~g of microsomal or cytosolic protein incubated with 
cholesteryl [9,10-3H]oleate for 45 rain. The results are the means _+ SEM for the number 
of animals given in parentheses. Significant differences from control values were deter- 
mined using the Student's t-test. 
bp < 0.001. 
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TABLE 6 

The Effects of  Treatment wi th  Clofibrate and Bezafibrate 
on the Activity of  the Cytosolic Protein Inhibitor 
of  Cholesteryl  Ester Hydrolase (CEH) a 

Trea tment  

CEH inhibitor activity 

% Inhibition 50% Inhibitory 
by 40 ~tg units/liver 

cytosolic protein (x 103) 

Control (9) 37.0 -+ 1.5 19.0 _* 0.9 
Clofibrate (5) 35.3 -+ 1.5 23.8 _+ 1.5 b 
Bezafibrate (5) 28.8 -+ 2.2 c 23.0 ~- 1.1 b 

aThe activity of the neutral  CEH inhibitor protein was assayed in 
the liver cytosols by incubation of 30-40 ~tg of cytosolic protein with 
rat  mammary  gland microsomes. The percentage inhibition of the 
CEH activity due to 40 ~g was then  determined.  The activity in 
whole liver is expressed as 50% inhibitory units where 1 unit is the 
amount  (~tg) of cytosolic protein required to inhibit  the mammary  
microsomal CEH by 50%. The results are the means _+ SEM for the 
number  of animals  given in parentheses .  Significant differences 
from control values were determined using the Student 's t-test. 
bp < 0.05. 
cp < 0.01. 

from the bezafibrate-treated animals was seen to be simi- 
lar to that  of the controls. The remaining small difference 
between the two groups of animals could be accounted for 
by the increased nCEH activity in the bezafibrate-treated 
microsomes, even though nCEH activity recorded under  
the conditions of the ACAT assay was reduced by 50% in 
the absence of exogenous cholesterol, and by 80% when 
cholesterol was added. This suggests tha t  the levels of 
ACAT enzyme in the two sets of animals are the same and 
tha t  the apparen t  differences were a reflection of sub- 
s t ra te  availability in the microsomes, a conclusion sup- 
ported by the total liver ACAT measurements  (Table 3). 
However it was apparent  that ,  for the clofibrate-treated 
animals, ACAT activity in the presence of exogenous cho- 
lesterol was still considerably less than  tha t  seen in the 
controls. This indicates tha t  in those animals the reduc- 
tion in ACAT activity arose from a decrease in the amount  
of the enzyme as well as a decrease in the availability of 
cholesterol. Again this conclusion is supported by the re- 
sults obtained when ACAT activity was calculated for the 
whole liver (Table 3). 

A reduced level of cholesteryl esters in the livers of clofi- 
bra te- t rea ted  rats  has been reported by Turley and Di- 
etschy (11) while Stahlberg et al. (4,5) observed a lowered 
hepatic microsomal content of esterified cholesterol. Re- 
duced accumulation of cholesteryl esters was also re- 
corded by Hudson and Day (13) when 3T3 fibroblasts were 
incubated with fibric acid derivatives. Although this could 
have been an effect of the reduction in ACAT activity, they 
also found tha t  the large accumulation of cholesteryl es- 
ters, induced in fibroblasts by incubation with modified 
low density lipoprotein, was rapidly lost when either clofi- 
brate or bezafibrate was added to the medium. They con- 
cluded tha t  this could not arise solely from inhibition of 
ACAT and, since esterified cholesterol must  be hydrolyzed 
prior to removal from the cell, speculated tha t  increased 
hydrolysis of the esters may have been involved (13). 

Although the fibrates were shown to have no direct ef- 
fect on the lysosomal CEH (14), the results presented in 

the current paper confirm this hypothesis by demonstrat- 
ing that  nCEH in both the microsomal and cytosolic frac- 
tions was markedly increased in the livers of rats t reated 
with ei ther  clofibrate or bezafibrate. The combination of 
increased nCEH and decreased ACAT could thus account 
for the reduced hepatic cholesteryl ester content. 

Although liver nCEH has been shown to be activated 
in vitro by cAMP-dependent protein kinase, the maximum 
activation recorded was around 140% (25). This makes it 
unlikely that  the increases in nCEH activity reported in 
the present  work were due to phosphorylation of the en- 
zyme, although such a covalent modification could make 
a contribution. Increases have been reported in a number 
of other  cellular proteins, e.g., carnit ine acyltransferase 
(26,27), fat ty acid binding protein (28,29), and peroxiso- 
mal Z-oxidation (30), following fibrate t r ea tment  of rats,  
and the extent of the increase in nCEH activity is compa- 
rable with these. The increases have been suggested to 
occur, via induction of the genes for these proteins, by ac- 
tivation of a group of specific transcription factors (31). It 
is probable tha t  the enhanced nCEH activity can be as- 
cribed to the same cause, although this would have to be 
ascertained by the appropriate investigation. 

The increased nCEH activity may be a consequence of 
other  changes in cellular metabolism resul t ing from fi- 
brate treatment.  There is a higher rate of peroxisomal (30) 
and mitochondrial (27) fatty acid oxidation in the livers of 
such animals, as well as an increase in the activity of acyl- 
CoA synthetase  (32), both of which impose an enhanced 
requirement for long-chain fatty acids. This cannot be met 
by increased synthesis because the fibrates also cause in- 
hibition of hepatic acetyl-CoA carboxylase (33), the rate- 
l imiting enzyme in the synthesis  of fat ty acids. The in- 
creased hydrolysis of cholesteryl esters, combined with de- 
creased esterification, may be a response to this increased 
demand for long-chain fatty acids. 

In contrast to the large increases in nCEH activity, the 
much smaller  changes in the activity of the cytosolic in- 
hibitor of this enzyme (15,16), produced by bezafibrate,  
would not be expected to have major effects. Nevertheless, 
the reductions observed were such as to accentuate the ef- 
fect of the changes in nCEH activity. 

It is of interest  to consider the clinical implications of 
the fibrate-induced changes in hepatic ACAT and nCEH 
activity. Hyperlipidemic patients t reated with fibric acid 
derivatives exhibit a reduction in the circulating levels of 
VLDL which is due to a combination of increased catabo- 
lism, through st imulat ion of lipoprotein lipase activity 
(1,2), and a reduction in VLDL synthesis and secretion (3). 
The la t ter  has been confirmed in studies using HepG2 
cells (34). Although this has been suggested to be due to 
limitations in the supply of fatty acid substrate for VLDL 
secretion (3,35), incubation of HepG2 cells with fenofi- 
brate also caused a reduction in cholesteryl esters as well 
as in triacylglycerols and free fatty acids (35). 

Intracel lular  stores of cholesteryl es ter  have been 
shown to be necessary for VLDL secretion (36), and stud- 
ies in which these stores have been depleted by inhibition 
of either HMG-CoA reductase (36) or ACAT (37) have re- 
vealed decreased triacylglycerol secretion. The serum tri- 
acylglycerol levels recorded in this study were in general 
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lower than literature values (26,38,39). This, and the lack 
of significant effect in the animals given fibrates, may re- 
sult from the feeding regime where animals were given 
food at the s tar t  of the light period and sacrificed 24 h 
later. Nevertheless, similarly nonsignificant effects of fi- 
brates on serum triacylglycerol levels have been reported 
by Stahlberg et al. (4). The activity of ACAT in human  
liver is unaffected by fibrate treatment (5) and bezafibrate 
failed to modulate HMG-CoA reductase activity either di- 
rectly or indirectly in human mononuclear cells (40). If  the 
reduction in VLDL secretion seen in patients, given fibric 
acid derivatives, and in fibrate-treated HepG2 cells is a 
consequence of a decrease in the cholesteryl ester content 
of the cells, our observations suggest that  this could result 
from an increase in the nCEH activity of human liver sim- 
ilar to that  occurring in rat liver. 

Fur thermore,  t rea tment  of hyperlipidemic patients 
with fibrates commonly causes an increase in the choles- 
terol content of bile, leading to supersaturat ion and the 
concomitant formation of gallstones (11,41). Although the 
mechanism of this hypersecretion of biliary cholesterol 
has not been fully explained, the results presented here 
may help to clarify the situation. There is considerable ev- 
idence that  different pools of cholesterol exist within the 
hepatocyte and that  specific pools control the secretion of 
cholesterol into bile (for a review, see Ref. 42). Inappropri- 
ate increases in the supply of cholesterol to such a pool has 
been shown to lead to enhanced biliary sterol secretion 
(43). The free cholesterol resulting from the combination 
of reduced ACAT and increased nCEH could also feed into 
such a pool leading to increased secretion of cholesterol 
into bile. Such an interrelationship between hepatic cho- 
lesterol esterification and biliary cholesterol output  has 
been previously studied by Nervi et al. (44) and Stone 
et al. (45). They showed that  inhibition of ACAT by vari- 
ous dietary and pharmacological manipulations was asso- 
ciated with enhanced secretion of cholesterol into bile. 
Continual removal of cholesterol to bile may then result  
in the reduction of cell cholesterol to the levels observed 
in this study. 
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Young adul t  obese  Zucker  rats  h a v e  a l tered  t i s sue  fat ty  
ac id  (FA) c o m p o s i t i o n .  The  p r e s e n t  s t u d y  w a s  a i m e d  at  
d e t e r m i n i n g  w h e t h e r  s u c h  c h a n g e s  w e r e  s e e n  in  e i t h e r  
l iver ,  s e r u m  or a d i p o s e  t i s s u e  o b t a i n e d  from 17-day-old 
o b e s e  (fafa) ra t s  in  c o m p a r i s o n  to both  h o m o z y g o u s  
(FaFa) and  h e t e r o z y g o u s  (Fafa) l e a n  rats.  Body  w e i g h t s  
of  o b e s e  p u p s  (30.3 g) w e r e  s i g n i f i c a n t l y  g rea ter  t h a n  
t h o s e  o f  h o m o z y g o u s  l e a n  rats  (25.2 g) (P < 0.05). L iver  
w e i g h t  and  l ip id  c o n t e n t  w e r e  s i m i l a r  in  al l  groups .  In- 
g u i n a l  fat pad  w e i g h t  and  l ip id  co nte n t  w e r e  greates t  in  
obese  p u p s  (573 mg)  fo l lowed  by  h e t e r o z y g o u s  l e a n  p u p s  
(303 mg); h o m o z y g o u s  l e a n  pups  (146 mg)  ha d  the  l owes t  
va lues .  There  w e r e  no  d i f f erenc es  a m o n g  the  g r o u p s  in  
hepat i c  FA c o m p o s i t i o n  in  e i ther  t r iacy lg lycero l  (TG) or 
p h o s p h o l i p i d  f r a c t i o n s .  S e r u m  TG w a s  s i m i l a r  a m o n g  
t he  groups ,  w h i l e  s e r u m  p h o s p h o l i p i d  w a s  greater  (P < 
0.05) in  obese  (269 mg/dL) t h a n  in  h o m o z y g o u s  l ean  p u p s  
(184 mg/dL); h e t e r o z y g o u s  l e a n  p u p s  ha d  an  i n t e r m e d i .  
a te  v a l u e  no t  s i g n i f i c a n t l y  d i f f e r e n t  f rom e i t h e r  ho-  
m o z y g o u s  group.  On a p e r c e n t  bas is ,  there  w e r e  no  dif- 
f e r e n c e s  i n  FA c o m p o s i t i o n  in  e i t h e r  s e r u m  l i p id  frac-  
t i o n  a m o n g  the  t h r e e  groups .  T h e r e  w e r e  a n u m b e r  o f  
s i gn i f i can t  d i f f erences  in  ad ipose  t i s sue  FA c o m p o s i t i o n  
b e t w e e n  the  groups  on a p e r c e n t  basis .  The  a d i pose  tis- 
su e  FA c o m p o s i t i o n  on  a p e r c e n t  bas i s  re f l ec t ed  tha t  o f  
m a t e r n a l  mi lk .  The  resu l t s  i n d i c a t e  that  s u c k l i n g  obese  
Zucker  rats  do not  h a v e  t i s sue  FA prof i les  that  are char- 
acter i s t ic  o f  e s s en t i a l  FA def ic iency .  
Lipids 29, 753-758 (1994). 

Many metabolic abnormalities are seen in the genetically 
obese Zucker rat, including hyperinsulinemia (1) and hy- 
perlipidemia (2,3). Excessive lipid synthesis in liver and 
adipose tissue has been documented (4-7), and cellular in- 
sulin resistance has been shown to develop as the rats age 
(8,9). Recent studies have been aimed at  establishing a 
molecular basis for some of these effects (10-12), but  the 
genetic lesion responsible for the obesity p e r  se has not 
been identified. 

Establishing the order of appearance of these metabolic 
disturbances in the Zucker ra t  will assist in delineating 
the defects tha t  are responsible for the obesity. However, 
investigations on young, suckling rats have been limited 
because techniques for genotyping suckling rats  have 
been lacking. Lavau and Bazin (13) described a relatively 
simple means for separat ing lean from obese pups at 
16-17 d of age. This technique utilizes inguinal fat  pad 
weights and fat pad-to-body weight ratios to distinguish 
suckling homozygous obese (fafa) pups from their  het- 
erozygous lean (Fafa) l i t termates  when the pups were 
taken from litters with heterozygous lean (Fafa) mothers 
and homozygous obese (fafa) fathers.  The suckling pups 

*To whom correspondence should be addressed at The Hormel In- 
stitute, University of Minnesota, 801 16th Ave. NE, Austin, MN 
55912. 
Abbreviations: FA, fatty acid; FID, flame-ionization detector; PL, 
phospholipids; TG, triacylglycerol. 

tha t  became obese as adults had greater  fat pad weights 
and pad-to-body weight ratios at 16-17 d of age. We have 
recently reported similar findings (14). The method allows 
for quick assessment of the pups' genotype and allows the 
use of animals at a t ime when the body weights of lean 
and obese pups are similar and the pups consume similar 
quantities of milk (15). 

Milk intake has been reported to be similar for lean and 
obese pups (15). How.ever, suckling obese pups have ele- 
vated adipose tissue lipid synthesis (14,16,17) and greater 
adipose tissue mass (13,14,16,17) compared to lean pups 
(14,16,17). Since polyunsaturated fatty acid (FA) intake is 
limited by dietary intake, one could hypothesize tha t  al- 
tered tissue FA profiles may be an early characteristic of 
obesity. A number  of studies (18-20) have previously 
shown tha t  postweaning obese rats,  compared to lean 
rats, shows altered FA composition indicative of early es- 
sential FA deficiency in several tissues. 

In the present  study, the FA composition of liver and 
serum triacylglycerol (TG) and phospholipid (PL) fractions 
and of inguinal adipose tissue total lipid were determined 
in 17-day-old rat pups. We used obese (fafa) pups and lean 
Zucker rats  of two genotypes, FaFa  and Fafa. This was 
done to determine if there was an effect of the "fa" gene in 
young lean rats, as other studies had shown that  the pres- 
ence of this gene in lean rats had some impact (14,21,22). 
The composition of mother's milk was also determined. 

MATERIALS AND METHODS 

A n i m a l s .  Rats were obtained from a colony maintained at 
the Hormel Institute (Austin, MN). Rooms were tempera- 
ture  (21~ and humidi ty  (50%) controlled and main- 
tained at a 12-h light/dark cycle. The study was approved 
by the Universi ty of Minnesota Animal Care and Use 
Committee. The Hormel Inst i tute  Animal Facility is ac- 
credited by the American Association for Accreditation of 
Laboratory Animal Care. 

From 5 wk of age, the female rats  designated to be 
mothers in this experiment were fed a low-fat diet consist- 
ing, on a g/100 g basis, of: cornstarch, 58; casein, 20.5; 
celufil, 9.0; sucrose, 5.0; salt mixture,  4.0; vi tamin mix- 
ture, 1.0; methionine, 0.5; and corn oil, 2.0 (all components 
were from United States Biochemical Corporation, Cleve- 
land, OH). FA composition of the diet on a percent  basis 
was 14:0, 0.2; 16:0, 12.1; 18:0, 2.3; 18:1~o9, 26.4; 18:2~o6, 
57.4; 18:3c03, 1.0; 20:0, 0.3; and 21:0, 0.3. Upon reaching 
200 g body weight and/or 10 wk of age, female rats  were 
bred to male rats. The female rats were housed in plastic 
cages with wood shavings throughout  mating, pregnancy 
and lactation. Specially designed food cup holders were 
used to prevent the pups from eating their mother's food. 

Two types of breeding crosses were used. Homozygous 
(FaFa) lean male and female rats were bred to provide ho- 
mozygous (FaFa) lean pups, and homozygous (fafa) obese 
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male  ra ts  were ma ted  with heterozygous (Fafa) lean fe- 
male  ra ts  to provide heterozygous (Fafa) lean and ho- 
mozygous (fafa) obese pups. 

At 17 d of age, pups  were killed by decapitat ion,  and 
blood was collected for serum preparat ion.  Livers as well 
as left and r ight  inguinal  fat  depots were removed and 
weighed. When pups were obtained from the obese 
male/heterozygous lean female crosses, fat  depot weight  
and fat pad-to-body weight ratio were used to identify lean 
and obese pups. Liver and adipose t issue were processed 
as described below. Each mother  ra t  was separa ted  from 
her pups for one hour and then injected intraperi toneally 
with 2 IU of oxytocin. Under  mild d ie thyle ther  anesthe-  
sia, approximately 2 mL of milk were expressed by gentle 
manipula t ion  of t ea t s  wi th  t humb  and forefinger. Milk 
droplets were collected using mild suction. 

Adipose tissue total lipid extraction. Total adipose tis- 
sue lipid was extracted using a modification of the method 
by Dole and Meinertz  (23). The tissue (100-700 rag) was 
homogenized with 5 mL Dole's reagent  (isopropanol/hex- 
ane/1 N H2SO4, 40:10:1, by vol). Next,  3 mL wa te r  and 
3 m L  hexane  were added, and the tube was shaken  for 
30 s. The layers were allowed to separa te  for 15 min, and 
the hexane phase  was removed. The lower phase  was re- 
extracted twice with 3 mL of hexane. After the hexane had 
been evaporated with N2, the total  lipid was dissolved in 
a known volume of methylene chloride, and aliquots were 
taken for lipid determination. 

Liver tissue total lipid extraction. Total liver lipids were 
extracted using the method developed by Phill ips and 
Pr ive t t  (24). Tissue (0.5 g) and 5 m L  of hot acetic acid 
(0.05 N) were hea ted  in a wa te r  ba th  (95~ for 30 min. 
The sample  was homogenized and centrifuged at  12,000 
rl~m for 15 min. The acetic acid was decanted and the pel- 
let resuspended in 5 m L  acetic acid (0.05 N) and cen- 
trifuged, and the acetic acid phase was decanted. The pel- 
let was  t r ans fe r red  to a 40-mL glass tube containing 
12.5 mL methanol,  then 12.5 mL of chloroform was added 
before the mixture was homogenized for 30 s. After stand- 
ing for 15 min at  room tempera ture ,  the sample  was cen- 
trifuged for 5 min at  3,000 rpm. The chloroform/methanol 
extract was decanted, and the pellet was reextracted first 
with 20 mL of chloroform/methanol (1:1, vol/vol) and then 
with 20 mL of chloroform/methanol (1:2, vol/vol). The com- 
bined extracts were evaporated under  vacuum. The dried 
lipid extract  was dissolved in a known volume of methyl-  
ene chloride, and aliquots were taken  for lipid determina- 
tion. 

Milk and serum total lipid extraction. Each sample  
(200 pL) was added dropwise to stirred ice-cold methanol  
(3.4 mL). The sample was placed in an ice bath  for 10 min, 
followed by addition of 3.4 mL of ice-cold chloroform. Aider 
an additional 10 min, 6.8 mL of ice-cold chloroform/meth- 
anol (1:1, vol/vol) was added, and the sample  was cen- 
trifuged for 3 min at  3,000 rpm. The lipid-containing chlo- 
roform/methanol layer was decanted into a 15-mL screw- 
cap tube and evaporated under  N 2. The lipid extract  was 
dissolved in a known volume of methylene  chloride, and 
aliquots were taken for lipid determination. 

Isolation of serum TG and PL. The total  lipid ext rac t  
(0.5-5 mg) was spotted onto a thin-layer chromatographic 

plate (silica gel H, 0.3 m m  layer). The plate was developed 
in a paper-l ined chamber  using hexane/diethyl  e ther /  
acetic acid (200:50:2, by vol) as solvent. After  develop- 
ment ,  the TG and PL zones were identified under  an 
ul t raviolet  l amp af ter  spraying  the plates  with 0.2% 
2,7-dichlorofluorescein in methanol  and drying with N 2. 
The TG and PL zones were scraped into glass screw-cap 
tubes, and 0.5 m L  methy lene  chloride was added. Sam- 
ples were transesterified as described below. 

FA analysis. The isolated TG and PL fractions and the 
fat tissue lipids were transesterified by adding 2 mL of 3N 
HC1/methanol reagent ,  f lushing with N2, and hea t ing  at  
90~ for 1 h for the TG and for 2 h for the PL fractions. 
The tubes were cooled, and an equal volume of water  was 
added. The methyl  esters were extracted twice with 5 mL 
hexane. The hexane was evaporated, and the esters were 
dissolved in methylene chloride. Samples  were analyzed 
using a Hewle t t -Packard  5840A gas- l iquid  chromato-  
g raph  equipped with a 30 m • 0.26 m m  DB225 (0.25 ~ n  
film) capil lary column (J&W Scientific, Folsom, CA) and 
flame-ionization detector (FID) using hel ium as the car- 
r ier  gas. The t empe ra tu r e  was p rog rammed  from 160 to 
225~ at  2~ 

Statistics. Data  are presented as means _+ SEM. FA data 
are given in a rea  percent  unless otherwise noted. Five 
pups were used in each group. Stat is t ical  comparisons  
were made  by one-way analysis  of var iance  followed by 
Least Significant Difference test  to determine significance 
between specific groups. A total of 27 FA between 10:0 and 
24:1~9 were analyzed. For values  obtained tha t  were 
grea ter  than  0.5%, all da ta  are presented whether  or not 
there  were significant differences. For values  less t han  
0.5%, only those data are presented for which statistically 
significant differences were seen. 

Four teen  samples  of mother ' s  mi lk  were obtained 
(seven homozygous and seven heterozygous females).  
There were no differences in fat ty  acid composition of the 
milk between the two genotypes; therefore, the results for 
these two groups were combined. 

RESULTS 

At 17 d of age, obese pups weighed significantly more than  
homozygous lean pups (Table 1). The heterozygous lean 
pups had  an in te rmedia te  body weight  tha t  was  not sig- 
nif icantly different from tha t  of e i ther  of the other  two 
groups.  Liver weights  and amounts  of l iver lipids were 
similar among the three groups (Table 1). Inguinal fat pad 
weight was greatest  in obese pups followed by tha t  of het- 
erozygous lean pups (Table 1); homozygous lean pups had 
the lightest fat pads. Fat  pad lipids followed a similar pat- 
tern. The fat pad-to-body weight ratio was higher in obese 
compared  to lean pups. Se rum TG concentrat ions were 
similar in all three groups. Serum PL concentrations were 
grea te r  in obese compared to homozygous lean rats,  and 
heterozygous lean pups had an intermediate value not sig- 
nificantly different from either homozygous group. 

As can be seen in Table 2, there were minor differences 
in hepatic FA composition among the three groups in both 
the TG and PL fractions when results  were expressed on 
a percent basis. No significant differences were seen when 
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H o m o z y g o u s  He te rozygous  H o m o z y g o u s  
(FaFa)  l e an  (Fafa)  l e an  (fafa) obese 

Body weigh t  (g) 
Liver  we igh t  (mg) 
Liver  lipid we i gh t  (mg) 
I n g u i n a l  pad  we igh t  (mg) 
F a t  pad  lipid we igh t  (mg) 
F a t  pad- to-body we i gh t  
S e r u m  tr iacylglycerol  (mg/dL) 
S e r u m  phospho l ip id  (mg/dL) 

25.2 b • 0.6 27.7 b,c • 2.3 30.3 c • 1.0 
764 b • 14 888  b • 77 8955 • 48 

30.95 • 0.8 35.75 • 3.4 36.8 b • 2.0 
1465 • 6 303 c • 33 537 d • 48 

83 b • 2 211 c • 27 4 0 8  d • 41 
0.0058 b • 0.0002 0.0075 b • 0 .0005 0.0144 c • 0 .0015 

1635 • 5 180 b • 21 2035 • 15 
184 b • 5 2295"c • 27 269 c • 20 

aValues  a re  m e a n  • SEM; n = 5 pe r  group.  
b'c'dAcross a row, n u m b e r s  wi th  d i f fe rent  s u p e r s c r i p t s  a re  s ign i f ican t ly  different;  P < 0.05. 

F A  w e r e  g r o u p e d  b y  s a t u r a t i o n  l e v e l .  A l t h o u g h  n o  s t a t i s -  

t i c a l  c o m p a r i s o n s  w e r e  m a d e ,  i t  c a n  b e  s e e n  t h a t  t h e r e  

w e r e  d i s t i n c t  d i f f e r e n c e s  i n  F A  c o m p o s i t i o n  b e t w e e n  t h e  

t w o  l i p i d  c l a s s e s .  S i n c e  l i v e r  w e i g h t s  a n d  l i p i d  c o n t e n t s  

w e r e  s i m i l a r ,  t h e r e  w e r e  n o  d i f f e r e n c e s  a m o n g  t h e  g r o u p s  

w h e n  a b s o l u t e  ( m g / g )  a m o u n t s  o f  i n d i v i d u a l  F A  w e r e  d e -  

t e r m i n e d  ( d a t a  n o t  s h o w n ) .  

O n  a p e r c e n t  b a s i s ,  t h e r e  w e r e  e s s e n t i a l l y  n o  d i f f e r e n c e s  

i n  e i t h e r  s e r u m  T G  o r  P L  F A  p r o f i l e s  a m o n g  t h e  t h r e e  

g r o u p s  o f  1 7 - d a y - o l d  r a t  p u p s  ( T a b l e  3) .  A s  i n  t h e  l i v e r ,  

t h e r e  w e r e  d i f f e r e n c e s  b e t w e e n  t h e  t w o  l i p i d  f r a c t i o n s  

w i t h  r e s p e c t  t o  t h e  d i s t r i b u t i o n  o f  t h e  F A  b y  t h e  d e g r e e  o f  

u n s a t u r a t i o n .  A s  s h o w n  i n  T a b l e  1, o b e s e  p u p s  d i d  h a v e  

s i g n i f i c a n t l y  h i g h e r  s e r u m  P L  c o n c e n t r a t i o n s  c o m p a r e d  t o  

TABLE 2 

Hepatic Triacylglycerol and Phospholipid Fatty Acid Composition by Percent in 17-day-old Zucker Rat Pups (area %)a 

Triacylglycerol  Phospho l ip id  

H o m o z y g o u s  He te rozygous  H o m o z y g o u s  H o m o z y g o u s  He te rozygous  H o m o z y g o u s  
(FaFa)  l e an  (Fafa)  l ean  (fafa) obese (FaFa)  l e an  (Fafa)  l e an  (fafa) obese 

12:0 1.4 b •  1.7 b •  1.3 b •  0.1 b •  0.1 b •  0.1 b •  
14:0 5.15 • 0.1 6.9 b • 0.4 6.7 b • 0.7 0.9 b • 0.0 1.35 • 0.1 1.3 b • 0.0 
16:0 31.2 b • 0.3 31.65 • 0.7 33.8 b • 0.9 23.7 b • 0.6 25.15 • 0.5 25.2 b • 0.4 
16:10)9 0.35 • 0.0 0.45 • 0.0 0.5 b • 0.0 0.1 b • 0.0 0.1 b • 0.0 0.1 b • 0.0 
16:10)7 0.95 • 0.0 1.1 b • 0.0 1.3 b • 0.1 0.25 • 0.0 0.2 b • 0.0 0.3 b • 0.0 
17:0 0.2 b • 0.0 0.3 b • 0.0 0.3 b • 0.0 0.2 b • 0.0 0.2 c • 0.0 0.2 b'c • 0.0 

18:0 4.55 -+ 0.1 4.1 b • 0.2 4.9 b • 0.3 20.8 b • 0.2 20.0 b • 0.3 19.2 b • 0.3 
18:1~)9 24.25 • 0.2 21.1 b • 0.6 22.45 • 1.0 3.9 b • 0.2 3.1 b • 0.1 3.3 b • 0.2 
18:10)7 1.7 b • 0.0 1.8 b • 0.0 2.1 c • 0.1 0.9 b • 0.1 0.9 b • 0.0 1.0 b • 0.0 
18:2(o6 16.95 • 0.1 17.05 • 0.6 15.8 b • 0.6 7.1 b • 0.1 7.45 • 0.2 8.25 • 0.4 
18:3r 0.2 b • 0.0 0.5 b • 0.0 0.3 b • 0.0 0.0  b • 0.0 0.15 • 0.0 0.15 • 0.0 
18:30)3 0.15 --- 0.0 0.2 c • 0.0 0.1 b'c • 0.0 0.1 c • 0.0 <0.1 b • 0.0 <0.1 b • 0.0 
20:2r 0.35 • 0.0 0.6 b • 0.0 0.6 b • 0.0 0.3 b • 0.0 0.35 • 0.0 0.3 b • 0.0 
20:30)9 1.05 •  0.8 b •  0.75 •  0.2 b •  0.1 b •  0.2 b •  
20:3r 0.75 • 0.0 0.65 • 0.0 0.5 b • 0.1 0.6 b • 0.0 0.6 b • 0.0 0.8 b • 0.1 
20:40)6 5.15 • 0.1 5.3 b • 0.6 4,0 b • 0.6 26.25 • 0.4 25.2 b • 0.2 25.85 • 0.3 
22:4~)6 2.75 • 0.1 2.7 b • 0.2 2.2 b • 0.3 1.8 b • 0.1 1.95 • 0.1 1.9 b • 0.1 
22:50)6 3.3 c • 0.0 2.4 b • 0.2 2,0 b • 0.2 7.8 b • 0.2 7.4 b • 0.2 7.0 b • 0.2 
22:50)3 0.4 b • 0.0 0.4 b • 0.0 0.2 b • 0.0 0.8 b • 0.0 0.9 b • 0.0 0.9 b • 0.0 
22:60)3 0.25 • 0.0 0.3 b -+ 0.0 0.2 b • 0.0 4.1 b • 0.2 4.2 b • 0.2 3.5 b • 0.2 
24:0 <0.1 <0.1 <0.1 0.3 b • 0.0 0.4 b'c • 0.0 0.4 c • 0.0 

S u m  of: 
S a t u r a t e d  42.5 b _ 0.3 45.15 • 1.2 47.1 b • 1.0 46.1 b • 0.5 46.9 b • 0.2 46.4 b • 0.2 
M o n o u n s a t u r a t e d  27.65 _+ 0.3 24.9 b • 0.6 26.95 • 1.2 5.2 b • 0.2 4.7 b • 0.1 5.0 b • 0.3 
P o l y u n s a t u r a t e d  31.2 b • 0.4 31.2 b • 1.6 27.1 b • 1.7 48.9 b • 0.6 48.1 b • 0.3 48.8 b • 0.3 

aValues  a re  m e a n s  of  five r a t s / g roup  • SEM. A tota l  of  27 f a t ty  ac ids  b e t w e e n  10:0 a n d  24:1(o9 were  a s sayed .  R e s u l t s  were  inc luded  w h e n  
a t  l e a s t  one e x p e r i m e n t a l  g roup  h a d  a va lue  of  0.5% or g r e a t e r  for e i t he r  t he  t r iacylglycerol  or  phosphol ip id  f ract ion or w h e n  v a l u e s  were  
s ign i f ican t ly  different .  F a t t y  ac ids  w i t h  va l ue s  less  t h a n  0.5% w h e r e  t he r e  were  no s ign i f i can t  d i f ferences  were  10:0, 14:1o)5, 15:0, 20:10)9, 
20:50)3, a n d  24:10)9. 
b'CValues wi th  d i f fe rent  supe r sc r i p t s  a re  s ign i f ican t ly  d i f fe rent  a t  P < 0.05 for t h a t  lipid fract ion.  
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TABLE 3 

Serum Triacylglycerol  and  Phospho l ip id  F a t t y  Acid Composi t ion  by  Percent  
in 17-day-old Zucker Rat Pups (area •)a 

Triacylglycerol Phospholipid 

Homozygous Heterozygous Homozygous Homozygous Heterozygous Homozygous 
(FaFa) lean (Fafa) lean (fafa) obese (FaFa) lean (Fafa) lean (fafa) obese 

10:0 0.3 b ___ 0.2 0.1 b _ 0 .0  0.5 b • 0.3 0.0 b • 0 .0 0.0 b • 0 .0 0 .0  b • 0 .0 

12:0 4.3 b • 1.0 4 .4  b • 0 .6  5.7 b • 1.0 0.1 b • 0 .0  0.2 b • 0 .0  0.2 b • 0 .0  

14:0 i 1 .2  b • 0.6 12.3 b • 0.4 12.05 • 0.7  1.3 b • 0.1 1.5 c • 0 .1 1.45 • 0 .0  

15:0 0.3 b'c • 0 .0  0,4 c • 0.1 0.2 b • 0.1 0.1 b • 0 .0 0.1 b • 0 .0 0.1 b • 0 .0 

16:0 36 .5  b • 0 .4  33.15 • 1.1 32 .8  b • 1.0 26 .9  b • 0 .2 25 .5  b • 0.2 25 .2  b • 0 .2 

16:10)9 0.4 b • 0 .0 1,1 c • 0 .1 1.0 c • 0 .2 0.2 b • 0 .0  0.1 b • 0 .0  0.1 b _+ 0.0 

16:10)7 1.1 b • 0 .0 1.3 b • 0.1 1.35 • 0.1 0.2 b • 0 .0 0.3 b • 0 .0 0.3 b • 0 .0 

17:0 0.4 c • 0 .0  0.2 b • 0 .0  0.1 b • 0 .0 0.3 b • 0 .0  0.3 b • 0 .0 0.2 b • 0 .0  

18:0 4.7 b • 0 .4 3 .6  b • 0.1 4 .0  b • 0 .5 16.8 b • 0.1 17.35 • 0 .2 16.8 b • 0.1 

18:10)9 16.6 b • 0 .7  17.6 b _ 0.5 17.35 • 0 .8 3.6 c • 0 .0 3.7 b • 0 .2 3.9 b • 0 .2 

18:10)7 1.2 b • 0 .0  1.4 b • 0.1 1.4 b • 0.1 0.9 b • 0 .0  0 .9  b • 0 .0 1.0 b • 0 .0  

18:20)6 12.65 • 0 .5 12.4 b • 0.3 11.8 b • 0 .8 25 .2  b • 0 .2 24 .2  b • 0 .9  24 .9  b • 0 .7 

20:20)6 0.3 b • 0 .0  0.4 b • 0 .1 0.5 b • 0 .0  0.35 • 0 .0 0.45 • 0 .0 0.4 b • 0 .0 

20:30)9 0 .9  b • 0 .4  1.0 b • 0 .4 1.25 • 0.1 0.25 • 0.1 0.2 b • 0.1 0.2 b • 0 .1 

20:30)6 0.3 b • 0 .0  0.3 b • 0 .0 0.3 b • 0 .0  0 .7  b • 0 .0  1.0 c • 0 .1 1.1 c • 0 .1 

20:40)6 4.9 b • 0 .4  6.7 b • 0 .8  7.05 _ 1.2 15.2 b • 0 .2 17.0 b • 0 .7 15.95 • 0 .7 

22:40)6 1.1 b • 0 .1 1.4 b • 0 .2 1.4 b • 0 .2 1.1 b • 0 .0 1.1 b • 0 .0 1.2 b • 0 .0  

22:50)6 1.9 c • 0 .1 1.8 b • 0 .2 1.4 b • 0 .4  3 .4  c • 0 .0  2.95 • 0 .2  3.05 • 0 .0  

22:50)3 0.3 b • 0 .0 0.35 • 0 .0  0.2 b • 0 .0  0 .6  b • 0 .0  0 .6  b • 0 .0  0.7 b • 0 .0 

22:60)3 0.2  b • 0 .0  0.25 • 0.0 0.2 b • 0 .0  1.9 b • 0.0 2.0 b • 0.1 1.7 b • 0.1 

24:0 0.1 b • 0 .0  0.1 b • 0 .0  0 .0  b • 0 .0 0.5 b • 0 .0  0.5 b • 0 .0  0.5 b • 0 .0  

24:10)9 0.2 b • 0 .0  0 .0  b • 0 .0 0.05 • 0 .0 0.55 • 0 .0  0 .4  b • 0 .0  0.5 b • 0 .0  

Sum of: 
Saturated 57,7 b • 1.6 54.2 b • 1.1 55.4 b • 2.3 46.1 b • 0.2 45.2 b • 0.3 44.8 b • 0.1 
Monounsaturated 19.7 b • 0.7 21.7 b _ 0.5 21.2 b • 1.0 5.3 b • 0.1 5.4 b • 0.2 5.9 b _+ 0.2 
Polyunsaturated 23.6 b _+ 0.9 25.4 b • 1.4 24.7 b • 2.5 48.8 b • 0.2 49.65 • 0.2 49.4 b • 0.2 

aValues are means of five rats/group • SEM. A total of 27 fatty acids between 10:0 and 24:1o)9 were assayed. Results were included when 
at least one experimental group had a value of 0.5% or greater for either the triacylglycerol or phospholipid fraction or when values were 
significantly different. Fatty acids with values less than 0.5% where there were no significant differences were 14:10)5, 18:3o)6, 18:30)3, 
20:1r and 20:50)3. 
b'%'alues with different superscripts are significantly different at P < 0.05 for that lipid fraction. 

h o m o z y g o u s  l e a n  pups ,  a n d  a lso  showed  a t r e n d  t o w a r d  
h ighe r  s e r u m  TG levels.  W h e n  s e r u m  FA composi t ion  was  
expres sed  as  mg/dL,  s igni f icant  differences were  no ted  be- 
t w e e n  obese  a n d  homozygous  l e a n  pups  for s eve ra l  FA in 
the  TG fract ion,  b u t  t h e r e  were  no differences in the  sums  
for s a t u r a t e d ,  m o n o u n s a t u r a t e d  or  p o l y u n s a t u r a t e d  FA 
( r e su l t s  no t  shown).  I n  t he  P L  f rac t ion ,  mos t  levels  of  in-  
d iv idua l  FA ca lcu la ted  as  mg/dL were  s ign i f ican t ly  h ighe r  
in  obese t h a n  in  homozygous  l ean  r a t s  ( resu l t s  not  shown). 
Of  p a r t i c u l a r  i n t e r e s t  is t h a t  18:2r a n d  20:4r l eve ls  
were  50% h i g h e r  in  obese  r a t s  c o m p a r e d  to h o m o z y g o u s  
l e a n  r a t s .  The  h e t e r o z y g o u s  l e a n  r a t s  t e n d e d  to h a v e  in-  
t e r m e d i a t e  va lue s  for mos t  FA t h a t  were  not  cons i s t en t ly  
a n d  s t a t i s t i c a l l y  d i f f e r en t  f rom t h o s e  of  t h e  o t h e r  two 
groups.  

A d i p o s e  t i s s u e  F A  c o m p o s i t i o n  as  a p e r c e n t  of  t o t a l  
l ip ids  is p r e s e n t e d  in  Table  4. C o m p a r e d  to e i t h e r  s e r u m  
or  liver, fewer  FA were  iden t i f i ed  a t  >0.5% in ad ipose  t is-  
sue. However ,  a n u m b e r  of  s t a t i s t i c a l l y  s ign i f ican t  differ-  
ences were  found for t he se  FA p r e s e n t  in  low amoun t s .  In  
g e n e r a l ,  obese  a n d  h e t e r o z y g o u s  l e a n  r a t s  h a d  s ignif i -  
c a n t l y  h i g h e r  v a l u e s  for c06 a n d  c03 F A  w h e n  t h e y  were  

p r e s e n t  a t  low levels .  However ,  18:2r v a l u e s  were  s imi-  
l a r  in  al l  t h r e e  groups.  Obese  r a t s  h a d  s l igh t ly  h ighe r  lev- 
e ls  of  s e v e r a l  m e d i u m  c h a i n  FA, p a r t i c u l a r l y  w h e n  com- 
p a r e d  to homozygous  l ean  ra ts .  Both  homozygous  and  het-  
e rozygous  l ean  r a t s  h a d  h i g h e r  levels  of  18:0, 18:1(o9 a n d  
18:1(o7 in ad ipose  t i s sue  t h a n  d id  obese  r a t s .  T h e r e  were  
no differences  a m o n g  the  groups  for t he  s u m  of s a t u r a t e d  
FA. The  s u m m e d  m o n o u n s a t u r a t e d  F A  levels  were  h igh-  
es t  in homozygous  l ean  ra t s ,  i n t e r m e d i a t e  in he te rozygous  
l ean  ra t s ,  a n d  lowest  in obese ra ts .  He te rozygous  l ean  r a t s  
h a d  h i g h e r  t o t a l  p o l y u n s a t u r a t e d  FA levels  t h a n  d id  ho- 
mozygous  l e a n  r a t s ,  a n d  obese  r a t s  h a d  a n  i n t e r m e d i a t e  
va lue  t h a t  was  not  s ign i f i can t ly  d i f ferent  from t h a t  of  the  
two l ean  groups .  In  genera l ,  s ign i f ican t  d i f ferences  found  
a m o n g  the  g roups  were  minor .  The  compos i t ion  of  mo th -  
e r ' s  m i l k  is  a l so  i n c l u d e d  in  Table  4. A d ipose  t i s s u e  F A  
compos i t ion  on a pe rcen t  bas i s  was  s i m i l a r  to t h a t  of  ma-  
t e r n a l  m i lk  o b t a i n e d  on the  s e v e n t e e n t h  d a y  of  l ac ta t ion .  
As  e x p e c t e d  due  to d i f f e rences  in  fa t  p a d  we igh t s ,  l a r g e  
s i gn i f i c an t  d i f f e rences  in  t he  a m o u n t s  of  FA were  found  
a m o n g  the  t h r e e  g roups  w h e n  FA c o m p o s i t i o n  w a s  p re -  
s en ted  on a pe r  depot  bas i s  ( resul t s  not  shown).  Fo r  a l l  FA, 
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TABLE 4 

Adipose Tissue Fatty Acid Composit ion by Percent of 17-day-old Rat Pups and Rat Milk 
at 17 Days of Lactation (area %)a 
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Homozygous Heterozygous Homozygous Mother's 
(FaFa) lean (Fafa) lean (fafa) obese milk 

10:0 1.8 b -+ 0.2 2.7 c • 0.3 3.2 c • 0.3 0.5 _+ 0.2 
12:0 8.4 b -+ 0.3 10.4 c • 0.1 11.7 d • 0.3 9.7 _+ 1.0 
14:0 14.05 • 0.1 14.5 b _+ 0.4 15.6 c +_ 0.1 17.2 _+ 1.21 
14:1r 0.1 b • 0.0 0.2 c • 0.0 0.3 d _+ 0.0 n.d. 
16:0 37.0 c • 0.2 32.8 b • 0.8 32.6 b • 0.7 35.6 _+ 1.2 
16:1m7 2.4 b • 3.2 c _+0.1 3.9 d • 2.2 • 
18:0 3.6 g • 0.1 2.8 c + 0.1 2.25 _+ 0.1 2.9 _+ 0.4 
18:1m9 20.0 d • 0.2 17.5 ~ _+ 0.3 16.1 b -+ 0.2 17.4 • 1.9 
18:1m7 2.0 c • 1.9 c • 1.6 b • 1.5 _+0.2 
18:2m6 8.9 b • 0.1 9.8 b • 0.5 9.0 b +_ 0.4 9.3 _+ 0.2 
18:3m6 0.1 b _+ 0.0 0.2 c _+ 0.0 0.2 b'c _+ 0.0 0.2 _+ 0.0 
18:3m3 <0.15 0.2 c _+ 0.0 0.2 c • 0.0 0.3 _+ 0.0 
20:2m6 0.35 • 0.5 b • 0.4 b _+O.1 0.3 • 
20:3m6 0.2 b _+ 0.0 0.3 c +_ 0.0 0.3 c _+ 0.0 0.2 _+ 0.0 
20:4m6 0.7 b • 0.1 1.2 d _+ 0.1 1.0 c _+ 0.1 0.8 _+ 0.1 
22:4m6 0.2 b • 0.0 0.5 c • 0,0 0.4 c _+ 0.0 0.3 _+ 0.1 
22:5r 0.2 b • 0.0 0.3 c • 0.0 0.3 c _+ 0.0 0.1 _+ 0.1 
22:5m3 <0.1 b 0,1 c • 0.0 0.1 c • 0.0 n.d. 
22:6m3 <0.1 b 0.U _+ 0.0 0.1 ~ • 0.0 n.d. 

Sum of: 
Saturated 65.2 b • 0.3 63.6 b +__ 0.9 65.7 b _+ 0.3 66.4 • 2.8 
Monounsaturated 25.0 d • 0.2 23.4 c • 0.2 22.45 • 0.2 21.8 • 2.4 
Polyunsaturated 10.8 b • 0.1 13.3 c +_ 0.7 12.1 b'c • 0.40 11.6 +_ 0.5 

aValues are means of five rats/group • SEM (except for mother 's milk n = 14), A total of 27 fatty acids be- 
tween 10:0 and 24:1m9 fatty acids were assayed. Results were included when at least  one experimental  
group had a value of 0.5% or greater or when values were significantly different. Fat ty  acids with values 
less than 0.5% where there were no significant differences were 15:0, 16:1m9, 17:0, 20:1m9, 20:3m9, 20:5o~3, 
24:0, and 24:1m9; n.d., not detected. 
b'c'dValues with different superscripts are significantly different at P < 0.05. 

o b e s e  Z u c k e r  r a t s  h a d  t h e  h i g h e s t  l e v e l s ,  h e t e r o z y g o u s  
l e a n  r a t s  h a d  i n t e r m e d i a t e  l eve l s ,  a n d  h o m o z y g o u s  l e a n  
r a t s  h a d  t h e  l o w e s t  l eve l s .  T h i s  c o r r e l a t i o n  w a s  a l so  s e e n  
w h e n  F A  w e r e  g r o u p e d  by  s a t u r a t i o n  l e v e l  ( r e s u l t s  n o t  
shown) .  

DISCUSSION 

I n  g e n e r a l ,  t h e  r e s u l t s  i n d i c a t e  t h a t  s u c k l i n g  obese  Z u c k e r  
r a t s  do n o t  m a n i f e s t  p a t t e r n s  o f  a l t e r e d  p o l y u n s a t u r a t e d  
F A  l e v e l s  i n  e i t h e r  s e r u m ,  l i v e r  o r  a d i p o s e  t i s s u e .  T h e s e  
f i n d i n g s  c o n t r a s t  w i t h  p r e v i o u s l y  r e p o r t e d  s t u d i e s  in  
w h i c h  t i s s u e  F A  c o m p o s i t i o n s  of  o l d e r  o b e s e  a n d  l e a n  
Z u c k e r  r a t s  w e r e  c o m p a r e d  ( 1 8 - 2 0 ) .  E a r l i e r ,  W a h l e  (19) 
h a d  r e p o r t e d  t h a t  a d i p o s e  t i s s u e  f r o m  9 0 - 1 2 0 - d a y - o l d  
Z u c k e r  obese  r a t s  h a d  h i g h e r  l eve l s  of  16:0 a n d  16:1, s imi-  
l a r  a m o u n t s  of  18:0 a n d  18:1, b u t  d r a m a t i c a l l y  l o w e r  18:2 
l e v e l s  t h a n  d id  a d i p o s e  t i s s u e  f r o m  l e a n  r a t s .  R e s u l t s  for  
l i v e r  w e r e  s i m i l a r  e x c e p t  t h a t  18:0 t e n d e d  to be  l o w e r  in  
obese  r a t s  t h a n  i n  l e a n  r a t s .  T h e  g e n e r a l  c o n c l u s i o n  was  
t h a t  m o n o u n s a t u r a t e d  F A  r e p l a c e d / s u b s t i t u t e d  for  t h e  
p o l y u n s a t u r a t e d  F A  t h e  l eve l s  of  w h i c h  w e r e  l i m i t e d  by  di- 
e t a r y  c o n t e n t  a n d  i n t a k e  in  t h e  obese  ra t s .  

I n  a m o r e  e x t e n s i v e  s tudy,  G u e s n e t  et  al. (18) e v a l u a t e d  
m o r e  t i s s u e s  a n d  i d e n t i f i e d  m o r e  F A  in  P L  u s i n g  t h r e e -  

m o n t h - o l d  r a t s .  F e w  d i f f e r e n c e s  in  F A  c o m p o s i t i o n  in  t i s -  
s u e s  r e l a t e d  to t h e  n e r v o u s  s y s t e m  w e r e  r e p o r t e d  b e t w e e n  
l e a n  a n d  obese  r a t s .  H o w e v e r ,  in  s e r u m ,  l iver ,  k i d n e y  a n d  
h e a r t ,  n -6  p o l y u n s a t u r a t e d  F A  w e r e  l o w e r  in  t h e  t i s s u e s  
of  obese  r a t s  t h a n  in  l e a n  r a t s ,  e x c e p t  for t h e  l iver ,  w h e r e  
t h e y  w e r e  s imi la r .  

T h e  g e n e r a l  c o n c l u s i o n  d r a w n  by  s e v e r a l  i n v e s t i g a t o r s  
(18,25) h a s  b e e n  t h a t  obese  r a t s  h a v e  d e c r e a s e d  A5 desa t -  
u r a s e  ac t iv i ty .  H o w e v e r ,  P h i n n e y  et  al.  (26) f o u n d  t h a t  
s u p p l e m e n t i n g  obese  Z u c k e r  r a t s  w i t h  b l a c k  c u r r a n t  s e e d  
oil ,  w h i c h  is r i c h  in  u  a c i d  (18:3m6),  e l e v a t e d  
20:4n-6  t i s s u e  leve ls .  T h i s  f i n d i n g  as  w e l l  a s  t h e  fac t  t h a t  
p r o d u c t s  of  t h e  d e s a t u r a s e / e l o n g a s e  p a t h w a y s  w e r e  found  
in  n o n s u p p l e m e n t e d  obese  r a t s  l ed  to t h e  c o n c l u s i o n  t h a t  
t h e  A6 a n d  A5 d e s a t u r a s e  s y s t e m s  w e r e  c a p a b l e  o f  p roduc-  
i ng  su f f i c i en t  a m o u n t s  of  p roduc t .  T h i s  led  to t h e  h y p o t h e -  
s is  (26) t h a t  t h e r e  is a loss  o f  s u b s t r a t e  s p e c i f i c i t y  for  
18:2m6 a n d / o r  t h a t  t h e r e  is e n h a n c e d  c a t a b o l i s m  of  20:4m6 
in  obese  ra t s .  

I n  y o u n g  obese  s u c k l i n g  r a t s ,  h o w e v e r ,  w e  d id  n o t  f i nd  
e v i d e n c e  o f  a n  a l t e r e d  p o l y u n s a t u r a t e d  F A  p a t t e r n  t h a t  
w o u l d  s u g g e s t  a d e f i c i e n t  s t a t e .  I n  fac t ,  o b e s e  r a t s  h a d  
i d e n t i c a l  F A  p a t t e r n s  w h e n  c o m p a r e d  to  l e a n  r a t s  w h e n  
t h e  r e s u l t s  a r e  p r e s e n t e d  on a p e r c e n t  bas is .  I n  a g r e e m e n t  
w i t h  th i s ,  G u e r r e - M i l l o  et  al. (27) r e c e n t l y  r e p o r t e d  on  t h e  
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FA composi t ion  of  P L  of  adipocyte  p l a s m a  m e m b r a n e s  
from 30-day-old lean and  obese Zucker  rats.  The au thor s  
found no differences be tween  lean and  obese ra t s  except  
for a significant increase in 22:6n-3 in obese rats. 

W h e n  resu l t s  for adipose  t i ssue  FA composi t ion  were  
calculated on a depot basis, obese ra ts  had  five t imes more 
18:2co6 and a lmost  seven t imes more  20:4co6 t h a n d i d  ho- 
mozygous  lean rats .  Clear ly  a t  17 d of  age, obese Zucker  
ra ts  did not  have  lowered po lyunsa tu ra t ed  FA t issue lev- 
els compared  to lean pups. This would indicate t ha t  an  ad- 
equate supply of these nut r ients  can be supplied by moth-  
er ' s  milk. Milk fat  con ten t  in the  p resen t  s t udy  was  
12.87 _+ 0.59 (mean  + SE M g/dL). This value  agrees  wi th  
previously publ ished da ta  (15,28-30), and  the FA compo- 
sition of  the milk agrees, in general,  with results  obtained 
on rats  fed s t anda rd  type diets (31,32). 

In  summary,  (i) in suckling obese rats  there  was  no evi- 
dence of  p o l y u n s a t u r a t e d  FA deficiency in liver, adipose  
t issue or serum,  and (ii) adipose t issue FA composition re- 
flected milk FA composition. Thus,  the changes  in polyun- 
sa tu ra t ed  FA metabol ism in Zucker  ra ts  m u s t  occur post- 
wean ing  and  are  no t  involved in the  ea r ly  s tages  of  obe- 
sity. 
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This  s t u d y  e x a m i n e s  the  i n c o r p o r a t i o n  of  h igh ly  unsat-  
u r a t e d  n-3 fa t ty  a c i d s  (HUFA) i n t o  t r i a c y l g l y c e r o l s  
(TAG) of  b r o w n  a d i p o s e  t i s s u e  (BAT), and the i r  e f fect  on  
the  p os i t i on a l  d i s t r ibut ion  of  sa tura ted  (SFA) and of  un- 
sa tura ted  (UFA) 16- or  18-carbon fatty acids.  To th i s  end,  
ra t s  w e r e  f e d  a f i sh  o i l  d i e t  for  up  to  four  w e e k s .  The  
s t e r e o s p e c i f i c  a n a l y s i s  o f  TAG w a s  b a s e d  on  g e n e r a t i o n  
of  sn-l,2, and sn-2 ,3 -acy lg lycero l s  by  Gr ignard  degrada-  
t ion,  f o l l o w e d  by s y n t h e s i s  o f  p h o s p h a t i d i c  ac id  and spe-  
c i f ic  h y d r o l y s i s  w i t h  p h o s p h o l i p a s e  A 2. F r o m  the  end  of  
the  f irs t  w e e k  o f  f i sh  oi l  f e e d i n g ,  a s t e a d y - s t a t e  in  t h e  
fa t ty  ac id  c o m p o s i t i o n  o f  TAG in  BAT w a s  r e a c h e d .  
HUFA c o n c e n t r a t i o n  i n c r e a s e d  30-fold, m a i n l y  at the  ex- 
p e n s e  o f  n-9 UFA and  o f  SFA. T h e  a m o u n t  of  SFA de-  
c r e a s e d  s e l e c t i v e l y  at p o s i t i o n  3, w h e r e  t h e s e  fatty  ac ids  
w e r e  p r o g r e s s i v e l y  r e p l a c e d  by  n-3 HUFA. By  contras t ,  
the  a m o u n t  of  UFA d e c r e a s e d  at all pos i t i ons ,  and  the i r  
p o s i t i o n a l  d i s t r i b u t i o n  w a s  n o t  a f f ec ted .  A b o u t  60% of  
HUFA w a s  i n c o r p o r a t e d  at p o s i t i o n  3. N e a r l y  t w i c e  as  
m u c h  22:6n-3 w a s  i n c o r p o r a t e d  into  TAG than  had  b e e n  
p r e v i o u s l y  o b s e r v e d  in  w h i t e  a d i p o s e  t i s s u e  (WAT) 
[Leray,  C., Rac lo t ,  T., and  Grosco las ,  R. (1993)Lipids 28, 
279-284] .  At t h e  s t e a d y - s t a t e ,  t h e  d i s t r i b u t i o n  o f  HUFA 
w a s  c h a r a c t e r i z e d  by  h i g h  p r o p o r t i o n s  o f  22:6n-3 and  
20:5n-3 in p o s i t i o n  3. Moreover ,  in  e a c h  p o s i t i o n  o f  TAG, 
a s t e a d y  l e v e l  w a s  r e a c h e d  r a p i d l y  ( w i t h i n  1 wk) .  It  is  
c o n c l u d e d  that ,  d u r i n g  f i sh-o i l  f e e d i n g ,  fa t ty  a c i d s  in 
TAG of  BAT s h o w  c h a r a c t e r i s t i c  t i m e - c o u r s e  c h a n g e s  
tha t  l ead  to  a c h a r a c t e r i s t i c  c o m p o s i t i o n  a n d  a t i s sue -  
spec i f i c  p o s i t i o n a l  d i s t r i b u t i o n .  Thi s  s u g g e s t s  that  adi-  
p o s e  t i s s u e  h a s  i t s  o w n  s p e c i f i c i t y  in  c o n t r o l l i n g  t h e  
b u i l d - u p  o f  TAG s tore s ,  w h i c h  is  l i k e l y  to  be  r e g u l a t e d  
by the  spec i f i c i ty  of  acy la t ing  e n z y m e s  as  w e l l  as mo lec -  
u lar  r e a r r a n g e m e n t s .  
Lipids 29, 759-764 (1994). 

Fat ty  acids are stored mainly as triacylglycerols (TAG) in 
adipose tissues where they comprise from about  50% 
(brown adipose tissue, BAT) to 90% (white adipose tissue, 
WAT) of tissue weight. Whereas the overall mechanisms 
of synthesis  and degradat ion of TAG have been ade- 
quately described (1), the finer aspects of metabolic regu- 
lation at the molecular level are only poorly understood. 
In particular, only limited information is available on the 
control of the fat ty  acid distribution between the three 
sites of the glycerol moiety. Several  reports  (reviewed in 
Ref. 1) have provided evidence tha t  esterifying enzymes 
tend to place the sa tura ted  fat ty  acids (SFA) at the sn-1 
position of triacylglycerols, the unsa tu ra ted  16- and 
18-carbon fat ty acids (UFA) at  the sn-2 position, and the 
highly unsaturated 20- and 22-carbon fatty acids (HUFA) 

*To whom correspondence should be addressed at Centre d'Ecolo- 
gie et Physiologie Energ~tiques, CNRS, 23 rue Becquerel, 67087 
Strasbourg, France. 
Abbreviations: BAT, brown adipose tissue; HUFA, 20- and 22- 
highly unsaturated fatty acids; SFA, saturated fatty acids; TAG, 
triacylglycerols; UFA, 16- and 18-unsaturated fatty acids; WAT, 
white adipose tissue. 

at  the sn-3 position. The 20- and 22-carbon HUFA of the 
n-3 series are abundant  in fish oil and have been shown 
to be stored after ingestion by rats in adipose tissue (2-4). 
HUFA have been shown to play important roles as antag- 
onists in eicosanoid biosynthesis (5) and are known to pre- 
vent or to alleviate various pathological conditions (6). Re- 
cently, HUFA have been shown to limit the hyper t rophy 
of abdominal depots in growing rats fed high-fat diets (7). 
It is thus of interest to gain a better  understanding of the 
action of exogenous n-3 HUFA on storage tissues and, con- 
versely, of the influence of these fat ty  acids on the struc- 
ture  of the TAG stored. The two types of adipose tissue 
found in mammals, the WAT and the BAT, are well known 
for their  physiologically distinct functions. Whereas WAT 
is the reserve of fat energy for other tissues (8), BAT is the 
main site of nonshivering thermogenesis  (9) with its 
stored fatty acids being mainly oxidized in mitochondria. 
Because of its distinct size and metabolic activity, BAT 
may be expected to accumulate  TAG by processes and 
with time-dependencies different from those in WAT (2). 
Until now, this aspect of TAG storage has not been exam- 
ined in BAT. 

The purpose of the present  s tudy was to examine the 
time-course changes of the quantitative and stereospecific 
incorporation of n-3 HUFA into TAG of BAT in rats fed for 
up to four weeks a diet supplemented with fish oil. Con- 
currently, the stereospecific distribution of the other  
stored fatty acids, both of exogenous and endogenous ori- 
gin, was also investigated. This made it possible to com- 
pare the fate of the fatty acids in the two types of adipose 
tissue. 

MATERIALS AND METHODS 

Animals and diet. Thirty-five male Wistar rats, individu- 
ally housed under a 12-h light/dark cycle at 25~ were fed 
a basal diet (AO, Usine d'Alimentation Rationnelle, Ville- 
moisson, France) containing 3% total lipids by weight. The 
small amount  of phospholipids present  in this diet (17% 
of the total lipid moiety) had a fatty acid composition sim- 
ilar to tha t  of TAG. When animals reached 225 g mean 
live body weight, they were given ad libitum a semisyn- 
thetic diet supplemented with fish oil (MaxEPA; R.P. 
Scherer, Beinheim, France; 19% in the diet). The fat ty  
acid composition of the fish oil diet is given in Table 1. The 
dietary t r ea tmen t  used here  was the same as tha t  de- 
scribed previously (2). 

Extraction and analysis of lipids. All animals were 
killed by cervical dislocation at  9 a.m. Five rats  fed the 
basal diet were killed at the onset of the experimental  
feeding period. Groups of animals fed the fish oil diet were 
killed after  feeding periods of 1 and 3 d, and 1, 2, 3 and 
4 wk (five rats in each group). BAT samples were immedi- 
ately extracted (10), and TAG were isolated by thin-layer 
chromatography using hexane/diethyl  ether/acetic acid 
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TABLE 1 

Fatty Acid Composi t ion of  Triacylglycerols in Fish Oil Diet  and in Brown Adipose Tissue from Rats Fed This  Diet  a 

Brown adipose tissue 
Fatty acid Fish oil diet 0 d 3 d 1 wk 4 wk 

14:0 8.6 3.7 • 0.1 b 4.7 • 0.1 c 6.0 • 0.2 d 5.7 • 0.2 d 
16:0 21.1 34.4 • 0 . 9  b 29.8 -+ 1.3 c 30.5 • 2.4 b'c'd 25.9 • 0 . 3  d 

18:0 3.7 10,1 • 0.55 7.4 • 0.1 c 7.9 • 0.6 c 6.4 • 0.5 c 
18:1n-9 10.3 31.1 • 0 .7  b 26.0 • 1.3 ~ 16.7 • 0.9 d 20.8 • 2.2 c'd 
20:1n-9 1.5 0.4 • 0.1 b 0.7 • 0,15'c 1.0 • 0.1 c'd 1.3 • 0.1 d 
16:1n-7 10.0 6.0 • 0 . 3  b 7.3 • 0,5 b 6.5 • 0 . 2  b 7.2 • 0 . 6  b 

18:1n-7 3.6 2.0 •  l b 2 . 5  •  5'c 3.3 • c 3.7 •  d 

18:2n-6 5.4 10.5 • 0.3 5 10.2 • 1.5 b'c 8.6 • 0.6 c 8.8 • 0.2 c 
18:4n-3 3.6 - -  0.8 • 0 .15  1.2 • 0.1 c 1.3 • 0.1 c 
20:5n-3 15.9 - -  3.0 • 0 .3  b 4.7 • 0.4 ~ 4,8 • 0.4 c 
22:5n-3 1.7 - -  1.0 • 0 .1  b 2.0 • 0.2 ~ 2.1 • 0.3 c 
22:6n-3 8.4 - -  3.3 • 0 . 4  b 7.0 • 0.8 c 7.5 • 1.0 c 

S n-9 12.0 31.5 • 0.7 b 26.7 • 1.3 c 17.7 • 0 . 9  d 22.1 • 2.2 c'd 
S n-7 13.8 8.0 • 0.3 5 9.8 • 0.8 c 9.8 • 0 .3  d 10.9 • 0.6 c'd 
S n-6 7.0 10.9 • 0.5 b 11.2 • 1.6 b 10.3 • 0.85 10.6 • 0 , 3  b 

S n-3 31.5 0.7 • 0 .1  b 8.9 • 1.0 c 16.1 _ 1.6 d 17.1 • 1 ,7  d 

SFA 33.8 48.5 • 1 .4  b 42.3 • 1.2 c 44.8 _ 3.3 b'c'd 37.6 • 0 . 6  d 

UFA 35.5 50.3 • 1 A  b 47.2 • 2 . 6  5 36.6 • 1.5 c 42.4 • 2 . 5  b'c 

HUFA 29.1 0.5 • 0.1 b 8.2 • 0.9 c 15.3 • 1.2 d 15.2 • 1.8 d 
aFatty acid composition in mol%. Means • SEM of three experimental values. SFA, saturated fatty acids; UFA, 16- and 18-carbon unsat- 
urated fatty acids; HUFA, 20- and 22-carbon highly unsaturated fatty acids; S n-9, sum of n-9 fatty acids; S n-7, sum of n-7 fatty acids; 
S n-6, sum of n-6 fatty acids; S n-3, sum of n-3 fatty acids; --,  data lower than 0.5 mol%. 
b-dwithin a line values for brown adipose tissue that do not share the same superscript are significantly different at P < 0.05 or less. 

(70:30:1, by vol) as the developing solvent.  The stereospe- 
cific analys is  of TAG was done on samples  from three  ra ts  
ki l led a t  the  onset  and  af ter  feeding periods of 3 d, 1 a n d  
4 wk as descr ibed prev ious ly  (2). Briefly, r e p r e s e n t a t i v e  
s n - l , 2 -  and  sn-2,3-acylglycerols  were  gene ra t ed  by Grig- 
n a r d  degradat ion,  and  r a c - p h o s p h a t i d i c  acids were chem- 
ical ly syn thes ized .  F a t t y  acids a t  the  s n - 2  posi t ion  from 
sn- l ,2 -phospha t id ic  acids were released by phosphol ipase 
A 2. This  a l lowed the  direct  d e t e r m i n a t i o n  of the  fa t ty  
acids a t  posi t ions 1 and  2 and  the  ca lcula t ion  of the  fa t ty  
acids acylated a t  posi t ion 3. F a t t y  acids were de t e rmined  
direct ly following t h in - l aye r  ch romatography  by gas - l iq -  
u id  c h r o m a t o g r a p h y  of the  m e t h y l  es ters  (11) on a 
C h r o m p a c k  9000 c h r o m a t o g r a p h  equ ipped  wi th  a n  AT- 
WAX capil lary co lumn (0.25 m m  i.d. x 60 m; Alltech, Tem- 
pleuve, France).  All solvents  conta ined  25 mg/L ethyl  gal- 
la te  as a n  a n t i o x i d a n t ,  a n d  reac t ions  were  car r ied  ou t  
u n d e r  ni t rogen.  

Al though reproducible resul ts  were obta ined even when  
low levels  of fa t ty  acids were  p resen t ,  f igures  for m i n o r  
fat ty acids are not  reported. Resul ts  are given as m e a n s  _+ 
SEM. The  S t u d e n t ' s  t - tes t  was used  to e s t ab l i sh  signifi-  
can t  differences among  means .  

RESULTS 

T A G  f a t t y  a c i d  c o m p o s i t i o n .  The fa t ty  acid composit ion of 
TAG of BAT changed  m a r k e d l y  d u r i n g  the  f i rs t  week of 
fish oil feeding. Thereaf te r  (week 1 to week 4), no signifi- 
can t  changes  were observed. Based on these  resul ts ,  four 
t ime  poin ts  were  selected: t ime  0 (basa l  diet), a f ter  3 d 

(about  ha l f  the f inal  s teady level of HUFA concentrat ion) ,  
a nd  af ter  1 and  4 wk (final s teady-s ta te)  (Table 1). There  
was a rapid  a nd  very s igni f icant  increase  (30-fold) in  the  
concen t ra t ion  of H U F A  in  TAG of BAT, 88% of H U F A  be- 
longing to the n-3 series. After  one week, HUFA reached a 
s t eady  level cor responding  to 15%, which was  abou t  ha l f  
t h a t  in  the  fish oil diet. All i nd iv idua l  n-3 H U F A  reached 
a s t eady  b u t  d i f fe rent  level a f ter  the  s a m e  period. The  
f ina l  c onc e n t r a t i on  of 22:6n-3 was s ign i f i can t ly  h ighe r  
t h a n  tha t  of 20:5n-3 (+60%, P < 0.05); thus  the concentra-  
t ion  of these  H U F A  was found in  a propor t ion  inverse  to 
t ha t  in  the fish oil diet  (22:6n-3, 8.4%; 20:5n-3, 15.9%). The 
observed increase  in  HUFA was compensa ted  for by a pro- 
gress ive decrease  in  UFA (ma in ly  of the  n-9 series;  from 
31.5 to 22.1% at  0 and  28 d, respectively; P < 0.05) and  by 
a s i m i l a r  decrease  in  SFA (from 48.5 to 37.6% at  0 a n d  
28 d, respect ively;  P < 0.01). Both  UFA a n d  SFA groups  
reached a s teady level after  1 wk, as was also observed for 
HUFA. 

F a t t y  a c i d  d i s t r i b u t i o n  in  TAG.  T h e  posi t ional  dis t r ibu-  
t ion of the m a i n  fat ty acids in  the BAT TAG of ra ts  fed the 
basa l  a nd  the fish oil diets is g iven in  Table 2. In  ra ts  fed 
the  basa l  diet, each posit ion of TAG was character ized by 
a specific fat ty acid pat tern .  F a t t y  acids a t  posit ion 1 were 
highly  s a t u r a t e d  (about  ha l f  of the total  SFA were in  this  
position), whereas  posit ions 2 a nd  3 were m a i n l y  acylated 
wi th  UFA (80% of the total  amount ) .  On ly  t race a m o u n t s  
of HUFA were found at  each of the three  positions. Among  
UFA, monoenoic  acids of the  n-7 ser ies  were evenly  dis- 
t r ibu ted ,  those of the  n-9 series were d i s t r i bu t ed  m a i n l y  
a t  pos i t ion  2 a n d  3, a nd  18:2n-6 was  m a i n l y  acyla ted  to 
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FIG. 1. T i m e - c o u r s e  o f  t h e  c h a n g e s  in  t h e  p o s i t i o n a l  d i s t r ib -  
u t i o n  o f  t h e  t h r e e  f a t t y  a c y l  g r o u p s  i n  t r i a c y l g l y c e r o l s  o f  
b r o w n  a d i p o s e  t i s s u e  d u r i n g  f i s h  o i l  f e e d i n g .  R e s u l t s  a r e  ex-  
p r e s s e d  i n  mole% for  e a c h  s e r i e s  in  e a c h  o f  t h e  t h r e e  p o s i -  
t i o n ,  t h e  s u m  o f  t h e  t h r e e  p o s i t i o n s  b e i n g  100. O n s e t ,  b a s a l  
d i e t ;  h a l f  s t e a d y - s t a t e ,  s t a g e  a t  w h i c h  h a l f  c h a n g e s  in  t h e  
20- a n d  2 2 - h i g h l y  u n s a t u r a t e d  f a t t y  a c i d s  ( H U F A )  c o n t e n t  
w e r e  r e a c h e d  ( d a y  3); S t e a d y - s t a t e ,  m e a n  v a l u e  a t  t h e  t w o  
l a s t  s t a g e s  ( w e e k s  1 a n d  4). V a l u e s  a r e  m e a n s  (n = 3) a n d  
T-bars  s h o w  SEM. SFA, s a t u r a t e d  f a t t y  ac ids ;  UFA,  16- a n d  
1 8 - u n s a t u r a t e d  f a t t y  ac ids .  

position 2 (about 60% of the total amount). In rats fed the 
fish oil diet, a significant decrease of the amount  of both 
SFA and UFA at position 3 was observed after 3 d for the 
former (P < 0.01) and after  1 wk (P < 0.05) for the latter. 
The amount  of UFA also decreased significantly at  posi- 
tion 2 (P < 0.01), but  this was not reflected in significant 
changes in the distribution of n-7 and n-9 fatty acids and 
of 18:2n-6. The rapid enr ichment  of HUFA in BAT was 
characterized by the rapid acylation of HUFA in position 
3, where they mostly replaced SFA (after  3 d) and UFA 
(after 1 wk). To a lesser extent, HUFA were also acylated 
in positions 1 and 2, with the t ime courses of these 
changes being similar. The changes led to a 2.5-fold in- 
crease in the proportion of HUFA at position 3 (P < 0.05) 
at  the expense of position 2, whereby the HUFA propor- 
tion at position 1 remained nearly steady (Fig. 1). When a 
half  steady-state was reached, the distribution patterns of 
20:5n-3 and 22:6n-3 were clearly distinct (Fig. 2). I f  one 
considers only relative values higher  than  0.5 mol%, 
22:6n-3 was found at positions 2 and 3 in roughly similar 
proportions, whereas 20:5n-3 was found at positions 1 and 
3, its abundance being about three times lower at position 
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FIG. 2. P o s i t i o n a l  d i s t r i b u t i o n  o f  20:5n-3 a n d  22:6n-3 in  tr ia -  
c y i g l y c e r o l s  o f  w h i t e  (WAT) a n d  b r o w n  (BAT) a d i p o s e  t i s -  
s u e s  d u r i n g  f i sh  o i l  f e e d i n g .  R e s u l t s  a r e  e x p r e s s e d  in  mole% 
for  e a c h  s e r i e s  in  e a c h  o f  t h e  t h r e e  p o s i t i o n s ,  th e  s u m  o f  t h e  
t h r e e  p o s i t i o n s  b e i n g  100. H a l f  s t e a d y - s t a t e ,  d a y  7 for  WAT 
a n d  d a y  3 for  BAT;, s t e a d y - s t a t e ,  w e e k s  2 -4  in  WAT a n d  w e e k s  
1-4 in BAT. D a t a  for  WAT a r e  c o m p u t e d  from (1). V a l u e s  a r e  
m e a n s  (n = 3) a n d  T-bars s h o w  SEM. 

1 than  at position 3 (P < 0.01). At the end of the feeding 
period (steady-state of HUFA content), about 60% of the 
total 20:5n-3 and 22:6n-3 were found acylated at position 
3, with some 20:5n-3 present  at  position 2 (10% of the 
total), and with 22:6n-3 at  position 1 (16%) (Fig. 2). The 
two other n-3 fatty acids, 18:4n-3 and 22:5n-3, were found 
only at position 3 (Table 2). 

DISCUSSION 

In the present study, the composition of the n-3 HUFA en- 
riched diet differed greatly from that  of BAT at the onset 
offish-oil feeding (Table 1). The fatty acid supply through 
the intestine, liver and plasma was thus maintained at  a 
high level tha t  allowed the TAG pools to reach steady- 
states rapidly. Since a drastic dietary change was made, 
the data  can primarily be interpreted in fat ty acid meta- 
bolic terms. Thus, as suggested previously (12), the known 
selectivity of the acylating enzymes enabled us to distin- 
guish the fatty acids between three primary groups (SFA, 
UFA and HUFA). 

To our knowledge, this study is the first to examine TAG 
structure  in BAT. In rats  fed the basal diet, TAG of BAT 
contained almost exclusively SFA and UFA, and their dis- 
tr ibution pat tern  appeared similar to tha t  previously re- 
ported in WAT of the ra t  and other  mammals  (2,13-15). 
The preferential incorporation of SFA into position 1 and 
of 18:2n-6 into position 2 in BAT, as in WAT, is likely to re- 
sult from a similar substrate affinity in the first two acy- 
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lating steps in phosphatidic acid biosynthesis. However, it 
is also possible tha t  acyl-CoA concentrations could influ- 
ence the site of fa t ty  acid acylation in phosphatidic acid 
and help in overcoming the intrinsic specificities of acyl- 
transferases (16,17). 

Feeding of the fish oil diet induced different t rends in 
fatty acid content and distribution in TAG of BAT (Figs. 1 
and 2) in comparison with TAG of WAT (Fig. 2; Ref. 2). The 
SFA content progressively decreased in BAT, mainly at po- 
sition 3, whereas  it increased slightly in WAT without  
causing noticeable changes in distribution. The total  
amount  of UFA decreased less in BAT than  in WAT, but  
UFA positional distribution, including that  of 18:2n-6, was 
unaffected in ei ther  fat depot. The HUFA enrichment  in 
TAG was greater and more rapid in BAT than in WAT, but  
the distribution pat terns  of these exogenous fat ty  acids 
were similar. 

Despite the increasing interest in the effect of n-3 fatty 
acids under  various pathological conditions (6), the meta- 
bolic fate of the fatty acids involved has only been insuffi- 
ciently investigated, especially with respect to their  stor- 
age in and their  mobilization from adipose tissues (18). 
Knowledge of the s tereochemistry of stored TAG seems 
not only important  with regard to the acylation steps but 
also with regard to the lipolysis processes. Indeed, the hor- 
mone-sensitive lipase from WAT is known to have a 
marked preference for the primary ester bond of TAG (19). 
This lipase was also shown to preferential ly release 
polyunsaturated fatty acids from TAG in WAT (20). Simi- 
lar positional specificity may be expected for the hormone- 
sensitive lipase of BAT, but  fatty acid release cannot be as- 
sessed without  knowledge of TAG structure.  Noticeable 
differences are detected when the distribution of the two 
main n-3 HUFA in BAT (Fig. 2) is compared with that  pre- 
viously reported for TAG of WAT (2). At the steady-state, 
the higher enrichment  of 20:5n-3 and 22:6n-3 in position 
3 of TAG of BAT when compared to WAT suggests tissue- 
specific differences in stereospecificity at the level of the 
three acylating steps. This is corroborated by the observa- 
tion of a delayed acylation of 20:5n-3 at  position 2 and of 
22:6n-3 at position 1. Unfortunately,  in previous studies 
on these acylation processes in adipose tissue (21,22), the 
specificity for n-3 fa t ty  acids was not considered. When 
comparing the t ime-dependent  distribution of the two 
main n-3 fatty acids in TAG of BAT to that  of WAT, some 
differences appear mainly at the level of 22:6n-3. In BAT, 
the proportion of this fa t ty  acid decreased at position 2 
and increased at position 1, whereas the proportion at po- 
sition 3 was maintained. In WAT, the proportion of 22:6n-3 
increased at positions 1 and 2 at the expense of position 3. 
This suggests tha t  subtle mechanistic controls exist in the 
stepwise acylation of 22:6n-3 onto glycerol-3-phosphate. 
In particular, the early acylation of 22:6n-3 at position 2 
in BAT suggests some tissue-dependent specificity of the 
2-acylglycerophosphate acyltransferase.  On the other  
hand, similarities between the two tissues were also ob- 
served. Thus, an early acylation of 20:5n-3 and 22:6n-3 at 
position 3 was found both in BAT and in WAT. This obser- 
vation suggests tha t  in both tissues the last step of TAG 
biosynthesis,  controlled by the diacylglycerol acyltrans- 
ferase, has a higher affinity for these fatty acids than that  

seen along the phosphatidic acid pathway. Molecular re- 
modeling and differential acyltransferase specificities are 
likely responsible for the decreasing amount of 22:6n-3 at 
position 2 in BAT as well as for the delayed acylation in 
WAT of 20:5n-3 and of 22:6n-3 at positions 1 and 2, respec- 
tively. Important  remodeling processes are likely to take 
place in BAT following the synthesis of phosphatidic acid 
since the enrichment of 22:6n-3 relative to 20:5n-3 in TAG 
was not observed in adipocyte choline or e thanolamine 
glycerophospholipids (Leray, C., Andriamampandry,  M., 
Raclot, T., and Groscolas, R., unpublished data). The pro- 
gressive changes that  we observed in BAT fatty acid com- 
position may furthermore result from selective hydrolysis 
of storage lipids and/or reesterification of n-3 HUFA taken 
up from blood. A similar hypothesis has been brought for- 
ward for WAT (23) and liver (24) TAG in fed and starved 
rats, respectively. The higher enrichment  of BAT TAG in 
22:6n-3 may involve a preferential release of 20:5n-3 over 
tha t  of 22:6n-3, as has been suggested for WAT (18,25). 
The relative importance of these mechanisms in the build- 
up of fat depots during fish-oil feeding remains to be de- 
termined. Another explanation for the observed remodel- 
ing of TAG molecules in BAT leading to a difference in en- 
r ichment  of 22:6n-3 relative to 20:5n-3 may be tha t  the 
availability of specific fa t ty  acids is al tered by selective 
fat ty acid oxidation. Since the dietary fat level is known 
to modulate the thermogenic activity of BAT (26-28), the 
high-fat diet used in this study is likely to have increased 
its mitochondrial oxidative capacity and peroxisomal me- 
tabolism. Although the importance of these two fatty acid 
degradation pathways has not yet been evaluated, a num- 
ber of data suggests that  they contribute efficiently to the 
oxidation of different fatty acids on the basis of their rela- 
tive affinities (29). This is supported by observations of in- 
creased hepatic fat ty acid oxidation in rats  fed n-3 fat ty  
acids (30-33) as well as observed differential oxidation of 
fatty acids (34). Thus, complex regulatory mechanisms are 
likely to be involved in promoting the synthesis of charac- 
teristic TAG molecular species in BAT when rats are fed a 
fish oil enriched diet. Conversely, it can be postulated that  
the fatty acids stored may modulate BAT thermogenic ac- 
tivity. Since the role of specific fat ty acids as uncouplers 
for BAT adipocyte respiration remains unclear (9,27), fu- 
ture  experiments  with n-3 fat ty  acids are needed to ad- 
vance our understanding of the regulation of this impor- 
tant  physiological mechanism. 

When comparing fat ty  acid metabolism in BAT and 
WAT in the course of dietary t rea tment ,  the relative 
weights of the two fat stores and their  vascularizat ion 
should also be considered. The rapid a t t a inment  of a 
steady-state fat ty acid composition, as we observed here 
in BAT, may be due in part  to its small size (about 0.25 g 
TAG vs. about 5 g in a rat  retroperitoneal depot). Although 
the rate  of de novo TAG formation in BAT was shown to 
be less than that  in WAT (35), a high overall turnover rate 
of lipids in BAT could adequately explain the faster incor- 
poration of n-3 HUFA into BAT compared to WAT. 

In conclusion, it appears that  BAT has a higher affinity 
than  WAT for n-3 HUFA (2) when animals are fed a fish 
oil diet, a l though a contribution from intracel lular  fa t ty  
acid interconversion should not be ruled out. Our study of 
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the  t i m e - r e l a t e d  acy la t ion  of  n-3 H U F A  in BAT shows spe-  
cific p a t t e r n s  w h e n  c o m p a r e d  to WAT. O u r  d a t a  s u g g e s t  
t h e  ex i s t ence  of  s e v e r a l  r e g u l a t o r y  s t e p s  (which  m a y  be  
sens i t ive  to d i e t a ry  m a n i p u l a t i o n s )  in  the  bu i ld -up  of  BAT 
fat  depots .  This  process  m a y  inc lude  d ie t - induced  changes  
in  t he  t h e r m o g e n i c  c a p a c i t y  of  BAT. F u r t h e r  s t u d i e s  a r e  
r e q u i r e d  to d e t e r m i n e  w h e t h e r  t he  m a j o r  funct ion  of  th i s  
h igh ly  spec ia l ized  t i s sue  is affected by  the  s t e r eochemis t ry  
of t he  TAG stored.  
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The  effect  o f  the  pos i t i ona l  d i s t r i b u t i o n  o f  p a l m i t i c  ac id  
(16:0) in  t r iacy lg lycero l s  (TAG) on 16:0 apparent  absorp- 
t i o n  in  adu l t  rats  w a s  i n v e s t i g a t e d .  T h e  rats  w e r e  f ed  
two  diets  w h i c h  c o n t a i n e d  30 e n e r g y  % as fat w i t h  iden-  
t i ca l  tota l  fat ty  ac id  c o m p o s i t i o n s ,  bo th  c o n t a i n i n g  30% 
16:0. The  B e t a p o l  d ie t  c o n t a i n e d  TAG w i t h  73% of  t o ta l  
16:0 in  the  sn-2 pos i t ion ,  the  contro l  d ie t  c o n t a i n e d  TAG 
w i t h  6% of  total  16:0 in  the  sn-2 pos i t ion .  After  s ix  w e e k s  
on  t hese  diets ,  the  rats  were  k i l l ed  two  or s ix  ho urs  after 
t he  last  meal ,  and  the  s ma l l  i n t e s t i n e  w a s  r e m o v e d ,  cut  
i n t o  10-cm s e g m e n t s ,  a nd  the  fat ty  ac id  c o m p o s i t i o n  of  
t h e  s e g m e n t ' s  c o n t e n t s  w a s  d e t e r m i n e d .  At b o t h  t i m e  
p o i n t s  the  a m o u n t  of  16:0 in  the  i n t e s t i n a l  s e g m e n t s  
s t a r t i n g  at  40 c m  from t h e  s t o m a c h  w a s  m u c h  l o w e r  in  
the  an ima l s  fed Betapol  t h a n  in  the  a n i m a l s  fed the  con- 
trol  diet .  Overal l  absorpt ion  of  16:0 and  stearic  ac id  was  
s ign i f i cant ly  greater  in  the  Betapol  group.  Absorpt ion  o f  
o le ic  and l ino l e i c  ac id  from the  smal l  i n t e s t i ne  was  simi-  
lar  in  both  groups,  a l t h o u g h  the  overa l l  a b s o r p t i o n  was  
s ign i f i cant ly  greater  in  the  a n i ma l s  fed Betapol .  Total fat 
a b s o r p t i o n  w a s  s i g n i f i c a n t l y  h i g h e r  in  the  Be tap o l - f ed  
rats  t h a n  in  t h e  contro l - f ed  rats.  No e f fec t  on  c a l c i u m  
and  n i t r o g e n  a b s o r p t i o n ,  on  p l a s m a  to ta l  c h o l e s t e r o l  
and  TAG leve l s ,  and  on  b o d y w e i g h t s  (growth)  was  seen .  
The  data d e m o n s t r a t e  that  the  pos i t i ona l  d i s t r ibut ion  of  
the  fatty  ac ids  in  the  TAG m o l e c u l e  affects  the  s i te  o f  ab- 
s o r p t i o n  in  the  sma l l  i n t e s t i n e  and  p a r t i c u l a r l y  th e  n e t  
absorpt ion  of  sa turated  fatty acids.  
Lipids 29, 765-770 (1994). 

The fat components of milk formulas used for bottle-feed- 
ing infants are usually based on vegetable oils which are 
either used alone or in combination with butterfat or other 
animal fats. The fat components are often formulated to 
approximate the total saturated fatty acid (FA) composi- 
tion of h u m a n  milk. Studies have demonstrated tha t  
human  milk fat is better absorbed than infant formulas, 
particularly in the premature and newborn infant (1-7). 
Human  milk fat typically contains 20-25% palmitic acid 
(16:0) (5), and most (>70%) of the 16:0 is esterified to the 
sn-2 position of the triacylglycerols (TAG). It has been sug- 
gested that  this, together with the lipases present in 
human milk, accounts for its high absorption (8,9). In con- 
trast, vegetable fat-based infant formulas containing sim- 
ilar 16:0 levels as h u m a n  breast  milk consist predomi- 
nantly ofsn-l ,3 16:0 TAG, which are less readily absorbed 
than  h u m a n  breast  milk even when residual bile salt- 
s t imulated lipase activity is eliminated by sterilization 
(10). The apparent  nutri t ionally beneficial effect of sn-2 

*To whom correspondence should be addressed at Unilever Re- 
search Laboratorium Vlaardingen, Olivier van Noortlaan 120, 
3133 AT Vlaardingen, The Netherlands. 
Abbreviations: FA, fatty acids; FAME, fatty acid methyl esters; GC, 
gas chromatography; Ln, linoleic acid; O, oleic acid; S, saturated 
fatty acid; TAG, triacylglycerol; TC, total cholesterol; TLC, thin- 
layer chromatography. 

16:0 TAG is thought to be related to the way saturated FA 
are absorbed by the intestine. 

Little information is available on the apparent  absorp- 
tion of TAG with similar total FA composition but with dif- 
ferent FA positional distribution. Previous studies on in- 
fants, as well as on laboratory animals, on TAG absorp- 
tion have either compared animal vs. vegetable fats, fats 
with different FA compositions, or the effect of chemical 
randomization on fat absorption. The goal of the present 
study was to investigate the effect of FA positional distri- 
bution in TAG on TAG lipolysis and FA absorption. We 
have therefore prepared two structured fats with identi- 
cal total FA composition but differing only in the posi- 
tional distribution of 16:0, with the latter either being pre- 
dominantly esterified to the sn-l ,3 positions or the sn-2 
position. The TAG were used to study the effect of FA po- 
sitional distribution on TAG hydrolysis in the small intes- 
tine, the rate and extent of absorption of the lipid hydrol- 
ysis products, and the nature of the excreted products in 
the feces of adult rats. 

MATERIALS AND METHODS 

Chemicals. All solvents and chemicals (Merck, Darm- 
stadt, Germany) used were at least analytical grade. 
Methyl heptadecanoate  (99% pure) was obtained from 
Merck. 

Diets. The composition of the 30 energy % semisynthetic 
diets is given in Table 1. The diets were prepared in one 
batch for the entire experimental period and were stored 
in small portions at -22~ The animals were provided 
with demineralized drinking water starting from day five 
after their arrival. 

TABLE 1 

Composit ion of  the Semisynthet ic  Diets 

Ingredients g/1000 kcal 

Calcium caseinate 60.7 
Vitamin mixture (Vit'70) a 1.0 
Mineral mixture (RMH'88) a 3.6 
Cellulose 15.0 
Fat blend (control or test) 32.3 
Maize starch 134.3 
Total 246.9 
aAmounts of minerals and vitamins in the purified diets per 1000 
kcal: Ca, 846 mg; P, 728 mg; K, 601 mg; Na, 167 mg; C1, 167 mg; 
Mg, 133 mg; Fe, 8.3 mg, I, 0.04 mg; Mn, 16.7 mg; Zn, 4.0 mg; Cu, 
1.65 mg; choline chloride, 250 mg; myoinositol, 25 mg; vitamin B12, 
0.0129 mg; vitamin B 1 (thiamine mononitrate), 1.5 mg; calcium 
pantothenate, 5 mg; niacin, 5 mg; vitamin B 2 (riboflavin), 1.5 mg; 
vitamin B 6 (pyridoxin), 1.58 rag; folate (folic acid), 0.25 mg; vita- 
min K 3 (menadion, concentration 22.7%), 0.227 mg; biotin, 
0.05 rag; vitamin A, 2500 IU; vitamin D 3, 250 IU; and vitamin E 
(concentration, 500 IU/g), 20 mg. 
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TABLE 2 

Fatty Acid (FA) Composi t ion of  the Fat Blends  a 

Overall sn-2 Position b 
FA Control Betapol Control Betapol 

14:0 0.9 1.0 0.4 1.9 
16:0 29.9 30.4 5.9 72.7 
16:1 0.3 0.1 0.2 
18:0 3.4 3.2 0.5 6.9 
18:1n-9 50.0 51.5 68.2 14.7 
18:2n-6 13.4 13.3 24.2 3.6 
18:3n-3 0.3 0.1 0.4 
~Percentages of individual FA are expressed relative to total FA 
methyl esters. The control blend was a mixture of natural oils 
(87.5% palmolein, 11% high oleic acid sunflowerseed oil, 1.5c~ sun- 
flowerseed oil). Betapol was prepared by enzymic interesterification. 
bWo calculate the proportion of an FA esterified to the sn-2 position, 
the following formula applies: sn-2 position (~)/3 x overall FA 
methyl esters (%), e.g., for 16:0 in the test blend: 72.7/3 x 30.4 = 0.8 
(80% of total 16:0 is esterified to the sn-2 position); or for 16:0 in 
the control blend: 5.9/3 x 29.9 = 0.066 (6.6% of total 16:0 is esteri- 
fled to the sn-2 position). 
CLess than 0.1%. 

Fats. The sn-l,3 16:0 rich fraction was obtained by sol- 
vent fractionation of palm oil, followed by blending with 
11% high-oleate sunflowerseed oil, and 1.5% sunflow- 
erseed oil. The Betapol-rich fat was obtained by sn-l,3 en- 
zymic interesterification of a palm fraction with sunflower 
FA, followed by solvent fractionation of the resultant TAG. 
Both fats were fully refined before use. FA and TAG com- 
positions are shown in Tables 2 and 3, respectively. 

Animals and feeding regimen. Forty male rats (Wistar 
WU; Charles River Wiga, Sulzfeld, Germany), seven 
weeks of age were housed individually in steel cages and 
had free access to food and drinking water. After an ac- 
climatization period of two days, the animals were divided 
according to body weight into two groups of 20 animals 
each (Group 1 and Group 2). They were trained to eat 
their daily food in two separate meals, each during a 30 
min time span, at 700 and 1900 hours. During this meal- 

TABLE 3 

Silver-Phase Triacylglycerol (TAG) Analysis  of  Fat" 

TAG b Control Betapol 

SSS 0.3 0.3 
SOS 12.0 0.9 
OSS 2.8 6.6 
SLnS 8.0 c 
SSLn 1.4 3.1 
SOO 43.9 5.8 
OSO 1.0 54.1 
OSLn r 22.8 
SOLn 13.6 1.8 
OOO 12.6 0.8 

>3 Double bondsfrAG 4.4 4.2 
sn-2 Saturated FAME relative to total FAME 5.5 86.9 
aFat composition is given a weight percent relative to total TAG. 
bS, saturated acid; O, oleic acid; Ln, linoleic acid; FAME, fatty acid 
methyl ester. 
CLess than 0.2%. 

type feeding period, the rats were randomly subdivided 
into two additional groups: half  the animals of Group 1 
were killed 2 h after the last morning meal (Group I or 2, 
2 h) and the other half  6 h after the last morning meal 
(Group 1 or 2, 6 h). Each subgroup consisted of 10 animals. 
To ensure that  the animals consumed the entire meal on 
the day of sacrifice, the animals were provided with a 
meal that  was 90% of the usual amount. 

Serum total cholesterol levels. A commercially available 
kit from Boehringer Mannheim (Boehringer Testcombina- 
tion Cholesterol CHOD-PAP; Mannheim, Germany) was 
used to determine total cholesterol (TC). Cholesteryl es- 
ters in serum were hydrolyzed with cholesterol esterase 
to free cholesterol which, with cholesterol oxidase, formed 
hydrogen peroxide which was measured spectrophotomet- 
rically using a Vitatron Programmable Analyser PA 800 
(Dieren, The Netherlands). 

Serum TAG levels. Total glycerol was determined using 
the GPO-PAP method (Boehringer Mannheim). Free glyc- 
erol was determined enzymatically [using the Boehringer 
Mannheim ultraviolet (UV) method, omitt ing the KOH 
hydrolysis step]. TAG was defined as the difference be- 
tween total glycerol and free glycerol. 

Preparation of intestinal segments and collection of in- 
testinal contents. The animals were decapitated either two 
or six hours after their last meal. The stomach was ligated 
just  below the end of the oesophagus and just  below the 
pylorus. The duodenum and ileum were ligated and cut 
into 10-cm pieces. The intestinal contents were collected 
as quickly as possible using blunt metal  needles and 
placed into glass tubes containing cold methanol  and 
Tris/HC1 buffer (pH 4) (1:1, by vol). The mixtures were 
thoroughly agitated and placed on ice until further analy- 
sis within the same day. The entire intestinal content of 
each of the segments  was thoroughly mixed with 4 mL 
cold methanol, immediately followed by addition of 1 mL 
of Michaelis buffer (containing sodium acetate and sodium 
barbital, pH 3) to stop any residual lipase activity. After 
mixing, 2 mL of chloroform and 50 tlL of internal standard 
solution (methyl heptadecanoate,  17:0 methyl  ester, 10 
pg/llL) was added. After vortexing for 10 s, the mixture 
was left at room temperature for at least 15 min, and was 
then centrifuged for 10 min at 1500 x g. After centrifuga- 
tion, the supernatant  was collected, and the sediment was 
washed with 4 mL of chloroform/methanol (2:1, vol/vol), 
mixed well using a Vortex mixer, and again centrifuged for 
10 min at 1500 x g. Two mL chloroform and 2 mL distilled 
water were added to the combined supernatants,  and the 
mixture was cautiously shaken and subsequently cen- 
trifuged for another  10 min at 1500 x g. The chloroform 
layer was removed and washed with 8 mL methanol/  
water  (1:1, vol/vol), carefully mixed, and centrifuged 
again. The extract was evaporated under a stream of ni- 
trogen. Finally, 2 mL of chloroform were added, and the 
extract was stored under nitrogen at -20~ 

Preparation of fatty acid methyl esters (FAME) from the 
lipid extracts. An appropriate amount of lipid extract was 
concentrated under  a s t ream of nitrogen in a screw- 
capped vial. After addition of 4 mL of methanolic HC1, the 
mixture was placed in a waterbath  at 65~ for 2 h. After 
cooling to room temperature, 8 mL of 5% (wt/vol) aqueous 
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NaC1 was added, and the reaction mixture was extracted 
with 6 mL of hexane/diethyl  e ther  (1:1, vol/vol). The ex- 
traction was repeated twice with 3 mL of hexane/diethyl 
e ther  (1:1, vol/vol) under  the same conditions, and the 
combined hexane/diethyl  e ther  extracts  were concen- 
t rated under a stream of nitrogen. The residue containing 
the FAME was purified by thin-layer  chromatography 
(TLC) (DC Fert igplat ten,  Kieselgel 60; Merck) using 
hexane/diethyl ether  (80:20 vol/vol) as developing solvent; 
detection was with 0.01% primuline under  UV (254 nm) 
light. The zone corresponding to FAME was scraped off 
and extracted three times with hexane/diethyl ether (1:1, 
by vol/vol). After evaporat ion of the solvent, the residue 
was dissolved in 100 pL of n-heptane and t ransfer red  to 
gas chromatography (GC) vials and stored. 

GC analysis. FAME were analyzed on a Varian 3700 
chromatograph (Walnut Creek, CA) equipped with an au- 
tomatic sampler and flame-ionization detector, employing 
a wall coated open tubular  fused silica capillary column 
coated with 0.20 pln Chrompack (CP) Sil-88 (Fused Silica, 
Chrompack, Middelburg, The Netherlands) (length 50 m, 
i.d. 0.25 mm). The injector and detector temperature were 
set at 230~ After an initial isothermal period of 8 min at 
170~ the tempera ture  was raised to 220~ at 2~ 
followed by a hold at 220~ for 10 min. Nitrogen was used 
as the carrier gas. 

Silver-phase high-performance liquid chromatography. 
This method was used according to Jeffrey (11) to identify 
the specific TAG species present in the blend. 

Feces collection and extraction of total fat in dried feces. 
Feces were collected and pooled from study days 20-27. 
The samples were stored under  nitrogen at  -70~ until  
fur ther  analysis. The freeze-dried feces (1.5-2 g) was 
placed into a 100-mL glass beaker. Five mL of 20% aque- 
ous HC1 was added per gram of feces and mixed. After 2 h, 
approximately 40 g of calcium sulfate was added, and the 
mixture was well stirred. The mixture was then quantita- 
t ively t ransfer red  to a Wha tman  thimble (Whatman,  
Maidstone, Kent, United Kingdom). The mixture was ex- 
t racted with petroleum ether  for 8 h, using a Soxhlet ex- 
t ractor  (Whatman) and a preweighed 100 mL-flask. The 
petroleum ether  was evaporated, and the extracted lipid 
was dried with acetone. The amount  of extractable lipid 
was determined gravimetrically. After addition of a known 
amount  of 17:0 as internal  s tandard,  the extracts  were 
methylated and analyzed by GC. 

Gross energy determination of feces (Parr adiabatic 
bomb). Gross energy in feces was determined by the Inter- 
national Standards Organization method (12). 

Protein determination in feces using a Kjelfoss auto- 
matic instrument. The method used was that  described by 
Smith (13). 

Mineral determination in feces. Feces samples were 
dry-ashed, and the minerals were converted to their  chlo- 
rides by fusing with concentrated HC1 and then  diluted 
with an equal volume of water. The metal  chlorides were 
extracted with 3M aqueous HCI, and the result ing solu- 
tions were analyzed by atomic absorption spectroscopy or 
colorimetry. 

Calcium determination in feces using atomic absorption 
spectroscopy. Calcium was determined according to the 

AOAC Official Methods of Analysis (14). The following for- 
mula was used to calculate the calcium content  in the 
sample: 

Ca (wt%) = (c x dilution x lO0)/(w x 10 4) [1] 

in which c is the concentrat ion in the diluted solution 
(pg/mL) and w the sample weight. 

Statistical analysis. The Student 's  t-Test was used to 
analyze the rat  feces data, food consumption and growth, 
utilizing the SAS statistical analysis package (version 6.4; 
SAS Institute,  Cary, NC). The fat ty acid analysis data  of 
the intest inal  segment contents were log-transformed 
prior to statistical analysis. 

RESULTS 

Fatty acid composition of the fat blends. Tables 2 and 3 
show the composition of the fat blends used. The total FA 
compositions of the control and Betapol blends were iden- 
tical. However, the blends substantially differed in the po- 
sitional distribution of the FA on the TAG glycerol back- 
bone. In the Betapol blend, 80% of 16:0 was esterified to 
the sn-2 position; in the control blend, it  was only 6.6%. 
This affected the positional distribution of oleic acid-- in  
the control blend oleic acid was predominantly esterified 
to the sn-2 position (44.6% of total), and in the Betapol it 
was only 9.5%. 

The results of the silver-phase analysis (Table 3) show 
that  in the control blend the major TAG were SO0 (satu- 
rated-oleic-oleic) and SOLn (saturated-oleic-linoleic), as 
compared to the Betapol blend, in which OSO and OSLn 
predominated. 

Bodyweight, growth and food consumption. The body- 
weights at the s tar t  of the exper iment  of the different 
groups did not differ statistically and were as follows (g • 
SEM): control (2 h), 201.6 • 6.3 g; control (6 h), 202.8 _~ 
11.7 g; Betapol (2 h), 203.3 • 6.5 g; Betapol (6 h), 199.4 • 
12.3 g. At the end of the experiment, the bodyweights also 
did not differ significantly and were: control (2 h), 266.7 • 
22.2 g; control (6 h), 255.5 • 21.6 g; Betapol (2 h), 264.4 • 
15.4 g, Betapol (6 h), 261.4 • 21.9 g. 

No statistically significant differences between the rats 
fed the different diets in respect to food consumption or 
growth were seen. The mean total food intake (g • SEM) 
over s tudy days 20-26 was for the Betapol-fed animals 
(74.8 • 1.25 g) and for the control-fed animals (70.5 • 
1.76 g). The mean growth (g • SEM) from the star t  of the 
exper iment  up to s tudy day 27 was for the Betapol- 
fed animals (65.6 • 3.47 g) and the control-fed animals 
(58.9 • 3.47 g). 

Plasma TC and TAG levels of the rats at the end of the 
feeding period. Table 4 shows the plasma TC and TAG lev- 
els of the rats at the end of the feeding period, 2 and 6 h 
after  the last meal. No significant differences were seen 
between the rats fed the different diets. 

Rat feces analysis. Table 5 shows the overall fat and FA 
absorption during the feeding period of the different diets. 
The rats on the Betapol diet absorbed significantly more 
fat than  those on the control diet--97.2% vs. 95.6% (P < 
0.001), respectively. The mean FA absorption of the rats  
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TABLE 4 Palmitic acid 

Total P lasma Cholesterol  (TC) and Triacylglycerol (TAG) 
Levels  o f  Rats a 

TC (mM) TAG (mM) 

Group 2 h 6 h 2 h 6 h 

Control 1.78 • 0.5 1.79 • 0.3 2.3 • 0.5 2.14 • 0.8 
Betapol 1 .8420 .4  1 .8820 .3  2 .4820 .8  2 . 9221 . 1  

"At the end of the feeding period 2 and 6 h af ter  the  las t  meal (n = 
10, m e a n  • SD). 

fed the Betapol diet was significantly higher (99.2%) com- 
pared to tha t  of the control-fed rats  (97.9%, P < 0.001). The 
increased fat  absorption also resul ted in a small  but  sig- 
nificant increase in the total  energy absorption from the 
Betapol diet and, consequently, in an increase in digestible 
energy. 

No statist ically significant differences were seen in re- 
spect to nitrogen and calcium excretion. 

In Table 5 data are shown on the individual FA excreted 
in the feces during a 5-day period. Palmitic acid, oleic acid, 
linoleic acid and stearic acid were all significantly bet ter  
absorbed by the ra t s  fed the Betapol  blend t h a n  by the 
ra ts  fed the control blend. The g rea tes t  difference in ex- 
cretion between the two diets was found for 16:0. 

Fatty acid analysis of the intestinal segment contents. 
Figure 1 shows the resul ts  of the  FA analyses  of the dif- 
ferent  in tes t inal  segments  contents.  I t  appea r s  that ,  in 
par t icu lar  16:0, when  fed as Betapol,  required a much 
smaller  portion of the intestine to be absorbed when com- 
pared to the control blend; this was seen both at 2 and 6 h 

TABLE 5 

Rat Feces Analysis  

P a r a m e t e r  Control Betapol 

Fa t  in take  (g/d/rat) 1.97 • 0.23 2.09 • 0.23 
Fa t  absorpt ion  (%) 95.6 __r 0.5 97.2 • 0.5 a 
Fa t ty  acid absorpt ion  (%) 97.9 • 0.5 99.2 • 0.3 a 
Energy  absorpt ion  (%) 92.93 • 1.2 93.65 • 0.375 
Digestible energy 

(MJ/kg diet) 18.64 • 0.24 18.79 • 0.075 
Calcium absorpt ion  (%) 63.33 • 5.49 63.98 • 6.17 
Ni t rogen absorpt ion  (%) 95.79 • 0.93 95.71 • 0.58 

Total lipid excreted (mg/d/rat)  86 • 16 58 • 10 ~ 
Total lipids excreted consisted of 

Fa t ty  acids (mg/d/rat)  41 • 12.3 16.3 • 6.0 a 
% of intake 2.08 • 0.55 0.78 • 0.28 a 

16:0 (mg/d/rat)  21.2 • 8.4 3.4 • 1.2 a 
% of in take  3.28 • 1.16 0.51 • 0.18 a 

18:0 (mg/d/rat)  5.14 • 1.46 2.94 • 1.1 a 
% of intake 6.4 • 1.7 3.5 • 1.2 a 

18:1 (mg/d/rat)  4.4 • 1.42 1.12 • 0.54 a 
% of in take  0.45 • 0.13 0.12 • 0.05 a 

18:2 (mg/d/rat)  0.58 • 0.15 0.24 • 0.11 a 
% of in take  0.35 • 0.08 0.14 • 0.06 a 

a'bStatisticall~r significantly different f rom control blend (t-test) at  
ap  < 0.001 or op < 0.01. 
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FIG. 1. Nonabsorbed  fatty acids,  palmit ic ,  stearic  and 
l inoleic  and oleic (l~g/segment • SEM) in intest inal  segments .  
The data w e r e  log- transformed before s tat is t ical  analysis .  
Level  of  s igni f icance ,  P < 0.05. Open symbols ,  2 h after the 
last meal; c losed symbols ,  6 h after the last meal.  Triangles, 
Betapol blend, circles, control blend; n = 6 rats per group, a, 
Betapol differs s ignif icantly from control at two hours after 
the last meal; b, Betapol differs s ignif icantly from control at 
six hours after the last meal.  FA, fatty acid. 
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af ter  the las t  meal.  Fur thermore ,  oleic acid was signifi- 
cantly bet ter  absorbed from segment 6 onward by the rats  
fed Betapol  compared to the animals  fed the control diet 
both at  2 and 6 h after the last  meal; the differences, how- 
ever, are small. The same holds t rue for the absorption of 
stearic acid. From segment 6 onward, stearic acid present  
in the Betapol blend was bet ter  absorbed than  stearic acid 
present  in the control blend. No explanation can be given 
for the observed increase in stearic acid in the first  four 
segments  at  6 h af ter  the las t  mea l  of the control blend 
compared  to the other  blend and other  t ime points. The 
absorption pat terns  for linoleic acid and oleic acid did not 
differ between the two diets. 

DISCUSSION 

In the present  study, we invest igated the effect of the po- 
sitional distr ibution of FA in d ie tary  TAG on the ra te  of 
apparen t  digestion and absorption in the rat.  The two fat  
blends used had identical FA compositions but  differed in 
the posit ional distr ibution of 16:0 and oleic acid. In the 
control blend, most  of the total 16:0 (93.4%) was esterified 
to the sn-l ,3 positions of the TAG, whereas  in the tes t  
blend (Betapol) 16:0 was predominant ly  esterified to the 
sn-2 position of TAG. 

The total  fat  excretion of the ra t s  was significantly 
lower on the Betapol diet than  on the control diet. This is 
main ly  due to the decreased excretion of 16:0 on the Be- 
tapol blend. Tomarelli et al. (4) found tha t  the relative ab- 
sorption of 16:0 was l inearly re la ted to its proportion at  
the sn-2 position of the TAG molecule, which agrees with 
our results. 

Furthermore,  our data clearly demonstrate  tha t  both at 
2 and  6 h af ter  the last  meal ,  16:0 fed to the ra ts  as Be- 
tapol appeared  to be more rapidly absorbed in the upper  
pa r t  of the intest ine as compared  to 16:0 of the control 
diet. This more rapid disappearance of 16:0 was related to 
a more  efficient absorpt ion overall. For 18:1, preferen- 
tially esterified to the sn-2 position in the control blend as 
compared to the Betapol blend, no differences in the ab- 
sorption pat terns  between control and Betapol blend were 
seen. The absorption of the other FA (stearic and linoleic 
acid) required about  the same intes t inal  length for both 
fat  blends. These results  indicate tha t  the positional dis- 
t r ibution of sa tu ra ted  FA in dietary TAG is more critical 
in determining absorption efficiency than  it is for unsatu-  
rated FA. 

The differences in intest inal  length required to absorb 
16:0 located at  the sn-2 vs. the sn-l ,3 positions can be ex- 
plained as follows. First, TAG containing unsa tura ted  FA 
at  the sn-l,3 positions are more readily hydrolyzed than  
TAG bear ing  sa tu ra ted  FA at  these positions, and thus  
they are absorbed earlier (15-17). Second, after  TAG hy- 
drolysis, the products released are for the Betapol blend 
oleic acid and sn-2-palmitoylglycerol,  and for the control 
blend 16:0, oleic acid and sn-2-oleoylglycerol. The absorp- 
tion of unsa tu ra ted  monoacylglycerol is strongly favored 
due to its relatively greater  hydrophilicity as compared to 
s a tu ra t ed  monoacylglycerols (18). Third, 16:0 (melt ing 
point, 63~ is not as well absorbed as are fat ty acids with 
a lower mel t ing  point, and it requires  more bile acids to 

ma in ta in  it in micel lar  solution, which is a prerequis i te  
for lipid absorpt ion to occur. Finally, FA soaps can be 
formed, especially in the absence of a micellar phase. Cal- 
cium soaps have been shown to be about six t imes less sol- 
uble in the intes t inal  lumen than  are the corresponding 
free FA (19). Calcium and magnes ium soaps of unsa tu-  
rated FA are more soluble in the intest inal  fluid and can 
be solubilized to a greater  extent by the products of fat di- 
gestion and thus  are be t te r  absorbed (20,21). Fur ther -  
more, calcium soaps are in general  much more soluble in 
unsa tura ted  FA micelles than  in sa turated FA micelles. 

To get some insights on the amount  of FA soaps and free 
FA present  in the feces, an  a t tempt  was made to differen- 
t ia te  between the two forms by solvent-extract ing the 
feces samples  before and after  acidification. I t  was found 
tha t  70-75% of the total  FA presen t  could be extracted 
only af ter  acidification of the sample  (data  not shown). 
This suggests tha t  the bulk of the FA excreted in the feces 
was present  as FA soaps. Tha t  this did not resul t  in sig- 
nificantly al tered calcium excretion is pe rhaps  not sur- 
prising, because of the very low levels of fat being excreted 
in comparison to fecal calcium. Of the latter,  as little as 
20% may  have been associated with FA as soaps (assum- 
ing a 2:1 molar ratio for FA/calcium), making it very diffi- 
cult to detect changes in calcium associated with this pool. 
Mat tson and co-workers (20) reported tha t  the excretion 
of stearic acid in feces was affected by the amount  of cal- 
cium present in the diet and by the positional distribution 
of stearic acid in the TAG. In their  experiments they used 
6 mg calcium per g of diet, whereas our diets contained 3.4 
mg/g diet. 

Our  results  do not suggest tha t  differences in FA posi- 
t ional distr ibution lead to differences in p lasma  TC and 
TAG levels in the rat.  Several papers have been published 
on the possible effect of FA positional distr ibution in the 
TAG molecule on cholesterol metabolism in rabbits and in 
h u m a n s  (22,23). I t  has  been repor ted by Ockner  and co- 
workers  (24) and Ockner  and Jones  (25) tha t  differences 
in intest inal  absorption could account for the physiologi- 
cal characterist ics of chylomicrons in rats.  In the light of 
our findings, it is thus possible that  the positional distrib- 
ution of FA in the TAG could affect some aspects  of chy- 
lomicron metabol ism.  Zampelas  et al. (26) have  studied 
the effect of a liquid meal  containing e i ther  the Betapol  
blend or the control blend on postprandial lipid responses. 
They reported tha t  the positional distribution of palmitic 
acid on TAG did not effect the pos tprandia l  l ipemia in 
adult male subjects. However, their  results do not exclude 
the possibility tha t  different responses may  be seen when 
these TAG are given for a longer period of time. 

In conclusion it is clear tha t  feeding TAG enriched in 
sn-2 16:0 (Betapol) to rats  as compared to sn-l ,3 16:0 TAG 
results  in increased total  fat  absorption. In addition, the 
length of intest ine required to achieve this absorpt ion is 
reduced. These resul ts  were obtained on adul t  ra t s  hav-  
ing a well developed intest inal  system. In weanl ing ani- 
mals,  and in p r e m a t u r e  or newborn infants,  the up take  
systems are not as well developed (lower levels of l ipases 
and bile acids), and it appears  reasonable to hypothesize 
tha t  under  these conditions the sn-2 16:0 fat  blend will 
have even greater  beneficial effects (27,28). 
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Our p r e v i o u s  w o r k  has  s h o w n  that  n-3 fat ty  ac ids  e x e r t  
a p r o t e c t i v e  e f f ec t  a g a i n s t  p h e n y t o i n - i n d u c e d  c l e f t  
pa la te  w h e n  p h e n y t o i n  w a s  a d m i n i s t e r e d  m i d g e s t a t i o n  
[ g e s t a t i o n a l  d a y s  (GD) 12 and  13] to CD-1 m i c e .  T h e  ef- 
fec ts  of  d i e tary  n-3 fatty  ac ids  on p h e n y t o i n  t era togen ic -  
i ty  w e r e  i n v e s t i g a t e d  at  an e a r l i e r  g e s t a t i o n a l  p e r i o d  
(GD 9) to  e x a m i n e  w h e t h e r  n-3 fa t ty  a c i d s  c o u l d  e x e r t  
p r o t e c t i v e  a c t i o n  a g a i n s t  o t h e r  t e r a t o g e n i c  e f f e c t s  o f  
p h e n y t o i n  apar t  f r o m  c le f t  pa la te .  The  e f fec t  o f  p h e n y -  
t o i n  e x p o s u r e  o n  m a t e r n a l  h e p a t i c  p o l y u n s a t u r a t e d  
fat ty  ac id  c o m p o s i t i o n  w a s  a l so  s t u d i e d  s i n c e  A6 desat -  
u r a s e  a c t i v i t y  h a s  b e e n  s h o w n  to be  m o d i f i e d  by  phar-  
m a c o l o g i c a l  ac t ion .  F e m a l e  CD-1 m i c e  w e r e  fed a s tan-  
dard  labora tory  d ie t  (SLD), sa f f lower  oil  (SAFF) or  a cod  
l i v e r / l i n s e e d  o i l  (CLO/LO)-based  d i e t  for  t h r e e  w e e k s  
pr ior  to i m p r e g n a t i o n  and t h r o u g h o u t  pregnancy .  Preg-  
nant  m i c e  w e r e  a d m i n i s t e r e d  a s ing le  i.p. dose  of  pheny-  
t o i n  on  GD 9, and  t e r a t o l o g i c a l  a s s e s s m e n t s  w e r e  per-  
f o r m e d  o n  GD 19. T i s s u e s  w e r e  h a r v e s t e d  on GD 10 for  
m a t e r n a l  h e p a t i c  p h o s p h o l i p i d  fat ty  ac id  ana lys i s  f r o m  
a n o t h e r  g r o u p  o f  p h e n y t o i n - t r e a t e d  m i c e .  The  CLO/LO 
a n d  t h e  SLD m i c e ,  as  c o m p a r e d  to  t h e  SAFF- fed  ani-  
m a l s ,  s h o w e d  a r e d u c t i o n  in  to ta l  m a l f o r m a t i o n s  and  
feta l  g r o w t h  r e t a r d a t i o n  due  to phenyto in .  Open  eye  de- 
fec t  w a s  the  on ly  a n o m a l y  i n d u c e d  by  p h e n y t o i n  in the  
CLO/LO f e t u s e s  w h i l e  p h e n y t o i n  p r o d u c e d  a v a r i e t y  o f  
m a l f o r m a t i o n s  in the  SAFF f e t u s e s  s u c h  as tai l  de fec t s ,  
c l e f t  p a la t e ,  o p e n  e y e  a n d  a b s e n c e  or  b l o c k a g e  o f  t h e  
ure ter .  D i e t a r y  n-6/n-3 fa t ty  ac id  r a t i o s  w e r e  r e f l e c t e d  
in m a t e r n a l  hepa t i c  phospho l ip ids ;  h o w e v e r ,  p h e n y t o i n  
e x p o s u r e  a p p e a r e d  to  inh ib i t  the  c o n v e r s i o n  o f  18:2n-6 
to  20:4n-6 in the  SAFF d a m s  only. T h e s e  re su l t s  ind ica te  
tha t  t h e  o v e r a l l  p r o t e c t i v e  e f f e c t s  o f  d i e t a r y  n-3 fa t ty  
ac ids  on p h e n y t o i n  e m b r y o - t o x i c i t y  are  o b s e r v e d  at an 
ear ly  g e s t a t i o n a l  per iod .  
Lipids 29, 771-778 (1994). 

Phenytoin  (5,5-diphenylhydantoin, Dilantin), an exten- 
sively used anticonvulsant, is a suspected human terato- 
gen (1-3) and is teratogenic in mice (4-9). The Fetal Hy- 
dantoin Syndrome (FHS) describes a par t icular  set of 
anomalies in children born to women taking hydantoin  
anticonvulsants  during pregnancy, primari ly phenytoin 
(1). This syndrome of defects includes craniofacial anom- 
alies, cardiac defects, and growth and mental  retardation 
(1). Mouse models have been used frequently to investi- 
gate issues related to the teratogenic actions of phenytoin. 
Chronic in utero phenytoin exposure resulting in a mouse 
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day; PGF2a, prostaglandin F2a; PGS, prostaglandin H synthase; 
PUFA, polyunsaturated fatty acids; SAFF, safflower oil; SLD, stan- 
dard laboratory diet; TBA, thiobarbituric acid; TBARS, thiobarbi- 
turic acid reactive substances. 

hydantoin syndrome similar to FHS has been reported (9). 
In various mouse strains, acute phenytoin administration 
during organogenesis results primarily in the induction of 
cleft palate, cardiac defects, open eyelid and fetal weight 
reduction (4-9). As with other classic teratogenic agents, 
the type of defect produced by acute phenytoin adminis- 
t ra t ion depends upon the stage during pregnancy when 
phenytoin exposure occurs. 

A number  of possible mechanisms of phenytoin terato- 
genicity have been suggested including: (i) drug-induced 
folate deficiency; (ii) a glucocorticoid-mediated mecha- 
nism; and (iii) metabolism to a reactive intermediate and 
binding to embryonic macromolecules (10). The mecha- 
nism of phenytoin teratogenici ty under  investigation in 
our laboratory is the prostaglandin H synthase (PGS)-me- 
diated bioactivation of phenytoin to a reactive intermedi- 
ate (11). Indication of a teratogenic role for reactive inter- 
mediates of phenytoin has come from in vivo studies show- 
ing tha t  covalent binding of phenytoin to embryonic 
proteins was positively and highly correlated with pheny- 
toin-induced malformations (12). As PGS occurs in high 
concentrations in embryonic tissues (13), it may  play an 
important  role in the metabolic activation of phenytoin to 
a reactive intermediate. Evidence for a teratogenic role for 
a reactive free radical intermediate generated from PGS- 
mediated metabolism of phenytoin includes studies 
demonstra t ing that:  (i) inhibition of PGS activity by ad- 
ministration of acetylsalicylic acid in CD-1 mice resulted 
in a 50% reduction in phenytoin-induced cleft palates and 
a 43% reduction in covalent binding of phenytoin to em- 
bryonic proteins (14); (ii) addition of either antioxidants or 
the PGS inhibitor, indomethacin,  inhibited arachidonic 
acid (20:4n-6)-dependent covalent binding of phenytoin to 
microsomal proteins from ram seminal vesicles (a rich 
source of PGS) and various murine  tissues (11); and 
(iii) pre t rea tment  with either the antioxidant caffeic acid 
or the free radical spin t rapping agent, a-phenyl-N-t- 
butyl-nitrone, caused dose-related decreases in phenytoin- 
induced cleft palates and resorptions (14). 

The present  study represents a follow-up to our previ- 
ously published report  (12) which demonstra ted tha t  a 
semipurified diet rich in n-3 fatty acids fed for three weeks 
prior to gestation was associated with a lowered frequency 
of cleft palate due to phenytoin exposure on gestational 
days (GD) 12 and 13 in CD-1 mice. Additionally, on GD 12, 
embryonic production of prostaglandin F2~ (PGF2a) and 
covalent binding of radiolabeled phenytoin to embryonic 
proteins were reduced, and the embryonic n-3/n-6 phos- 
pholipid fatty acid ratio was increased in animals fed the 
n-3 fat ty  acid-enriched diet. The results of these studies 
led to the hypothesis that  an underlying mechanism of the 
protective effects of the n-3 fat ty acids was an inhibition 
of embryonic PGS-mediated bioactivation of phenytoin. 
Since phenytoin-induced cleft palate was the sole defect 

Copyright �9 1994 by AOCS Press LIPIDS, Vol. 29, no. 11 (1994) 



772 

K.A. HIGH AND S. KUBOW 

observed following phenytoin t reatment  on GD 12 and 13, 
it was unclear whether  the protective effects of n-3 fat ty 
acids were primarily mediated against phenytoin-induced 
cleft palate or whether  n-3 fat ty acids could exert protec- 
tive action against  a var ie ty  of teratogenic effects of 
phenytoin. Before any specific conclusions can be drawn, 
it is necessary to determine if the protective effect of n-3 
fat ty  acids against  phenytoin-induced malformations in 
the CD-1 mouse exists on a continuum from an earlier pe- 
riod of organogenesis (GD 9) to the time of palatal shelve 
closure on GD 12 and 13. Administration of phenytoin on 
GD 9 was chosen in the present study since phenytoin ad- 
ministrat ion in mice during this period of organogenesis 
has been associated with an increased incidence of open 
eyelid and tail defects (15). 

Animals lack the enzymes necessary to form n-3 or n-6 
polyunsatura ted  fat ty  acids (PUFA) and thus require 
these essential  fa t ty  acids in the diet. Microsomal frac- 
tions from the brain, and other animal tissues are capable 
of elongation and desaturat ion of the n-3 and n-6 essen- 
tial fa t ty  acids. Two of the endproducts of the elongation 
and desaturation pathway, eicosapentaenoic acid (20:5n-3) 
and 20:4n-6, each generate  a separate  family of prosta- 
glandins via PGS metabolism. Of major significance for 
essential fat ty acid nutrit ion is the competitive desatura- 
tion of the n-3 and n-6 series by 56 desaturase  as this is 
the rate-limiting step of the elongation-desaturation path- 
way (16). As a consequence, supplementation of diets with 
rich n-3 sources, such as fish oils, results in the selective 
incorporation of 20:5n-3 and docosahexaenoic acid 
(22:6n-3) into various lipid classes while concomitantly re- 
ducing the content  of 20:4n-6 in several t issues as has 
been seen in humans  and experimental  animals  (12, 
17,18). The increased tissue n-3 fatty acid content can di- 
rectly inhibit PGS activity by causing a decreased perox- 
ide tone (19). Additionally, recent studies have shown that  
tissue PUFA content and composition may be profoundly 
al tered by pharmacological modification through inhibi- 
tion of A6 desaturase with possible functional implications 
(20). As eicosanoids derived from n-3 or n-6 PUFA in ma- 
ternal  and fetal t issues play a vital  role in fetal growth 
(13), research is needed to determine whether  phenytoin 
t reatment  alters tissue PUFA levels during pregnancy and 
whether  this is affected by the family of PUFA concur- 
rently consumed. 

In the present  s tudy we have extended our previous 
investigation (12) and have addressed these impor tan t  
issues. A set of reproductive endpoints as well as mater-  
nal phospholipid fat ty acid profiles were determined so 
that  the impact of dietary n-3 fat ty acids on the relation- 
ship of phenytoin exposure with (i) reproductive toxicity 
during an early period of pregnancy (GD 9), and (ii) PUFA 
metabolism could be studied at the level of the individual 
animal. 

MATERIALS AND METHODS 

Animals and mating procedure. Virgin female (20-25 g) 
CD-1 mice (Charles River Canada, St. Constant, Quebec, 
Canada) were housed in a temperature-control led room 
(24 -+ I~ with a 12-h l ight-dark cycle (light cycle 0700 to 

1900 h). The mice were housed in polypropylene shoebox 
cages with chrome-plated wire lids and heat-treated hard- 
wood bedding (Beta-Chip; Nor theas te rn  Products Corp., 
Warrensburg, NY). They were randomly housed four per 
cage, and food and tap water  were provided ad libitum. 
For mating purposes, one to three females from the same 
cage were housed with a male from 1700 to 0830 h. Food 
was removed from the cages during this period. The pres- 
ence of a vaginal plug the following morning confirmed in- 
semination and this date was designated as GD 1. Fe- 
males were re turned  to their  dietary t r ea tmen t  cages 
where they remained until sacrifice. 

Diets. The semipurified diets used in these experiments 
were modified versions of the AIN-76 diet (21) consisting 
of the following ingredients (g/kg diet): dextrose, 489; vita- 
min-free casein, 182; D,L-methionine, 3; cellulose, 51; vita- 
min mix, 12; mineral mix, 63; lipid, 200. The lipid compo- 
nent  was either 200 g safflower oil (SAFF) or a mixture of 
20 g SAFF, 90 g codliver oil (CLO) and 90 g linseed oil 
(LO). The 20 g SAFF in the CLO/LO diet was included to 
provide a sufficient amount oflinoleic acid (18:2n-6) to pre- 
vent essential fatty acid deficiency (21). All dietary compo- 
nents  were obtained from ICN Biomedicals (Cleveland, 
OH). Vitamin and mineral  mixes formulated for the in- 
creased requi rements  of these compounds during preg- 
nancy were adapted from Fergusson and Koski (22). As 
CLO contained additional amounts  of vitamins A and D, 
retinyl palmitate (102150 IU/kg diet) and cholecalciferol 
(9000 IU/kg diet) were added to the SAFF diet to match 
the vitamin concentrations in the CLO/LO diet. Additional 
dl-c~-tocopheryl acetate was added to increase the overall 
concentration of vi tamin E activity to 2000 IU/kg diet to 
protect the mice from an increased risk of in vivo lipid per- 
oxidation and vitamin E insufficiency demonstrated pre- 
viously in mice fed elevated concentrations of fish oil 
(23,24). The synthetic  ant ioxidant  butyla ted hydroxy- 
toluene (BHT; ICN Biomedicals) was added to the dietary 
oils (0.01%, w/w) to protect against oxidation of PUFA. A 
s tandard  laboratory diet (SLD; Mouse Chow~ No. 5015; 
Pur ina  Mills Inc., St. Louis. MO) was used as a control 
diet. The fatty acid composition of the diets is described in 
Table 1. 

Semipurified diets were mixed before the beginning of 
each experimental  period, aliquoted and stored under  N 2 
at  -20~ Aliquots contained sufficient food for approxi- 
mately three weeks and were stored at 4~ under  N 2. Fe- 
male mice consuming semipurified diet were provided 
fresh diet on al ternate  days for three weeks prior to mat- 
ing and throughout  pregnancy. This feeding protocol has 
previously been shown to increase the ratio of n-3 to n-6 
fat ty  acids in embryonic and materna l  t issue phospho- 
lipids in mice fed 10% (w/w) of CLO/LO (1:1, w/w) (12). 
Food consumption and body weight data  were recorded 
three times per week for the semipurified diet groups. 

Samples of unea ten  semipurified diet were removed 
from feed containers af ter  each 48 h feeding period and 
stored at -20~ under N 2 until analysis for thiobarbituric 
acid reactive substances (TBARS) to obtain an index of 
lipid peroxidation. A modification of the thiobarbituric 
acid (TBA) assay by Dahle et al. (25) was used. The lipids 
of each of the diet samples were extracted with chloro- 
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TABLE 1 

Fatty Acid Composi t ion of  SLD, SAFF 
and CLO/LO Dietary Fats a 

Diet b 
FAME c SLD SAFF CLO/LO 

14:0 1.44 1.72 3.08 
16:0 24.44 5.64 10.55 
16:1n-7 2.45 0.10 2.85 
18:0 8.50 2.24 3.10 
18:1n-9 34.79 73.12 26.15 
18:2n-6 25.25 16.44 11.93 
20:4n-6 0.10 0.17 1.06 
18:3n-3 2.18 0.34 30.85 
18:4n-3 nd d nd 1.08 
20:5n-3 nd nd 4.88 
22:5n-3 nd nd 0.46 
11:6n-3 nd nd 4.01 

UI e 95.5 108 205 
n-6/n-3 11.70 48.85 0.31 
a% (W/W) of total fatty acid methyl esters (FAME) = (weight of an 
individual FAME/weight sum of all FAME identified for a sample) 
multiplied by 100. 
bSLD, standard laboratory diet; SAFF, safflower oil; CLO/LO, cod 
liver oil/linseed oil. 
CFAME are identified by the number of carbon atoms and the num- 
ber of double bonds, followed by the position of the first double 
bond from the methyl end "n-" of the fatty acid. 
dNot detectable, less than 0.004% (w/w). 
euI (unsaturation index) = ~ (% FAME x number of double bonds 
in the FAME). 

form/methanol  (2:1, vol/vol) by the method of Folch et al. 
(26). Chloroform extracts  were evapora ted  to dryness  
under  N 2 and reconst i tu ted with 40% ethanol  to a final 
concentration of 0.5 mg/mL. To the reaction mixture  was 
added 2.0 mL of 0.1 N sodium phosphate  buffer (pH 6.0), 
1.0 m L  of 20% trichloroacetic acid and 2.0 mL of a 0.67% 
aqueous solution of TBA. After  incubation for 15 min at  
100~ TBARS were measured  spectrophotometrically a t  
535 nm on a Beckman DU-40 spectrophotometer.  Analy- 
sis of the unea t en  semipurif ied diet samples  for TBARS 
yielded values tha t  are indicative of relatively low levels 
of dietary lipid peroxidation (23,27), i.e., below 20 umol of 
reference s t andard  (malonaldehyde bisdiethyl acetal); 
Sigma Chemical Co., St. Louis, MO) per g diet. 

Experiment 1. A teratogenic  dose of phenytoin  (65 
mg/kg) (5,12) was given to five SLD dams  and ten mice 
each in the SAFF and CLO/LO groups as a single in- 
t raper i tonea l  (i.p.) injection on GD 9, employing a s tan-  
dard injection volume of 10.0 mL/kg body weight. A single 
dose regimen of phenytoin was given to decrease the like- 
lihood of ma t e rna l  toxicity or excessive embryo lethal i ty 
which could mask  the teratogenic effects of phenytoin (28). 
An equivalent  num ber  of dams  in each dietary group re- 
ceived an identical volume of pH-matched vehicle (saline). 
Phenytoin  (sodium diphenylhydantoin;  Sigma) was dis- 
solved in normal  saline containing 0.002 M NaOH (Mal- 
inckrodt, Paris, KY) to achieve a final pH of 10.5. All solu- 
tions were prepared immediately prior to administration. 
Dams were killed on GD 19 by cervical dislocation. Follow- 
ing laparotomy, the uterus was exteriorized and the num- 

ber, location and weight of fetuses and resorptions noted. 
All fetuses were weighed, sexed and examined for the 
presence or absence of major external anomalies (e.g., ex- 
encephaly, spina bifida, hydrocephaly, eye defects, hairlip 
and limb defects). Fetuses that  died during a 2 h observa- 
tion period af ter  caesar ian  section were dis t inguished 
from live fetuses and resorpt ions in order to serve as an 
indication of pos tpar tum mortality. Fetuses were also ex- 
amined  under  a dissecting microscope for cleft palates .  
The frequency of malformations or of a specific defect was 
calculated as the number  of affected fetuses divided by the 
total  numbe r  of fetuses examined for a par t icular  group 
and then multiplied by 100. The resorption incidence was 
de te rmined  as the number  of resorpt ions divided by the 
number  of implan ta t ion  sites (fetuses plus resorptions)  
and expressed as a percentage. 

Experiment 2. To examine the effects of d ie tary  and 
phenytoin  t r e a t m e n t  on ma te rna l  hepat ic  phospholipid 
fat ty acid composition, a second study was done in which 
phenytoin  was adminis te red  to four mice from each di- 
e ta ry  regime on GD 9 as described above. An addit ional  
four mice from each die tary  group were injected with  
pH-matched  vehicle. Mate rna l  livers were extracted be- 
tween 18 and 24 h after phenytoin or vehicle exposure on 
GD 9, rinsed with ice-cold 1.15% KCI and frozen at  -80~ 
until phospholipid fatty acid analysis. 

~ssue phospholipid fatty acid analysis. Lipid extracts  
from ma te rna l  l iver homogenates  were p repared  as de- 
scribed previously (12) and separa ted  into neu t ra l  lipid 
and phospholipid fa t ty  acid fractions according to the 
method of Juaneda  and Rocquelin (29). As described pre- 
viously (12), fatty acid methyl  esters (FAME) of total phos- 
pholipids were prepared  and gas- l iquid chromatography 
was used to separa te  and quant i fy  FAME. FAME were 
identified by comparing retention t imes with those of au- 
thentic s tandards (Nu-Chek-Prep, Elysian, MN) and were 
quantified relative to heptadecanoic acid (17:0) used as in- 
ternal  standard. 

Statistical analyses. Analyses of continuous var iables  
were done as a three-by-two factorial design for two-way 
analysis of variance (ANOVA). The effects of diet and GD 9 
phenytoin  t r e a t m e n t  on mean  fetal  weight  were deter-  
mined by nested A_NOVA. As there  were differences 
among  the t r ea tmen t s  in t e rms  of l i t ter  size, s tat is t ical  
comparisons on fetal weight were performed using l i t ter  
size as a covariate. When significant differences occurred, 
t r e a t m e n t  mean  differences were identified by Tukey's  
(equal cell sizes) or Bonferroni's (unequal cell sizes) multi- 
ple comparison tests.  Stat is t ical  evaluat ions of postpar-  
t um mortali ty,  the frequency of anomalies  and specific 
types of malformations on a per-fetus basis were done by 
chi-square with Yates correction. All analyses  were per- 
formed using the Statistical Analysis System for personal 
computers  (Version 6.04, 1992; SAS Insti tute,  Cary, NC). 
A probability o f P  < 0.05 was accepted a priori as the min- 
imal level of significance for all analyses. 

RESULTS 

Maternal indices. Average feed consumption per  cage of 
mice, e i ther  before or dur ing pregnancy, was unaffected 
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by the type of semipurified diet (data not shown). Greater 
weight gain observed in the SLD mice during pregnancy 
as compared to the SAFF and CLO/LO dams may par- 
tially be explained by the larger litter size and the greater 
number  of implantation sites of the SLD dams (Table 2). 
Litter sizes, expressed as the average number  of live fe- 
tuses per litter, for the phenytoin-treated and control 
CLO/LO groups were lower than those for the SLD groups, 
whereas only the SAFF control dams had a smaller mean 
litter size relative to the SLD groups. Although the mean 
litter size of the phenytoin-treated SAFF diet group was 
larger than  that  of the control SAFF group, this may be 
partially explained by the greater number of implantation 
sites in the phenytoin-treated SAFF group compared to its 
control group. Comparison of implantation sites per dam 
gave the same results as those obtained for litter size with 
the additional observation that  the mean number  of im- 
plantat ion sites was greater  in the phenytoin-exposed 
SAFF group vs. the phenytoin-exposed and control 
CLO/LO groups. Despite the differences between groups 
in terms of the average number of live fetuses and implan- 
tations per litter, neither drug nor dietary t rea tment  af- 
fected the incidence of resorptions (Table 2). This result  
supports the idea that  differences detected between the 
phenytoin-exposed SAFF group and both of the CLO/LO 
groups in terms of implantation sites were not likely due 
to treatment effects. 

Fetal indices. Phenytoin exposure reduced mean fetal 
weight only in SAFF fetuses, whereas the fetuses from the 
n-3 fatty acid supplemented mice and the SLD group were 
unaffected by phenytoin t rea tment  (Table 3). Although 
comparisons between the diet and drug groups in terms of 
postpartum mortality were not statistically significant, a 
clear t rend was observed for an increased postpar tum 
mortality due to phenytoin exposure in each of the dietary 
treatments (Table 3). When the phenytoin-treated groups 
were pooled, however, phenytoin was observed to exert a 
significant effect upon postpartum lethality relative to the 

groups receiving dietary t rea tment  alone. Cleft palate, a 
defect characteristically induced by exposure to phenytoin 
on GD 11 through 13, was present  following phenytoin 
treatment in SAFF fetuses but absent in fetuses from the 
SLD and CLO/LO groups (Table 3). In contrast to the pres- 
ence of cleft palates observed in SAFF fetuses, the fre- 
quency of open eye defect was increased significantly by 
phenytoin treatment only in the CLO/LO diet group (Table 
3). Although open eye defect was observed in phenytoin- 
exposed SAFF fetuses (2.6%), those fetuses affected were 
within one litter, whereas fetuses with open eye defect 
were distributed among four litters in the CLO/LO diet 
group. 

Phenytoin exposure on GD 9 increased the frequency of 
malformations in each diet group (Table 3), although this 
increase was not statistically significant in the SLD group. 
The frequency of phenytoin-induced malformations was 
2.5 times higher in SAFF offspring (16.2 %) as compared 
to CLO/LO fetuses exposed to phenytoin (6.4%). Malfor- 
mations observed in the SAFF fetuses exposed to pheny- 
toin on GD 9 included tail defects (8.5%), cleft palate 
(4.3%), open eye (2.6%) and absence or blockage of the 
ureter  (1.7%). In contrast, open eye defect was the only 
malformation exhibited by the CLO/LO phenytoin-ex- 
posed fetuses. Anomalies observed in SLD offspring ex- 
posed to phenytoin included open eye (3.9%), tail defects 
(2.6 %) and one fetus with an atrophied hind region. The 
incidence of abnormalit ies did not differ significantly 
among the groups receiving dietary treatments alone a n d  
was within the norm for CD-1 mice fed either s tandard 
laboratory diets (5) or semipurifed diets (12). 

Maternal hepatic phospholipid fatty acids. Dietary fat 
composition did not affect feed intake, prior to mating or 
during pregnancy, nor did it affect net weight gain in mice 
used for this analysis (data not shown). Phenytoin treat- 
ment  on GD 9 decreased weight gain within each diet 
group, although the decrease was only significant within 
the CLO/LO group. The decrease in weight gain following 

TABLE 2 

Effects  of  D i e t a r y  Fat  a n d  P h e n y t o i n  T r e a t m e n t  on  P r e g n a n c y  O u t c o m e  in Mice  a'b 

Treatment Maternal Live fetuses Implantations Resorption 
Diet Drug weight gain (g) per litter per litter incidence c (%) 

SLD Control (5) d 32.20 • 3.49 ~ 13.20 • 1.16 e 14.00 • 1.18 e 6 • 2 
Phenytoin (5) 28.84 _ 1.03 e'f 12.67 • 0.33 e 13.50 • 0.62 ~ 6 • 2 

SAFF Control (10) 21.99 • 0.84 fg 9.70 • 0.60 g 10.50 • 0.60 f 7 • 3 
Phenytoin (10) 22.04 • 1 .31  f g  11.70 • 0 . 4 5  e'f 12.80 • 0.49 e 8 • 2 

CLO/LO Control (10) 20.47 • 1.29 g 10.40 • 0 . 6 5  f g  11.10 • 0.57 f 7 • 2 
Phenytoin (10) 20.54 ___ 1.59 g 9.40 • 0 . 9 8  f g  10.30 • 1.08 f 8 • 1 

aCD-1 mice were fed SLD, SAFF or CLO/LO based diets for 3 wk prior to implantation until gestational day (GD) 19. Dams were injected 
i.p. with either 65 mg/kg phenytoin or saline (control) on GD 9. Dams were caesarian sectioned on GD 19 and teratology assessment per- 
formed. See Table 1 for other abbreviations. 
bAll values except for the number of dams per treatment are expressed as the mean • SEM. 
C[(number of resorptions)/(number of implantation sites) per dam] multiplied by 100. 
dNumber in parentheses is equal to the number of dams. 
e-gMeans not sharing a common superscript, within a column, are significantly different (P < 0.05) by Bonferroni's multiple comparisons 
test. 
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TABLE 3 

Ef fec t s  o f  D i e t a r y  F a t  a n d  P h e n y t o i n  T r e a t m e n t  on  F e t a l  I n d i c e s  a 
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Treatment  Fetal  Pos tpar tum Cleft Open Total 
Diet Drug weight (g) mortal i ty palates eyes malformed 

SLD Control (66) b 1.37 -+ 0.02 c'd 2 (3.0%) f 0 (0%) 1 (1.5%) 1 (1.5%) 
Phenytoin  (76) 1.28 -+ 0.01 d'e 6 (7.9%) 0 (0%) 3 (3.9%) 6 (7.9%) 

SAFF Control (97) 1.41 _+ 0.01 d 1 (1.0%) 2 (2.1%) 0 (%) 2 (2.1%) 
Phenytoin  (117) 1.23 -+ 0.01 e 6 (5.1%) 5 (4.3%) 3 (2.6%) 19 (16.2%) g 

CLO/LO Control (104) 1.30 -+ 0.01 d'e 3 (2.9%) 0 (0%) 0 (0%) 0 (0%) 
Phenytoin  (94) 1.29 _+ 0.01 d'e 5 (4.8%) 0 (0%) 6 (6.4%) h 6 (6.4%) h 

aMice were t rea ted  as previously described in footnote a of Table 2; SLD, s tandard  laboratory diet; SAFF, safflower oil; CLO/LO, cod liver 
oil/linseed oil. See Table 1 for abbreviations.  
bNumber of fetuses examined. 
CMean __r SEM. 
d-eMeans not shar ing a common superscript, wi thin a column, are significantly different (P < 0.05) by Bonferroni's multiple comparisons 
test. 
fNumber of fetuses affected (% of fetuses affected within the t r ea tmen t  group). 
gsignif icantly grea ter  t h a n  SAFF control group (P < 0.01) and  phenytoin- t rea ted  CLO/LO group (P < 0.05) by cont inui ty-adjusted chi- 
square analyses. 
hSignificantly greater  t han  CLO/LO control group (P < 0.05) by continuity-adjusted chi-square analysis. 

phenytoin exposure could be due to a sedative-like effect 
of the drug. There were no effects of diet or drug exposure 
on the average number  of live embryos or on implantation 
sites per litter (data not shown). In contrast  to mice in Ex- 
periment  1, phenytoin caused a significant increase in the 
incidence of resorptions in the CLO/LO animals.  This in- 
crease may  have been due to an unusual ly  low number  of 
resorptions in the CLO/LO control group. 

Individual  fa t ty  acid levels (% wt of total  FAME per 
group) of  the ma t e rna l  l lver phospholipid fraction are 
shown in Figure 1. The livers of control SLD and CLO/LO 
dams  had  a higher  content  of 16:0 and lower concentra-  
tions of 18:0 and 18:1n-9 as compared to SAFF control liv- 
ers. The hepat ic  phospholipid concentrat ions of 18:2n-6 
were the highest  in the vehicle-control SLD group while 
the CLO/LO dams receiving vehicle showed higher hepatic 
phospholipid levels of 18:2n-6 than  the SAFF control liv- 
ers. The SAFF livers of control dams contained the high- 
est amount  of 20:4n-6, more than  fourfold higher concen- 
trations than  were observed in control CLO/LO livers. The 
livers of SLD mice receiving saline vehicle also had higher 
levels of 20:4n-6 than  did the CLO/LO control livers. The 
CLO/LO liver phospholipids contained the only detectable 
concentrat ions of 20:5n-3. The longer chain 22:6n-3 was 
seen in all d ie tary  t r ea tmen t s  but  was dramat ica l ly  af- 
fected by die tary  t r e a t m e n t  as CLO/LO livers contained 
more than  five t imes and almost  twice the concentrations 
in SAFF and SLD livers, respectively. 

Phenytoin exposure also induced differences in the fatty 
acid composition of ma te rna l  liver phospholipids. Pheny- 
toin t r ea tmen t  increased 18:2n-6 concentrations in SAFF 
and SLD m a t e r n a l  hepat ic  phospholipids. In contrast ,  
phenytoin  exposure did not affect hepat ic  phospholipid 
fa t ty  acid composition in the CLO/LO group. The ratio of 
hepatic  phospholipid 20:4n-6 to 18:2n-6 (Fig. 2) in l ivers 
from the SAFF dams was decreased as a result  of pheny- 
toin exposure, suggesting an inhibition in the conversion 
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FIG.  1. M a t e r n a l  h e p a t i c  p h o s p h o l i p i d  f a t t y  a c i d  c o m p o -  
s i t i o n  in  p r e g n a n t  m i c e .  D a m s  w e r e  f e d  e i t h e r  s t a n d a r d  
l a b o r a t o r y  d i e t  (SLD) ,  s a f f l o w e r  o i l  ( S A F F )  o r  c o d l i v e r  
o i l / l i n s e e d  oi l  (CLO/LO) b a s e d  d i e t  for  3 w k  p r i o r  to  m a t i n g  
a n d  t h r o u g h  g e s t a t i o n a l  d a y  (GD) 10, O n  GD 9 d a m s  w e r e  
i n j e c t e d  i.p. w i t h  s a l i n e  ( c o n t r o l )  or  w i t h  65 m g / k g  p h e n y -  
to in .  D a m s  w e r e  k i l l e d  24 h l a t e r  a n d  m a t e r n a l  l i v e r s  w e r e  
d i s s e c t e d ,  r i n s e d  w i t h  i c e - c o l d  1.15% KC1, a n d  f r o z e n  a t  
-80~  u n t i l  f a t t y  a c i d  a n a l y s i s .  D a t a  a r e  e x p r e s s e d  as  
t h e  m e a n  • S E M  (n = 4). O p e n  b a r s  r e p r e s e n t  v e h i c l e  
c o n t r o l s  a n d  c r o s s - h a t c h e d  b a r s  r e p r e s e n t  p h e n y t o i n -  
t r e a t e d  d a m s .  D i f f e r e n c e s  in  t h e  m e a n  a m o u n t s  for  a par -  
t i c u l a r  f a t t y  a c i d  b e t w e e n  d i e t s  a n d  d r u g  t r e a t m e n t  are  in-  
d i c a t e d  b y  d i f f e r e n t  l e t t e r s  as  d e t e r m i n e d  b y  Tu k ey ' s  mul -  
t i p l e  c o m p a r i s o n s  t e s t  (P  < 0.05).  FAME,  f a t t y  a c i d  m e t h y l  
e s t ers .  
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FIG. 2. R a t i o  o f  20:4n-6/18:2n-6 in  h e p a t i c  p h o s p h o l i p i d  f a t t y  
a c i d s  in  p r e g n a n t  m i c e .  M i c e  w e r e  t r e a t e d  as  d e s c r i b e d  in  
F i g u r e  1. D a t a  are  e x p r e s s e d  as  t h e  m e a n  • S E M  (n = 4). 
O p e n  b a r s  r e p r e s e n t  v e h i c l e - c o n t r o l s  a n d  c r o s s - h a t c h e d  
b a r s  p h e n y t o i n - t r e a t e d  d a m s .  D i f f e r e n t  l e t t e r s  i n d i c a t e  s ig-  
n i f i c a n t  d i f f e r e n c e s  b e t w e e n  m e a n s  a m o n g  a l l  t r e a t m e n t  
g r o u p s  b y  Tukey ' s  m u l t i p l e  c o m p a r i s o n s  t e s t  (P < 0.05). S e e  
F i g u r e  I for  a b b r e v i a t i o n s .  

of 18:2n-6 to 20:4n-6 by phenytoin. Phenytoin t rea tment  
also decreased the ratio of n-6:n-3 hepatic phospholipid 
fatty acids in the SAFF group (Table 4) whereas the SLD 
and CLO/LO groups were unaffected by phenytoin in this 
regard. As expected, the CLO/LO groups exhibited the 
lowest phospholipid fat ty acid n-6:n-3 ratio, and the 
n-6/n-3 ratio for the SLD mice was between those for the 
other two diet groups. Dams fed the SAFF diet had the 
lowest unsaturation index, likely due to the low amount of 
22:6n-3 in the hepatic phospholipids (Table 4). The high- 
est unsaturation index for hepatic phospholipid fatty acids 
came from those mice fed the CLO/LO diet while mice 
from the SLD groups yielded intermediary values. 

D I S C U S S I O N  

As expected, acute phenytoin exposure on GD 9 in CD-1 
mice produced adverse effects on fetal growth and mor- 
phological development tha t  were similar to those previ- 
ously observed in in  v ivo  murine studies (5-9,12). The ef- 
fects were evidenced by a decrease in fetal weight and an 
increased incidence of cleft palate, open eyelid and tail de- 

fects. Although phenytoin increased the frequency of mal- 
formations in CLO/LO fetuses (6.4%), there were 2.5 times 
more phenytoin-induced defects observed in fetuses from 
the SAFF group (16.2%). The lowered incidence of pheny- 
toin-induced anomalies in the CLO/LO fetuses as com- 
pared to SAFF fetuses demonstrates that  dietary n-3 fatty 
acids can decrease teratogenicity caused by phenytoin ex- 
posure at an early gestational period (GD 9), and these 
findings parallel earlier results (12) obtained on n-3 fatty 
acid-fed mice exposed to phenytoin with midgestation. 
Since resorption incidence was not affected by dietary 
t reatment ,  the CLO/LO dietary t rea tment  caused a de- 
crease in phenytoin teratogenicity ra ther  than a reparti- 
tioning of the type of outcome. Although phenytoin treat- 
ment was associated with an increase in anomalies in both 
of the semipurified diet groups and the SLD group (7.9%), 
the increase in SLD mice was not statistically significant. 
This latter finding was likely due to the relatively smaller 
number Of dams in the SLD groups. The reduction in fetal 
weights observed in the SAFF diet group due to phenytoin 
exposure early during gestation is in agreement  with 
other reports of phenytoin-mediated growth reduction 
(5-9,12,30). The phenytoin-mediated fetal growth retar- 
dation was suppressed in the CLO/LO group demonstrat- 
ing that  dietary n-3 fat ty acid supplementat ion can also 
protect against this aspect of phenytoin fetotoxicity. This 
lat ter  finding, however, contrasts  our earlier work (12) 
which showed no protective action of n-3 fatty acids 
against  fetal growth retardat ion induced by phenytoin. 
The lack of protection of the CLO/LO diet in our previous 
s tudy could be related to the later gestational times 
(GD 12 and 13) of phenytoin administration. The earlier 
period of phenytoin treatment in the present study is also 
likely responsible for the relatively low incidence of pheny- 
toin-induced cleft palate among the treatment groups, and 
this has also been observed in mice treated with pheny- 
toin on GD 9 in other studies (15). Previous work by Lum 
and Wells (5) has indicated that  the period of maximal 
sensitivity to phenytoin-induced cleft palate in the CD-1 
mouse occurs on GD 12 and 13. On the other hand, in this 
study the total malformation incidence in the phenytoin- 
treated safflower oil group was relatively high at 16% and 
is similar to the total malformation incidences of approxi- 
mately 10% seen in previous studies using CD-1 mice fol- 
lowing phenytoin treatment on GD 12 and 13 (5,14). 

TABLE 4 

U n s a t u r a t i o n  I n d e x  a n d  n-6/n-3 R a t i o  o f  M a t e r n a l  H e p a t i c  P h o s p h o l i p i d s  (wt% o f  to ta l  FAME) a 

SLD SAFF CLO/LO 
Control Phenytoin. Control Phenytoin Control Phenytoin 

UI b 189 • 4.95 c'd'e 185.6 • 6.83 d'e 165.5 • 5.93 e 162.5 • 4.85 e 208.0 • 8.86 d 206.9 • 9.69 d 
n-6/n-3 3.06-+0.16 f 2.84-+0.15 f 10.87-+0.94 d 8.23 • 0.38e 0.71 -+ 0-06g 0.70 -+ 0"04g 
aCD-1 dams were fed either SLD or a SAFF or CLO/LO based semipurified diet, from 3 wk prior to implantation until gestational day 
(GD) 10. Dams were injected i.p. with either 65 mg/kg phenytoin or saline (control) on GD 9. Dams were killed on GD 10 and livers were 
immediately dissected, rinsed with ice-cold 1.15% KC1 and frozen at -80~ until phospholipid fatty acid analysis. See Tables 1 and 2 for 
abbreviations. 
buI = Y (% FAME • number of double bonds in the FAME). 
CMeans • SEM. 
d-gMeans not sharing a common superscript, within a row, are significantly different (P < 0.05) by Tukey's multiple comparison test. 
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Dietary fat also affected the type of defects observed fol- 
lowing phenytoin exposure on GD 9. Malformations ob- 
served in fetuses from the phenytoin-treated SAFF dams 
affected the tail, palate, eyes and the external opening of 
the urogenital system. Open eye defect, on the other hand, 
was the only gross defect induced by phenytoin in the 
CLO/LO group. Acute phenytoin exposure by single injec- 
tions on GD 9 through 15 has shown that  t reatment on 
GD 9 alone leads to phenytoin-induced open eye defect in 
Swiss Webster mice (31). Phenytoin may affect the produc- 
tion of a precursor involved in eyelid formation and/or eye- 
lid fusion since eyelid growth does not occur until GD 
13-15 (32). Formation of the peridermal cells of the devel- 
oping eyelid region begins on about GD 10 (33), and 
phenytoin treatment on GD 9 may interfere with the for- 
mation of this group of cells which are important in tem- 
porary fusions, such as those between the eyelids of a 
neonatal mouse (34). 

The overall protection of n-3 fatty acids against pheny- 
toin-induced growth retardation and the decreased inci- 
dence of overall malformations in the CLO/LO fetuses 
supports the idea that n-3 fatty acids exert a generalized 
protective action against phenytoin teratogenicity. The 
mechanisms involved could include an enhanced balance 
ofbioactivation to detoxification of phenytoin in the SAFF- 
fed animals at the level of the embryo as our previous find- 
ings showed enhanced concentrations of covalently bound 
phenytoin to protein in embryos from SAFF-fed dams rel- 
ative to CLO/LO embryos (12). This effect was attributed 
to the relatively higher level of embryonic activity of 
prostaglandin H synthase in SAFF embryos which can 
bioactivate phenytoin to a reactive intermediate. Differ- 
ences among the dietary treatments in terms of distribu- 
tion, conjugation and excretion pathways of phenytoin 
could also alter the plasma halflife and embryonic expo- 
sure to phenytoin, thereby modifying teratogenic outcome. 

It is unlikely that the high intake of n-6 fatty acids con- 
tributed to the increased teratogenic action of phenytoin. 
Our earlier work (12) showed that mice fed either a satu- 
rated fat diet or a safflower oil-based diet demonstrated a 
similar incidence of phenytoin-induced cleft palate that 
was relatively higher in comparison to mice fed a CLO/LO 
diet. Moreover, studies have consistently shown that in- 
creasing the intake of 18:2n-6 above approximately 1-2% 
of energy does not lead to a further increase in 20:4n-6 tis- 
sue levels (35). Our previous findings showed no increase 
in embryonic, placental or hepatic levels of 20:4n-6 with 
12% (w/w) safflower oil intake vs. 10% (w/w) hydrogenated 
coconut oil + 2% (w/w) safflower oil (12). These observa- 
tions support our contention that the n-3 fatty acid-based 
diets exerted a protective effect on phenytoin teratogenic- 
ity as opposed to an enhancement of phenytoin terato- 
genicity by the n-6 fatty acid-based SAFF diet. 

In our study, the CLO/LO diet produced changes in he- 
patic phospholipids consistent with the expected effect of 
CLO/LO, namely an increase in 20:5n-3 and 22:6n-3 con- 
tents and a reduction in 20:4n-6. This is in agreement with 
other reports (17-19) which indicate that the decrease in 
20:4n-6 is the result of the competitive replacement of n-6 
PUFA by n-3 PUFA and/or the inhibition of the A6 desat- 
urase and elongase enzymes. Differences in the dietary 

ratio of n-6/n-3 between the SAFF (49) and CLO/LO (0.3) 
diets also resulted in a 15-fold reduction in this ratio for 
hepatic phospholipids from dams fed the CLO/LO diet rel- 
ative to SAFF dams. 

The present study provides new information on the ef- 
fects of phenytoin on fatty acid composition during gesta- 
tion. Phenytoin exposure increased 18:2n-6 concentrations 
in liver phospholipids from the SLD and SAFF mice but 
not in the CLO/LO hepatic phospholipids. The conversion 
of 18:2n-6 to 20:4n-6 was also reduced in the SAFF group 
exposed to phenytoin as compared to the SAFF control 
group as determined by calculating the ratio of product 
(20:4n-6) to precursor fatty acid (18:2n-6). This result is 
similar to the findings of Cunnane et al. (36), who found 
that phenytoin treatment of children with epidermolysis 
bullosa dramatically increased 18:2n-6 while simultane- 
ously decreasing 20:4n-6 in plasma and erythrocyte phos- 
pholipids. These findings implied that A6 and/or A5 desat- 
uration of 18:2n-6 was inhibited by phenytoin. Other stud- 
ies had shown that  microsomal A5 and A6 desaturase 
activity can be decreased upon exposure to xenobiotics. 
For example, hepatocarcinogenic treatment in rats, in the 
form of diethylnitrosamine and 2-acetylaminofluorene, 
was shown to result in a similar decreased 20:4n-6/18:2n-6 
ratio in the hepatic phospholipids (20). In the present 
study, the possible inhibitory effect of phenytoin on the 
18:2n-6 to 20:4n-6 conversion was not observed in hepatic 
phospholipids from the SLD or CLO/LO dams. This may 
have been due to the higher degree of affinity of the desat- 
urases for the n-3 fatty acids (16). The higher amounts of 
n-3 fatty acids (i.e., lower ratios of n-6/n-3 fatty acids) in 
the hepatic phospholipids of the SLD and CLO/LO groups 
as compared to the SAFF dams, in conjunction with the 
higher affinity of the desaturase enzymes for the n-3 fatty 
acids, could have contributed to the lack of effect of pheny- 
toin on the conversion of 18:2n-6 to 20:4n-6 observed in 
these groups. This idea is supported by the fact that  
18:3n-3 conversion to 20:5n-3 and 22:6n-3 was not affected 
in the SAFF hepatic phospholipids. 

In summary, the results from this study have shown 
that animals receiving a diet in the form of CLO/LO had a 
lower incidence of malformations as compared to SAFF- 
fed mice when treated with phenytoin in early gestation. 
Although further study is required, the protective effects 
of the CLO/LO diets could be attributed to its lower 
n-6/n-3 fatty acid ratio. The present findings, together 
with our previous work (12), indicate that  semipurified 
diets containing n-3 fatty acids can strongly protect 
against a variety of malformations induced by phenytoin 
during two substantially different developmental periods 
of susceptibility to major phenytoin-induced defects. The 
PUFA composition of maternal liver phospholipids can be 
manipulated in vivo by administration of phenytoin and 
by administration of specific dietary oils. The present 
study revealed that the incorporation of long-chain n-3 
PUFA into tissue phospholipids appears to influence the 
efficacy of phenytoin in depressing maternal liver phos- 
pholipid PUFA composition. Further work is needed, how- 
ever, to fully evaluate the effect of linseed oil and fish oil 
feeding on the mechanisms of the phenytoin-induced al- 
terations of hepatic PUFA metabolism. 
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The  effects  of  amino  acid-fortif ied low case in  and f ish oi l  
(FO) d ie t s  on  h y p e r l i p i d e m i a  a nd  p r o t e i n u r i a  w e r e  
s t u d i e d  in  rats  w i t h  n e p h r o t o x i c  s e r u m  nephr i t i s .  After  
an  an t i s erum inject ion,  rats  were  m a i n t a i n e d  for 14 d on 
four  d i f ferent  e x p e r i m e n t a l  diets:  a 20% c a s e i n  d ie t  con- 
t a i n i n g  corn  oi l  (CO) or FO, or an  8% c a s e i n  diet  supple-  
m e n t e d  wi th  cys t ine  p lus  t h r e o n i n e  c o n t a i n i n g  CO or FO. 
The  8% case in  diets  reduced  ur inary  prote in  excre t ion  in  
n e p h r i t i c  rats  w i t h o u t  i n d u c i n g  s e v e r e  g r o w t h  retarda-  
t i o n  or fa t ty  l i ver  c o m p a r e d  w i t h  the  basa l  20% c a s e i n  
diets .  Both  the  8% c a s e i n  diet  and  the  FO diet  decreased  
s e r u m  cho les tero l ,  t r i g l y c e r i d e  and  p h o s p h o l i p i d  l eve l s  
in  nephr i t i c  rats, and nones ter i f i ed  fatty acid l eve l s  were  
d e c r e a s e d  by  FO feed ing .  In  n e p h r i t i c  a n i m a l s ,  h e p a t i c  
c h o l e s t e r o l  s y n t h e s i s  w a s  d e c r e a s e d  by  the  8% c a s e i n  
d ie ts  c o m p a r e d  w i t h  the  20% case in  diets ,  and  t e n d e d  to 
be  reduced  by  FO feed ing  b e t w e e n  groups  at the  same  ca- 
s e i n  l eve l s .  No  e f fec t  o f  d i e t  w a s  o b s e r v e d  o n  fat ty  ac id  
syn t hes i s  a m o n g  the  nephr i t i c  rats. FO admin i s t ra t ion  to  
the  nephr i t i c  an imal s  suppressed  fecal  s teroid  excret ion.  
Whi le  l i p o p r o t e i n  l ipase  ac t iv i ty  wa s  u n c h a n g e d  a m o n g  
t h e  n e p h r i t i c  rats ,  h e p a t i c  t r i g l y c e r i d e  l i p a s e  a c t i v i t y  
w a s  r e d u c e d  by  e i t h e r  the  8% c a s e i n  or FO diet .  The  re- 
sui ts  sugges t  that  the  h y p o l i p i d e m i c  act ion  of  low case in  
diets  may, at least  in  part, be due  to reduced  hepat ic  cho- 
l e s tero l  s y n t h e s i s  and s u p p r e s s e d  t r ig lycer ide  s ecre t i on  
from the  l iver.  T h e y  also  s ug g es t  that  the  h y p o l i p i d e m i c  
ac t ion  of  FO may, at l east  in  part,  be  due  to r e d u c e d  he-  
pat ic  cho le s tero l  s y n t h e s i s  and  decreased  fatty  ac id  mo-  
b i l i za t ion  from per iphera l  ad ipose  t issue.  
Lipids 29, 779-783 (1994). 

Renal injuries such as puromycin aminonucleoside ne- 
phrotic syndrome (1) and nephrotoxic serum nephri t is  
(NSN) (2) are known to be accompanied by severe hyper- 
lipidemia. These types of hyperlipidemias need to be reme- 
died as they are believed to cause further  deterioration of 
kidney hmction (3,4). 

Brenner  et al. (5) suggested that  injury of the glomeru- 
lus is caused by increased permeability of the glomerular 
capillary to plasma proteins and that  high protein intake 
enhances the hyperf i l t rat ion of glomeruli causing pro- 
gressive damage. It  has been reported tha t  low protein 
diets ameliorate proteinuria in nephrotic patients (6) and 
in ra ts  (7). Protein malnutr i t ion can occur af ter  a long 
period of low protein intake, even if low protein diets have 

*To whom correspondence should be addressed at Department of 
Applied Biological Science, Tokyo Noko University, Saiwai-cho 3-5- 
8, Fuchu, Tokyo 183, Japan. 
Abbreviations: 8-C, an 8% casein diet, supplemented with cystine 
and threonine, containing corn oil; 20-C, a 20% casein diet contain- 
ing corn oil; 8-F, an 8% casein diet, supplemented with cystine and 
threonine, containing fish oil; 20-F, a 20% casein diet containing 
fish oil; BA, bile acids; Ch, cholesterol; CO, corn oil; FA, fatty acid; 
FO, fish oil; GBM, glomerular basement membrane; HTGL, he- 
patic triglyceride lipase; LPL, lipoprotein lipase; NEFA, nonesteri- 
fled fatty acids; NS, neutral sterols; NSN, nephrotoxic serum 
nephritis; PL, phospholipid; TG, triglyceride; TX, thromboxane. 

beneficial effects on symptoms of renal  diseases. We 
demonstrated that  low protein diets suppressed hyperlipi- 
demia and proteinuria  incident to NSN (8) and tha t  the 
supplementat ion of limiting amino acids to diets low in 
proteins alleviated growth retardat ion due to low protein 
intake (9). 

Dietary fish oil (FO) rich in n-3 polyunsatura ted fat ty 
acids has been shown to bring about greater hypolipidemic 
effects in rats  through reduced hepatic lipogenesis (10) 
than corn oil (CO) which is rich in linoleate (18:2n-6). FO- 
enriched diets have also been reported to weaken the pro- 
gression of auto immune diseases in NZB/NZW (11) and 
MRL-lpr  (12) mice by altering several immunological 
functions (13). The effects of FO diets on nephrotoxic 
serum nephrit is,  which is one of the immune-media ted  
models, remain ambivalent. There have been reports that  
FO alleviated this type of nephrit is  compared to beef tal- 
low (14), while a high a-linolenate diet has been shown to 
exacerbate it when compared to a high linoleate diet (15). 

In the present study, we examined the effects of dietary 
FO and of an amino acid-fortified low casein diet, individ- 
ually and in combination, on the incidence of hyperlipi- 
demia and proteinuria in NSN. 

MATERIALS AND METHODS 

A n i m a l s  a n d  diets.  Male Wistar rats  ( three weeks old) 
were obtained from Charles River Japan  (Kanagawa, 
Japan).  The rats  were kept  on a stock pellet diet (CE-2; 
CLEA Japan,  Tokyo, Japan)  for 3 d. On the fourth day of 
prel iminary feeding, ra ts  were divided into two groups 
with equal body weights and were fed a basal 20% casein 
diet containing ei ther  10% CO or FO for another  three  
weeks. The rats were kept in an air-conditioned room at a 
temperature of 22 - 2~ and at a relative humidity of 60 _+ 
5% using an 8:00 a.m. to 8:00 p.m. light cycle. All the ani- 
mals were moved on the twenty-first  day of prel iminary 
feeding from individual cages with wire bottoms into me- 
tabolism cages to collect urine. The composition of the 
basal 20% casein diet was as follows: 20% casein (Oriental 
Yeast Co., Tokyo, Japan),  10% CO (Hayashi  Chemicals 
Co., Tokyo, Japan) or FO (Sanomega EPA-S18GA, the gen- 
erous gift of NOF Corporation, Tokyo, Japan),  63.3% 
a-corn starch (Nihon Nosan Kogyo Co., Yokohama, 
Japan),  3.5% mineral  mixture  (AIN composition; Nihon 
Nosan Kogyo Co.), 1% vitamin mixture (/kiN composition; 
Nihon Nosan Kogyo Co.), 0.2% choline b i ta r t ra te  (Wako 
Pure  Chemical Industries,  Osaka, Japan)  and 2% cellu- 
lose powder (Oriental Yeast Co.). The composition of CO 
and FO is shown in Table 1. The FO contained 0.3% vita- 
min E. Separately from the vitamin mixture, the CO diet 
was therefore supplemented with extra vitamin E (Riken 
E Oil 800, Riken Vitamin Co., Tokyo, Japan)  to adjust to 
the vitamin E content (350 mg/kg diet) of the FO diet. No 
side effects have been noted at  this dose of vi tamin E in 
rats (16). On the twenty-fourth day of preliminary feeding 
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TABLE 1 

Fatty Acid Composit ion of  Corn 
and Fish Oils (FO) (%) 

(co) 

Fatty acid CO FO 

14:0 trace 6.1 
16:0 11.5 14.2 
16:1 trace 7.1 
18:0 2.3 2.0 
18:1 31.3 11.9 
18:2n-6 53.3 1.4 
20:5n-3 trace 17.7 
22:6n-3 trace 11.8 

(day 0), rats of the CO and FO groups were further divided 
into two groups of equal body weight; they received a sin- 
gle intravenous injection in the tail vein of anti-rat kidney 
glomerular basement membrane (GBM) rabbit antiserum 
(0.5 m ur a t ) ,  which was produced by immunizing rabbits 
with the supernatant  of trypsin-digested rat  GBM (17,18). 
On the following day (day 1), the animals were subcuta- 
neously immunized with rabbit  y-globulin (8 mg/rat; 
Sigma Chemical Co., St. Louis, MO) in 0.2 mL of Freund's 
complete adjuvant  (Wako Pure  Chemical Industr ies)  in 
the hind foot pads as described previously (19,20). Imme- 
diately after the injection of antiserum (day 0), rats of each 
group were kept for 14 d on a particular experimental diet. 
Rats previously mainta ined on the CO diet were succes- 
sively fed either a 20% casein diet containing CO (20-C) or 
an 8% casein diet supplemented with 0.3% L-cystine (Nip- 
pon Rikagakuyakuhin  Co., Tokyo, Japan)  and 0.36% L- 
threonine (Ajinomoto Co., Inc., Tokyo, Japan)  containing 
CO (8-C), while those on the FO diet were fed either a 20% 
casein diet containing FO (20-F) or an 8% casein diet sup- 
plemented with 0.3% L-cystine and 0.36% L-threonine con- 
taining FO (8-F). Fats  given no anti-serum injection were 
regarded as the normal group and maintained on the 20- 
C diet throughout the experiment. Each experimental diet 
was adjusted to 100% by changing the amount  of a-corn 
starch to keep all the diets isocaloric. Water and all diets 
were available ad libitum. Urine excreted during the pre- 
ceding 24 h by the rats individually housed in metabolism 
cages was collected at 9:00 a.m. each day. The animals  
were deprived of their diets at 9:00 a.m. on day 14, but  al- 
lowed free access to water  until sacrifice by decapitation 4 
h later. Blood was collected and left to clot at  room tem- 
pera ture  to obtain serum. Liver, kidney and epididymal 
adipose t issue were quickly removed, washed with cold 
0.9% NaC1, blotted on filter paper, and weighed. Aliquots 
of the liver and adipose tissue were frozen in liquid nitro- 
gen and stored at -80~ until analyzed. 

Lipid analyses. From the liver, total  lipids were ex- 
tracted according to the procedure ofFolch et al. (21). A~er 
aliquots of the chloroform phase had been dried, choles- 
terol (Ch) (22), triglyceride (TG) (23) and phospholipid 
(PL) (24) levels were determined as described previously 
(8). The serum TG and PL levels were also determined as 
described above. Serum total Ch levels were enzymatically 
determined using a commercial kit (Wako Pure Chemical 

Industries). Serum nonesterified fatty acid (NEFA) levels 
were also determined as described previously (25). 

Serum albumin and urinary protein determination. 
Serum albumin was determined with a commercial ki t  
(Wako Pure  Chemical Industries).  Ur inary  protein was 
measured  by the Bradford method (Bio-Rad Protein 
Assay; Bio-Rad Laboratories, Richmond, CA) (26). 

Cholesterol and fatty acid syntheses from [1tiC]acetate in 
liver slices. Liver slices weighing 100-120 mg were incu- 
bated for 2 h in 1 mL of Krebs-Ringer phosphate  buffer 
(pH 7.4) containing 37 kBq/~tmol of [1-14C]acetate (2.04 
MBq/~mol; Amersham Internat ional  plc, Buckingham- 
shire, United Kingdom). Total fat ty acid (FA) and Ch syn- 
theses were estimated as described previously (27,28). 

Fecal steroid excretion. Feces were collected individu- 
ally for 2 d before rats were sacrificed. Neutral  sterols (NS) 
and bile acids (BA) were extracted according to the method 
o fYamanaka  et al. (29). BA and NS were enzymatical ly 
determined with commercial kits (Wako Pure  Chemical 
Industries) as described (30). 

7issue lipolytic activities. Heparin-releasable TG lipases 
were obtained from epididymal fat pads (lipoprotein li- 
pase, LPL) and liver (hepatic TG lipase, HTGL). Each of 
the fresh tissues weighing 300 mg was homogenized in 
0.2 M Tris-HC1 buffer (pH 8.5) containing 10 U/mL of 
sodium heparin (Wako Pure  Chemical Industries) accord- 
ing to the method of Noguchi et al. (31). Lipases were in- 
cubated for 1 h in 0.2 M Tris-HCl buffer (pH 8.0 and with 
adequate  apolipoprotein C-II as an act ivator  of LPL for 
LPL assay and pH 8.5 for HTGL) containing 925 Bq/~mol 
of [carboxyl-14C]triolein (925 MBq/mmol; NEN Research 
Products,  Boston, MA), and lipase activities were esti- 
mated as described (32,33). 

Statistical analysis. Statist ical  analyses were carried 
out using Student's t-test (normal 20-C vs. nephritic 20-C) 
and Duncan's mult iple-range test  (among the nephrit ic 
groups); a P value of <0.05 was considered significant. 

RESULTS 

As shown in Table 2, nephritis caused growth retardation, 
enlargement  of the liver and kidney, and hypoalbumine- 
mia (normal 20-C vs. nephritic 20-C). Food intake tended 
to be decreased by inducing nephrit is.  In the nephri t ic  
state, body weight gain of the 20-F and 8-C groups was 
comparable to tha t  of the 20-C group, but  the growth of 
the 8-F group was significantly suppressed when com- 
pared with tha t  of the 20% casein (20-C, 20-F) groups. 
Food intake was almost the same among the four 
nephri t ic  groups except for the 8-C group in which rats  
consumed the greatest  amount.  A nephrit is- induced en- 
largement of the liver was not affected by any dietary ma- 
nipulation, but  that  of the kidney was reduced by feeding 
the 8-C diet. No dietary effect was noted on the serum al- 
bumin level in any of the four nephritic groups. 

While u r inary  protein excretion in normal ra ts  re- 
mained constant at low levels during the experimental pe- 
riod, that  of nephritic control (20-C) rats rapidly and lin- 
early increased up to day 3 and remained at a high ra te  
until day 14 (data not shown). The excretion rate of the 8% 
casein (8-C, 8-F) groups commenced to significantly de- 
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TABLE 2 

Body Weight Gain, Food Intake, Tissue Weights and Serum Albumin  Level a 
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Normal Nephritis 
Measurement 20-C 20-C 20-F 8-C 8-F 

Body weight gain (g/14 d) 
Food intake (g/14 d) 
Liver weight (g/1O0 g body weight) 
Kidney weight (g/100 g body weight) 
Serum albumin (g/L) 

110 ___ 4 b 70 _ 5 c 65 ___ 7 c 65 _+ 11 c'd 42 • 4 d 

272 -+ 7 244 _+ 11 c 237 _+ 10 ~ 280 _+ 17 d 233 • 8 c 
3.8 -+0.2  b 4.8 _+0.1 c 4.6 --.0.2 c 4.6 _+0.1 c 4.6 • c 
0.7 -+ 0.0 b 1.1 _+ 0.1 c'd 1.1 _+ 0.1 c 0.9 _+ 0.0 d 1.1 • 0.1 c 
40_+0 b 29_ 2 c 31•  c 32 • 1 c 31• 1 ~ 

aValues are means +_ SEM for six rats. Rats were treated as described in the Materials and Methods section; 20-C, a 20% casein diet con- 
taining corn oil; 20-F, a 20% casein diet containing fish oil; 8-C, an 8% casein diet, supplemented with cystine and threonine; 8-F, an 8% 
casein diet, supplemented with cystine and threonine, containing fish oil. 
bSignificantly different from the nephritic 20-C group at P < 0.05 by Student's t-test. 
c'dValues not sharing a common letter are significantly different at P < 0.05 by Duncan's multiple-range test. 

crease on day 7, and  FO, in contras t  to CO, showed no low- 
er ing effect on u r i n a r y  pro te in  excret ion a t  e i ther  the  20 
or the 8% casein level (Fig. 1). 

Table 3 shows s e r u m  and  l iver lipid levels. Hyper l ip i -  
demia  charac ter ized  by elevations in Ch, TG and  P L  was  
conf i rmed in nephr i t ic  control  r a t s  (20-C) as c o m p a r e d  
with normal  rats,  and the hyper l ip idemia was  reduced by 
feeding ei ther  low casein (20-C vs. 8-C, 20-C vs. 8-F) or FO 
con ta in ing  (20-C vs. 20-F) diets. The  s e r u m  N E F A  level 
tended to decrease upon nephri t is  induction, and  FO feed- 
ing (20-F, 8-F) fur ther  decreased the  level significantly in 
nephr i t ic  ra t s  compared  wi th  CO feeding (20-C, 8-C). In- 
duction of  nephri t is  significantly reduced liver Ch and  TG 

1000 

~ 800 

600 

400 

~ E  ,-, 200 

0 
20-C 
Normal 

20-C 20-F 8-C 8-F 
Nephritis 

FIG. 1. Urinary protein excret ion on day 7. Each value  and 
vert ical  bar represents  the  m e a n  of  six rats and s tandard  
error, respect ive ly .  (a) S ign i f i can t ly  d i f ferent  from the  
nephri t ic  20% case in  diet  conta in ing  corn oil  (20-C) group 
at P < 0.05 by Student 's  t-test. (b,c) Values  not  shar ing  a 
c o m m o n  let ter  are s ign i f i cant ly  d i f ferent  at P < 0.05 by  
Duncan's  mul t ip l e - range  test; 20-F, a 20% case in  diet  con- 
ta in ing  f i sh  oil; 8-C, an 8% case in  diet,  s u p p l e m e n t e d  w i t h  
cyst ine and threonine,  containing corn oil; 8-F, an 8% casein 
diet,  supp lemented  wi th  cyst ine  and threonine,  conta in ing  
fish oil. 

levels. The  Ch  level was  u n c h a n g e d  a m o n g  the  four  
nephri t ic  groups. The  TG level was  increased,  bu t  the PL  
level was  decreased by feeding the  8% casein diets. 

As seen in Table 4, hepatic  Ch synthesis  accelerated by 
nephr i t i s  was  suppressed  by feeding the  8% casein diets  
compared  with the  20% casein diets, and  tended  to be re- 
duced  by FO feeding be tween  the  groups  at  the  same  ca- 
sein levels (20-C vs. 20-F and  8-C vs. 8-F). A l though  he- 
patic FA synthesis  was  significantly s t imula ted  by induc- 
ing nephri t is ,  no d ie ta ry  effect was  observed in nephr i t ic  
rats. Nephri t is  induction did not influence fecal steroid ex- 
cretion. Admin i s t r a t ion  of FO to the  nephr i t ic  ra t s  (20-F, 
8-F) caused a suppression of NS excretion when  compared 
wi th  CO (20-C, 8-C) feeding. BA excret ion was  signifi- 
can t ly  suppres sed  in the  20-F g roup  c o m p a r e d  wi th  the  
o ther  three  groups. No significant nephri t ic  or  d ie ta ry  ef- 
fects were observed on epididymal  adipose t issue LPL ac- 
tivity. T h o u g h  H T G L  act iv i ty  was  u n c h a n g e d  by the  
nephr i t i s  induct ion,  the  act ivi ty  was  sl ight ly bu t  signifi- 
can t ly  lower  in the  20-F, 8-C and  8-F g roups  t h a n  in the  
20-C group. 

DISCUSSION 

In  the  present  study, we examined both the individual and 
the  concur ren t  effects of  d ie ta ry  FO and  of  an  8% casein  
diet  supplemented  with cyst ine and  threonine,  which are  
l imiting amino acids of casein, on hyperl ipidemia and pro- 
te inur ia  in ra ts  with NSN. Protein  malnu t r i t ion  as mani-  
fested in growth re tardat ion and  severe fat ty liver was  not  
seen w h e n  ra t s  were  admin i s t e r ed  the  8% casein  diets  
supp l emen ted  wi th  the  l imi t ing  amino  acids (8-C, 8-F). 
Pro te inur ia ,  h y p o a l b u m i n e m i a  and  hyper l ip idemia  were  
caused by nephri t is  induction. Prote inur ia  was reduced by 
feeding the  8% casein  diets (8-C, 8-F) i r respect ive  of  the  
d ie ta ry  oil used. The hyper l ip idemia  was  caused,  at  least  
in part,  by s t imulated hepatic Ch and  FA syntheses  (Table 
4), which is in good ag reemen t  wi th  our  own da ta  (9) and  
earl ier  studies by others  (34). A reduct ion of hypercholes-  
t e ro lemia  and  hype r t r i g lyce r idemia  was  observed  in 
nephrit ic animals  fed the 8-C compared with those fed the 
20-C diet (Table 3). FO also had  a noticable hypolipidemic 
effect at  the 20% casein level (20-C vs. 20-F); however, at  
the 8% casein level, the hypolipidemic effect was  no longer 
seen (8-C vs. 8-F and 20-F vs. 8-F). Interestingly, liver TG 
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T A B L E  3 

S e r u m  a n d  L i v e r  L i p i d  L e v e l s  a 

K. FUJISAWA E T A L .  

Normal Nephritis 

Measurement 20-C 20-C 20-F 8-C 8-F 

Serum lipids (mmol/L) 
Ch 2.1 • b 6.8 • c 4.2 • d 4.8 
TG 0.8 • b 1.7 • c 0.7 • ~ 0.9 

P L  2.0 • b 5.0 • c 2.9 _+0.3 d 3.5 
NEFA 0.8 • 0.1 0.5 • 0.1 c 0.3 • 0.0 d 0.6 

Liver lipids (~tmol/g liver) 
Ch " 3.8 •  b 3.3 •  c 3.3 •  c 3.4 
TG 10.0 • 1.1 b 4.8 • 0.6 c 5.7 • 2.1 c 15.9 
PL 38.9 • 0.6 38.5 • 1.0 c 38.9 • 1.6 r 33.2 

+- 0 .5  d 5.3 • 0.6 c'd 
• 0.2 d 0.6 • 0.1 d 
• d 3.1 • d 
• 0.0 ~ 0.4 • 0.0 d 

• 0.2 c 3.4 • 0.1 c 
• 2.7 d 14.2 • 3.2 d 
• 2.5 d 33.5 • 1.0 d 

aValues are means • SEM for six rats. Rats were treated as described in the Materials and Methods section; Ch, 
eride; PL, phospholipid; NEFA, nonesterified fatty acids. See Table 2 for other abbreviations. 
bsignificantly different from the nephritic 20-C group at P < 0.05 by Student's t-test. 
c'dValues not sharing a common letter are significantly different at P < 0.05 by Duncan's multiple-range test. 

cholesterol; TG, triglyc- 

and  PL con ten t s  were  affected by the  d ie ta ry  case in  level  
b u t  not  by the  d i e t a r y  oil type.  The  effect  of  low case in  
level  observed  h e r e  is not  due  to a def ic iency in e s sen t i a l  
amino  acid for growth,  since the  8-C ac tua l ly  induced  the  
same  growth  as the  20-C. 

The  hypocholes terolemic  act ion of  low casein  diets  may, 
a t  leas t  in part ,  be due to a reduced hepa t ic  Ch synthesis ,  
which  was  s t imu la t ed  by nephr i t i s  induction.  In contras t ,  
the  hypot r ig lycer idemic  act ion of  low case in  diets  m a y  be 
par t ly  due to suppressed  TG secret ion from the  liver, since 
the  l iver  TG a c c u m u l a t e d  in low case in  groups  (8-C, 8-F) 
w h e n  compared  wi th  the  20% case in  groups  (20-C, 20-F). 
The  hypocholes terolemic act ion of FO m a y  also, a t  leas t  in 
par t ,  be due  to reduced  hepa t ic  Ch synthes is ,  and  the  hy- 
po t r i g lyce r idemic  ac t ion  of  FO m a y  p a r t l y  be due  to a 
lower  FA mobi l iza t ion  f rom pe r iphe ra l  adipose t issue.  As 
repor ted  previous ly  for no rma l  ra ts ,  i t  is possible t h a t  FO 
m a y  inc rease  FA oxida t ion  and  reduce  i n t e s t i na l  absorp-  

t ion of  TG (35). A l though  the  s e r u m  Ch level  was lowered 
by FO t r e a t m e n t  a t  the  20% casein  level,  hepa t ic  Ch syn- 
thesis  was  sl ightly reduced and fecal s teroid excret ion was  
decreased .  T h e r e  h a v e  b e e n  r epo r t s  t h a t  FO  r educed  
s e rum Ch levels, due to a reduced secret ion of  Ch from the  
l ive r  (10) and  an  i n c r e a s e d  b i l i a ry  exc re t ion  o f  Ch  c o m -  

pa red  w i t h  CO (36), and  a h i g h e r  b ind ing  a f f in i ty  of  low 
dens i t y  l ipopro te in  r ecep to r s  c o m p a r e d  w i t h  coconut  oil 
f eed ing  (37) to n o r m a l  ra ts .  The  FO effects  obse rved  in 
no rma l  ra t s  m igh t  occur in nephr i t i c  ra t s  fed the  FO diet. 
In teres t ingly ,  FO  suppressed  fecal NS  excret ion.  I t  has  to 
be cons ide red  t h a t  FO  m i g h t  induce  changes  in  the  gas-  
t r o i n t e s t i n a l  f lora  of  t he  ra t s ,  a l t h o u g h  the  cause  of  th is  
suppress ion  is unclear .  The  CO and  FO used  he re  are  ac- 
tua l ly  in the  TG form, and the re  was  l i t t le  NS  in both the  
CO and  FO, so t h a t  NS  in the  diets  a re  un l ike ly  to be re- 
sponsible  for the  resul ts .  In the  p resen t  study, LPL  activ- 
i ty  was  u n c h a n g e d  by n e p h r i t i s  induc t ion ,  wh ich  is in  

T A B L E  4 

H e p a t i c  L i p o g e n e s i s ,  F e c a l  S t e r o i d  E x c r e t i o n  a n d  T i s s u e  L i p o l y t i c  A c t i v i t i e s  a 

Normal Nephritis 

Measurement 20-C 20-C 20-F 8-C 8-F 

Hepatic lipid syntheses 
(dpm • 10-4/2 h/g liver) 

Ch 2.9 • 0.7 5.5 • 1.4 c 4.8 • 1.0 c'd 2.8 • 0.8 c'd 1.9 • 0.5 d 
FA 3.2 • b 6.6 • 1.1 c 6.3 • 1.6 c 7.7 • 1.3 c 4.1 • c 

Fecal steroid excretion 
(~mol/2 (t/100 g body weight) 

NS 17 • 1 16 • 1 c 8 • 1 d 20 • 2 c 8 • 1 d 
BA 9 _ 1 11 • 1 c 7 • 1 d 11 • 1 c 10 • 2 c 

Tissue lipolytic activities 
(~mol FFA/h/g tissue) 

LPL 4.8 • 1.0 4.3 • 0.4 c 4.5 • 1.0 c 4.2 • 1.0 c 4.9 • 0.4 c 
HTGL 0.3 • 0.0 0.3 • 0.0 ~ 0.2 • 0.0 d 0.2 • 0.0 d 0.2 • 0.0 d 

aValues are means _+ SEM for six rats. Rats were treated as described in the Materials and Methods section; Ch, cholesterol; FA, fatty 
acid; NS, neutral sterols; BA, bile acids; FFA, free fatty acid; LPL, lipoprotein lipase; HTGL, hepatic triglyceride lipase. See Table 2 for 
other abbreviations. 
bSignificantly different from the nephritic 20-C group at P < 0.05 by Student's t-test. 
c'dValues not sharing a common letter are significantly different at P < 0.05 by Duncan's multiple-range test. 
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agreement with the results by others (38,39). Neither low 
protein nor FO intake influenced LPL activity, and HTGL 
activity was decreased by low protein or FO feeding. It has 
been reported tha t  abnormalit ies in lipoprotein compo- 
nents rather  than  LPL activity were observed in nephro- 
sis (38,39). Thus, there is a possibility that  abnormalities 
in the lipoprotein components in the present study may 
have been normalized by the low protein intake. Hepatic 
TG lipase activity was unchanged between the normal and 
nephritic 20-C groups, al though HTGL activity was re- 
ported to decrease in nephrosis (40). The reason for this 
discrepancy is not clear at present. In the present study, 
the dietary vitamin E level was the same among four diets 
(350 mg/kg diet). No side effects and no effects on lipid me- 
tabolism have been noted at the dose of vi tamin E used 
here (16). 

Scharschmidt et al. (14) reported that  FO decreased the 
syntheses of glomerular thromboxane (TX) A2, a vasocon- 
stricter, and prostaglandin E2, a vasodilator, and that  FO 
had beneficial effects on NSN. They examined ur inary  
protein excretion and insulin clearance before and 48 to 
72 h after anti-GBM antiserum injection, and ant iserum 
injection induced a low level of proteinuria (about 1.5 mg/d 
x rat in normal vs. 15 mg/d x rat  in nephritis). The rats we 
used were maintained for 14 d and showed a high excre- 
tion rate for urinary protein (15 mg/d x 100 g body weight 
in normal vs. 758 mg/d x 100 g body weight in nephritis, 
Fig. 1); this suggests tha t  the nephritis seen by 
Scharschmidt  and her colleagues (14) was in an earlier 
stage than ours. Watanabe et al. (15) showed that  high a- 
linolenate intake complicated symptoms of NSN compared 
to high linoleate intake, al though a previous s tudy by 
Suzuki et al. (19) had demonstrated that  TXA 2 synthetase 
inhibitors improved NSN. These findings suggest that  the 
effectiveness of vasodilatory and vasoconstrictive eicosa- 
noids may be different depending on the stage of nephritis 
(15). Fur ther  experiments including survival studies and 
histelogic analyses are needed to clarify these aspects. 

In conclusion, we have shown that  amino acid-fortified 
low casein diets improved hyperlipidemia and proteinuria 
without retarding growth in NSN. The hypolipidemic ac- 
tion of FO might be different from that  of low protein diets. 
FO might maintain the abovementioned hypolipidemic ef- 
fects in the nephritic state as well as in the normal state. 
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Although migrating birds use stored triacylglycerol  as 
their primary fuel for flight, they must retain sufficient 
stores of  (o6 and (o3 fatty acids to sustain reproduct ion 
after the spring migration.  Hepatic monoacylglyc-  
erol:acyl-coenzyme A acyltransferase (EC 2.3.1.22) 
(MGAT) act ivity  is associated with physio logical  peri- 
ods in which  l ipolysis  and fl-oxidation are prominent,  
and it may also play a role in the select ive retent ion of  
certain essent ia l  fatty acids. Therefore,  we character- 
ized MGAT act ivity  in adipose  t issue from the white-  
throated sparrow (Zonotrichia albicollis),  a migratory 
bird. MGAT specific act ivity from adipose  t issue and 
liver, respectively,  was  22.2 __. 7.27 and 0.79 • 0.35 
nmol/min/mg of  total  part iculate  protein.  Activity did 
not  vary seasonal ly  or be tween  male and female birds. 
Specif ic  act ivi ty  increased 4.3-fold in the presence  of  
75 lag of  phosphat idy lchol ine  and phosphat idy lser ine  
(1:1, w/w). MGAT acylated sn- l (3)-monooleoylglycerol ,  
sn-2-monooleylglycerol ether and sn-l(3)-monooleylglyc- 
erol ether at 7.5, 5.7 and 1.7%, respectively,  of  the rate 
observed with  sn-2-monooleoylglycerol .  An initial lag 
phase observed at low concentrations of  palmitoyl-CoA 
was corrected by adding 2 mM MgC12, Mg(NO3) 2 or 
CaC12, suggest ing  a requirement  for divalent  cations.  
MGAT acylated sn-2-monol inolenoylglycerol  and sn-2. 
monol ino leoy lg lycero l  in preference to sn-2-mono- 
oleoylglycerol .  Specif ic ity of  MGAT for sn-2-monoacyl- 
glycerols  and the probable  enhanced  affinity for sn-2- 
monoacylg lycero ls  of  specific acyl chains  may al low 
selected o6 and r fatty acids to be retained within the 
adipocyte,  whi le  nonessent ia l  fatty acids are re leased 
for B-oxidation in flight muscles. 
Lipids 29, 785-791 (1994). 

Seasonal migration is characteristic for many birds that 
breed at middle and high latitudes. Sparrows, small birds 
with relatively high metabolic rates (1), avoid winters by 
migrating to warmer regions. During migratory flight, re- 
plenishing energy reserves may be difficult or impossible 
(2-4). Thus, triacylglycerol stored in adipose tissue serves 
as the primary fuel for flight muscles during migration by 
providing fatty acids for oxidation (1,5-7). 

Although studies of the metabolism and action of 0)3 
and 0)6 fatty acids and their derivatives in migrating birds 
are limited, their importance in poultry is clear (8,9-13). 

*To whom correspondence should be addressed at CB# 7400 
McGavran-Greenberg Hall, The University of North Carolina at 
Chapel Hill, Chapel Hill, NC 27599-7400. 
Abbreviations: AMP, adenosine monophosphate; ATP, adenosine 
triphosphate; CoA, coenzyme A; EDTA, (ethylenedinitrilo)tetra- 
acetic acid; MGAT, monoacylglycerol acyl-coenzyme A acyltrans- 
ferase; NAD, nicotinamide adenine dinucleotide (oxidized form); 
NADH, nicotinamide adenine dinucleotide (reduced form); PC, 
phosphatidylcholine; PS, phosphatidylserine; Tris-HC1, (hydrox- 
ymethyl)aminomethane hydrochloride. 

Linoleic acid deficiency results in poor growth, reduced re- 
sistance to disease, fatty liver and reduced gonadal size. 
Reproductive failure, probably the result of eicosanoid de- 
ficiency, is manifested by decreased egg weight and em- 
bryo viability. The 0)3 fatty acid, a-linolenic acid, is proba- 
bly required for the synthesis of phospholipids in nervous 
tissue and retina in the developing chick (8). 

When normal food supplies are absent or diminished, 
the massive oxidation of stored fatty acids during migra- 
tion could deplete endogenous stores of 0)3 and 0)6 fatty 
acids, and lead to impaired reproductive capacity when 
birds arrive at their breeding sites. Studies in chickens 
have suggested that a mechanism exists to prevent the 
loss of 0)3 and o)6 fatty acids from endogenous stores. In 
chicks, 0)3 and 0)6 fatty acids accumulate in tissue glyc- 
erolipids out of proportion to their relative amounts in egg 
yolk (9,14), and one might hypothesize that  selected es- 
sential fatty acids might be similarly retained during mi- 
gration in order to preserve eicosanoid precursors that are 
critical for reproduction. The tissue content of fatty acid 
species varies seasonally, but differences in fatty acid com- 
position of foods consumed have confounded most studies 
of free-living and migrating birds (15-19). 

We have suggested that animals that undergo normal 
physiological states characterized by massive lipolysis 
and ~l-oxidation might selectively retain 0)3 and 0)6 fatty 
acids, and that the monoacylglycerol pathway of glyc- 
erolipid synthesis could provide a mechanism for their re- 
tention (20). The monoacylglycerol pathway is defined by 
the presence of the monoacylglycerol:acyl-CoA (coenzyme 
A) acyltransferase (MGAT) (EC 2.3.1.22), a microsomal 
enzyme activity that  stereospecifically acylates sn-2- 
monoacylglycerols to form sn-l,2-diacylglycerols (21,22). 
Since 0)3 and o6 fatty acids are predominantly found in 
the sn-2 position of most glycerolipids (23,24), reacylation 
of sn-2-monoacylglycerols would tend to conserve these 
acyl species, particularly if MGAT were selective in the 
monoacylglycerol species that are reacylated. 

We have hypothesized that hepatic MGAT provides a 
mechanism by which essential fatty acids may be retained 
during physiological states of exaggerated lipolysis and 
~-oxidation. Such states occur in neonatal rats, chick era- 
bryos, fetal guinea pigs and hibernating marmot (20). The 
enhanced expression of hepatic MGAT activity in strepto- 
zotocin-induced diabetes in adult rats is consistent with a 
role for this microsomal activity in causing or maintain- 
ing the different essential fatty acid composition that  
characterizes membrane lipids in the diabetic animal (25). 

Because migrating birds undergo a prolonged state of 
accelerated lipolysis in order to provide fatty acids to 
power flight muscles, we wondered whether migration 
was associated with changes in MGAT activity in adipose 
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tissue or liver. We found very high MGAT activity in adi- 
pose tissue, but not in liver, of the white-throated sparrow. 
In order to determine whether adipose MGAT activity 
might play a role in the selective retention of essential 
fatty acids in migrating birds, we characterized the activ- 
ity and tested its ability to utilize monoacylglycerols that 
contain different acyl groups. 

MATERIALS AND METHODS 

Materials. Phosphatidylcholine (PC; from egg lecithin), 
phosphatidylserine (PS; from beef brain), sn-2- and 
sn-l(3)-monooleoylglycerols, sn-l(3)- and sn-2-monooleyl- 
glycerol ethers, trilinolenin and trilinolein were obtained 
from Serdary Research Laboratories, Inc. (London, On- 
tario, Canada). Bovine serum albumin (essentially fatty 
acid-free) and Type VI-S porcine pancreatic lipase were 
from Sigma (St. Louis, MO). Cytoscint was from ICN 
Pharmaceuticals (Cleveland, OH). [3H]Palmitic acid was 
obtained from New England Nuclear (Boston, MA). 
[3H]Palmitoyl-CoA was synthesized enzymatically (26). 
Scored 250 micron silica gel G and plates impregnated 
with 10% AgNO 3 or with 3% borate were from Analtech, 
Inc. (Newark, DE). 

Synthesis of monoacylglycerols, sn-2-Monolinoleoylglyc- 
erol and sn-2-monolinolenoylglycerol were synthesized 
from trilinolein and trilinolenin, respectively, by incom- 
plete enzymatic hydrolysis with Type VI-S procine pan- 
creatic lipase (27). The reaction products were extracted 
with diethyl ether, and the sn-2-monoacylglycerols were 
separated from l(3)-monoacylglycerols and other lipids on 
3% borate silica gel G plates developed with chloro- 
form/acetone/methanol/acetic acid (90:5:2:0.5, by vol). 
Monoacylglycerols were stored in hexane at -20~ until 
use within a few days of synthesis. Butylated hydroxy- 
toluene (0.05%) was present during enzymatic hydrolysis 
and storage. The sn-2- and sn-l(3)-monoacylglycerols 
were quantified colorimetrically (28). To minimize acyl mi- 
gration, commercially obtained monoacylglycerols were 
kept in small aliquots at -20~ 

Collection and preparation of tissue samples. White- 
throated sparrows (Zonotrichia albicollis) arrive from 
their breeding localities in southern Ontario by late Octo- 
ber and remain in North Carolina until the onset of their 
vernal migration in early April. Birds were captured in 
Durham, North Carolina. At Duke University, Durham, 
each sparrow was caged individually. A natural light/dark 
photoperiod was maintained. The laboratory diet con- 
sisted of 70% canary and 30% large black rapeseeds (G.W. 
Hill Co., Inc., Florency, KY) and was supplemented with 
worms and hard-boiled eggs with shells. Preparations of 
liver and fat were obtained within 5 d of capture from 
seven birds and at 5, 7 and 10 mon after capture of five 
birds that had been maintained in cages. Liver and adi- 
pose tissue fatty acids were not measured because of the 
inconsistencies in the bird's previous diets (natural and 
laboratory). Birds (about 25 g) were anesthetized with 
methylflurane (metaphane) and dissected. Adipose tissue 
was collected from the furcular (clavicule-coracoid) fossa 
and abdominal depots from all birds (n = 12), and liver 
was obtained from seven birds. Fat depots were minimal 

in July and November (four samples), low in January 
(four samples), and greatest in April and May (four sam- 
ples). Tissue was homogenized in Medium I consisting of 
0.25 M sucrose, 1 mM (ethylenedinitrilo)tetraacetic acid 
(EDTA), 10 mM tris(hydroxymethyl)aminomethane hy- 
drochloride (Tris-C1), pH 7.4 in a Teflon-glass homogeniz- 
ing vessel with 10 up and down strokes at medium speed. 
Total particulate preparations were pelleted by centrifug- 
ing each homogenate in Medium [ at 100,000 x g for 1 h. 
Protein was measured by the method of Lowry et al. (29) 
using bovine serum albumin as standard. 

Assay of MGAT activity. MGAT activity was assayed at 
23~ under conditions that measured initial rates, in a 
final volume of 200 BL, by modifying a previously de- 
scribed method (22). The reaction mixture contained 
100 mM Tris-C1, pH 8.0, 1 mg/mL bovine serum albumin, 
25 pM [3H]palmitoyl-CoA and 50 pM sn-2-monooleoylglyc- 
erol dispersed in acetone. The final acetone concentration 
was 2.5%. The reaction was initiated by adding 2 to 6 pg 
of total particulate protein and was terminated after 5 
min by adding 1.5 mL of propanol-2/heptane/water 
(80:20:2, by vol) and mixing on a Vortex mixer. After 
adding 1 mL heptane and 0.5 mL water, the heptmle layer 
was removed and washed twice with 2 mL 0.5 N 
NaOH/ethanol/water (10:50:50, by vol). Aliquots of the 
final heptane phase were counted in 4 mL of Cytoscint. 
The remaining portion of the heptane phase was concen- 
trated in a Savant Speed Vac concentrator and chro- 
matographed with carrier lipids on 10-cm silica gel G 
plates using heptane/isopropyl ether/acetic acid (60:40:4, 
by vol). Lipids were made visible by exposure to I s vapor, 
and the bands corresponding to diacylglycerol and triacyl- 
glycerol were scraped off and counted. MGAT specific ac- 
tivities were calculated by subtracting one-half the counts 
per minute which appeared in triacylglycerol. 

Monoacylglycerol specificity. Total particulate prepara- 
tions from sparrow adipose tissue (2.5 Bg protein) were in- 
cubated with 20 pM each of 2-monooleoylglycerol and 
2-monolinolenoylglycerol. Diacylglycerols and triacylglyc- 
erols were separated on silica gel G plates using hep- 
tane/isopropyl ether/acetic acid (60:40:4, by vol), and were 
ehited with CHCI 3. The mono- and triunsaturated diacyl- 
glycerols and triacylglycerols were separated on 10% 
AgNO3-impregnated plates using hexane/diethyl ether 
(15:85, vol/vol) for diacylglycerols and (70:30, vol/vol) for 
triacylglycerols (30). 

RESULTS 

MGAT activity. In order to determine whether MGAT ac- 
tivity in migrating birds might play a role in the selective 
retention of essential fatty acids, we examined hepatic 
and adipose tissue MGAT activity in the white-throated 
sparrow. All studies were performed under conditions that 
measured initial rates. No differences were observed in 
the activities between males and females or in birds that 
had been kept in captivity compared to those studied im- 
mediately after capture. MGAT specific activity was 22.2 -+ 
7.27 nmol/min/mg of protein (range 9.3-34) in total par- 
ticulate fractions from twelve independent preparations 
of sparrow adipose tissue. Even though MGAT was as- 
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sayed in total particulate fractions from whole adipose tis- 
sue, the mean activity found was 5-fold higher than the 
activity comparably assayed in rat  adipose tissue micro- 
somes (31). In liver from seven independent preparations, 
MGAT specific activity was 0.79 _+ 0.35 nmol/min/mg of 
protein (range 0.39-1.35). The low hepatic activity was 
similar to that observed in adult rat  liver (21). Despite 
seasonal changes in the amount of adipose tissue, the spe- 
cific activities of MGAT in both fat and liver did not 
change (data not shown). 

Because our previous studies suggested that  the high 
MGAT activity observed in liver under conditions of en- 
hanced lipolysis might be related to selective retention of 
r and ~o6 fatty acids, the high adipose MGAT activity 
was characterized further. The activity was proportional 
to the concentration of protein employed up to 10 tlg at 5 
min and with time to 11.5 min when 2 lag of protein was 
used (data not shown). More than 96% of the labeled prod- 
uct was identified by thin-layer chromatography as dia- 
cylglycerol and triacylglycerol. Unlike the products of 
MGAT activity from rat (21) and chick liver (32), the rela- 
tive amounts of diacylglycerol and triacylglycerol products 
varied minimally with time; at each time point, about 40% 
of the product was diacylglycerol and about 50% was tria- 
cylglycerol (data not shown). 

Effect of phospholipids and bovine serum albumin. Ad- 
dition of 0.3 mg/mL of PC/PS (1:1, w/w) stimulates rat in- 
testinal and neonatal hepatic MGAT activities as much as 
4- and 2-fold, respectively (22), but inhibits the activity 
from adult liver (25). In sparrow adipose tissue, a maxi- 
mal 4.3-fold increase was observed with 0.375 mg/mL of 
the PC/PS mixture (Fig. 1). 

The effect of bovine serum albumin on adipose tissue 
MGAT activity was examined because the activity is stim- 
ulated in its presence in microsomes from liver and in- 
testinal mucosa (22) and rat adipocytes (31). In sparrow 
adipose tissue, however, the addition of up to 1.0 mg/mL 
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FIG. 1. D e p e n d e n c e  o f  monoacy lg lycero l :acy lCoenzyme  A 
acyl transferase  act iv i ty  on phosphat idy lcho l ine /phospha-  
t idylser ine  (PC/PS) (1:1, w/w).  Assays were  performed wi th  
2 pg of  prote in  as descr ibed  in the  Materials  and Methods  
sect ion except  that the amount  of  added phospho l ip id  was  
var ied  as indicated.  Without added  PC/PS, the speci f ic  ac- 
t iv i ty  was  12.7 nmol /min /mg.  This  f igure  is representa t ive  
of  two independent  studies  us ing  different  preparations.  

bovine serum albumin did not affect adipose tissue MGAT 
activity. Bovine serum albumin inhibited MGAT activity 
about 15% at 1.25 mg/mL (data not shown). 

Monoradylglycerol specificity. The hepatic MGAT activ- 
ity from suckling rats and chick embryos is highly specific 
for sn-2-monoacylglycerols and acylates monoalkylglyc- 
erol ethers poorly. In contrast, MGAT activity from rat in- 
testine readily acylates monoalkylglycerols, perhaps for 
the purpose of allowing monoalkylglycerol ethers from the 
diet to enter chylomicra triradylglycerols (33). To deter- 
mine whether the MGAT activity of sparrow adipose tis- 
sue shared the specificity of that of the liver, we tested its 
ability to acylate various monoradylglycerols. The activity 
from adipose tissue was highly specific for sn-2-monoacyl- 
glycerols and had a diminished ability to acylate either 
l(3)-monoacylglycerol or monoalkylglycerols. At a concen- 
tration of 50 ~M of each of the substrates, MGAT acylated 
l(3)-monooleoylglycerol, sn-2-monooleylglycerol ether and 
l(3)-monooleylglycerol ether at 7.5, 5.7 and 1.7%, respec- 
tively, of the rate observed with sn-2-monooleoylglycerol. 
These results suggest that the MGAT activity of adipose 
tissue, like that of liver, is highly selective in its substrate 
Specificity. In fact, the low activity observed with l(3)- 
monoacylglycerol may have been due to the presence of 
small amounts of sn-2-monoacylglycerol due to acyl mi- 
gration. 

We have previously shown that  hepatic MGAT from 
three different species has a greater affinity for sn-2- 
monoacylglycerols that  contain 18:2 or 18:3 fatty acids 
than for those containing 18:1 or 20:4 (20). In order to de- 
termine whether MGAT from sparrow adipose tissue ex- 
hibits a similar acyl-chain preference, we tested its ability 
to acylate monoacylglycerols that  contain different fatty 
acids at the sn-2 position. The enzyme activity seen with 
sn-2-18:l-glycerol monoester was compared with the ac- 
tivity seen with the more unsaturated sn-2-18:2 and sn-2- 
18:3-glycerol monoesters (Fig. 2). We found that  MGAT 
acylated sn-2-18:3-glycerol monoester and sn-2-18:2-glyc- 
erol monoester in preference to sn-2-18:l-glycerol mo- 
noester. An increased rate of acylation ofsn-2-18:2 and sn- 
2-18:3-glycerol monoesters was observed at each of the 
concentrations of monoacylglycerols examined. Although 
the apparent K m values were 20, 47 and >1000 tflYl for 
sn-2-18:3-glycerol monoester, sn-2-18:2-glycerol mono- 
ester and sn-2-18:l-glycerol monoester, respectively, 
Michaelis-Menten kinetics cannot be universally applied 
to this microsomal system with hydrophobic and amphi- 
pathic substrates. The apparent K m value for sn-2-18:l- 
glycerol monoester with MGAT from liver was <50 
(21,32). We hypothesized that  the preference shown by 
MGAT for sn-2-acylglycerols would tend to ensure the rel- 
ative conservation of essential fatty acids which predomi- 
nate in the sn-2 position of glycerolipids (20). In addition, 
the apparent increase in affinity for sn-2-acylglycerols 
containing 18:2 and 18:3 may enable MGAT to play a role 
in conserving specific 0)3 and r fatty acids during peri- 
ods of accelerated lipolysis. The increased apparent affin- 
ity is particularly evident at low monoacylglycerol concen- 
trations. Low amounts of monoacylglycerol are likely to be 
present normally in the endoplasmic reticulum (20). Al- 
though the concentration of sn-2-monoacylglycerol in 
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FIG.  2. D e p e n d e n c e  o f  m o n o a c y l g l y c e r o l  a c y l t r a n s f e r a s e  
a c t i v i t y  o n  s n - 2 - m o n o a c y l g l y c e r o l s  w i t h  d i f f e r e n t  a c y l  
c h a i n s .  E a c h  m o n o a c y l g l y c e r o l  s u b s t r a t e  w a s  a d d e d  in  5 pL 
a c e t o n e  as  d e s c r i b e d  in  the  M a t e r i a l s  a n d  M e t h o d s  s e c t i o n .  
T h e  a m o u n t  o f  t o t a l  p a r t i c u l a t e  p r o t e i n  p r e s e n t  i n  e a c h  
a s s a y  w a s  2.5 ~g. T h e  i n s e t  s h o w s  the  d o u b l e  r e c i p r o c a l  p l o t  
o f  t h e  d a t a  (Ref .  34).  T h e  r e g r e s s i o n  c o e f f i c i e n t s  w e r e  a l l  
>0.996. With  50 ~ 1  sn-2-18:1-g lycerol  m o n o e s t e r ,  t h e  s p e c i f i c  
a c t i v i t y  w a s  21.0 n m o l / m i n / m g .  E a c h  p o i n t  is  the  a v e r a g e  o f  
d u p l i c a t e  d e t e r m i n a t i o n s  t h a t  v a r i e d  b y  l e s s  t h a n  5%. 

adipocyte endoplasmic ret iculum is not known, we have 
calculated that,  in liver, the normal concentration would 
be less than  1 mol% or about 2 ~Yl (20). This concentra- 
tion is well within the range at which MGAT exhibits dif- 
ferential  affinity for monoacylglycerols having different 
acyl chains (Fig. 2). 

To test  directly the effect of the more unsa tura ted  
species on MGAT activity, 20 ~M each ofsn-2-18:l-  and 
18:3-glycerol monoesters were added to the assays, and 
the products were resolved by argentat ion chromatogra- 
phy according to their  degree of unsaturation (30). Analy- 
ses of the products indicated tha t  MGAT acylated 39.5% 
of the sn-2-monooleoylglycerol and 60.5% of the sn-2- 
monolinolenoylglycerol, consistent with a preference for 
the more unsaturated monoacylglycerols. 

Dependence on palmitoyl-CoA and the effect of divalent 
cations and salts. The dependence of sparrow adipose tis- 
sue MGAT on pahnitoyl-CoA showed an initial lag phase 
between 5 and 20 ~VI, was concave upward  between 20 
and 40 ~flYI, and reached a plateau at about 40 ~M (Fig. 3). 
The sigmoidal shape of the palmitoyl-CoA dependence 
curve is typical of allosteric enzymes which are regulated 
by specific effector molecules (35-37). To determine 
whether  any of a variety of possible effectors might elimi- 
nate the lag in the dependence curve, we examined the ef- 
fect of adding various possible effectors to the enzyme 
assay. Addition of 5 mM adenosine t r iphosphate  (ATP), 
2 mM adenosine monophosphate (AMP), 1 mM nicoti- 
namide adenine dinucleotide (NAD), 1 mM nicotinamide 
adenine dinucleotide (reduced form) (NADH), 1 mM CoA, 
or 1 mM citrate to the assay mixture had no effect on the 
initial lag period. However, the lag phase observed at  5 
and 10 pM palmitoyl-CoA was corrected by adding 2 or 
10 mM MgC12, Mg(NO3) 2 or CaC12 (Fig. 3). Although, in 
each case, 10 mM salt was more stimulatory, each of the 
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FIG. 3. D e p e n d e n c e  o f  m o n o a c y l g l y c e r o ]  a c y l t r a n s f e r a s e  ac-  
t i v i t y  o n  p a l m i t o y l - c o e n z y m e  A in  t h e  a b s e n c e  or  p r e s e n c e  
o f  A) MgCI2, B) M g N O  3, a n d  C) CaCI 2. D i v a l e n t  c a t i o n s  w e r e  
p r e s e n t  in  t h e  a s s a y  m i x t u r e  at  0, 2, or  10 mM as  i n d i c a t e d .  
E a c h  o f  t h e  e x p e r i m e n t s  u s e d  a d i f f e r e n t  a d i p o s e  t i s s u e  
p r e p a r a t i o n .  T h e  s t u d y  w i t h  MgCI 2 w a s  r e p r e s e n t a t i v e  o f  
t w o  o t h e r  s t u d i e s  u s i n g  i n d e p e n d e n t  a d i p o s e  t i s s u e  p r e p a -  
r a t i o n s .  

salts at 10 mM inhibited MGAT activity when the palmi- 
toyl-CoA concentrat ion was grea ter  than  20 to 30 pM. 
These results suggested a requi rement  for divalent 
cations when a low concentrat ion of the palmitoyl-CoA 
substrate was present. The lack of a lag at higher concen- 
trations of palmitoyl-CoA was unlikely to be due to a con- 
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tamina t ing  sal t  in the palmitoyl-CoA prepara t ion  i tself  
since the addition of 10 mM EDTA did not alter the palmi- 
toyl-CoA dependence a t  any  of the concentrat ions of 
palmitoyl-CoA (data not shown). 

A number  of enzymes are activated by incubation with 
Mg 2+, unrela ted to an ATP cofactor requi rement  (35-37). 
Enzyme act ivat ion by meta l  ions may  be related to poly- 
merizat ion,  to a change in enzyme conformation,  to in- 
volvement  in enzyme catalysis or to an al terat ion in sub- 
s t ra te  binding. Since MGAT has  not been purified to ho- 
mogeneity,  mechanis t ic  conclusions cannot  be drawn. 
However,  in order  to de te rmine  whe ther  the divalent  
cations might  be exerting their  effect by stabilizing MGAT, 
we tested the ability of MgCI 2 to enable MGAT activity to 
withstand thermal  denaturation. With either 10 or 40 
palmitoyl-CoA present ,  MGAT activity decreased 62% 
after 4 min of heat ing at  56~ in both the presence or ab- 
sence of 2 or 10 mM MgCl 2 (data not shown). These results 
suggest tha t  Mg 2+ does not enhance activity by stabilizing 
the enzyme in a functional state. 

We tes ted a var ie ty  of sal ts  at  2.5 and 10 mM in order 
to de te rmine  whe the r  other  divalent  cations and  sal ts  
s t imulated MGAT activity. The palmitoyl-CoA concentra- 
tion was ma in ta ined  at  10 ~VI (Table 1). MGAT act ivi ty 
was s t imulated greatly in the presence of Mg 2+, Ca 2+ and 
Ba 2§ was minimal ly  s t imula ted  by Na  § was unaffected 
by Li § and was inhibi ted by Co 2§ Fe 2+ and Zn 2+. CuC12 
s t imula ted  MGAT activity at  2.5 mM and inhibited it a t  
10 mM. Thus, the st imulatory effect was not universal  for 
divalent cations or salts. 

Previous studies of MGAT from liver have not shown an 
initial  lag in the  palmitoyl-CoA dependence,  nor was 
MGAT s t imula ted  by the addition of salts to the enzyme 
assay  (21,32). In the presence of 25 pM palmitoyl-CoA, 
CaC12 and MgC12 inhibited MGAT activity. In a detai led 
s tudy of MGAT from ra t  adipocytes,  however, 5 mM 
MgC12, CaC12 or BaC12 s t imula ted  MGAT activity when 

TABLE 1 

Effect  o f  D i f f erent  Meta l  Ions  on  MGAT Act iv i ty  at  L o w  
P a l m i t o y l - C o A  C o n c e n t r a t i o n s  a 

Percent of control 

Ba 
Concentration MgC12 MgSO4 Mg(NO3)2 CaC12 NaC1 acetate 

2.5mM 276 318 369 384 104 183 
10.0mM 543 541 573 491 137 307 

Percent of control 

Concentration LiC1 C~ CuC12 FeC13 FeSO4 ZnC12 
2.5 mM 83 80 114 11 6 3 

10.0 mM 120 21 22 3 1 16 
aAssays were performed as described in the Materials and Meth- 
ods section except that 10 ~M [3H]palmitoyl-coenzyme A (CoA) was 
used and salts were present in the incubation mixture at 2.5 or 
10 mM, as indicated. All assays were performed on the same day 
using 2 ~g protein from the same enzyme preparation. The control 
monoacylglycerol acyl-coenzyme A acyltransferase (MGAT) specific 
activity with 10 ~M palmitoyl-CoA was 1.16 nmol/min/mg. Results 
shown are the averages from duplicate assays. Two other enzyme 
preparations gave qualitatively similar results. 

an  op t imum concentration (25 ~V[) of palmitoyl-CoA was 
present  (31). 

DISCUSSION 

Our data show tha t  the level of MGAT specific activity in 
spar row adipose t issue is s imilar  to t ha t  of l iver from 
suckling rat ,  marmot ,  and chick embryo (20,21,32). In 
these animals,  the presence of high hepatic MGAT activ- 
ity correlates with developmental  periods in which ~-oxi- 
dation of fat ty acids provides the pr imary  source of the an- 
imal 's  energy while, concomitantly, essent ia l  fa t ty  acids 
mus t  be retained for normal development. 

As previously reported for other nonpurified MGAT ac- 
tivities, a mixture of PS and PC markedly st imulated adi- 
pose MGAT activity (21,32). In  Triton X-100/phospho- 
lipid/mixed micelles, very low concentrat ions of anionic 
phospholipids are known to s t imula te  par t ia l ly  purified 
MGAT from ra t  liver as much as l l-fold (38). Full activa- 
tion requires  about  11 molecules of PS per  micelle (38). 
The data  on sparrow fat suggest tha t  adipose MGAT may  
have similar requirements for anionic phospholipids. 

In contrast  to other reported MGAT activities, the spar- 
row activity 's  dependence on palmitoyl-CoA showed an 
initial lag tha t  could be abolished by adding one of several 
divalent cations to the reaction mixture. Magnesium, cal- 
cium, and bar ium were effective activators. Although this 
type of response is typically observed with allosterically 
regula ted  enzymes,  conclusions about  MGAT's mode of 
regulat ion mus t  awai t  the avai labi l i ty of a purified en- 
zyme preparat ion.  In contras t  to the divalent  ion activa- 
tors, sodium and li thium had little or no effect, and cobalt, 
iron (Fe2§ and zinc were inhibitory. 

At low concentrations of the sn-2-monoacylglycerol sub- 
strate,  sn-2-monolinoleoyl- and sn-2-monolinolenoylglyc- 
erol were acylated in sparrow fat  more readily than  sn-2- 
monooleoylglycerol. We have calculated tha t  the concen- 
t ra t ion  of monoacylglycerol in hepat ic  m e m b r a n e s  is 
about  2 ~M, well within the range  in which MGAT ex- 
hibits a preference for the more unsa tura ted  species (20). 
This preference is not the result  of changes in membrane  
fluidity conferred by the more unsa tura ted  monoacylglyc- 
erols because,  when  incubated with equal  amounts  of 
sn-2-monooleoylglycerol and sn-2-monolinolenoylglycerol, 
twice as much  of the 18:3 species was acylated. Similar  
findings were reported for three hepatic MGAT activities 
(20). Taken as a whole, the data  suggest tha t  MGAT may  
play a physiological role in helping to retain essential fat ty 
acids within these tissues. 

During migrat ion,  lipids serve as the p r ima ry  fuel for 
flight muscles (1,39-41). Among various species of migrat- 
ing birds, the amount  of stored fat correlates roughly with 
the distance migra ted  and with the speed of migra t ion 
(1,42). Seasonal  differences in the fa t ty  acid species in 
avian adipose tissue have been at tr ibuted both to the fat ty 
acid composition of avai lable foods, including foods con- 
sumed  dur ing the migrat ion i tself  (15,18) and to innate  
metabolic processes (16,17,19). Although the reported in- 
crease in unsa tura ted  species in some migrat ing birds was 
a t t r ibu ted  to a need for g rea te r  mobili ty of lipid stores 
(42), there  is little evidence tha t  s a tu ra t ed  fa t ty  acid 
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species are mobilized poorly from adipose depots. Al- 
though the relative content of linoleate and linolenate in 
goose adipose triacylglycerol changed very  little dur ing 
migration, the content of these fat ty acids after reproduc- 
tion differed markedly in male and female geese, suggest- 
ing tha t  unsa tura ted  fat ty acids were used in egg produc- 
tion (18). 

The roles of co6 and r fat ty  acids in physiology, devel- 
opment  and metabolism are less well understood in avian 
than  in m a m m a l i a n  tissue. However, one would antici- 
pate,  dur ing spring migrat ion,  tha t  birds need to re ta in  
(o6 and ~o3 fat ty acids because these fat ty acids will be re- 
quired for reproduction and  for the format ion of mem-  
branes  of the re t ina  and bra in  in the developing chick 
(8-13). The question arises how r and co3 fatty acids can 
be re ta ined in the face of high ongoing ra tes  of lipolysis 
and ~-oxidation. We hypothesize that,  unlike other species 
in which physiologic periods of lipolysis are associated 
with high MGAT activity in liver (20), the migrat ing bird 
mus t  recapture the r and co3 fatty acids before they leave 
the adipose stores. In this way, r and r fat ty  acids can 
be selectively retained within the adipocyte. Since ~o6 and 
~o3 fa t ty  acids are predominant ly  found in the sn-2 posi- 
t ion of glycerolipids, including triacylglycerols (23,24), 
high MGAT activity in adipocytes would allow reacylation 
of sn-2-monoacylglycerols and, thereby, prevent loss of (o6 
and o~3 fat ty  acids as muscle fuels. The increased affinity 
for monoacylglycerols tha t  contain (o6 and (o3 may  provide 
a fur ther  mechanism for selective retention. 

Lipolysis and reesterif icat ion occur cont inuously in 
adipocytes, even under  conditions when  lipolysis is not 
hormonal ly  st imulated,  Under  nonst imulated conditions 
in human  adlpocytes, as much as 40% of triacylglycerol is 
reesterified within adipocytes (43). Thus, during the non- 
migra tory  state,  adipose MGAT m a y  also reacyla te  
monoacylglycerols.  This process might  be par t icular ly  
prominent  during premigratory  fat tening and hyperpha-  
gia. After human  adipocytes are st imulated by ~-adrener- 
gic drugs, as much as 8--21% of triacylglycerol is reesteri- 
fled within adipocytes (43). Thus,  dur ing migrat ion,  al- 
though hormone-sensi t ive  lipase is reesterif ied within 
adipocytes (43). Thus,  dur ing migrat ion,  a l though hor- 
mone-sensi t ive lipase is s t imulated to hydrolyze adipose 

FIG. 4. Postulated pathways of avian fatty acid (FA) metab- 
olism during migration. VLDL, very low density lipopro- 
teins; MAG, monoacylglycerol; TAG, triacylglycerol. 

triacylglycerol, MGAT m a y  provide a means  of recycling 
sn-2-monoacylglycerols.  

Figure 4 shows possible pathways of fat ty  acid metabo- 
lism in the sparrow. We hypothesize tha t  the flux of spe- 
cific fat ty  acids is regulated within adipose tissue. There, 
the specificity of adipose MGAT for sn-2-monoacylglyc- 
erols and the enhanced affinity for 2-monoacylglycerols 
tha t  contain specific acyl chains, would allow adipocytes 
to re ta in  selected (o6 and r fat ty  acids. Other, predomi- 
nantly nonessential fat ty acids would be released for ~-ox- 
idation in flight muscles.  Although liver is also likely to 
take up some fa t ty  acid and reesterify it, MGAT activity 
is relatively low in adult  sparrow liver, and little fur ther  
conservation.of r and o)3 fatty acids would occur. 
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Structural and Functional Role of Lipids in Yeast and Mycelial Forms 
of Candida albicans 
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The levels of total lipids, sterols and phospholipids were 
found to be significantly higher in the mycelial form (log 
phase) of Candida albicans than in the yeast  form. In- 
creased phosphol ipid levels in the mycelial  form were 
due to higher levels  of  phosphatidylchol ine,  phospha- 
t idylserine and phosphatidyl inositol .  Analyses of fatty 
acid composit ion also revealed higher levels of myristic 
acid (40%) in the yeast form, resulting in higher levels of 
saturated lipids than in the mycelial  form. The changes 
in the lipid composit ion were also manifested in altered 
thermotropic phase behavior as gel-to-liquid crystalline 
phase transit ions were observed at 36 and 27~ for the 
lipids of the yeast and mycelial forms, respectively. These 
changes coincided with higher uptake rate, i.e., Km and 
Vmax values,  for the transport of L-proline and with a 
higher sensitivity of the mycelial form against antifungal 
drugs. 
Lipids 29, 793-797 (1994). 

Candida albicans, a fungal pathogen responsible for can- 
didiasis, exists ei ther as yeast or as filamentous mycelia. 
Both growth forms are found in t issues affected by can- 
didiasis, but  the mycelial form is considered to be more 
pathogenic (1). Because lipids play a role in pathogenicity 
and are the potential targets  for many  antifungal drugs, 
immense interest has been generated in the diverse effects 
of lipids in respect to membrane organization, permeabil- 
i ty properties and sensitivity toward antifungal drugs 
(2-8). Studies on the lipid composition of the dimorphic 
forms of C. albicans are part icular ly impor tant  as the 
pathogenicities of the two morphological forms differ (1). 

The objective of the present  investigation was to com- 
pare the lipid composition and its effect on membrane  
t ransport ,  gel-to-liquid crystall ine phase t ransi t ion and 
sensitivity toward antifungal drugs. 

MATERIALS AND METHODS 

Organism and culture conditions. Candida albieans 3153, 
obtained from the Mycological Reference Laboratory 
(Central  Public Heal th  Laboratory, Colindale, London, 
England), was mainta ined in Sabouraud glucose broth 
and cult ivated in defined mineral  salt solution con- 
taining (per liter) 8 g (NH4)2SO4, 3.6 g KH2PO4, 1.2 g 
Na2HPO 4 �9 2H20 , 0.2 g MgSO 4 �9 7H20 and 0.1 ~g D-biotin 
on a gyratory shaker (200 rpm, Model G2; New Brunswick 
Scientific Co. Inc., Edison, NJ) at 37~ Yeast and mycelial 
forms were obtained at pH 4.5 and 6.8, respectively. Cells 
were harves ted  in mid log phase (16-h growth) and 
processed further as follows. 

*To whom correspondence should be addressed. 
Abbreviations: ANS, 1-anilinonaphthalene-8-sulfonate; DPH, 1,6- 
diphenyl-l,3,5-hexatriene; LPC, lysophosphatidylcholine; MIC, 
minimum inhibitory concentration; PC, phosphatidylcholine; PE, 
phosphatidylethanolamine. 

Quantitation of lipids, Lipids were extracted by the 
method of Folch et al. (9). Total lipids were measured  
gravimetrically. Phospholipids were quantified by the 
method of Marinett i  (10). Individual phospholipids were 
separated by one-dimensional thin-layer chromatography 
on Silica Gel H (11) impregnated with 0.18% ammonium 
sulfate in chloroform/methanol/7 N aqueous ammonia  
(65:25:4, by vol). Standard phospholipid markers were run 
side-by-side with samples, and fractions were visible by 
exposure to iodine vapors and identified by spraying with 
specific reagents (11). Phospholipid classes were quanti- 
fied by phosphorus assay according to the method of 
Marinet t i  (10). Sterols were es t imated by the method of 
Zlatkis et al. (12). Phospholipids were separated from total 
lipids by acetone precipitation, and fat ty acid methyl  es- 
ters were prepared as described previously (13). Fat ty  acid 
methyl  esters were then  analyzed by gas-l iquid chro- 
matography in an AIMIL-Nucon gas chromatograph 
(Delhi, India) fitted with a glass column (1.83 m x 3 mm 
i.d.) packed with 15% diethyleneglycolsuccinate on 80-100 
mesh. Fa t ty  acids were identified by comparison of their  
re tent ion t imes with those of authent ic  standards.  Peak 
areas were quantified by triangulation. 

Enzyme assays. The activity of glycerol kinase was de- 
termined as described earlier (14). The assay for the activ- 
ity of glycerol-3-phosphate acyltransferase was carried out 
as described by Okuyama et al. (15). For the separation of 
the product, the filter disc method of Goldfine (16), as mod- 
ified by van den Bosch and Vagelos (17), was used. The ho- 
mogenate for the acyltransferase assay was prepared by 
harvesting and sonicating the cells at 4~ in 40 mM Tris- 
HC1 buffer, pH 7.5. For the glycerol kinase assay, the ho- 
mogenate was prepared in 10 mM Tris-HCl buffer, pH 8.0. 
The homogenate was centrifuged at 5000 x g for 20 min to 
remove cell debris, and the supernatant  was used for the 
assays. 

Uptake studies. Log phase cells were washed with 
0.85% NaC1 and resuspended in medium under  sterile 
conditions. Cells were preincubated at 37~ for 30 min 
with shaking. Ten ~Ci of [14C]acetate/g of cells was then 
added in 50 mL of medium, and at  different t ime points 
3 mL of sample from each culture was t ransfer red  into 
tubes containing 0.5 mL 1 M KCN (18). The tubes were 
centrifuged at 2700 x g for 15 min, the cell pellet was re- 
covered and lipids were extracted.  Radioactivity was 
counted in an LKB Wallace liquid scintillation counter  
(Turku, Finland) using a toluene-based scintillation fluid. 

Liposome preparation. Liposomes were prepared by the 
method of Alving et al. (19). Briefly, lipids, extracted from 
log phase yeast  and mycelial forms, were dissolved sepa- 
ra te ly  in chloroform/methanol (2:1, vol/vol) and trans-  
ferred to pear-shaped flasks. Under a gentle flow of nitro- 
gen, the solvent was evaporated to dryness to form a thin 
lipid film on the walls of the flasks. The flasks were then 
kept in a high vacuum dessiccator for 2 h to remove resid- 
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ual organic solvents. Liposomes were prepared by dispers- 
ing the lipids in 10 mM Tris-HC1 buffer, pH 7.4, contain- 
ing 145 mM NaC1 and 0.025% e thy lened iamine te t ra -  
acetate,  followed by vortexing for 10 min  in the presence 
of glass beads. To the final l iposome prepara t ion ,  1,6- 
d iphenyl- l ,3 ,5-hexatr iene  (DPH) was added to obtain a 
phospholipid to probe ratio of 750:1. The final DPH con- 
centration was 1 ~tM. 

Steady-state fluorescence polarization. Fluorescence po- 
lar izat ion was measured  on a Kontron (Zfirich, Switzer- 
land) SFM-25 fluorescence spectrofluorimeter (excitation 
wavelength,  360 nm; emission wavelength,  430 nm). Po- 
larization values (P) were determined as described earlier 
(20): 

P =Iii - I• 
III -/• [1] 

where/I  and I .  are the intensities of parallel and perpen- 
. , ,  . . L  

dmular polarized light, respectively. The s tandard  devia- 
tion of polar izat ion values  was 0.02. Tempera tu re  was 
maintained within _+0.5~ 

Preparation of spheroplasts. Spheroplas ts  were pre- 
pared  according to the method of J a y a k u m a r  et al. (21). 
Formation of spheroplasts was monitored microscopically. 
The incubat ion mix ture  was centrifuged a t  1,000 x g for 
10 min, and the supe rna tan t  containing the cell wall de- 
grading enzymes  was discarded. The pellet  was  washed  
twice with the buffer, and the spheroplasts  were purified 
by centr i fugat ion on a Ficoll-opaque gradient  (Uppsala,  
Sweden) a t  400 x g for 10 min. The purified spheroplasts  
tha t  were free of cell debris recovered from the super-  
na tan t  were used for fur ther  studies. 

1-Anilinonaphthalene-8-sulfonate (ANS) binding stud- 
ies. A fluorescent probe, ANS, was used for de te rmin ing  
the n u m b e r  of binding sites in m e m b r a n e s  of yeas t  and 
mycelial  spheroplasts .  The assay  mix ture  consisted of a 
total  volume of 2.0 mL with 10 mM ci t rate  phospha te  
buffer, pH 6.5, containing 0.7 M sodium chloride, 50 ~tM 
ANS and 50-200 ~tg spheroplas t  protein.  Fluorescence 
emission was recorded on a Kontron SFM-25 spectrofluo- 
r imeter .  The numbers  of binding sites were calculated 
from Scatchard plot analyses (22). 

Transport assay. Spheroplasts (150-200 ~tg protein/mL) 
were preincubated at  37~ for 10 min after addition of cy- 
cloheximide (200 ~g/mL) to inhibit protein synthesis. The 
reaction was initiated by addition of L-[3H]proline (sp. act., 
24 Ci/mmol). At the t ime points indicated, 0.1-mL aliquots 
were removed and added to 5.0 mL of chilled normal  
saline. The diluted suspension was rapidly filtered 
th rough  0.45 ~tm mill ipore filters, and radioact ivi ty  re- 
tained was counted in an LKB liquid scintillation counter 
using a toluene-based scintillation fluid. 

Protein estimation. Protein  was measu red  by the 
method of Lowry et al. (23). 

Determination of minimum inhibitory concentration 
(MIC) ofantifungal drugs. MIC values for amphoter ic in  
B, nystat in and miconazole were determined for yeast  and 
mycelial forms of C. albicans over a 48-h growth period at  
37~ using the s tandard  agar  dilution method. MIC was 
the concentrat ion of the drug tha t  inhibited growth by 

more than  90%. Stock solutions of these drugs were pre- 
pared in dimethylsulfoxide. 

Statistical analysis. Student 's  t-test was used to assess 
levels of significance. Values o f P  < 0.05 were considered 
significant. 

RESULTS AND DISCUSSION 

Total lipid, phospholipid and sterol contents of log phase  
(16-h growth) mycelial cells were significantly higher than  
those of yeast  cells. Lipids constituted 3.8 and 4.3% of the 
dry weight  of the yeas t  and mycelial forms, respectively. 
The mycelial forms contained significantly higher levels of 
phosphatidylcholine (PC), phosphat idylser ine,  phos- 
phatidylinositol and lysophosphatidylcholine (LPC), and 
lower levels of phosphat idylethanolamine (PE) compared 
to the yeas t  form (Table 1). PC levels increased to 104% 
while PE levels decreased to 33% in the mycelial form as 
compared to those in the yeas t  form, suggesting tha t  the 
PC in the mycelial  form may  possibly be formed by the 
methylat ion pathway. 

Analysis of the fat ty acids of the total phospholipids re- 
vealed higher levels of sa tura ted  fat ty  acids, part icularly 
of myristic acid (14:0) in the yeast  form, and the mycelial 
phospholipids were found to contain higher  levels of 
palmit ic  acid (16:0), palmitoleic acid (16:1) and linoleic 
acid (18:2). The higher  levels of sa tu ra ted  fa t ty  acids in 
the yeast  form could cause a decrease in membrane  fluid- 
ity which, in turn, may  affect permeabili ty properties. The 
rat io of u n s a t u r a t e d  to s a tu ra t ed  fa t ty  acids was about  
threefold higher in the mycelial form of C. albicans than  it 
was in the yeas t  cells, s imilar  to what  had been observed 
by Ghannoum et al. (24). 

Incorporat ion of [14C]acetate as precursor  of lipid 
biosynthesis  was l inear  up to four minutes,  and  was sig- 
nificantly higher in the mycelial form (data not presented). 
Phospholipid biosynthesis in the yeast  form of C. albicans 

T A B L E  1 

L i p i d  C o m p o s i t i o n  o f  L o g  P h a s e  Ce l l s  o f  Y e a s t  a n d  
M y c e l i a l  F o r m s  o f  Candida albicans ATCC 3153 a 

(mg/g dry wt) 

Yeast Mycelial Percentage 
Lipids form form change a 

Total lipids 37.67 -+ 1.53 42.76 _+ 1.24 b 13.5 
Total phospholipids 9.84 _+ 0.61 14.82 _+ 0.21 c 50.6 
Total sterols 4.90 _+ 0.20 8.07 _+ 0.81 c 64.7 
Lysophosphatidylcholine 

(LPC) 0.91 _+ 0.05 1.46 _+0.04 c 60.4 
Phosphatidylserine 1.12 _+ 0.16 1.60 _+0.055 42.9 
Phosphatidylinositol 0.91 +_ 0.16 1.55 +_ 0.075 70.3 
Phosphatidylcholine (PC) 3.02 _+ 0.04 6.16 _+ 0.25 c 104.0 
Phosphatidylethanolamine 

(PE) 1.94 _+ 0.06 1.31 +_ 0.09 c 32.5 
Cardiolipin 0.88 _+ 0.07 0.88 _+ 0.10 Nil 
Unknown phospholipids 1.33 _+ 0.07 1.75 _+ 0.12 31.5 
(LPC + PC)/PE ratio 2.03 5.82 
aValues are mean _+ SD of three different batches. 
5p < 0.05. 
cp < 0.01. 
dpercentage change in mycelial lipids as compared to yeast form. 
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TABLE 2 

Specif ic  Activit ies  o f  Phosphol ip id  Biosynthet ic  Enzymes  
in Yeast and Mycelial  Forms of  C a n d i d a  a l b i c a n s  a 

Specific activity 
(nmol/mg protein/h) 

Enzyme Yeast form Mycelial form 

Glycerol kinase 7.47 • 0.40 11.23 +_ 0.40 b 
Glycerol-3-phosphate acyltransferase 5.10 ___ 0.76 8.90 _ 0.80 b 
aValues are mean _+ SD of four different batches. 
bp < 0.01. 

had been studied earlier (25), but no report  is available so 
far  on the activities of phospholipid enzymes in the 
mycelia] form. Our  da ta  revealed t ha t  the activit ies of 
glycerol kinase and glycerol-3-phosphate acyltransferase,  
two of the initial  enzymes in phospholipid biosynthesis ,  
were significantly higher  in the mycelial  form (Table 2). 
The mycelial  form of C. albicans has  previously been 
shown to possess lower activities of phospholipid degrad- 
ing enzymes t han  did the yeas t  form (26). Thus,  the 
higher/ lower activit ies of phospholipid biosynthetic/de- 
grading enzymes in the mycelial  form of C. albicans are 
consistent  with the higher  levels of phospholipids in the 
mycelial form. 

Fluorescence polarizat ion studies revealed tha t  the 
lipids of the mycelial form were more fluid as discontinu- 
ities were observed in the fluorescence polarization plots 
at  36 and 27~ for the yeas t  and mycelial  forms, respec- 
tively (Fig. 1). The discontinuity in fluorescence polariza- 
tion suggests a gel-to-liquid crystalline phase  transit ion. 
The na tu re  of the fa t ty  acyl chains of phospholipids is a 
most  impor tant  factor in determining membrane  fluidity, 
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FIG. 1. F luorescence  po lar izat ion  plots  o f  l iposomal  m e m -  
branes prepared from l ipids of  C a n d i d a  a l b i c a n s .  (A) Yeast 
form; (B) m y c e l i a l  form. F luorescence  po lar i za t ion  mea-  
s u r e m e n t s  w e r e  carried out  as descr ibed  in the Materials  
and Methods section. 

TABLE 3 

Composi t ion of  Phosphol ip id  Fatty Acids o f  Log Phase  
Cells of  Yeast and Mycelial  Forms of  C a n d i d a  a l b i c a n s  a 

(relative percentage) 
Fatty acid Yeast form Mycelial form 

14:0 40.5 7.4 
15:0 13.4 3.6 
16:0 16.6 33.9 
16:1 12.0 26.8 
18:0 2.5 4.8 
18:1 11.5 14.4 
18:2 3.2 9.2 
U/S b 0.4 1.0 
aValues are average of two batches run in duplicate. 
bRatio of unsaturated to saturated fatty acids. 

which is consistent with the observed increase in the de- 
gree of unsa tura t ion  in the mycelial form as compared to 
the yeas t  form (Table 3). Fur thermore ,  the polarizat ion 
values decreased with increasing temperature ,  indicating 
an increase in probe mobili ty wi th  increasing t empera -  
ture. As a decrease in fluorescence polarization is a mea-  
sure of disorder, the present study suggests mycelial lipids 
to be more fluid. Membrane  fluidity has been reported to 
play an important  role in various cellular functions includ- 
ing permeabi l i ty  (27), regulat ion of enzyme activity (28) 
and t ransport  of various nutrients (29). 

In addition to the generally accepted role of fat ty  acids 
in modulating the fluidity of membranes ,  the phospholipid 
head  groups, the i r  charge and s t ructure ,  can also affect 
fluidity. Previous studies have  suppor ted  t ha t  PE mole- 
cules are more closely packed than  are PC molecules (30). 
Because, in the present  investigation,  the PC/PE levels 
were found to be high/low in the mycelial form compared 
to the yeast  form of C. albicans, a fluorescent probe, ANS, 
was employed to examine s tructural  changes arising due 
to modulation of membrane  surface charge. Because ANS 
is not t r anspor ted  into the cells, bu t  r emains  predomi-  
nant ly  bound onto the cell surface, spheroplasts  of yeas t  
and mycelial  forms were p repared  by enzymat ica l ly  re- 
moving the cell wall. Removal  of the cell wall did not re- 
sult in loss of lipids as the lipid content and composition of 
spheroplas ts  were  the same as those of whole cells (un- 
published observation).  The analysis  of ou r  resul ts  from 
Scatchard plot suggested that  the number  of phospholipid 
binding sites was significantly higher in the mycelial form 
(Table 4), consistent with the presence of higher levels of 

TABLE 4 

Number  of  1-Anil inonaphthalene-8-Sulfonate (ANS) 
Binding  Sites on Spheroplasts  Prepared from Log 
Phase  Yeast and Mycelial Form of  C a n d i d a  a l b i c a n s  a 

Number of ANS binding sites 

Yeast form 733 _+ 41.63 
Mycelial form 1536 -+ 32.15 b 
"Values are mean _+ SD of three independent batches. 
bp < 0.01. 
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TABLE 5 

Km and Vmax Values  for Uptake of  L-Proline in Log Phase  
Yeast and Mycelial  Forms of  C a n d i d a  a l b i c a n s  a 

Km Vmax 
( m M )  (pmol/mg protein/min) 

Yeast form 1.25 -+ 0.07 0.030 • 0.003 
Mycelial form 2.00 • 0.20 b 0.056 • 0.008 b 
aCalculated from Lineweaver-Burk plots. Values are mean • SD of 
three different batches. 
bp < 0.05. 

TABLE 6 

M i n i m u m  Inhibitory Concentrat ions of  Anti fungal  Drugs 
for the Yeast and Mycelial  Forms of  C a n d i d a  a l b i c a n s  a 

Amphotericin B Nystatin Miconazole 
(~tg/mL) (U/mL) (~g/mL) 

Yeast form 3.6 27 10 
Mycelial form 3.0 16 4.5 

aValues are average of three different batches. 

LPC and PC and lower levels of PE in the mycelial form 
than in the yeast form. 

To explore the effect of altered lipid composition on bio- 
chemical functions, the t ranspor t  of L-[3H]proline was 
studied in yeast and in mycelial forms. The Km and Vmax 
values for the uptake of proline were significantly higher 
for the mycelial form (Table 5), suggesting that  the perme- 
ases responsible for the uptake of proline are affected to 
different degrees by the changes in lipid composition in 
the yeast and mycelial forms. These results agree with the 
findings of others suggesting that  fluctuations in phospho- 
lipid and sterol levels can lead to a change in membrane 
permeability and membrane associated functions, includ- 
ing the activities of membrane bound enzymes (31-33). 

To examine the effect of altered lipid composition on the 
behavior of antifungal drugs, MIC of amphotericin B, nys- 
tatin (polyenes) and miconazole (azole antifungal drug) to 
dimorphic forms of C. albicans were examined. The sites 
of action of polyenes and miconazole are different (34). The 
mycelial form was found to be more susceptible to these 
drugs (Table 6), which may be due to the presence of 
higher levels of phospholipid unsa tura ted  fat ty acids 
(Table 3) and sterols (Table 1) close to the target sites for 
the polyene antifungal drugs (35,36). Whereas in the case 
of miconazole the higher susceptibility of the mycelial 
form may be due to greater  accumulation of methylated 
sterols, miconazole inhibits P-450 dependent  14(~- 
demethylase in the ergosterol biosynthetic pa thway (8), 
leading to accumulation of methylated sterols possibly re- 
sulting in the leakage of essential metabolites (37), and ul- 
timately in cell death. 

Taken together, the results of this s tudy indicate tha t  
the yeast and mycelial forms of C. albicans differ in their 

phospholipid and fatty acid composition, and that  the 
changes in lipid composition are accompanied by changes 
in structural and fimctional properties. 
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Q u e n c h i n g  r e a c t i o n s  o f  s i n g l e t  o x y g e n  and  s c a v e n g i n g  
r e a c t i o n s  of  f ree  r a d i c a l s  by  a-, ~-, T- and 6- tocopher-  
a m i n e s  (Toc-amines)  w e r e  inves t iga ted  s p e c t r o p h o t o m e t -  
r ica l ly  in e t h a n o l  and Tri ton X-100 m i c e l l a r  d i spers ions .  
The rate  cons tant s  of  q u e n c h i n g  o f  s ingle t  o x y g e n  (kQ) by 
a-, [~-, y- and 5-Toc-amines  i n c r e a s e d  as the  tota l  e l e c t r o n  
d o n a t i n g  c a p a c i t y  o f  the  m e t h y l  g r o u p s  at the  a r o m a t i c  
r ing  increased .  A p lot  o f  logkQ vs.  p e a k  o x i d a t i o n  poten-  
t ia l  (Ep) w a s  f o u n d  to  b e  l i n e a r  and  the  s l o p e  w a s  nega-  
t ive .  S i m i l a r  r e s u l t s  w e r e  o b t a i n e d  for  s c a v e n g i n g  of  a 
p h e n o x y l  radica l  (PhO.). The  resu l t s  sugges t  that  charge  
t rans fer  p lays  an i m p o r t a n t  ro l e  in t h e s e  reac t ions .  The  
kQ va lues  w e r e  found  to  be  1.30-2.57 t i m e s  as  large  as kQ 
for a - t o c o p h e r o l  (a-Toc). A l t h o u g h  a-Toc has  the  h i g h e s t  
a n t i o x i d a n t  a c t i v i t y  a m o n g  na tura l  t o c o p h e r o l s  and  re- 
la ted  phenols ,  Toc-amines  also can  s e r v e  as ant iox idants .  
Lipids 29, 799-802 (1994). 

I t  is well known tha t  v i t amin  E (a-, ~-, y- and 5-tocoph- 
erol) inhibits  the autoxidat ion of organic molecules in 
liquid phase. The mechan i sm involved has  been studied 
extensively by several  invest igators  (1-4). Vi tamin E is 
present  in cellular membranes  and in edible oils and acts 
as an ant ioxidant  by protect ing po lyunsa tu ra ted  lipids 
from peroxidation. 

The ant ioxidant  proper t ies  of tocopherols (Toc) have  
been ascribed to hydrogen t ransfer  from the OH group in 
Toc to a peroxyl radical  (LOO-). The hydrogen t r ans fe r  
produces a tocopheroxyl radical  (Toc.), which combines 
with another  LOO- (Reactions 1 and 2) (5,6). 

kl 
LOO. + Toc m LOOH + Toc. [1] 

LO0. + Toe. --* nonradical products [2] 

*To whom correspondence should be addressed. 
Abbreviations: DPBF, 2,5-diphenyl-3,4-benzofuran; EP, 3-(1,4- 
epidioxy-4-methyl-l,4-dihydro-l-naphthyl)propionic acid; Eo, peak 
oxidation potential; kd, rate constant of deactivation of singlet oxy- 
gen in pure solvent; kobsd , pseudo-first-order rate constant for re- 
action between 2,6-di-t-butyl-4-(4-methoxyphenyl)phenoxyl and 
antioxidant; K_Q, rate constant of quenching of singlet oxygen by 
antioxidant; ks, second-order rate constant for reaction be- 
tween 2,6-di-t-butyl-4-(4-methoxyphenyl)phenoxyl and antioxi- 
dant; LOO., lipid peroxyl radical; PhO., 2,6-di-t-butyl-4-(4-meth- 
oxyphenyl)phenoxyl; SCE, saturated calomel reference electrode; 
S S, slope of first-order plots of disappearance of 2,5-diphenyl-3,4- 
benzofuran in presence of antioxidant; So, slope of first-order plots 
of disappearance of 2,5-diphenyl-3,4-benzofuran in absence of an- 
tioxidant; Toc, tocopherol and its analogues; Toc., tocopheroxyl 
radical and its analogues; Toc-amine, tocopheramine. 

In a previous study (7), we measured the reaction rates, 
k s, of ct-, ~-, 7- and 5-Toc with 2,6-di-t-butyl-4-(4- 
methoxyphenyl)phenoxyl  (PhO.) in ethanol (EtOH) solu- 
tion (Reaction 3) us ing stopped-flow spectrophotometry.  
PhO. can be regarded as a model for active oxygen radi- 
cals (LOO. and others) in biological systems. 

k s 
PhO. + Toc ~PhOH + Toc. [3] 

The second-order ra te  constants,  k s, obtained were 5.12 x 
103 (a-Toc), 2.24 x 103 (~-Toc), 2.42 • 103 (?-Woc) and 1.00 x 
103 (5-Woc) M-is  -1 in E tOH at  25.0~ The relat ive ra tes  
(ed~l/~/5, 100:44:47:20) agreed well with those obtained in 
studies on the react ivi ty  of Toc toward poly(peroxy- 
styryl)peroxyl radicals  (100:41:44:14) using the 02 con- 
sumption method (Reaction 1, Ref. 8). The result  suggests 
tha t  the relative reactivity of Toc in solution probably does 
not depend on the type of oxyradicals (PhO. and LOO.) 
used. I t  appears  t ha t  both a charge t rans fe r  and proton 
tunneling play an impor tant  role in the antioxidant reac- 
tion of Toc (9,10). 

Lipid peroxidation is also induced by the reaction of a 
singlet oxygen with unsa tura ted  lipids, and Toc can act as 
efficient quencher  of singlet oxygen (11-13). a-Toc 
quenches singlet oxygen by both physical quenching and 
chemical reaction (Reaction 4, Refs. 11-13). 

kQ 
ZO 2 + Toc ~ physical quenching + chemical reaction [4] 

In react ions of Toc, plots of kQ vs. k s show a l inear  rela- 
tionship (14). 

Tocopheramines (Toc-amines) can also act as antioxi- 
dants  (15-17). In fact, in the ra t  red cell hemolysis  tes t  
Toc-amines show activity equal to or greater  than  Toc (15). 
In order to clarify the antioxidant activity of Toc-amine de- 
r ivat ives,  we have  measured  in the present  s tudy the 
ra tes  (k s) of scavenging of PhO. by a-, ~-, y- and 5-Toc- 
amines  in E tOH solution and in micel lar  dispersion a t  
25~ We have also measured  the rate  (kQ) of singlet oxy- 
gen quenching at  35~ and compared the observed rates, 
k s and kQ, with those of a-Toc. The structures of the mole- 
cules used in this work are shown in Figure 1. 

MATERIALS AND METHODS 

(~-, ~-, y- and 5-Toc-amines were p repared  according to 
published methods (18). Ethanol,  diethyl ether, benzene, 
cyclohexane, hexane, toluene and methanol  were purified 
by disti l lation prior  to use. Triton X-100 was purchased  

Copyright �9 1994 by AOCS Press LIPIDS, Vol. 29, no. 11 (1994) 
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H2N6 5~3 _ _ 

a-Toc- amine 

H2N~~3H 
-Toc- amine 

y-Toc- amine 

~-Toc 

H 2 N ~ H  

~-Toc-amine 

6-Toc 

T-Toc 

.O~OCH3 

PhO. 

-Toc 

CH2CH2COOH 
EP 

DPBF 

FIG. 1. Structures of molecules used in this work. PhO-, 
2,6-di-t-butyl-4-(4-methoxyphenyl)phenoxyl; EP, 3-(1,4-epidi- 
oxy-4-methyl-l,4-dihydro-l-naphthyl)propionic acid; DPBF, 
2,5-diphenyl-3,4-benzofuran. 

from Nacalai  Tesque (Kyoto, Japan)  and was used as such. 
The aqueous solution (5.0 wt%) was buffered a t  pH 7.0 
with KH2PO4/NaHPO 4. 

The exper imenta l  se tup and procedures used for the 
m e a s u r e m e n t  of k s have  been described in detail  previ- 
ously (19). Briefly, the kinetic da ta  were obtained with a 
UNISOKU stopped-flow spectrophotometer Model RS-450 
(Hirakata,  Japan)  by mixing equal volumes of solutions or 
micellar dispersions of a Toc-amine and PhO" under  a ni- 
t rogen a tmosphere .  All m e a s u r e m e n t s  were made  at  
25.0 -+ 0.5~ The pseudo-first-order ra te  constant  for the 
reaction [3] (kobsd) was de termined by following the de- 
crease in absorbance of PhO- (375 or 580 nm). The ra te  
constant kobsd is given by Equation 5: 

kobsd = k 0 + ks[Toc-amine] [5] 

k 0 denotes the rate constant for the natural  decay of PhO';  
[Toc-amine] refers  to the molar  concentrat ion of Toc- 
amine.  The ra te  p a r a m e t e r s  were obtained by plot t ing 
kobsd against  [Toc-amine]. 

The exper imenta l  setup and the procedures for the 
measurement  OfkQ have also been described in detail (14). 
Briefly, the kinetic da ta  were obtained with a Shimadzu 
UV-2100S spectrophotometer (Kyoto, Japan)�9 Singlet oxy- 
gen was generated by the thermal  decomposition of 3-(1,4- 

epidioxy-4-methyl- 1,4-dihydro- 1-naphthyl)propionic acid 
(EP; 20,21)�9 2,5-Diphenyl-3,4-benzofuran (DPBF) was 
used as s tandard�9 The value for kQ was de te rmined  ac- 
cording to Young et  al. (22). E tOH -solutions or micellar  
dispersions of EP, DPBF and Toc-amine in E tOH were re- 
acted at  35~ The disappearance of DPBF was measured 
at  411 nm. The value for kQ was de te rmined  following 
Equation 6: 

So/S s = 1 + (kQ/kd)[Toc-amine] [6] 

where  S O and S s denote slopes of the f i rs t-order  plots of 
d i sappearance  of DPBF in the absence and presence of 
Toc-amine, respectively. The value for k 0 can be calculated 
by us ing  the value of the ra te  of deact ivat ion of singlet  
oxygen in pure  solvent (kd) , while k d in E tOH was found 
to be 8.3 x 104 s -1 (23)�9 Since k d in micellar  dispersion is 
not known, the ra te  of Reaction 4 in micel lar  dispersion 
was est imated to be kQ/k d. 

The peak oxidation potential  (Ep) of Toc-amine was ob- 
tained by cyclic voltammetry. Cyclic vol tammetry  was per- 
formed at  room t empera tu re  under  an a tmosphere  of ni- 
trogen using a Yanaco cyclic voltammetric  analyzer Model 
P-1000H (Kyoto, Japan) .  The electrodes used were plat-  
inum and sa tura ted  calomel reference electrodes (SCE) in 
acetonitr i le  (dried over P205 ) containing 40 mM tet ra-  
bu ty lammonium perchlorate. Under  these conditions, fer- 
rocene as a s tandard sample has a half-wave oxidation po- 
tential of +400 mV. 

In  micel lar  dispersion, the react ions occur ent i rely in 
the hydrophobic phase  r a the r  t han  the bulk  phase.  Toc- 
amine,  PhO' ,  EP, DPBF, and singlet oxygen move freely 
between micelles. Accordingly, the values  for k s and kQ 
should be calculated in the micel lar  volume�9 However, 
since the micellar volume is not well known, we calculated 
the values  in the bulk volume The values  for k and k~ 

�9 S _~ 

thus obtained in the micellar dispersion should be consid- 
ered relative�9 

RESULTS AND DISCUSSION 

The values of k s for the reactions of Toc-amine with PhO" 
in E tOH and micellar dispersion are listed in Table 1 to- 
gether  with E and the Toc data�9 Figure 2 shows plots of 
logk vs E of PToc-amine and Toc The k of Toc-amine in 

S �9 . p  �9 S 

micellar dispersion and the k s of Toc in E tOH and micel- 
lar dispersion increased as the total electron-donating ca- 
pacity of the alkyl subs t i tuents  at  its a romat ic  r ing in- 
creased and Ep decreased�9 In Figure 2, the plot for each of 
these samples indicates a l inear relationship. The results 
suggest that  the electron t ransfer  from Toc-amine to LOO" 
(or PhO')  plays an important  role in Reactions 1 and 3 as 
proposed in the case of Toc (7,9,10); s imilar  to Toc (9,10), 
both electron t r ans fe r  and proton tunnel ing play an im- 
per tant  role in the antioxidant reaction of Toc-amine�9 This 
electron t ransfer  corresponds to the "normal" region in the 
Marcus theory (24-26; 27 and references therein) and/or 
the Rehm-Wel le r  equat ion (28,29; 30 and references 
therein)�9 

However, the l inear  relat ionship cannot be seen in the 
reaction of Toc-amine in EtOH;  k s of a-Toc-amine is 

LIPIDS, Vol. 29, no. 11 (1~94) 
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TABLE 1 

The k s and kQ Values for Toc-amine and Toc in EtOH and Micellar Dispers ion as Well as Ep a 

801 

ks b kQ b kQ/k d b 

(M-is-i) (M-is-i) (s-l) E c vs. SCE 
Compounds EtOH Micellar dispersion EtOH Micellar dispersion P (mV) 

a-Toc-amine 3.62 x 102 8.76 x 102 5.30 x 108 4.82 x 103 490 
~-Toc-amine 8.57 x 102 7.33 x 102 4.25 x 108 5.97 x 103 520 
y-Toc-amine 9.44 X 1 0  2 3.97 x 102 3.85 x 10 s 3.87 x 103 510 
5-Toc-amine 8.35 x 102 1.97 • 102 2.67 x 10 s 4.16 x 103 570 
a-Toc 5.12 x 103'd 4.53 • 105 2.06 x 108,e 2.20 x 103 860 f 
~-Toc 2.24 x 1 0  3'd 1.22 x 105 1.53 x 108'e 1.70 x 1 0  3 920 f 
y-Toc 2.42 x 1 0  3'd 1.19 x 105 1.38 x 108~ 1.65 x 1 0  3 930 f 
5-Toc 1.00 x 103,4 1.04 x 104 0.53 x 108,e 1.38 x 103 990 f 
a E . . . . . .  peak oxldat]on potential; k d rate constant of deactivation of smglet oxygen m pure solvent; k~, rate 
constant of quenching of singlet oxygen by antioxidant; ks, second-order rate constant for reaction between 
2,6-di-t-butyl-4-(4-methoxyphenyl)phenoxyl and antioxidant; SCE, saturated calomel reference electrode; 
Toc, tocopherol and its analogues; Toc-amine, tocopheramine, bExperimental errors <_+5%. CExperimental 
errors <_+10 mV. 4Reference 7. eReference 14. fReference 19. 

s m a l l e r  t h a n  t h e  k s of  o t h e r  Toc-amines .  Th i s  r e s u l t  is 
s o m e w h a t  s u r p r i s i n g  s ince  t h e  "expec ted"  r e l a t i v e  t r e n d  
is o b s e r v e d  in  m i c e l l a r  d i spe r s ion .  I t  was  t he r e fo re  of  in-  
t e r e s t  to m a k e  t h e s e  m e a s u r e m e n t s  in  o t h e r  solvents ,  es- 
pec ia l ly  nonpro t i c  ones.  The  k s va lue s  for t he  r eac t ions  of  
Toc-amine  w i t h  PhO" in  d i e t h y l  e ther ,  b e n z e n e ,  cyclo- 
h e x a n e ,  h e x a n e ,  t o luene ,  a n d  m e t h a n o l  a r e  l i s t e d  in  
Tab le  2. As  in  t h e  case  of  E t O H ,  k s for a - T o c - a m i n e  is 
s m a l l e r  t h a n  for t h e  o t h e r  Toc-amines  in  d i e t h y l  e ther ,  
benzene ,  a n d  hexane .  Thus  these  r e su l t s  a re  un l ike ly  due  
to h y d r o g e n  b o n d i n g  a n d  pro t ic  so lva t ion  a n d  can  gene r -  
a l l y  be  found  in  v a r i o u s  so lven ts .  A t  p r e s e n t ,  we c a n n o t  
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FIG. 2. Plots  of  logk s vs. Ep of  Toe-amine in EtOH (�9 Toc- 
a m i n e  in mice l lar  d i spers ion  (El), Toc in EtOH (~ )  and Toc 
in mice l lar  d ispers ion  (0). E_, peak  oxidat ion potential;  ks, 
second-order  rate c o n s t a n t ~ o r  react ion  b e t w e e n  2,6-di-t- 
buty l -4- (4-methoxyphenyl )phenoxyl  and antioxidant;  SCE, 
saturated calomel  reference electrode; Toc, tocopherol  and 
its analogues; Toe-amine, tocopheramine.  

offer an  u n a m b i g u o u s  e xp l a na t i on ,  b u t  i t  is  poss ib le  t h a t  
t he  e l ec t ron  t r a n s f e r  f rom a -Toc -amine  to PhO" in  E t O H  
cor responds  to the  " inver ted  region" in  the  M a r c u s  t heo ry  
(24-27)  and /o r  t h e  " a c t i v a t i o n l e s s  reg ion"  in  t h e  R e h m -  
Wel le r  equa t ion  (28-30).  

The  kQ v a l u e s  for t h e  r e a c t i o n s  of  Toc-amine  w i t h  s in-  
g le t  oxygen  in E t O H  a n d  m i c e l l a r  d i s p e r s i o n  a r e  a lso  
l i s t ed  in  Table  1, t o g e t h e r  w i th  t he  d a t a  for Toc. F i g u r e  3 
shows  p lo ts  o f l o g k q  vs. Ep of  Toc-amine  a n d  Toc. The  kQ 
of  Toc-amine and  Toc in E t O H  a n d  mice l l a r  d i spe r s ion  in- 
c reased  as  the  to ta l  e l ec t ron-dona t ing  capac i ty  of  t he  a lky l  
s u b s t i t u e n t s  a t  i t s  a r o m a t i c  r i n g  i n c r e a s e d  a n d  Ep 
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FIG. 3. Plots  o f  logkQ vs. E_ of  Toe-amine in EtOH (�9 Toe- 
_ _  . v  

a m i n e  in mice l lar  d i spers ion  ([~), Toc in EtOH (A) and Toc 
in mice l lar  d ispers ion (0). Ep, peak oxidat ion potential;  kd, 
rate constant  o f  deact ivat ion  of  s inglet  oxygen  in pure sol- 
vent;  ko,  rate cons tant  o f  q u e n c h i n g  of  s ing le t  oxygen  by 
ant ioxidant;  SCE, saturated  ca lomel  reference  electrode;  
Toc, tocophero l  and its  analogues;  Toe-amine,  tocopher-  
~mine.  
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TABLE 2 

T h e  k s V a l u e s  (M-is  -1) for  T o c - a m i n e  in  V a r i o u s  S o l v e n t s  a'b 

a-Toc-amine [3-Toc-amine 7-Toc-amine 5-Toc-amine 

Diethyl ether 3.85 x 102 6.82 x 102 6.82 x 102 4.06 x 102 
Benzene 6.91 x 102 1.03 x 103 1.13 x 103 8.57 x 102 
Cyclohexane 8.15 x 102 9.71 x 102 1.14 • 103 6.82 x 102 
Hexane 6.04 x 102 8.47 x 102 1.22 x 103 8.63 x 102 
Toluene 6.13 • 102 - -  - -  - -  
Methanol 6.76 x 102 - -  - -  - -  
aks, second-order rate constant for reaction between 2,6-di-t-butyl-4-(4-methoxyphenyl)- 
~OEhenoxyl and tecopheramine; Toc-amine, tocopheramine. 

xperimental errors <_+5%. 

decreased .  In  F i g u r e  3, t h e  plot  for each  of  t h e s e  s a m p l e s  
shows  a l i n e a r  r e l a t i o n s h i p ,  a l t h o u g h  t h e  s lope  for  Toc- 
a m i n e  in mice l l a r  d i spe rs ion  is ve ry  smal l .  The  reac t ion  of 
s ing l e t  oxygen  w i t h  p h e n o l s  is  k n o w n  to be a n  e lec t ron-  
t r a n s f e r  reac t ion  (20,31). 

I t  would  be wor thwhi l e  to compare  t he  r e l a t ive  ac t iv i ty  
in the  r a t  e ry th rocy te  hemolys i s  t e s t  (15,32) wi th  t he  re la-  
t ive  r a t io  of  bo th  k s a n d  kQ of  Toc-amines  a n d  Toc in  E t O H  
a n d  m i c e l l a r  d i spe r s ion .  A l t h o u g h  t h e  a c t i v i t y  of  Toc- 
a m i n e  was  s im i l a r  to t h a t  of  t he  co r respond ing  Toc in  the  
r a t  e ry th rocy te  hemolys i s  t e s t  (da t a  not  shown), k s of  Toc- 
a m i n e  is much  sma l l e r  t h a n  t h a t  of  the  cor respond ing  Toc. 
On  t h e  o t h e r  h a n d ,  t h e  kQ v a l u e s  of  Toc-amines  were  
found to be 1.30-2.57 t i m e s l a r g e r  t h a n  kQ of  a-Toc, which  
h a s  the  l a rges t  kQ a m o n g  n a t u r a l  Toc a n d  r e l a t ed  phenols .  
Thus ,  Toc-amines  have  p rope r t i e s  t h a t  m a k e  t h e m  useful  
as  an t iox idan t s .  
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Effects of Site-Directed Mutagenesis on the Serine Residues 
of Human Lecithin:Cholesterol Acyltransferase 
Shi-Jing Qu, Hui-Zhen Fan, Francisco Blanco-Vaca, and Henry J. Pownall* 
Department of Medicine, Baylor College of Medicine and The Methodist Hospital, Houston, Texas 77030 

L e c i t h i n : c h o l e s t e r o l  a c y l t r a n s f e r a s e  (LCAT) is  a s e r i n e  
p r o t e a s e - t y p e  e n z y m e  t h a t  e s t e r i f i e s  c h o l e s t e r o l  in  
h u m a n  p l a s m a  and  is  a c t i v a ted  by  a p o l i p o p r o t e i n  A-I in  
h i g h - d e n s i t y  l i p o p r o t e i n s .  LCAT c o n t a i n s  22 s e r i n e  
r e s i d u e s ,  i n c l u d i n g  Ser181,  w h i c h  is  t h o u g h t  to  be  part  
of  t h e  c a t a l y t i c  s i te .  In  o r d e r  to  d e t e r m i n e  t h e  impor-  
tance  of  t h e s e  s e r i n e  r e s i d u e s  in  LCAT, w e  prepared  s ix  
LCAT m u t a n t s :  LCAT ( S e r l g - ~ A l a ) ,  LCAT (Ser181--~ 
Gly), LCAT (Ser208 -~ Ala), LCAT (Ser216 -~ Ala), LCAT 
( S e r 2 2 5 - ~  Ala)  and  LCAT ( S e r 3 8 3 - ~  Ala) .  We a l so  re- 
p l a c e d  t h e  a d j a c e n t  a s p a r a g i n e  r e s i d u e s  in  two  addi-  
t i o n a l  m u t a n t s ,  LCAT (Ser19 -~ Ala,  A s n 2 0  -~ Thr)  a n d  
LCAT (Ser383 -~ Ala,  A s h 3 8 4  -~ Thr),  in  o r d e r  to  ascer-  
ta in  the  effect  o f  the  s e r i ne s  on  N-g lycosy la t ion .  T h e  mu- 
tant  c o m p l e m e n t a r y  DNA (cDNA) w e r e  s u b c l o n e d  in to  a 
e u k a r y o t i c  e x p r e s s i o n  v e c t o r  (pSG5) a n d  e x p r e s s e d  in  
COS-6 ce l l s .  By  p o l y m e r a s e  c h a i n  r e a c t i o n  a n a l y s i s ,  
LCAT-specif ic  m e s s e n g e r  RNA (mRNA) w a s  f o u n d  in  al l  
m u t a n t  and  wi ld- type  transfec tants .  Western blot  analy-  
s i s  r e v e a l e d  LCAT-speci f ic  b a n d s  in  m e d i a  a n d  l y s a t e s  
o f  t h e  t r a n s f e c t e d  ce l l s .  With two  e x c e p t i o n s ,  th e  
a m o u n t s  o f  LCAT m a s s  s e c r e t e d  b y  t h e  t r a n s f e c t a n t s  
w e r e  s imi lar  to that  of  the  w i ld  type  (mean,  90% m a s s  o f  
w i l d  type;  range ,  34-138%). E x c e p t  for  LCAT (Ser181 -~ 
Gly),  w h i c h  w a s  i n a c t i v e ,  t h e  s p e c i f i c  a c t i v i t i e s  o f  t h e  
r e m a i n d e r  o f  t h e  m u t a n t  e n z y m e s  w e r e  a l so  s i m i l a r  
(mean,  95% ac t iv i ty  o f  w i l d  type; range,  65-169%). T h e s e  
r e s u l t s  i n d i c a t e  tha t  Ser181 is  part  of  the  c a t a l y t i c  s i t e  
and  t h a t  s t e r e o c o n s e r v a t i v e  s u b s t i t u t i o n s  for  s e r i n e s  
h a v e  m i n o r  e f fec ts  on  the  s y n t h e s i s ,  s e c r e t i o n  an d  spe-  
c i f ic  ac t iv i t i e s  of  h u m a n  LCAT. 
Lipids 29, 803-809 (1994). 

Lecithin:cholesterol acyltransferase (LCAT;EC 2.3.1.43), 
which catalyzes the transfer of an acyl group from phos- 
phatidylcholine (PC) to the 3~ position of cholesterol, is 
a key enzyme in reverse cholesterol transport (1,2). Pro- 
tein and DNA sequencing of LCAT (3,4) reveal a 416- 
residue glycoprotein containing a mixture of ~-struc- 
ture, a-helix and random coil. The hexapeptide Ile 
178-Gly179-His180-Ser181-Leu182-Gly183 was first im- 
plicated in catalysis because of its reactivity with an ac- 
tive site reagent (5) and its homology with pancreatic 
and lingual lipases (3,4). A recent report of mutagenesis 
in vitro supported the role of Serl81 in the active site of 
LCAT (6). Ser216, which appears in a tripeptide se- 

*To whom correspondence should be addressed at Baylor College 
of Medicine, Department of Medicine, 6565 Fannin MS A601, 
Houston, TX 77030. 
Abbreviations: cDNA, complementary deoxyribonucleic acid; 
DAPC, 1,2-diarachidonoyl phosphatidylcholine; dATP, deoxyadeno- 
sine triphosphate; DEAE, diethylaminoethyl; DMEM, Dulbecco's 
modified Eagle's medium; IgG, immunoglobulin G; LCAT, 
lecithin:cholesterol acyltransferase; mRNA, messenger RNA; PC, 
phosphatidylcholine; PCR, polymerase chain reaction; POPC, 
1-palmitoyl-2-oleoyl phosphatidylcholine; R-HDL, reassembled 
high density lipoprotein. 

quence (Gly-X-Ser) similar to that of Set181, is another 
residue which has been proposed as a part of the active 
site (7). Moreover, Ser208 and Ser216 are close to the ac- 
tive site region, where small changes in structure might 
be expected to modifyenzyme activity. Thus, it was of 
interest to determine whether nearby serines play an 
important role in LCAT activity and to confirm the im- 
portance of Serl81 in catalysis. Because serine residues 
are adjacent to two asparagine residues, Ash20 and 
Ash384, N-glycosylation might be one process that  the 
proximity of serines could affect. A change in glycosyla- 
tion could, in turn, influence the secretion and activity 
of LCAT (8,9). In order to assess the importance of the 
serine residues in LCAT synthesis, secretion and activ- 
ity, eight mutants were prepared by site-directed muta- 
genesis, expressed in COS-6 cells, and tested in vitro. 

MATERIALS AND METHODS 

Materials. Restriction enzymes were purchased from 
Promega (Madison, WI). The Sequenase Version 2.0 
DNA Sequencing Kit was obtained from United States 
Biochemical (Cleveland, OH). Amersham (Arlington 
Heights, IL) was the source for [a-35S]deoxyadenosine 
triphosphate (dATP) (1,000 Ci/mmol), [a-32p]ATP (5,000 
Ci/mmol) and Na125I. The rabbit anti-goat immunoglob- 
ulin G (IgG) was purchased from BioRad (Hercules, CA), 
3H-labeled cholesterol from DuPont (Wilmington, DE) 
and the phospholipids from Avanti Polar Lipids (Al- 
abaster, AL). A full-length cDNA (complementary DNA) 
clone of human LCAT (pUCLCAT.10) spliced into the 
EcoRI/BamHI sites of pUC19 was kindly provided by 
Richard Lawn of Genentech Inc. (South San Francisco, 
CA) (4). The insert contained 102 nucleotides in the 
5'-untranslated region, the entire coding region, and 68 
nucleotides in the 3'-untranslated region. Both ends 
were bound by multiple linkers. 

Construction of the mutant clones. The cloning and ex- 
pression strategies were essentially those of Qu et al. 
(9,10). The oligonucleotides used as the primers for mu- 
tagenesis (Table 1) were synthesized on a Cyclone Plus 
DNA synthesizer (Burlington, MA) and purified by 
an Oligo-pak oligonucleotide purification column 
(MiliGen/BioSearch; Burlington, MA). Before use, the 
oligonucleotides were phosphorylated at the 5' position 
by T 4 polynucleotide kinase. After digestion by EcoRI 
and BamHI,  the pUCLCAT.10 was subcloned into 
M13mpl8 and M13mpl9. Single-stranded DNA contain- 
ing uracil was prepared by using Escherichia coli host 
strain CJ236 (ung-) to culture the M13mpl8 or 
M13mpl9 LCAT clones (11). The single-stranded DNA 
was used as a template and hybridized to the oligonu- 
cleotides, which contained mismatched nucleotides cod- 
ing for the mutant amino acids. After hybridization, the 
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TABLE 1 

Synthet ic  Nucleot ides  Used for Lecithin:Cholesterol  Acyltransferase Mutants 
Kmino acid shift Primer a 

Ser19 --> Ala 
Serl9 -o Ala, Asn20 -~ Thr 
Serl81 --> Gly 
Ser208 --~ Ala 
Ser216 --~ Ala 
Ser225 --~ Ala 
Ser383 -~ Ala 
Ser383 -+ A]a, Asn384 ~ Thr 

5'-TGT-GTG-GTT-AGC-GAG-CTC-AGC-3' 
5'-CCG-TGT-GTG-G~T-AGC -GAG-CTC-AGC-3' 
5"-ACA-GCC-GAG-GC C-GTG-GCC-AAT-3' 
5'-AGC-C CC-AAG-AGC-GAT-GAA-GCC -3' 
5'-GGG-CTT-GAT-GGC-GCC -ACC-CCA-3' 
5"-GTT-GTC-ACC-TGC-GGC-CAA-GAC-3' 
5'-GGT-CAG-GTY-GC_,~-GAA-GAC-CAT-3" 
5'-CAG-GGT-CAG-G~T-GGC-GAA-GAC-CAT-3' 

Polymerase chain reaction primers 
Downstream primer 5'-TTC-TGG-CTC-CTC-AAT-GTG-CTC-3' 
Upstream primer 5'-CAA-GTG-TAG-ACC-GCC-GAG-GTC-3' 

aMutagenesis primers are the antisense strands; the substituted nucleotides are under- 
lined. 

second s t r a n d  was  syn thes ized  us ing  T7DNA poly- 
m e r a s e  and  T41igase. The doub le - s t r anded  DNA was 
t r ans fo rmed  into an ung § E. coli strain,  DH-5a ' .  The 
plaques of m u t a n t  cDNA were identified by the 
dideoxynucleotide method (12). After digestion by EcoRI 
and BamHI, the wild-type and m u t a n t  cDNA were sub- 
cloned into a eukaryot ic  expression vector, pSG5 (13). 
They were then t ransformed into E. coli AG1. The positive 
clones were checked by restr ict ion enzyme mapp ing  and 
direct sequencing. The selected m u t a n t  cDNA were pre- 
pared using a kit (Qiagen Midi, Chatsworth, CA) to create 
larger quantities for expression in mammal i an  cells. 

In vitro expression ofLCAT A modified diethylamino- 
ethyl  (DEAE) -Dex t r an  method  (14) was  used to t r ans -  
fect wild-type and m u t a n t  cDNA of LCAT into COS-6 
cells. Cells were grown in high-glucose Dulbecco's modi- 
fied Eagle's medium (DMEM) with 10% heat- inact ivated 
fetal  bovine se rum and lx  ant ib iot ic-ant imycot ic  liquid 
(Gibco BRL; Gibco, Gai thersburg,  MD) in 75-cm 2 flakes. 
After  exceeding 90% confluence, the cells were  subcul- 
tured at  a 1:4 to 1:6 ratio and incubated for 24--48 h. The 
cells were t ransfected with 20 ]lg of plasmid per  flask, in- 
cubated  for 3 h wi th  chloroquine and the  D N A - D E A E -  
med ium stock, and then  shocked with 10% dimethylsul-  
foxide for 2 min. In each experiment,  two flasks contain- 
ing COS-6 cells plus pSG5 plasmids and COS-6 cells only 
were used as controls. After 72 h of incubation, the media 
were  collected, centr i fuged and  immed ia t e ly  tes ted  for 
LCAT act ivi ty  us ing  model  r ea s sembled  high densi ty  
lipoprotein (R-HDL) as the substrate.  

RNA preparation, cDNA synthesis and polymerase 
chain reaction. After  the  collection of the  med ia  for 
LCAT assays ,  the t ransfec ted  COS-6 cells were  used  to 
p r epa re  to ta l  RNA. Ex t rac t ion  of RNA wi th  guani-  
d inium th iocyanate  (15) was followed by centr i fugat ion 
in ces ium t r i f luoroace ta te  (16) and  prec ip i ta t ion  in 
ethanol.  The PCR was performed on the RNA using the 
GeneAmp RNA PCR Kit (Cetus Perkin-Elmer,  Norwalk,  
CT). PCR was initially conducted for 2 min  at  94~ fol- 
lowed by 30 cycles of 1 min  at  94~ 1 min at  55~ and 1 
min a t  72~ These cycles were followed by 10 addit ional 
min  of PCR at  72~ and an overnight  soak a t  4~ 

Quantification of LCAT mass and activity. R-HDL was 
p r e p a r e d  by a de t e rgen t  r emova l  t echn ique  (17): 

1-palmitoyl-2-oleoyl phosphatidylcholine (POPC) or 1,2- 

d iarachidonoyl  phospha t idv lcho l ine  (DAPC), 2 mol% 
cholesterol  and  a t race  of 3I-]-labeled cholesterol  (7,500 
dpm/pmol) were mixed and the organic solvent removed 
unde r  a s t r e a m  of N 2. The l ipids were  vor texed,  sus- 
pended in t r i s (hydroxymethy l )aminomethane -buf fe red  
saline a t  pH 7.4, and combined with h u m a n  apolipopro- 
tein A-I at  a lipid prote in  rat io  of 100:1 (M/M). Sodium 
cholate  (10%) was  added unt i l  the tu rb id i ty  disap-  
peared.  The resu l t ing  solut ion was  exhaus t ive ly  dia- 
lyzed aga ins t  the  same  buffer,  and  the  LCAT as says  
were per formed as previously described (18). Subs t ra te  
s a tu r a t i on  curves  were  ob ta ined  similarly,  except  t h a t  
the subs t ra te  concentrat ion was var ied as needed. 

A sol id-phase  r a d i o i m m u n o a s s a y  us ing  a goat  poly- 
clonal ant ibody to h u m a n  LCAT was used to de te rmine  
LCAT mass ;  pur i f ied  h u m a n  p l a s m a  LCAT was the  
s t andard .  I so la ted  h u m a n  LCAT, med ia  f rom t r ans -  
fected COS-6 cells and  the  controls  (COS-6 cells un- 
t ransfected or t ransfected with  only the expression vec- 
tor  pSG5) were  concen t ra ted  tenfold wi th  a Centr i -  
prep-30 (Amicon, Beverly, MA). This solution was then  
applied to a nitrocellulose m e m b r a n e  in a dot-blot appa-  
r a tus ,  i ncuba ted  wi th  a n t i s e r u m  and rabb i t  ant i -  
goat125I-labeled IgG, and washed  extensively. The dots 
were cut and the radioactivi ty was measured  by g a m m a  
counting. 

For  the  Wes te rn  blot ana lys is ,  e lec t rophores is  was  
conducted using a 12% sodium dodecylsulfate--polyacry- 
lamide gel, a f te r  which the proteins were t rans fe r red  to 
a ni trocellulose m e m b r a n e  and  reac ted  wi th  goat  ant i -  
se rum to h u m a n  LCAT. The bands were visualized using 
a r abb i t  an t i -goa t  IgG (heavy  and  l ight  chains)  horse-  
radish peroxidase-conjugated IgG kit  (BioRad, Hercules,  
CA). 

RESULTS 

Mutagenesis strategy and construction of the expression 
vector. Alanine and glycine were selected to replace the  
ser ines  located a t  res idues  19, 181, 208, 216, 225 and  
383 of LCAT. These  res idues  were  chosen so t h a t  the  
mu ta t ed  site would re ta in  the same charge. Based on its 
homology with other l ipases (3,4), LCAT's active site has  
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been assigned to the hexapept ide  Ile 178-Gly179-His 180- 
Ser181-Leu182-Gly183.  We subs t i t u t ed  a glycine resi-  
due a t  Ser l81  to confirm tha t  it is the likely acceptor of 
the  acyl group t r a n s f e r r e d  f rom PC to cholesterol  dur-  
ing catalysis.  Ser208 and Ser216 also contain a port ion 
of the  act ive site s t ruc ture ,  Ser-X-Gly, and  are close to 
the  pu t a t i ve  act ive site. Moreover,  Ser216 reac ts  wi th  
an active site r eagen t  and  was once though t  to be pa r t  
of the catalyt ic  site (5). Mutan t s  in which each of these  
two sites was replaced by alanine were also prepared.  

H u m a n  LCAT contains  four si tes of N-glycosylat ion;  
two of these  sites, Asn20 and  Asn384, are  ad jacent  to 
serine residues (3,4). Two mutants ,  LCAT (Ser l9  ~ Ala) 
and (Ser383 ~ Ala), were p repared  and tested to deter- 
mine whether  LCAT synthesis,  secretion or activity was 
affected by serine residues vicinal to glycosylation sites. 
Also, two compound m u t a n t s  in which an  a s p a r a g i n e  
and the adjacent  serine were replaced by threonine and 
alanine,  respectively, were p repared  to identify interac-  
tions between serines and asparagines  tha t  might  influ- 
ence these  processes  in LCAT. In  all, e ight  cDNA mu-  
t an t s  of LCAT were  p r epa red  and  tested.  The oligonu- 

cleotide p r ime r s  used  for m u t a g e n e s i s  are  l is ted in 
Table 1. After  muta t ion ,  the  m u t a n t  cDNA were  sub- 
cloned into a eukaryo t ic  express ion  vector, pSG5 
(11,12,15). The coding regions corresponding to the mu-  
ta ted  amino acids were  confirmed by DNA sequencing.  
Sequences of wild-type and m u t a n t  LCAT cDNA brack- 
et ing the mu ta t i on  sites are compared  in Figure  1. The 
m u t a n t  and  wild- type cDNA were expressed  in COS-6 
cells (11,12). 

PCR analysis. Using the pr imers  listed in Table 1, the 
total  RNA of COS-6 cells t ransfected by pSG5, with and 
wi thou t  the  inse r ted  LCAT cDNA, were  ana lyzed  by 
PCR. LCAT-specific m R N A  (messenge r  RNA) is indi- 
cated by the presence  of a 561-bp f r a g m e n t  as a resu l t  
of agarose  gel e lect rophoresis ;  this  f r a g m e n t  was  not 
found in the  cells wi th  pSG5 vector  control  (Fig. 2). In  
contrast ,  the wild-type and all of the mu tan t s  contained 
the 561-bp f ragment .  Thus,  we es tab l i shed  t h a t  all the 
cloned cDNA had t ranscr ibed their  respective mRNA. 

Western blot analysis of secreted and intracellular 
LCAT Cell lysa tes  f rom the t r ans fec t ed  COS-6 cells 
were tes ted  by Western  blot analysis  us ing a goat anti-  
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FIG.  1. C o m p a r i s o n  of  c o m p l e m e n t a r y  D N A  s e q u e n c e s  o f  l e c i t h i n : c h o l e s t e r o l  a c y l t r a n s f e r a s e  
(LCAT) f r o m  w i l d - t y p e  a n d  m u t a n t s .  E a c h  p a i r  o f  a u t o r a d i o g r a m s  c o n t a i n s  t h e  s e q u e n c e  o f  in- 
t e r e s t  o f  b o t h  w i l d - t y p e  LCAT a n d  t h e  s i t e - d i r e c t e d  m u t a n t .  Al l  s e q u e n c e s  a r e  t h e  a n t i s e n s e  
s t r a n d .  
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FIG. 2. Po lymerase  cha in  r eac t ion  ampl i f ica t ion  of  comple-  
m e n t a r y  DNA from to ta l  RNA. The to ta l  RNA sample  f rom 
COS-cells  w a s  s u b j e c t e d  to p o l y m e r a s e  c h a i n  r e a c t i o n  
(PCR). E l e c t r o p h o r e s i s  was p e r f o r m e d  on a 1.2% aga rose  
gel. F rom the  100 ~L of  r e s u l t i n g  PCR mixture ,  5 ~L was ap- 
p l i ed  to each  lane.  Lane  a s s i g n m e n t s  w e r e  as  f o l l o w s :  
1, wi ld- type  LCAT; 2, LCAT (Ser19 ~ Ala); 3, LCAT (Ser19 -~ 
Ala,  Asn2O-~Thr ) ;  4, LCAT (Ser181-~Gly) ;  5, LCAT 
(Ser208 -~ Ala); 6, LCAT (Ser216 --~ Ala); 7, LCAT (Ser225 -~ 
Ala); 8, LCAT (Ser383-~ Ala); 9, LCAT (Ser383-~ Ala, 
Asn384 -~ Thr); 10, cells t ransfec ted  by  pSG5; 11, marker .  Ab- 
b rev ia t ion  as in F igure  1. 

h u m a n  LCAT s e r u m  as  t h e  f i r s t  a n t i b o d y  (Fig.  3). Con- 
t r o l  t e s t s  of  cel l  l y s a t e s  w i t h  p r e - i m m u n e  g o a t  s e r u m  
d e m o n s t r a t e d  t h a t  t he  a d d i t i o n a l  b a n d  c o r r e s p o n d i n g  to 
a m o l e c u l a r  w e i g h t  of  a b o u t  40kD was  due  to nonspeci f ic  

b i n d i n g .  L C A T - r e a c t i v e  b a n d s  w i t h  m o l e c u l a r  w e i g h t s  
s i m i l a r  to t h a t  of  h u m a n  p l a s m a  LCAT w e r e  o b s e r v e d  
w h e n  t h e  l y s a t e s  f rom ce l l s  t r a n s f e c t e d  w i t h  t h e  w i ld -  
t ype  or  m u t a n t  cDNA were  t e s t ed .  L y s a t e s  f rom con t ro l  
cel ls  t r a n s f e c t e d  by  pSG5 l a c k i n g  the  LCAT i n s e r t  we re  
nega t i ve .  T h e s e  r e s u l t s  s u g g e s t  t h a t  a l l  of  t h e  cel ls  t h a t  
c o n t a i n e d  t h e  m u t a n t  a n d  wi ld - type  i n s e r t s  s y n t h e s i z e d  
LCAT. T h e  l y s a t e s  f rom ce l l s  t r a n s f e c t e d  w i t h  LCAT 
( S e r l 9  -~ Ala ,  A s n 2 0  -~ Thr )  a n d  LCAT (Ser383  --~ Ala ,  
A s n  384 -~ Thr )  m i g r a t e d  f u r t h e r  t h a n  w i l d - t y p e  LCAT. 
I n  c o n t r a s t ,  no d i f f e r e n c e  w a s  f o u n d  b e t w e e n  LCAT 
( S e r l 9 - - >  A la )  a n d  LCAT (Se r383 - -~  A la )  c e l l - t r a n s -  
fec ted  l y sa t e  m i g r a t i o n s  a n d  t h a t  of  t h e  w i ld - type  LCAT. 
The  m e d i a  f rom the  t r a n s f e c t e d  cel ls  were  a lso  t e s t e d  by  
W e s t e r n  b lo t  a n a l y s i s  (Fig.  4). I n  mos t  cases  a s ingle  in- 
t e n s e  b a n d  c o r r e s p o n d i n g  to  t h e  m o l e c u l a r  w e i g h t  of  
h u m a n  p l a s m a  LCAT was  found.  However ,  a n u m b e r  of  
d i f f e r e n c e s  w e r e  no t ed .  A l t h o u g h  t h e  s a m e  v o l u m e s  of  
m e d i a  w e r e  a p p l i e d  to t h e  e a c h  gel ,  b a n d s  for  LCAT 
( S e r l 8 1  --~ Gly)  a n d  (Ser383  -~ Ala ,  A s n 2 0  --~ Thr )  we re  
l ess  i n t e n s e  t h a n  t h e  o t h e r s .  T h e  b a n d s  f rom t h e  ce l l s  
t r a n s f e c t e d  w i t h  LCAT ( S e r l 9  --~ Ala ,  Asn20  -~ Thr)  a n d  
LCAT (Se r383 - -~  Ala ,  A s n 3 8 4 - ~ T h r )  e x h i b i t e d  a 
g r e a t e r  m i g r a t i o n  d i s t a n c e ,  w h i c h  w a s  c o n s i s t e n t  w i t h  
t he  r e s u l t  t h a t  wou ld  be g iven  by  a n  LCAT-pos i t ive  prod-  
uc t  w i t h  a m o l e c u l a r  w e i g h t  l ower  t h a n  t h a t  of  h u m a n  
p l a s m a  LCAT. 

Quantification of secreted LCAT mass and activities. 
W i l d - t y p e  a n d  m u t a n t  c D N A  of  LCAT c loned  in to  p S G 5  
w e r e  t r a n s f e c t e d  i n to  C O S - 6  cel ls .  A f t e r  i n c u b a t i n g  a t  
37~ for  72 h, t h e  m e d i a  w e r e  s c r e e n e d  for  LCAT ac t iv -  
i ty  u s i n g  R - H D L  as  t he  s u b s t r a t e .  No m e a s u r a b l e  LCAT 
a c t i v i t y  was  found  in  t h e  m e d i a  co l l ec ted  f rom t h e  cel ls  
t h a t  w e r e  n o t  t r a n s f e c t e d  or  t h a t  w e r e  t r a n s f e c t e d  b y  
t h e  pSG5  p l a s m i d s  l a c k i n g  t h e  LCAT inse r t .  The  m e d i a  
f rom t h e  COS-6  ce l l s  t r a n s f e c t e d  by  w i l d - t y p e  a n d  m u -  
t a n t  LCAT c D N A  e x h i b i t e d  d i f f e r e n t  l eve l s  of  e x p r e s -  
s ion.  The  m e d i a  w e r e  r e p l a c e d  w i t h  D M E M  a n d  i n c u -  

1 2 3 4 5 6 7 8 9 1 0  11 1 2  1 3  1 4  

- ~  - 1 1 6 k D  

LCAT- ~ - 8 0 k D  

- 4 9 . 5 k D  

FIG. 3. Western  b lo t  ana lys i s  of  t r a n s f e c t e d  COS-6 ce l l  
l y s a t e s  f rom control ,  wi ld- type  and  mutants .  After  incubat -  
ing  for  72 h, cel ls  were  w a s h e d  w i t h  p h o s p h a t e  b u f f e r e d  
s a l i n e  a n d  t r yps in i zed .  Cells  f rom each  75-cm 2 f lask  w e r e  
h o m o g e n i z e d  u s i n g  1 mL of  s o l u b i l i z i n g  buf fer  (1.6% Tri ton 
X-1OO, 0.3 mM leupep t in ,  5.0 M u r e a  a n d  1.5 mM pheny l -  
m e t h a n e s u l f o n y l  f luor ide) .  F o r  each  sample ,  10 pg of  pro-  
t e in  w a s  u s e d  for  t h e  ana lys i s .  Lane  a s s i g n m e n t s  w e r e  as 
fo l lows:  1, marker ;  2, s t a n d a r d  LCAT; 3, cells  t r ans fec ted  by  
pSG5; 4, w i ld - type  LCAT; 5, LCAT (Ser181 -~ Gly); 6, LCAT 
(Ser19 -~ Ala); 7, LCAT (Ser208 -~ Ala); 8, wi ld- type  LCAT; 9, 
LCAT (Ser216 -~ Ala); 10, LCAT (Ser225 -~ Ala); 11, LCAT 
(Ser383 -~ Ala); 12, LCAT (Ser19 -~ Ala,  Asn20 -~ Thr); 13, 
LCAT (Ser383 -~ Ala, Asn384 --~ Thr); 14, marker .  Abbrevia-  
t ion as in F igure  1. 

1 l e K D - -  i 
4 9.SKD--- 

--LCAT 

1 2 3 4 5 6 7 8 9 10 11 12 13 

FIG. 4. Western  blot  ana lys i s  of  i so la ted  h u m a n  LCAT, and  
wi ld- type  or  m u t a n t  t r a n s f e c t e d  COS-6 cell  cu l tu re  media .  
The media  from COS-6 cells were  concen t r a t ed  tenfold,  and  
5 pL was  a p p l i e d  to each  lane.  Lane  a s s i g n m e n t s  w e r e  as 
fo l lows:  1, marker ;  2, s t a n d a r d  LCAT; 3, cells  t r ans fec ted  by  
pSG5; 4, w i ld - type  LCAT; 5, LCAT (Ser19 -~ Ala,  Ash20 -~ 
Thr); 6, LCAT (Ser19 -~ Ala); 7, LCAT (Ser181 -~ Gly); 8, LCAT 
(Ser208 -~ Ala); 9, LCAT (Ser216 -~ Ala); 10, LCAT (Ser225 -~ 
Ala); 11, LCAT (Ser383-~ ALIa); 12, LCAT (Ser383-~ Ala, 
Asn384 -~ Thr); 13, marker .  Abbrev ia t ion  as in F igure  1. 
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TABLE 2 

Enzyme Activity, Mass and Specific Activity  of  COS-6 Cell Media Transfected by Wild-Type 
and Complementary DNA Mutants of Serine a 

807 

Activity Mass Specific activity 
(nmol cholesteryl ester/mL medium/h) (i~g/mL medium) (nmol cholesteryl ester/~g protein) 

Wild-type 
Ser19 --) Ala 
Ser19 --) Ala, Asn20 --) Thr 
Serl81 --* Gly 
Ser208 --~ Ala 
Ser216 -~ Ala 
Ser225 --~ Ala 
Ser383 -~ Ala 
Ser383 ~ Ala, Asn384 ~ Thr 

6.24 _+ 0.21 (1.00) b 
7.82 _+ 0.58 (1.20) 
4.44 _+ 0.51 (0.71) 
0.03 _+ 0.01 (0.005) 

10.50 _+ 0.90 (1.68) 
13.12 +_ 0.44 (2.10) 
4.29 +_ 0.50 (0.83) 
6.70 _+ 0.39 (1.07) 
2.91 _+ 0.32 (0.46) 

1.41 _+ 0.22 (1.00) 
1.42 -+ 0.12 (1.00) 
1.45 -+ 0.10 (1.00) 
0.48 -+ 0.01 (0.34) 
1.40 _+ 0.19 (1.00) 
1.95 __. 0.21 (1.38) 
1.46 +_ 0.25 (1.00) 
1.50 -+ 0.28 (1.00) 
0.75 _+ 0.01 (0.50) 

4.46 _+ 0.15 (1.00) 
5.50 _+ 0.41 (1.23) 
2,92 -+ 0.35 (0.65) 
0.06 -+ 0.02 (0.01) 
7.50 _+ 0.6r (1.69) 
6.73 _+ 0.22 (1.51) 
2.94 _ 0.34 (0.66) 
4.47 +_ 0.26 (1.00) 
3.88 _+ 0.42 (0.87) 

aResults from triplicate transfections performed with each plasmid. After 72 h of incubation, the medium was centrifuged in a Beckman 
J2-21 centrifuge at 1200 rpm for 10 min; 10 pL was then used to estimate lecithin:cholesterol acyltransferase (LCAT) activity. Mass 
quantification was performed using a dot-blot method. For each well, 4 ~g/mL standard LCAT (10, 20, 40, 80 and 100 ~L per well) or the 
sample medium concentrated twofold (20, 40 and 80 pL per well) was applied to nitrocellulose membranes. LCAT was detected by reac- 
tion with goat anti-human LCAT serum and 125I-labeled rabbit anti-goat immunoglobulin G. 
bValues in parentheses indicate the ratio of the mutant value to that of the wild-type LCAT. 

b a t e d  for a n o t h e r  48 h. LCAT m a s s  was  a n a l y z e d  by  a 
so l i d -phase  i m m u n o a s s a y  u s i n g  a goa t  a n t i - L C A T  
s e r u m  ra i sed  by  pur i f ied  p l a s m a  LCAT as the  f i rs t  an t i -  
body and  125I-labeled r abb i t  a n t i  goat  IgG as the  second 
an t ibody  (Table 2). LCAT act iv i ty  was  m e a s u r e d  as well. 

W i t h  t he  excep t ion  of LCAT ( S e r l 8 1  --~ Gly),  t he  se- 
c re t ed  m a s s e s  a n d  ac t iv i t i e s  of t he  v a r i o u s  m u t a n t  
LCAT species  were  ea s i l y  de t ec t ed  (Table  2). I f  LCAT 
( S e r l 8 1  -~ Gly) is exc luded ,  t he  to t a l  sec re ted  ac t i v i t y  
f rom the  t r a n s f e c t a n t s  was  no t  g r e a t l y  d i f f e r en t  f rom 
t h a t  of t he  w i ld - type  ( m e a n ,  113% of t h a t  of  the  wild-  
type;  range ,  46-210%).  Secreted LCAT m a s s  was  a lmos t  
i d e n t i c a l  to t h a t  of the  w i ld - type  ( m e a n ,  90%; r a n g e ,  
34-138%) .  I n  c o n t r a s t ,  s e c r e t i on  of LCAT ( S e r l 8 1  --~ 
Gly) was  only 34% of t h a t  of the  wild type. Smal l  b u t  sig- 
n i f i c a n t  d i f fe rences  a m o n g  the  o the r  m u t a n t s  were  ob- 
served.  The  sec re t ed  m a s s e s  of LCAT (Ser216  --* Ala)  
a n d  LCAT (Ser383 -~ Ala, Asn384  --~ Thr)  were 138 a n d  
50%, respectively,  of t h a t  of the  wild-type.  

E x c l u d i n g  LCAT ( S e r l 8 1  --~ Gly), t he  specific ac t iv i -  
t ies  of the  m u t a n t s  were  s imi l a r  to t h a t  of the  wi ld- type  
(mean ,  109%; range ,  65-169%).  The specific act ivi t ies  of 
two s imple  m u t a n t s  which  con t a in  a por t ion  of the  con- 

s e n s u s  ac t ive  s i te  sequence ,  LCAT (Ser208 ---) Ala)  a n d  
LCAT (Ser216  --~ Ala),  were  s i g n i f i c a n t l y  h i g h e r  t h a n  
t h a t  of the  wild- type;  LCAT (Ser225 --~ Ala) ha d  a lower 
specific activity.  Add i t i on  of a n  A sn  --~ T h r  po in t  m u t a -  
t i on  a d j a c e n t  to e x i s t i n g  Ser--~ Ala  s u b s t i t u t i o n s  a t  
S e r l 9  a n d  Ser  383 f u r t he r  reduced the  specific act ivi t ies  
by 13 a n d  47%, respectively. 

Subs t ra t e  specificities.  The  s u b s t r a t e  speci f ic i t ies  of 
w i ld - type  a n d  m u t a n t  LCAT were  c o m p a r e d  u s i n g  the  
R - H D L p r e p a r e d  f rom P O P C  a n d  DAPC.  Accord ing  to 
the  a p p a r e n t  Vma x o b t a i n e d  w i t h  P O P C  s u b s t r a t e s  
(Table  3), LCAT (Ser208  --~ Ala)  a n d  LCAT (Ser216  -~ 
Ala) were approx ima te ly  1.6 a n d  2 t imes  as active as the  
wi ld- type.  The  ac t iv i t i es  of LCAT ( S e r l 9  -~ Ala), LCAT 
(Ser225 --* Ala)  a n d  LCAT (Ser383  --~ Ala)  were  82, 34 
a n d  68%, respect ive ly ,  of the  a c t i v i t y  of the  wi ld- type .  
LCAT ( S e r l 9  ~ Ala, Asn20  --~ Thr)  d isp layed  28% of the  
ac t i v i t y  of the  wi ld - type ,  whi le  LCAT (Ser383  --~ Ala,  
Asn384  --~ Thr)  d i sp layed  43% of the  wi ld- type  activity.  
The R-HDL c o n t a i n i n g  DAPC ha d  a m u c h  lower react iv-  
i ty  for all  of the  m u t a n t s ,  g iv ing  re su l t s  in  a p a t t e r n  sim- 
i l a r  to t h a t  of the  s u b s t r a t e  c o n t a i n i n g  POPC.  The  val -  
ues for the  ra t io  of the  a p p a r e n t  Vma x u s i n g  POPC to the  

TABLE 3 

Kinetic Constants for Wild-Type Lecithin:Cholesterol Acyltransferase 
and Serine Mutants 

POPC DAPC 
Vmax a K m x 10  sb Vma x K~ x 10 6 R C 

Wild type 16.0 22.0 2.6 49 6.8 
Serl9 -~ Ala 13.0 19.0 2.0 110 6.7 
Serl9 -~ Ala, Asn20 ~ Thr 4.4 22.0 0.8 34 7.5 
Ser208 ~ Ala 27.0 22.0 5.4 85 5.0 
Ser216 --~ Ala 35.0 25.0 9.0 110 3.9 
Ser225 --~ Ala 5.6 19.0 0.6 85 9.3 
Ser383 -~ Ala 10.8 23.0 0.8 40 13.5 
Ser383 ~ Ala, Asn384 --) Thr 6.8 8.0 0.8 30 8.5 
a A p p a r e n t  Vma x is expressed in nmol cholesteryl esters formed/mL/h. 
bApparent K m is expressed in moles phosphatidylcholine/L. 
CR is the ratio of Vma X using 1-palmitoyl-2-oleoyl phosphatidylcholine (POPC) to Vma x 
using 1,2-diarachidonoyl phosphatidylcholine (DAPC). 
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Vma x us ing  DAPC were  s imi la r  for both  the  wild type  
and the mutan ts .  

The affinities of the m u t an t s  for the subs t ra te  as mea-  
sured  by the appa re n t  K m were a function of the muta -  
t ion and  the  fa t ty  acid composi t ion of the  subs t ra te .  
With POPC as the  acyl donor, the  a p p a r e n t  K m va lues  
for most  of the mu tan t s  were close to the value given by 
the wild-type. The exception was LCAT (Ser383 ---> Ala, 
Asn384 --~ Thr), which had  a lower apparen t  K m tha t  in- 
dicated a higher  affinity for the substra te .  When DAPC 
was used  as a donor lipid, the  aff ini ty  of the  m u t a n t s  
was s imi la r  to or g r e a t e r  t h a n  t h a t  of the  wi ld- type 
(mean,  144% of wild type; range,  61-224%). The LCAT 
m u t a t e d  a t  res idues  19, 208, 216 and  225 had  high ap- 
p a r e n t  K m va lues  and  there fore  lower aff ini ty  for the 
subs t ra te .  In  all cases, consis tent ly  lower a p p a r e n t  K m 
values  demons t r a t ed  t h a t  the aff ini ty for the  subs t ra t e  
was grea ter  with POPC than  DAPC. 

DISCUSSION 

Previous  s tudies  of LCAT s t ruc tu re  and  function,  par-  
t icularly those of fish-eye disease and familial  LCAT de- 
ficiency (19,20), have  shown tha t  a small  change in the 
p r imary  s t ructure  involving a single amino acid residue 
remote  from the active site serine can be associated with 
a large decrease in the  ra te  of secretion and specific ac- 
tivity. In  contrast ,  all bu t  one of the mu ta t i ons  t ha t  we 
p repa red  resu l ted  in the  synthes is  of secret ion-compe- 
ten t  LCAT with a specific activity comparable  to tha t  of 
the  wild- type.  The LCAT (Ser l81  --~ Gly) m u t a n t  was  
poorly secreted by COS-6 cells and was the only m u t a n t  
s tudied t ha t  did not  cata lyze cholesterol  esterif ication.  
From this resul t  we conclude tha t  this serine is required 
for catalytic activity. These data  provide direct evidence 
tha t  LCAT is a serine protease- type enzyme and confirm 
the  r epor t  of F rancone  and  Fielding (6), who p r epa red  
similar  muta t ions  in Chinese ham s t e r  ovary cells. 

A significant enhancement  of enzyme activity was ob- 
served when  Ser208 or Ser216 was replaced by an ala- 
nine residue.  However,  the magn i tude  of this enhance-  
m e n t  was cons iderably  lower t h a n  t h a t  r epor ted  by 
Francone and Fielding (6), who inves t iga ted  the effects 
of muta t ions  a t  Ser216, but  not at  Ser208. The segment  
of LCAT tha t  includes Ser208 and Ser216 is adjacent  to 
the  act ive site region and  is not as hydrophobic  as the  
e leven-residue segment  containing Ser l81  and  the five 
residues on ei ther  side. The cause of the higher catalytic 
act iv i ty  of LCAT (Set208 --~ Ala) and  LCAT (Ser216 --~ 
Ala) is not  known.  One possible exp lana t ion  is t h a t  
Ser208 and Ser216 m a y  be pa r t  of the domain to which 
a phospholipid molecule binds. Because serine residues 
are more  hydrophi l ic  t h a n  a lan ine  res idues,  the  mu ta -  
t ion a t  the  ser ine  si te m a y  faci l i ta te  the  hydrophobic  
binding of subs t r a t e  molecules.  However,  a large num-  
ber  of additional muta t ions  would be necessary to make  
this ass ignment  with certainty. 

Two double m u t a n t s  in which a ser ine  and  an adja-  
cent asparagine  were replaced by alanine and threonine,  
respectively, gave rise to secre t ion-competent  proteins.  
As expected,  e l imina t ion  of the  N-glycosyla t ion  s i tes  

(Asn20 and Asn384) was associated with a lower molec- 
u lar  weight  due to a lower carbohydra te  content.  There  
were no significant differences in the secretion and spe- 
cific act ivi t ies  of double mu tan t s .  We conclude t h a t  re- 
p l acemen t  of ser ine  res idues  wi th  a lan ine  does not  af- 
fect the N-glycosylation of adjacent  asparagine  residues 
and tha t  there  is a only a small  effect of e i ther  muta t ion  
or the combinat ion of muta t ions  on LCAT secretion and 
activity. 

The LCAT from different an imal  species vary  consid- 
e rab ly  in the i r  re la t ive  act ivi t ies  aga ins t  common PC 
s t ruc tu res ,  such as POPC, and  large,  bu lky  PC mole- 
cules, such as DAPC (21-24).  This  va r i a t ion  has  been  
assigned to possible s t ructura l  differences, which create 
steric h indrance  to p reven t  the en t ry  of DAPC into the  
act ive site for some molecu la r  species. As wi th  na t ive  
p l a s m a  LCAT, the  reac t iv i ty  of the  wild- type enzyme  
us ing  POPC was abou t  seven t imes  t h a t  us ing  DAPC. 
From this we conclude tha t  selective subst i tut ion of ala- 
n ine  res idues  for ser ines  does not affect  the  molecu la r  
species specificity of h u m a n  LCAT, and  t h a t  these  
residues are likely to be remote  from the region of LCAT 
tha t  binds to PC molecules. 

Replacement  of serine residues did not great ly  change 
the synthes is ,  secret ion,  specific ac t iv i ty  or molecu la r  
specificity of  h u m a n  p l a s m a  LCAT. The one except ion 
was LCAT (Ser l81  --* Gly), which was  poorly secre ted  
and inactive,  the reby  conf i rming previous  repor ts  t ha t  
this res idue is the  active site acceptor  of an  acyl group 
f rom PCs. Thus ,  our  overal l  conclusion is t h a t  the  hy- 
drophilic charac te r  of serine residues is not essent ia l  to 
the normal  funct ioning of LCAT. Subs t i tu t ion  for more  
than  one serine may, however, give different results.  
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Cholesteryl Ester Transfer Protein Inhibition by PD 140195 
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Ann Arbor, Michigan 48105 

The  p r e s e n c e  o f  p l a s m a  c h o l e s t e r y l  e s t e r  t r a n s f e r  pro-  
t e in  (CETP) ac t iv i ty  m a y  be  a therogen ic ,  and,  there fore ,  
s t r a t e g i e s  to i n h i b i t  i t s  a c t i v i t y  or  p r o d u c t i o n  m a y  re-  
suit  in a bene f i c ia l  e f fect  on l i p o p r o t e i n  prof i les  and the  
d i s e a s e  proces s .  The  c u r r e n t  repor t  d e s c r i b e s  4-phenyl-  
5 - t r idecy l -4H-1 ,2 ,4 - t r iazo le .3 - th io l  (PD 140195), a n o v e l  
CETP inh ib i tor .  The  c o n c e n t r a t i o n - d e p e n d e n t  inhib i -  
t i o n  o f  CETP by  PD 140195 and the  i n h i b i t o r y  m o n o -  
c lona l  a n t i b o d y  (Mab) TP2 is d e m o n s t r a t e d  in a v a r i e t y  
of  in  v i t ro  assay  s y s t e m s .  Molecu lar  m o d e l s  of  PD140195 
s u g g e s t  a spat ia l  m i m i c r y  of  the  c h o l e s t e r y l  e s t er  s truc-  
ture .  D e s p i t e  t h e  s t r u c t u r a l  s i m i l a r i t y ,  k i n e t i c  s t u d i e s  
w i t h  a f l u o r e s c e n t  c h o l e s t e r y l  e s t er  ana log  sugges t  that  
the  i n h i b i t i o n  o f  t r a n s f e r  is  no t  c o m p e t i t i v e .  PD 140195 
a l so  s e l e c t i v e l y  i n h i b i t e d  c h o l e s t e r y l  e s t e r  b u t  n o t  
t r i g l y c c r i d e  transfer ,  w h i l e  the  Mab TP2 b l o c k e d  CETP 
trans fer  of  both.  S t u d i e s  w e r e  carr i ed  out  to d e t e r m i n e  
w h e t h e r  CETP i n h i b i t i o n  o b s e r v e d  in  v i t ro  c o u l d  a l s o  
b e  d e m o n s t r a t e d  in  v ivo.  W h e n  PD 140195 w a s  intra-  
v e n o u s l y  i n f u s e d  to  a n e s t h e t i z e d  r a b b i t s  (up to  20 
mg / kg ) ,  o n l y  t r a n s i e n t  CETP i n h i b i t i o n  w a s  o b s e r v e d .  
In v i t ro  r e c o n s t i t u t i o n  s tud ie s  in the  p r e s e n c e  of  b o v i n e  
s e r u m  a l b u m i n  r e s u l t e d  in  m a r k e d  r e d u c t i o n  o f  PD 
140195 i n h i b i t o r y  act iv i ty .  Thus ,  t h e  l o w  a c t i v i t y  o f  PD 
140195 in  w h o l e  p l a s m a  p r o b a b l y  r e s u l t s  f r o m  b i n d i n g  
to  o t h e r  p l a s m a  prote ins .  
L i p i d s  29, 811-818 (1994). 

Cholesteryl ester t ransfer  protein (CETP) is a 74 kDa 
plasma glycoprotein responsible for the reciprocal ex- 
change of neutral lipids between circulating lipoproteins 
(1-10). Net alteration in lipoprotein core lipid composi- 
tion is a complex process. The modifications are influ- 
enced by lipoprotein concentration, lipoprotein resi- 
dence time and the activities of lecithin:cholesterol acyl- 
t ransferase (LCAT), hepatic lipase, lipoprotein lipase 
and CETP (11,12). In general, in species lacking CETP 
activity, and humans genetically-deficient in CETP, the 
equilibrium favors elevation of antiatherogenic (high 

*To whom correspondence should be addressed at Atherosclerosis 
Therapeutics, Parke-Davis Pharmaceutical Research, 2800 Ply- 
mouth Road, Ann Arbor, MI 48105. 
Abbreviations: apo, Apolipoprotein; BODIPY-CE, cholesteryl 4,4- 
difluoro-5,7-dimethyi-4-bora-3(x,4(~-diaza-3-indacenedodecanoate; 
CETP, cholesteryl ester transfer protein; DMA/PEG 200, dimethy- 
lacetamide/polyethylene glycol 200; DMSO, dimethylsulfoxide; 
DTNB, 5,5"-dithio-bis(2-nitrobenzoic acid); EDTA, ethylenedi- 
aminetetraacetic acid; FCIA, fluorescent cholesteryl ester transfer 
protein inhibition assay; HDL, high density lipoproteins; HDL3, 
high density lipoproteins isolated between the densities of 
1.11-1.21 g/mL; LCAT, lecithin:cholesterol acyltransferase; LDL, 
low density lipoproteins; Mab, monoclonal antibody; PD 140195, 
4-phenyl-5-tridecyl-4H-1,2,4-triazole-3-thiol; VLDL, very low den- 
sity lipoprotein; lXDB, 50 mM Tris, 150 mM NaC1, 2mM ethyl- 
enediaminetetraacetic acid, pH 7.4 buffer; [LVLDL, beta migrat- 
ing very low density lipoproteins; [3H]CL-HDL3, high density 
lipoproteins isolated between the densities of 1.11-1.21 g/mL con- 
taining [1,2flH]cholesteryl linoleate; [3H]TO-HDLa, high density 
lipoproteins isolated between the densities of 1.11-1.21 g/mL con- 
taining [9,10-3H]triolein. 

density lipoproteins, HDL) and diminution of athero- 
genic (low density lipoproteins, LDL) lipoproteins (5, 
13-22). Therefore, plasma CETP inhibition could be an 
advantageous pharmacological target for the treatment 
of dyslipidemic patients at risk for coronary heart  dis- 
ease. 

Recent studies of a Japanese family with deficiency in 
plasma CETP have shown that the deficiency was asso- 
ciated with marked elevation of HDL, its associated 
apolipoproteins (A-I, E, A-IV) and a rar i ty of coronary 
artery disease (13,15-18,23). The defect has been iden- 
tified as a G to A substitution in the fourteenth intron 
of CETP pre-messenger RNA (16). This splice donor de- 
fect is also the cause of the deficiency in additional 
Japanese families identified (17,18,20). [n a more re- 
cent study, the deficiency (both homozygous and het- 
erozygous) has been shown to be associated with a large 
proportion of Japanese with hyperalphalipoproteinemia 
(20,24). More recently, a missense mutat ion at nu- 
cleotide 1506 (G for A) has been identified in exon 15 of 
the CETP gene, resulting in a substution of a glycine for 
aspartic acid at amino acid 442 (25). The two subjects 
heterozygous for the missense mutation had three times 
the normal HDL levels. Overall, these studies sug- 
gest that  even partial  reduction in CETP levels, as 
found in heterozygous individuals, is associated with 
elevated HDL. This apparently benign condition (CETP 
deficiency) has been coined the "longevity syndrome" 
(13). 

A variety of species, which lack CETP activity, includ- 
ing, mice, rats and dogs, have HDL as their  major 
lipoprotein (5). When fed atherogenic diets, transgenic 
mice expressing human or cynomologus monkey CETP 
develop atherogenic lipoprotein profiles, including ele- 
vation of apolipoprotein B (apoB) containing lipopro- 
teins (very low density lipoproteins, VLDL; and beta mi- 
grating cholesteryl ester-enriched very low density 
lipoproteions, [~-VLDL) and reduction of HDL (14,21). 
These mice also develop atherosclerotic lesions (26). In 
the transgenic mice, CETP plasma activity has also 
been shown to be directly correlated with apoB and in- 
versely correlated with apolipoprotein A-I (apoA-I) lev- 
els. Infusion of antibodies to CETP into rabbits (27,28) 
results in a more favorable lipoprotein profile, including 
elevated HDL cholesterol and particle size. Conversely, 
infusion of CETP into rats (29,30) results in a less fa- 
vorable lipoprotein profile, including elevation of VLDL 
and LDL cholesterol and apoB, and diminution of 
apolipoprotein E (apoE)-rich HDL cholesterol and HDL 
size. 

Overall, the data suggest that  plasma CETP levels 
contribute to the atherogenicity of plasma. This effect, 
in part, may be related to the redistribution of core 
lipids, and alterations in their clearance. Therefore, our 
focus has been directed to the inhibition of CETP syn- 
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thesis  or activity. The present  repor t  describes a novel 
inhibitor of CETP activity. The activity of this compound 
on the inhibi t ion of purif ied and crude CETP prepara-  
tions is documented.  However, when 4-phenyl-5-tr ide-  
cyl-4H-1,2,4-triazole-3-thiol (PD 140195) was infused in 
rabbi ts  at  high levels only a t r ans i en t  inhibi t ion of 
CETP activity was observed. 

MATERIALS AND METHODS 

Preparation of CETP. The d > 1.21 g/mL fraction was iso- 
lated from rabbit  (Pel-Freez Biologicals, Rogers, AR) or 
hum a n  plasma and dialyzed against  50 mM Tris, 
150 mM NaC1, 2mM e thy lenediamine te t raace t ic  acid 
(EDTA), pH 7.4, buffer  (1XDB, pH 7.4). Aliquots were 
s tored frozen at  -20~ Chinese hams t e r  ovary cells 
t ransfec ted  with h u m a n  recombinant  CETP (31) were 
obta ined by license agreement  (Columbia University,  
NY). Medium from these cells grown in 10% fetal bovine 
serum in Hams  F-12 was used as a source of h u m an  
CETP without fur ther  purification. The human CETP in- 
hibitory Mab (monoclonal antibody) TP2 was a kind gift 
from Drs. Ross Milne and Yves Marcel (University of Ot- 
tawa Hear t  Inst i tute ,  Canada).  Mab TP2 is also known 
to inhibit rabbit CETP (27). 

Radioisotopic whole plasma CETP assays. The 
method for preparat ion of radiolabeled HDL is an adap- 
ta t ion  of the methods  previously described by Morton 
and Zilversmit (32). Briefly, egg phosphatidylcholine in 
chloroform (5.08 nmol), 100 l]Ci [1,2-3H]cholesteryl 
l inoleate  (1 nmol) in toluene,  and bu ty la ted  hydroxy-  
toluene (0.022 nmol) in chloroform were combined and 
dried under  a s t ream of N2, and then  lyophilized to re- 
move res idual  solvent.  The dried lipids were resus-  
pended in 2 mL of 50 mM Tris-HC1, 0.01% EDTA, 1 mM 
dithiothreitol,  pH 7.4 by vortexing (10 min), followed by 
sonication (Cole-Parmer  Model 8851) for 2 x 20 min. 
Fif ty mL of a h u m a n  d > 1.063 g/mL fraction in lXDB, 
5.8 mL of 15 mM 5,5"-dithio-bis(2-nitrobenzoic acid) 
(DTNB) in 1XDB, and 1 mL of 0.2 M EDTA containing 
2% NaN 3 were added,  and the mix tu re  was incubated  
16-18 h at  37~ unde r  ni t rogen.  The HDL 3 fract ion 
(d = 1.11-1.21 g/mL) was isolated following removal  of 
the 1.063-1.11 g/mL fract ion by sequent ia l  u l t racen-  
t r i fugat ion.  This [1,2-3H]cholesteryl l inoleate-HDL 3 
fraction ([3H]CL-HDL3) was dialyzed against lXDB and 
used in whole p lasma CETP assays.  In some prepara-  
tions, we used 100 ~Ci of [9,10-3H]triolein for incorpora- 
tion into HDL 3 ([3H]TO-HDL3) by essential ly the same 
method used for the incorporation of [1,2-3H]cholesteryl 
l inoleate.  Typically, about  25% of [1,2-3H]cholesteryl 
l inoleate and 38% 9,10-[3H]triolein were incorpora ted  
into HDL 3 preparations.  

Inhibi tor  screens were performed in 102.5 or 205 pL 
total  volumes in deep 96-well polypropylene plates  
(1.2 mL capacity/well) or glass tubes, respectively. Com- 
pounds (final concentrat ions up to 100 pM) were added 
in 2.5 or 5.0 pL dimethylsul foxide  (DMSO) and pre- 
incubated for 1 h at 37~ with previously frozen human  
plasma (25 or 50 laL). [3H]CL-HDL3 (20,000 or 40,000 
dpm) in 75 or 150 ]aL of 1XDB, pH 8.0, was added and 

incubated at 37~ Wells were harvested periodically up 
to 24 h by the addition of a 1.0 mL solution (per 102.5 ~L 
incubat ion)  conta in ing  10 mg/mL bovine serum al- 
bumin,  1.29 mg/mL bovine in tes t ina l  mucosa hepa r in  
(Sigma Chemical  Co., St. Louis, MO) in 0.14 M 
MnCI2"4H20 in lXDB pH 8.0 (33). Samples  were  
mixed, and after  10 min centrifuged at 2200 rpm for 30 
min at  10~ in an IEC PR-6000 centr i fuge ( In terna-  
tional Equipment  Co., Needham Heights, MA) to precip- 
i ta te  apoB-containing l ipoproteins.  S u p e r n a t a n t  ali- 
quots were counted by liquid scinti l lation spectroscopy 
to determine radioactivity remaining in HDL 3. 

Fluorescent microemulsion assays. Inhibition of CETP 
activity in rabbi t  d > 1.21 g/mL or media  from Chinese 
h a m s t e r  ovary  cells secre t ing recombinant  h u m a n  
CETP was assessed in a defined component system by a 
microemulsion assay util izing a f luorescent cholesteryl 
es ter  analog (BODIPY-CE) containing 4,4-difluoro-5,7- 
dimethyl-4-bora-3 a,4tx-diaza-3-indacenedodecanoate in 
place of the normal fat ty acid as previously described in 
detail  elsewhere (34). Studies with BODIPY-CE labeled 
emulsions were done in f la t-bot tom 96-well plates  
(Costar Corporation, Cambridge,  MA) containing up to 
255 ;1I, of sample per well. The 96-well plates were cov- 
ered and kept  in a humidified 37~ incubator in the t ime 
intervals between plate scans. BODIPY-CE fluorescence 
was detected with a Titer tek Fluoroskan II 96-well plate 
reader  (Labsystems, Inc., Research Triangle Park,  NC) 
equipped with a 485 and 538 nm band pass filters in the 
excitation and emission paths, respectively. 

For  f luorescent  assays, maximal  init ial  t r ans fe r  ve- 
locity was first determined with donor BODIPY-CE con- 
ta in ing  microemulsions  (77 pmol BODIPY-CE in 770 
pmol total core lipids) and acceptor microemulsions (7.7 
nmol core lipids) by t i t ra t ion  with recombinant  h u m a n  
CETP or rabbit  d > 1.21 g/mL fraction in a total volume 
of 200 }lL 1XDB conta ining 2.5% DMSO. Inhib i tor  
screens were performed with CETP concentrations rep- 
resenting approximately one-half maximal velocity. 

To de te rmine  albumin effects on sequest ra t ion or in- 
act ivat ion of inhibitors,  assays also were performed at  
various bovine serum a lbumin  concentra t ions  with re- 
combinant  h u m a n  CETP, BODIPY-CE conta in ing  mi- 
croemulsions (144 pmol BODIPY-CE) and tenfold excess 
acceptor  microemuls ions  in a total  volume of 250 ~L 
lXDB containing 2% DMSO. 

For  o ther  f luorescent  CETP inhibi tory assays, BOD- 
IPY-CE containing microemulsions (0.3, 0.6 or 1.2 nMol 
BODIPY-CE) were added to 200 IlL whole plasma in the 
absence or presence of inhibi tors  in a total  volume of 
255 ~L 1XDB conta in ing  2% DMSO. Inhibi t ion da ta  
were l inear up to 6 h and essentially identical indepen- 
dent  of the three different trace amounts  of BODIPY-CE 
containing microemulsion added. 

CETP kinetic assay. To assess the inhibition kinetics, 
we uti l ized the BODIPY-CE microemulsion assay with 
increasing amounts  of acceptor  In t ra l ip id  emulsions.  
Compounds at  var ious concent ra t ions  were incubated  
with variable amounts  of Intralipid, a constant  amount  
of BODIPY-CE microemulsion (0.385 nmol BODIPY-CE) 
and a rabbi t  CETP source (20 ~L p lasma or d > 1.21 

LIPIDS, Vol. 29, no. 12 (1994) 



813 

CHOLESTERYL ESTER TRANSFER PROTEIN INHIBITION 

g/mL). Fluorescence yield was periodically measured  to 
determine initial velocity. 

Infusion studies Male Kuiper rabbits (1.7 kg average 
weight) anesthetized with Rompum (15 mg/kg) and Ket- 
amine �9 HC1 (50 mg/kg) were used to s tudy the in vivo 
effects of PD 140195. P re t r ea tmen t  blood samples were 
obta ined from a marg ina l  ear  vein. PD 140195 (20 
mg/mL) solubilized in a d imethylace tamide/polyethyl -  
ene glycol 200 (DMA/PEG 200) (25:75, vol/vol) vehicle 
was in t ravenous ly  infused at  0.1 mL/min to obtain 
dosages of 10 or 20 mg/kg. Addit ional  blood samples  
were taken  0.5, 1, 2 and 4 h following ini t iat ion of dos- 
ing for ex vivo CETP activity determinations.  

Plasma aliquots (5, 10, 20 and 30 ~L) were incubated 
in a humidif ied  chamber  at  37~ with Int ra l ip id  (678 
nmol triglyceride) and BODIPY-CE microemulsion (1.15 
nmol BODIPY-CE in 13.39 nmol total  core lipids) in a 
total  incubat ion volume of 240 pL 1XDB. Fluorescence 
yields were periodically determined up to 20 h to deter- 
mine ini t ial  t r ans fe r  ra tes  for ex vivo CETP act ivi ty 
under  Vmax conditions as previously described (34). 

Syn thes i s  o f  PD 140195. Tetradecanoyl  chloride and 
4-phenyl-3- thiosemicarbazide  were obta ined from 
Aldrich Chemical  Co. (Milwaukee,  WI). Tet radecanoyl  
chloride (51 mL, 0.19 mol) was added dropwise at  0~ to 
a mechanical ly  s t i r red solution of 4-phenyl-3-thiosemi- 
carbazide (PhNHCSNHNH2; 31.4 g, 0.19 mol) in te t ra-  
hydro fu ran  (1L) and t r i e thy lamine  (26 mL, 0.19 mol). 
The solution was allowed to warm to room tempera tu re  
and s t i r red  for 18 h. The mix tu re  was fi l tered, the fil- 
t r a t e  concent ra ted  in vacuo, and then  t r i t u r a t ed  with 
50% ethyl acetate/hexane (0.5L) with ice cooling. The re- 
sul tant  precipitate was filtered, washed with 50% ethyl 
acetate/hexane (2 • 200 mL) and dried for 12 h in vacuo 
to yield te t radecanoic  acid, 2-(N-phenylaminothiox-  
omethyl)hydrazide (44.4 g) which without  fur ther  purifi- 
cation was dissolved in a mechanical ly  s t i r red solution 
of sodium hydroxide (14.1 g, 0.35 mol ) in  wate r  (0.5 L). 
The resul tant  mixture  was allowed to stir  until  all solid 
had dissolved, and then  for an additional 4 h. The mix- 
ture  was acidified with 1M HC1 (0.5 L) and the precipi- 
tate filtered, dried in vacuo, and recrystallized from ace- 
toni t r i le  to yield PD 140195 as needles  (40.6 g, 59%7. 
Melting point (96-97~ was de termined  on a Thomas- 
Hoover melt ing point appara tus  (Philadelphia, PA) and 
is uncorrected. 1H nuclear magnetic resonance (DMSO): 
5 13.69 (s, 1H), 7.62-7.48 (m, 3H), 7.43-7.36 (m, 2H), 
2.43 (t, 3H), 1.50-1.35 (m, 2H), 1.28-1.09 (m, 20H), 0.85 
(t, 3H) was obta ined on a Bruke r  AM250 MHz ins t ru-  
ment  (Billerica, MA). Elementa l  analyses,  (C21H32N38) 
C, H, N, S, was de te rmined  on a Pe rk in -E lmer  Model 
240C e lementa l  ana lyzer  (Madison, NJ), and were 
within 0.4%. 

RESULTS 

%Random screening of the chemical inventory  of Parke-  
Davis resu l ted  in the ident i f icat ion of several  com- 
pounds with apparent  CETP inhibitory activity. In these 
initial studies, we incubated whole human  plasma with 
huma n  [3H]CL-HDL3 in the presence of DMSO vehicle, 

CETP inhibitory Mab TP2 (7), or 100 ~ compounds for 
16 to 24 h. Transfer of cholesteryl linoleate radioactivity 
to apoB conta ining l ipoproteins was assessed by he- 
pa r in -manganese  precipitat ion followed by determina-  
tion of radioactivity remaining in the superna tan t  (i.e., 
apoE-free HDL). CETP inhibi t ion by PD 140195 was 
identif ied in this manner .  Uti l izing this whole p lasma 
assay, the t ime course and concent ra t ion  dependent  
CETP inhibition by PD 140195 were determined (Fig. 1). 
We constructed a molecular  model of PD 140195 using 
the SYBYL molecular  modeling system (Tripos Associ- 
ates,  St. Louis, MO) and compared this to the crystal  
s t ruc tu re  of cholesteryl  oleate, one of the na tu ra l  sub- 
s t ra tes  in the t r ans fe r  process media ted  by CETP 
(Fig. 2). It was interest ing to note tha t  PD 140195 could 
be al igned to mimic e i ther  the cholesterol  or oleic acid 
port ion of the ester. Both of these  a l ignments  position 
the polar  funct ions of the inhibi tor  along those of the 
cholesteryl  es ter  moiety in such a m a n n e r  as to match  
the in terac t ion  with potent ia l  H-bonding recognit ion 
sites on the t r ans fe r  protein.  When this is done, PD 
140195 was found to mimic almost exactly the length of 
e i ther  the cholesterol moiety or the oleic acid moiety in 
its ex tended  form. Common puta t ive  H-bond donor or 
acceptor interactions are depicted. 

Although the crystal  s t ruc ture  of CETP is unknown,  
the similari t ies  be tween PD 140195 and cholesteryl  
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1. Inh ib i t ion  of  cho les tery l  ester  transfer  prote in  
(CETP) in whole  h u m a n  plasma by PD 140195. Whole h u m a n  
p l a s m a  (50 pdL) was  i n c u b a t e d  w i t h  h i g h  dens i ty  l ipopro-  
te ins (HDL) isolated be tween  the densi t ies  of  1.11-1.21 g/mL 
conta in ing  [1,2-3H]cholesteryl | ino lea te  ([3H]CL-HDL3) 
(40,000 dpm) in  the presence  of  5 piE, d i m e t h y l s u l f o x i d e  
(DMSO) veh i c l e  (C), 5 pg/mL CETP inh ib i tory  monoc lona l  
an t ibody  TP2 (O), or 10 tflVl ([]), 30 1LM (A) or 100 ~Vl ( l )  
PD 140195 in a total vo lume of  205 ~L. At intervals  up to 24 h, 
the  a m o u n t  of  radioact iv i ty  r e m a i n i n g  in  the  supernatant  
f o l l o w i n g  hepar in /manganese  prec ip i ta t ion  of  apol ipopro-  
te in  (apo) B and apoE c o n t a i n i n g  l ipoprote ins  was  deter-  
m i n e d  as descr ibed  in Materials  and Methods.  Data  repre- 
sent  the  average  o f  tr ip l icate  i n c u b a t i o n s  for each  t i m e  
point  and are representat ive  o f  a typical  experiment .  
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FIG. 2. S t r u c t u r e  o f  P D  140195  a n d  s i m i l a r i t y  to  a c h o l e s -  
t e r y l  e s t er .  P D  140195  ( top)  is  o v e r l a y e d  o n  c h o l e s t e r y l  
o l e a t e  in  a "side c h a i n - c h o l e s t e r o l  mode"  (midd le )  a n d  "s ide  
c h a i n - s i d e  c h a i n  m o d e "  (bo t tom) .  M i m i c r y  o f  p o t e n t i a l  hy-  
d r o g e n  s i t e s  for  b o t h  P D  140195 a n d  c h o l e s t e r y l  o l e a t e  a r e  
s h o w n  for  b o t h  o v e r l a y s .  

ester suggests transfer inhibition might involve occupa- 
tion of the cholesteryl ester binding domain. Although 
triglycerides and cholesteryl esters appear to transfer 
in an equimolar fashion (35), it is unclear whether a sep- 
arate or shared domain facilitates this process. CETP 
site-directed mutations (31) and whole immunoglobu- 
lin inhibitory Mab TP2 (36) block both triglyceride and 
cholesteryl transfer, suggestive of a single site. However, 
unlike whole immunoglobulin, Fab fragments of Mab 
TP2 dissociated the transfer rates of cholesteryl ester 
and triglyceride (36), which is suggestive of independent 
lipid binding sites. In support of separate lipid binding 
domains are the studies of Morton and Zilversmit (37) 
that demonstrated selective inhibition of triglyceride ex- 
change with mercurial compounds. Furthermore, Busch 
and Harmony (38) demonstrated selective cholesteryl 
ester inhibition with short-chain cholesteryl esters. Con- 
sistent with the data of Swenson et al. (36), who utilized 
[3H]CL-HDL3 or [3H]TO-HDL3 in whole plasma assays, 
Mab TP2 (whole immunoglobulin) inhibited both choles- 
teryl ester and triglyceride exchange, while PD 140195 
inhibited only cholesteryl ester transfer (Fig. 3). 

Although the whole plasma assay was useful in iden- 
tifying CETP inhibitors, we found utilization of precipi- 
tation assays for CETP activity somewhat problematic 
in that  endogenous apoE can rapidly equilibrate to the 
surface of the added [3H]CL-HDL3 (34,39). This ex- 
change would facilitate [3H]CL-HDL3 precipitation with 
the apoB containing lipoproteins. In our experience, ap- 
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FIG. 3. E f f e c t  o f  m o n o c l o n a l  (Mab)  TP2  a n d  P D  140195  o n  
c h o l e s t e r y l  e s t e r  t r a n s f e r  p r o t e i n  (CETP)  f a c i l i t a t e d  trans -  
f er  o f  c h o l e s t e r y l  o l e a t e  a n d  t r i o l e i n  in  h u m a n  p l a s m a .  
H u m a n  p l a s m a  (50 1JL) w a s  p r e i n c u b a t e d  w i t h  M a b  T P 2  
(10 ]~g/mL), P D  140195 (10 -100  p~Yl) or  d i m e t h y l s u l f o x i d e  
( D M S O )  v e h i c l e  (5 ~L) for  1 h at  37~ p r i o r  to  a d d i t i o n  o f  
e i t h e r  h i g h  d e n s i t y  l i p o p r o t e i n s  i s o l a t e d  b e t w e e n  the  dens i -  
t i e s  o f  1.11-1.21 g /mL c o n t a i n i n g  [ 1 , 2 - 3 H ] c h o l e s t e r y l  l in-  
o l e a t e  ( |3H]CL-HDL3)  (41,000 d p m )  or  [ 9 , 1 0 - 3 H ] t r i o l e i n  
({3HITO-HDL3) (45,000 dpm)  in  a to ta l  i n c u b a t i o n  v o l u m e  o f  
205 ~lL 1XDB. I n c u b a t i o n  c o n t i n u e d  for  an a d d i t i o n a l  17 h at  
37~ p r i o r  to  h e p a r i n / m a n g a n e s e  p r e c i p i t a t i o n  a n d  d e t e r -  
m i n a t i o n  o f  s u p e r n a t a n t  r a d i o a c t i v i t y  as  d e s c r i b e d  in  Ma- 
t e r i a l s  a n d  M e t h o d s .  D a t a  s h o w  r a d i o a c t i v i t y  t r a n s f e r r e d  
to p r e c i p i t a t e d  a c c e p t o r  l i p o p r o t e i n s  (2 to 6 t u b e s  for  e a c h  
c o n d i t i o n )  a n d  are  r e p r e s e n t a t i v e  o f  a t y p i c a l  e x p e r i m e n t .  

proximately 10-20c~ of added HDL radioactivity precip- 
itated with heparin-manganese at zero time. Zero time 
recovery was further compromised (not shownl when 
[3H]CL-HDL3 was added to plasma of species contain- 
ing large amounts of HDL associated apoE (mouse 
plasma for example). Other assays dependent on physi- 
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cal s e p a r a t i o n  of donor  a n d  acceptor,  such  as gel f i l t ra-  
t r ion  (Fig. 3) or u l t r acen t r i fuga t ion ,  are no t  pract ica l  for 
a s s e s s i n g  t r a n s f e r  ac t iv i ty  in  m u l t i p l e  s amp le s  a t  var i -  
ous t i m e  poin ts .  Therefore ,  we deve loped  a f l uo re scen t  
a ssay  for d e t e r m i n a t i o n  of CETP act iv i ty  (34). Ut i l i z ing  
th is  f luorescen t  C E T P  i n h i b i t i o n  assay  (FCIA), the  con- 
c e n t r a t i o n - d e p e n d e n t  PD 140195 effects on BODIPY-CE 
t r a n s f e r  f rom m i c r o e m u l s i o n s  were  a s s e s s e d  in  whole  
p l a s m a  a n d  c o m p o n e n t  s y s t e m s  a n d  a re  c o m p a r e d  to 
p rec ip i t a t ion  assays  t h a t  u t i l ized  [3H]CL-HDL3 as donor  
in  whole  h u m a n  or r a b b i t  p l a s m a  (Fig. 4). I t  shou ld  be 
n o t e d  t h a t  a s i g n i f i c a n t  i n c r e a s e  i n  i n h i b i t i o n  was  ob- 
served in  the  r econs t i t u t ed  componen t  sys t em t h a t  con- 
t a i n e d  r e c o m b i n a n t  CETP. This  a p p a r e n t  difference be- 
t w e e n  r e c o n s t i t u t e d  a n d  whole  p l a s m a  sy s t ems  wil l  be 
addressed.  

To assess  in  vivo i nh ib i to ry  activity, anes the t i z ed  rab-  
b i t s  were  i n t r a v e n o u s l y  i n f u s e d  w i t h  PD 140195 in  a 

D M A / P E G  200 veh ic le  over  10 - 15  m i n ,  r e s u l t i n g  in  a 
dosage  of 10 or 20 mg/kg.  At  i n t e r v a l s ,  b lood was  ob- 
t a i n e d  for ex v ivo  C E T P  ac t iv i ty  u t i l i z i n g  BODIPY-CE 
m i c r o e m u l s i o n s  u n d e r  cond i t ions  t h a t  d e t e r m i n e  maxi -  
m a l  t r a n s f e r  ve loc i ty  (34) .  U n d e r  t he se  cond i t ions ,  a 
t r a n s i e n t  a n d  c o n c e n t r a t i o n - d e p e n d e n t  i n h i b i t i o n  of 
CETP was observed,  which  r e t u r n e d  to control  levels by 
4 h (Fig. 5). In  a s e p a r a t e  e x p e r i m e n t ,  pe r fo rmed  wi th-  
out  a n e s t h e s i a ,  the  d u r a t i o n  of the  d rug  effect was  con- 
s ide rab ly  sho r t e r  (not  shown).  These  obse rva t ions  were  
s o m e w h a t  puzz l ing ,  i n  t h a t  r o b u s t  i n h i b i t i o n  was  ob- 
served wi th  the in  vi tro componen t  sys tems  (e.g., Figs. 1 
a n d  3), a l t h o u g h ,  w i t h  the  v a r i o u s  in  v i t ro  s y s t e m s ,  a 
m a r k e d  difference ( app rox ima te ly  30-fold) i n  i nh ib i t o ry  
capaci ty  was  noted.  However,  a direct  compar i son  of the  
in  v i t ro  s y s t e m s  is no t  r igorous ,  s ince  m u l t i p l e  compo- 
n e n t s  va ry  be t w e e n  each system.  However,  qual i ta t ively ,  
r a b b i t  d > 1.21 g /mL f rac t ions  a n d  whole  p l a s m a s  ap-  
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FIG. 4. Inh ib i t ion  curves for PD 140195 ut i l iz ing various as- 
says and  cholesteryl ester t ransfer  pro te in  (CETP) sources. 
Typical  PD 140195 inh ib i to ry  data  u t i l i z ing  high dens i ty  
l ipopro te ins  (HDL) isola ted  be tween  the dens i t i es  of 
Ll1-1.21 g/mL con ta in ing  [1,2-3H]cholesteryl l ino lea te  
([3H]CL-HDL3) as the donor  l ipopro te in  in  whole p lasma 
CETP assays or choles teryl  4,4-difluoro-5,7-dimethyl-4- 
bora-3a,4~-diaza-3-indacenedodecanoate (BODIPY-CE) con- 
t a i n i n g  mic roemuls ions  as donor  in  f luorescent  assays. 
Transfer  inh ib i t ion  of [3H]cholesteryl l inoleate from h u m a n  
[3HICL-HDL3 to h u m a n  (O) or r abb i t  ([]) p lasma hepar in -  
mangenese  precipi table  l ipoprote ins  was de te rmined  after  
an overn igh t  i n c u b a t i o n  (16-18 h). F luorescen t  assays uti-  
lized e i ther  r ecombinan t  h u m a n  CETP (~) or rabbi t  d > L21 
g/ml. f rac t ion  ( l )  as a source  of CETP, BODIPY-CE micro- 
emulsions as donors,  and  excess nonf luorescent  microemul- 
sions as a BODIPY-CE acceptors  as descr ibed in  Materials  
and  Methods. Fluorescent  assays were also performed with 
BODIPY-CE microemuls ions  (0.3, 0.6 or 1.2 BODIPY-CE) in  
200 I~L whole rabbi t  plasma (A), as a source of CETP and  ac- 
ceptor  (endogenous  l ipoproteins) .  For  f luorescent  assays, 
inh ib i t ion  was de termined at 1-2 h ( recombinant  h u m a n  or 
r a b b i t  d > 1.21 g/mL as CETP source) or 6 h (whole r abb i t  
plasma).  Data  r ep r e sen t  CETP t r ans fe r  i n h i b i t i o n  • SEM 
for 3 to 23 experiments  at each PD 140195 concentrat ion.  
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FIG. 5. Ex  vivo i nh ib i t i on  of cholesteryl  es ter  t r ans fe r  pro- 
te in  (CETP) faci l i ta ted t ransfer  of cholesteryl  4,4-difluoro- 
5 ,7 -d imethy l -4-bora -3~ ,4~-d iaza-3- indacenedodecanoa te  
(BODIPY-CE) in  mic roemuls ions  in  p l a sma  from rabb i t s  
t r ea ted  with PD 140195. Anesthet ized male Kuiper  rabbi t s  
were in t ravenously  infused (over approximately 10-15 min- 
u tes  wi th  a per i s ta l t i c  pump)  wi th  vehicle  (�9 n = 5), 10 
mg/kg PD 140195 (O, n = 4), or 20 mg/kg PD 140195 (A, n = 4). 
Blood samples were taken  pr ior  to and  periodical ly follow- 
ing the s tar t  of infusion.  To de te rmine  ex vivo CETP activ- 
ity, plasma (5, 10, 20 or 30 ~L) from each time point  were in- 
cubated at 37~ with In t ra l ip id  and  cholesteryl 4,4-difluoro- 
5 ,7 -d imethy l -4 -bora -3~ ,4~-d iaza-3- indacenedodecanoa te  
(BODIPY-CE) con ta in ing  microemuls ions  in  a total  volume 
of 240 pL in  mic ro t i t e r  plates.  Under  these condi t ions  ini- 
t ial  t ransfer  velocity is de termined unde r  Vmax conditions.  
F luorescen t  yields were per iodical ly  de te rmined  for up to 
21 h (34). A typical  assay to de te rmine  in i t i a l  t r ans fe r  ve- 
loci ty us ing  d i lu t ions  of p r e i n f u s i on  p lasma is shown 
(inset). Data shown in  large figure represen t  change in flu- 
o rescent  yields • SEM (i.e., ex vivo CETP act iv i ty  in  blood 
samples t aken  before and  up  to 4 h fol lowing PD 140195 
t r ea tmen t )  u t i l i z ing  dupl ica te  d e t e r m i n a t i o n s  made at  19 
or 21 h for 10 ~L plasma. 
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peared to be more refractory to inhibition than  recombi- 
n a n t  h u m a n  CETP (Fig. 3). The mul t ip le  va r i ab les  in 
the  whole p l a s m a  assays ,  including the  ra t io  of PD 
140195 to CETP and lipoproteins, and tha t  of BODIPY- 
CE microemuls ion  levels to l ipoproteins ,  made  loss of 
PD 140195 inhibi tory act ivi ty  difficult to define. These 
observa t ions  sugges t  t h a t  this  compound was  e i ther  
compet i t ive  wi th  endogenous  lipids for CETP  or t h a t  
other p l a sma  components  were inact ivat ing PD 140195. 
The reduced effectiveness of PD 140195 was fu r the r  in- 
vest igated in component  systems.  

To d e t e r m i n e  if  the  inhibi t ion was compet i t ive ,  
r abb i t  p l a s m a  or d > 1.21 g/mL was incuba ted  with  
BODIPY-CE microemuls ions  wi th  Mab TP2 (2.5-10 
~ / m L )  or PD 140195 (0.3-3 ldYl) at  var ious amoun t s  of 
Intra l ipid acceptor (Fig. 6). Under  these conditions, com- 
pet i t ive  inhib i t ion  was not demons t rab le .  Possibly, a 
lack of compet i t ion  was observed since t r ig lycer ide  
t r a n s f e r  ( the ma jo r  componen t  of In t ra l ip id)  is not  in- 
h ib i ted  by PD 140195. In  this  regard ,  we have  found 
t h a t  PD 140195 has  l i t t le  or no effect on t r ig lycer ide  
t r a n s f e r  f rom [3H]TO-HDL3 (Fig. 3). W h e t h e r  choles- 
teryl  es te r  emuls ions  could res tore  act ivi ty in the pres-  
ence of PD 140195 was not  f u r t he r  s tudied.  In  a sepa-  
ra te  assay  in which rabbi t  p l a s m a  represen ted  the bulk 
of the  incuba t ion  volume,  the  t ime  course  of 
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FIG. 6. Effect  o f  t r ig lycer ides  on PD 140195 i n h i b i t i o n  of  
cholesteryl  ester transfer protein (CETP) faci l i tated trans- 
fer. Rabbit  p lasma (20 I~L) or d > 1.21 g/mL (from 20 luLL of  rab- 
bit  p lasma)  was  i n c u b a t e d  at 37~ w i t h  2.5 ~g/mL (0) ,  5 
pg/mL (m), 10 pg/mL (A) CETP inh ib i tory  monoc lona l  anti-  
body (Mab) TP2 (left s ide graphs), 0.3 lzM (0), 1.0 pM (m), 3.0 
lmM (A) PD 140195 (right s ide  graphs)  or 5 ~L d imethy i su l -  
fox ide  (DMSO) veh i c l e  a lone  (O) (all graphs)  in the  pres-  
ence  o f  a cons tant  a m o u n t  o f  cho les tery l  4,4-difluoro-5,7- 
d i m e t h y l - 4 - b o r a - 3 ~ . , 4 ~ - d i a z a - 3 - i n d a c e n e d o d e c a n o a t e  
(BODIPY-CE) c o n t a i n i n g  m i c r o e m u l s i o n  (0.385 n m o l  
BODIPY-CE) and varying amounts  of  tr iglyceride emul s ion  
(Intralipid) as indicated in a total incubat ion vo lume of  225 
pL. F luorescence  was  d e t e r m i n e d  at t ime  zero and at 21 h 
or 20 h, for Mab TP2 and PD 140195, respectively.  Data rep- 
resent the change  in f luorescence for dupl icate  incubat ions  
for each condit ion.  

BODIPY-CE t r ans fe r  dur ing PD 140195 inhibit ion was 
de termined and shown to resul t  in a significant decrease 
in the  effectiveness of PD 140195 (Fig. 7). Thus,  a com- 
ponent  of whole p l a sma  appea red  to neut ra l ize  this in- 
hibitor. 

Next,  we invest igated the role a lbumin might  play on 
PD 140195 CETP inhibition. Utilizing, a component  sys- 
t em consis t ing of r ecombinan t  CETP, BODIPY-CE mi-  
croemulsions,  and a 10-fold microemuls ion acceptor ex- 
cess in the  absence  or p resence  of bovine s e rum albu- 
min,  CETP  inhib i tory  ac t iv i ty  was  assessed  for PD 
140195 and Mab TP2 (Fig. 8). A lbumin  had  no in- 
h ib i tory  effect on Mab TP2 inhibi t ion of CETP. In  con- 
t ras t ,  a lbumin  addit ion resul ted  in a concentrat ion-de-  
pendent  abolition of the inhibitory effects of PD 140195. 

DISCUSSION 

Whether  CETP plays a role in the inhibition or progres- 
sion of atherosclerosis has been controversial (10). I t  has 
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FIG. 7. Choles tery l  es ter  transfer  prote in  (CETP) ac t iv i ty  
under  cond i t i ons  in w h i c h  w h o l e  p l a s m a  is the  predomi-  
nant  assay  c o m p o n e n t .  Rabbi t  p l a s m a  (200 luLL) was  incu-  
bated at 37~ w i t h  choles tery l  4,4-difluoro-5,7-dimethyl-4- 
bora-3~,4~-diaza-3-indacenedodecanoate (BODIPY-CE) con- 
ta in ing  microemuls ions  (20 paL), and 10 ~g/mL (O), 20 l~g/mL 
(&), 40 pg/mL (B) CETP inh ib i tory  m o n o c l o n a l  an t ibody  
(Mab) TP2 (panel  A), 0.3/aM (O), 3.0/aM (A), 30 paM (m) PD 
140195 (panel B) or 5 pl d i m e t h y l s u l f o x i d e  (DMSO) veh ic l e  
alone (�9 in a total vo lume  of  225 pL. Incubations in the ab- 
sence  o f  DMSO (~)  to control  for poss ib le  nonspec i f i c  ef- 
fects  o f  the v e h i c l e  (present  w i t h  added  Mab TP2 and PD 
140195) were  also performed. Fluorescence was  periodical ly  
d e t e r m i n e d  up to 21 h. Data are s h o w n  as f luorescence  
change  relat ive to the h ighest  DMSO control values.  
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FIG. 8. E f f e c t  o f  a l b u m i n  o n  P D  140195 i n h i b i t i o n  o f  c h o l e s -  
t e r y l  e s t e r  t r a n s f e r  p r o t e i n  (CETP).  P D  140195 ( top  g r a p h )  
o r  m o n o c l o n a l  a n t i b o d y  (Mab)  T P 2  ( b o t t o m  g r a p h )  w a s  in-  
c u b a t e d  a t  37~ w i t h  r e c o m b i n a n t  h u m a n  C E T P  (100  pdL 
c o n d i t i o n e d  m e d i a ) ,  c h o l e s t e r y l  4 , 4 - d i f l u o r o - 5 , 7 - d i m e t h y l 4 .  
b o r a - 3 a , 4 ~ - d i a z a - 3 - i n d a c e n e d o d e c a n o a t e  (BODIPYoCE) mi-  
c r o e m u l s i o n s  ( d o n o r s ) ,  a 10 - fo ld  e x c e s s  o f  n o n f l u o r e s e e n t  
m i c r o e m u l s i o n  ( a c c e p t o r s )  i n  t h e  a b s e n c e  ( �9  or  p r e s e n c e  
o f  0.5 (O), 1 ( I ) ,  2 (D) o r  3 (A)  p e r c e n t  b o v i n e  s e r u m  a l b u m i n  
i n  a t o t a l  v o l u m e  o f  250  pL. C E T P  a c t i v i t y  w a s  m o n i t o r e d  
b y  t h e  l o s s  o f  f l u o r e s c e n c e  q u e n c h i n g  a f t e r  1 h. D a t a  a r e  
t y p i c a l  o f  a r e p r e s e n a t i v e  e x p e r i m e n t .  

been hypothesized that CETP plays a central role in re- 
verse cholesterol transport  and therefore its inhibition 
might be atherogenic. However, a direct link between ele- 
vated CETP levels and an antiatherosclerotic effect has 
not been demonstrated. In fact, enhanced delivery of 
periperial tissue cholesterol to LDL from HDL via CETP 
might reduce hepatic LDL receptor levels and result in 
an atherosclerotic plasma profile and disease (40). In con- 
trast, CETP reduction appears to be beneficial for inhibit- 
ing atherosclerosis progression or enhancing atheroscle- 
rosis regression. In humans, homozygous and heterozy- 
gous CETP deficiencies are associated with elevated 
apoE, apoA-I, HDL cholesterol and longevity, and a re- 
duction in LDL cholesterol and coronary heart disease. In 
general, with the exception of the pig, species that  lack 
CETP activity (i.e., rats, mice and dogs) are resistant to 
dietary cholesterol induced atherosclerosis; while dietary 

cholesterol results in atherosclerosis progression in 
species with CETP activity including CETP-transgenic 
mice, rabbits, nonhuman primates and humans. 

Thus, the inhibition of CETP activity is an intense 
area of research. Earlier'studies have demonstrated that 
infusion of inhibitory monoclonal or polyclonal CETP an- 
tibodies into rabbits results in the appearance of an an- 
tiatherosclerotic profile (27,28). More recently, prelimi- 
nary data have shown that corticosterone administration 
to CETP-transgenic mice results in decreased plasma 
CETP levels and reduced hepatic CETP mRNA levels 
(10). Thus, strategies to inhibit circulating CETP or its 
synthesis may have beneficial affects on elevating HDL, 
reducing LDL, and preventing atherosclerosis. 

In the current study we describe, in part, our efforts to 
find simple organic compounds to inhibit circulating 
CETP. To our knowledge, this is the first report that  
demonstrates a pharmacologic approach to inhibit CETE 
We have described various assays used to monitor CETP 
activity for the discovery of inhibitors and also have de- 
scribed some of the pitfalls in this discovery process. The 
major obstacle in this discovery process at this point is 
movement from an in  vitro reconstituted system to the 
whole plasma and to animal systems. Although we found 
that  many inhibitors block CETP activity in reconsti- 
tuted systems, their specificity to CETP appears to be 
low in the complex milieu of plasma and in whole ani- 
mals. In general, the compounds discovered are hy- 
drophobic and might partition into lipoproteins or cellu- 
lar membranes, thus losing their effectiveness. In addi- 
tion, binding of PD 140195 and other compounds to other 
plasma protein components, such as albumin, will also 
reduce their effectiveness. It should be noted, that albu- 
min (4 g/dL) is in 20,000-40,000-fold molar excess to that 
of CETP (0.1-0.2 mg/dL) in human plasma. To this end, 
we have separated inhibitors into those that are and are 
not (not shown) inactivated by albumin. Some of these 
compounds not inhibited by albumin are, however, inac- 
tive in whole plasma, suggesting that they are bound by 
other plasma components (Bisgaier, C.L., Essenburg, 
A.D., Minton, L.L., and White, A., unpublished data). 
Since antibody studies have demonstrated the feasibility 
of inhibiting plasma CETP and modulating plasma lipids 
and lipoproteins, identifying specific CETP inhibitors by 
novel chemical synthesis will likely result in CETP inhi- 
bition in whole plasma and the organism. 

Other approaches to CETP inhibition include tran- 
scription and translational inhibition. However, much 
less is known about these processes. Recently, work of 
Pape et al. (41) and Reaet al. (42) have suggested that a 
major source of this protein in nonhuman primates and 
rabbits is the hepatic nonparenchymal cells, suggesting 
them as likely targets of pharmacologic intervention. The 
establishment of stable cell lines to express CETP with 
its endogenous promoter should enhance pharmacologic 
strategies for inhibition of CETP production. 
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The  h y p o t h e s i s  that  the  e f f i cacy  of  h y d r o p h o b i c  ant iox-  
i d a n t s  in  a n i m a l  m o d e l s  o f  a t h e r o g e n e s i s  may,  in  part ,  
be  r e l a t e d  to  p h y s i c a l  e f f ec t s  on  c h o l e s t e r y l  e s t e r s  in  
ce l l s  w a s  probed  w i t h  ana logs  and  m e t a b o l i t e s  of  probu-  
col .  T h e  i n t e r a c t i o n s  o f  an  e f f e c t i v e  bis-thiomethane 
a n a l o g  (MDL 29,311) and  s e l e c t e d  m e t a b o l i t e s  of  probu-  
co l  w i t h  c h o l e s t e r y l  o l e a t e  w e r e  e x a m i n e d  by  d i f feren-  
t i a l  s c a n n i n g  c a l o r i m e t r y  a n d  p o l a r i z e d  l i g h t  micro-  
scopy.  L ike  p r o b u c o l ,  MDL 29,311 a nd  the  b i s p h e n o l  
m e t a b o l i t e  d e c r e a s e  the  l iqu id -crys ta l l ine  p h a s e  transi-  
t i o n  e n t h a l p y  of  c h o l e s t e r y l  o l ea te  w i t h  i n c r e a s i n g  con-  
c e n t r a t i o n s .  At 20 mol%, no  t r a n s i t i o n  is  de tec tab le .  By 
contras t ,  the  s p i r o q u i n o n e  m e t a b o l i t e  o f  p r o b u c o l  an d  
t h e  d i p h e n o q u i n o n e  m e t a b o l i t e  c o m m o n  to b o t h  mole-  
c u l e s  h a v e  m i n i m a l  e f f ec t s  o n  t h e  l i q u i d - c r y s t a l l i n e  
t r a n s i t i o n s  o f  c h o l e s t e r y l  o l ea te .  At  20 mol%, n e i t h e r  
c o m p o u n d  has  as great  an  ef fect  as 1 mol% MDL 29,311. 
C o n s i s t e n t  w i t h  t h e i r  e f fec ts  on  dry  c h o l e s t e r y l  o leate ,  
MDL 29,311 and  the  b i s p h e n o l  m e t a b o l i t e  c o n v e r t  l ip id  
i n c l u s i o n s  in  ce l l s  s u p p l e m e n t e d  w i t h  c h o l e s t e r o l  to  an  
i s o t r o p i c  p h y s i c a l  s ta t e  s i m i l a r  to  tha t  o b s e r v e d  w i t h  
p r o b u c o l .  The  n u m b e r  o f  a n i s o t r o p i c  i n c l u s i o n s  in  t h e  
c e l l s  d e c r e a s e s  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n  in  t h e  
m e d i u m  in  the  range  of  50 to 250 ~g/mL. In ce l l s  fed w i t h  
t h e  s p i r o q u i n o n e  or d i p h e n o q u i n o n e  m e t a b o l i t e s ,  t h e  
l i p i d  i n c l u s i o n s  are  l i q u i d - c r y s t a l l i n e  a n d  r e s e m b l e  
t h o s e  o b s e r v e d  w i t h  c h o l e s t e r o l - f e d  c o n t r o l s .  T h e s e  
da ta  are  i n t e r p r e t e d  in  t e r m s  o f  a m o d e l  in  w h i c h  hy- 
d r o p h o b i c  a n t i o x i d a n t s  c l o s e l y  re l a t ed  to  p r o b u c o l  dis- 
rupt  the  p a c k i n g  of  ce l lu lar  cho l e s t ery l  esters .  
Lipids 29, 819-823 (1994). 

An early event in the progression of atherosclerosis is 
the intimal deposition of lipids, including cholesterol 
and cholesteryl esters (1). This deposition arises from a 
combination of extracellular and intracellular processes 
and has been shown in some animal models of atheroge- 
nesis to be inhibited by hydrophobic antioxidants such 
as probucol [bis (3, 5-di-tert-butyl-4-hydroxyphenylthio) 
propane] (2). Par t  of the efficacy of probucol in animal 
models may be due to modulation of the assembly and 
molecular interactions of lipoproteins (3). In addition, 
probucol has been shown to disrupt packing of choles- 
teryl esters in cells and model lipoproteins on the basis 
of thermal and microscopic measurements (4). This may 
contribute to its antioxidant activity in the lipid phase 
as the rate of oxidation of lipids depends strongly on acyl 
chain packing (5). The consequence of this fluidizing ef- 
fect in cells is that  the rate of lipid clearance from cho- 
lesteryl ester-rich lipid droplets is increased by probucol 
in the presence of a cholesterol acceptor in the medium 

*To whom correspondence should be addressed at Marion Merrell 
Dow Research Institute, 2110 East Galbraith Road, Cincinnati, 
OH 45215. 
Abbreviations: DSC, differential scanning calorimetry; HPLC, 
high-performance liquid chromatography; LDL, low density 
lipoproteins; MEM, minimum essential medium. 

(4). These data suggest that  hydrophobic antioxidants 
have both physical effects and antioxidant activities 
that may be important to the mechanisms by which they 
inhibit lipid deposition. The present report examines 
whether  such fluidization is common to analogs of 
probucol that  are effective in animal models of choles- 
terol deposition. 

The primary cell types which contribute to lipid depo- 
sition in the arterial wall are macrophages and smooth 
muscle cells. Both cell types accumulate cholesteryl es- 
ters to form the foam cells characteristic of atheroscle- 
rotic lesions. In cultured cells, cholesteryl ester deposi- 
tion may be achieved by addition of cholesterol-rich 
phospholipid liposomes, cholesterol-enriched medium or 
low density lipoproteins (LDL) that  have been modified 
by acetylation (4,6). Fu5AH rat  hepatoma cells are a 
useful model for studies of the physical properties of the 
cholesteryl esters deposited in cultured cells. In the 
presence of cholesterol-enriched medium, Fu5AH he- 
patoma cells accumulate lipid in an ordered physical 
state within droplets that exhibit characteristic birefrin- 
gence cross-patterns when observed through polarized 
optics. Addition of oleic acid to the medium increases the 
triglyceride content of the lipid deposits and results in a 
disordered physical state (6). This increase in fluidity of 
the lipid droplets increases the rate by which cholesterol 
may be removed from the cells in the presence of a cho- 
lesterol acceptor in the medium. 

In LDL receptor-deficient rabbits, an analog of probu- 
col (MDL 29,311) which contains a bis-thiomethane 
rather than the bis-thiopropane of probucol (Fig. 1) is ef- 
fective in reducing aortic surface lesions, but does not 
significantly reduce plasma cholesterol concentrations 
(7). The closely related structure of this analog sug- 
gested that  it may have cholesteryl ester fluidizing ac- 
tivity similar to that  of probucol. This activity may be 
an additional contribution that  supplements antioxi- 
dant activity in reducing the incidence of fatty lesions in 
receptor-deficient animals. However, some of the activ- 
ity of probucol and MDL 29,311 may be the result of 
their  common metabolites. On the basis of studies in 
monkey liver and adipose tissue (8), probucol has three 
primary metabolites: the spiroquinone, diphenoquinone 
and bisphenol (Fig. 1). The present study examines the 
interactions of MDL 29,311 and the probucol metabo- 
lites on cellular cholesteryl esters and the liquid crys- 
talline transitions of cholesteryl oleate. 

MATERIALS AND METHODS 

Cholesteryl ester loading of cells in culture. The Fu5AH 
rat hepatoma cell line was graciously provided by J.M. 
Glick (Philadelphia, PA). Stock cultures were grown in 
minimal essential medium (MEM) supplemented with 
basal medium Eagle vitamins, 50 ~g/mL of gentamycin, 
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R R=c.  P obuco, 
/ ~  / / ~  R=H MDL 29,311 

/ 

0 ~ 0  Spiroquinone 
1 

O - -  O Diphenoquinone 

O H Bisphenol 

FIG. 1. Structures  of  probucol ,  MDL 29,311 and the spire-  
quinone,  diphenoquinone and bisphenol  metabol i tes .  

and 5% calf supreme serum (Gibco, Grand Island, NY). 
Cells were maintained in an atmosphere containing 5% 
CO 2. Cells were grown in 2-well glass bottom chamber 
slides (Nunc, Lab-Tek, Naperville, IL) in 2 mL of MEM 
containing 5% serum for observation of the phase state 
of lipid inclusions. Loading medium was made by dis- 
solving cholesterol (Calbiochem, La Jolla, CA) in warm 
(-75~ absolute ethanol at 10-20 mg/mL and injecting 
it into warm calf supreme serum while swirling. The 
mixture was immediately diluted with MEM to a final 
serum concentration of 10%. Probucol, MDL 29,311, 
spiroquinone, diphenoquinone and bisphenol were 
added to serum with cholesterol in a similar manner. 
The final ethanol concentration was less than 2%. After 
growth of cells to 70-80% confluence in the chamber 
slides, the growth medium was replaced with 2 mL of 
the appropriate loading medium. After loading for 48-72 
h, the cells were washed three times with Dulbecco's 
phosphate buffered saline. Cells were inspected and 
photographed with a Nikon Microphot-FX microscope. 
(Melville, NY) equipped with a 10x eye-piece, a 10x ob- 
jective and polarizing optics. 

Differential scanning calorimetry (DSC). DSC scans 
of dry mixtures of cholesteryl oleate (Nu-Chek-Prep, 
Elysian, MN) with probucol, MDL 29,311 and the 
metabolites were made on a Perkin-Elmer DSC-7 (Nor- 
walk, CT). The samples were prepared by mixing in 
chloroform. A measured aliquot of the solution was 
transferred to a DSC pan, dried by gentle warming and 
placed under vacuum overnight. The samples were 
stored for 10 d at -80~ to promote formation of crys- 

talline material. The samples were scanned at a rate of 
2~ Heat capacities and enthalpies were calculated 
with the software provided by Perkin-Elmer. Transition 
temperatures correspond to the onset temperatures. 

Hydrophobicity estimations. Two high-performance 
liquid chromatographic (HPLC) systems were used to 
estimate the hydrophobicity of the molecules. Both em- 
ployed a C-8 column (5 c m x  4.6 mm id Chromegabond 
Octyl, 5 pro; Es Industries, Berlin, NJ) and a flow rate 
of 1.0 mL/min. The dead volume of the column was 0.68 
mL. Peaks were monitored at 230 nm with an ABI 
model 783A detector (Foster City, CA). A Beckman 
CALS Peak Pro data system (Fullerton, CA) was used 
for determination of peak retention times and integra- 
tions. Mobile phases A and B were mixed by two Waters 
model 510 pumps (Milford, MA) interfaced with a Wa- 
ters model 680 controller. In both systems, mobile phase 
A contained 0.02 M morpholinepropanesulfonic acid and 
0.0075 M ethylamine in water adjusted to pH 7.4. In the 
first system, mobile phase B contained 0.25% octanol in 
methanol, and a series of isocratic elutions with 
methanol fractions of 0.98, 0.95, 0.90, 0.85, 0.80 and 
0.75 were run. Values in water [log k'(w)] were calcu- 
lated by extrapolation of the log k' values linearly to zero 
methanol In the second system, mobile phase B con- 
tained 0.25% octanol in tetrahydrofuran,  and the sam- 
ple was eluted with te t rahydrofuran fractions of 0.70, 
0.65, 0.60, 0.55, 0.50 and 0.45. An average elution time 
(midpoint) was calculated for all six runs to give the best 
estimate of the elution time at 57.5% tetrahydrofuran. 

RESULTS 

Rat Fu5AH hepatoma cells accumulate lipid droplets 
that consist primarily of cholesteryl oleate (6). This cell 
line thus serves as a model system to study the basic 
features of lipid fluidizing by hydrophobic antioxidants 
in vitro. The propensity of the Fu5AH cell line to deposit 
lipids in an ordered array when the medium is supple- 
mented with additional cholesterol allows facile manip- 
ulation of culture conditions to effect modulation of the 
physical properties of cellular lipids. Numerous droplets 
in an ordered anisotropic liquid-crystalline state can be 
seen in cells observed at room temperature  by optical 
microscopy with crossed polarizers (Fig. 2). The aniso- 
tropic liquid crystals appear as bright regions, and the 
isotropic lipid is dark. 

In the experiments shown in Figures 2-4, the cell 
medium was supplemented with cholesterol (250 Ilg/mL) 
and incubated for two days. Probucol, MDL 29,311 and 
the probucol metabolites were added to the cholesterol- 
supplemented medium at concentrations of 50, 100 and 
250 Ilg/mL. With the spiroquinone and the dipheno- 
quinone at concentrations up to 250 btg/mL, the cells re- 
semble the cholesterol-fed control cells, with large num- 
bers of birefringent, anisotropic liquid-crystalline drop- 
lets (data not shown). With increasing concentrations of 
probucol, MDL 29,311 or the bisphenol metabolite, a de- 
crease in the number of anisotropic cholesteryl ester 
droplets was observed at room temperature.  At a con- 
centration of 250 1Jg/mL, the cells contain primarily 
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Probucol 

0 pg/mL 

50 pg/mL ~ 

100 pg/mL 

FIG. 2. Light micrographs of l iv ing cells fed media enriched 
with 250 pg/mL cholesterol  and varying amounts  of probu- 
col  observed wi thout  (left panels)  and with  (right  panels )  
crossed polarizers at room temperature. 

liquid cholesteryl ester droplets which remain dark 
(isotropic) when observed though crossed polarizers. 

To determine whether the effects on cells were due 
primarily to physical interactions of the analog and 
metabolites with cholesteryl esters, the effects on dry 
cholesteryl oleate liquid-crystalline transitions were ex- 
amined by DSC. This lipid was chosen because of its 
prevalence in lipid droplets in Fu5AH cells (6). Two 
sharp phase transitions were observed in pure choles- 
teryl oleate corresponding to the transformation from 
isotropic to cholesteric and from cholesteric to smectic 
phases. The transitions in pure cholesteryl oleate corre- 
spond in enthalpy and transition temperatures to those 
previously reported (4). Due to the overlap of the two 
transitions, especially in the presence of the analog and 
the metabolites, only total enthalpies were calculated. 

The diphenoquinone metabolite decreased the phase 
transition temperatures of cholesteryl oleate at concen- 
trations of 20 mot%, with some broadening of the transi- 
tion and a minimal decrease in the total enthalpy 
(Table 1). The spiroquinone metabolite broadened the 

MDL 29,311 

0 ~tg/mL ~ ~  

50 pg/mL ~ . . . . . . . . . . . . . . . . . . . . . . . .  

FIG. 3. Light micrographs  of  cel ls  incubated  wi th  choles-  
terol and increasing amounts  of MDL 29,31L 

transitions somewhat more at 20 mol%, but the effect 
was comparable to 1 mol% of the bisphenol metabolite. 
By contrast, both the bisphenol and MDL 29,311 have a 
significant effect on the liquid-crystalline phase transi- 
tions, even at low concentrations. With this metabolite 
and the analog at 1 tool%, the cholesteryl oleate liquid- 
crystalline transitions are significantly broadened, and 
the phase transition temperatures are depressed by 
-4~ Further broadening of the phase transitions of 
cholesteryl oleate is observed with increasing concentra- 
tions of both MDL 29,311 and the bisphenol metabolite. 
No discernible phase transition is observed with either 
compound at concentrations of 20 mol%. The phase be- 
havior and the shapes of the transitions for both MDL 
29,311 and the bisphenol metabolite are similar to those 
previously reported for probucol in the same system (4). 

The hydrophobicity of the molecules was examined by 
HPLC in a series of solvent mixtures on a C-8 column. 
The retention times of probucol, MDL 29,311 and the 
bisphenol metabolite are nearly equivalent with meth- 
anolic eluants. The calculated log k'(w) values were 10.2 
for probucol, 9.4 for MDL 29,311 and 8.9 for the bisphe- 
nol metabolite. By contrast, the quinone metabolites are 
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0 pg/mL 

50 #g/mL 

1 O0 I~g/mL 

250 pg/mL 

Bisphenol 

FIG. 4. Light  micrographs  o f  ce l ls  i n c u b a t e d  w i t h  choles-  
terol and increasing amounts  of  the bisphenol  metabolite .  

s t rongly  re ta ined  on C-8 columns and  are  not  e luted 
wi th  concen t ra t ions  <85% methano l .  Thus ,  ex t rapola -  
t ion to zero me thano l  concent ra t ion  yields mis l ead ing  
results .  A second sys tem employing a range  of t e t rahy-  
d ro fu ran  concent ra t ions  and  calcula t ion of the  elut ion 
t ime  at  57.5% t e t r a h y d r o f u r a n  was  also used to give 
more  accura te  da ta  for the  l a t e r -e lu t ing  molecules.  In 
this  system,  the log k '  va lues  re la t ive  to probucol were 
1.11 for diphenoquinone, 1.04 for the spiroquinone, 0.97 
for MDL 29,311 and 0.91 for the bisphenol.  These  da ta  
a re  cons i s ten t  wi th  previous  HPLC da ta  t ha t  indicate  
t h a t  the  quinones elute  a t  h igher  concent ra t ions  of or- 
ganic solvent in gradient  systems.  (7). 

DISCUSSION 

Contr ibut ions  of physical  effects to the  act ivi t ies  of po- 
tential ly ant ia therogenic  compounds have recently been 
sugges ted  for both  probucol  (4) and  lovas ta t in  (9). Al- 
though it is difficult a t  this  point to separa te  the contri- 
butions of physical effects, the da ta  of the present  report  
are consistent  with a general  phenomenon in which hy- 
drophobic ant ioxidants  fluidize lipids deposited in cells 

TABLE 1 

Effect of  MDL 29,311 and Probucol  Metabolites 
on the Enthalphy  and Phase  Transition 
Temperatures of  Cholesteryl  Oleate 

AH (j/g)a T m (~ 
Addition tool% Total Smectic Cholesteric 

None 3.4 38.6 44.2 
MDL 29,311 1 1.8 34.2 39.5 
MDL 29,311 5 0.9 28.9 38.3 
MDL 29,311 10 0.3 27.4 
MDL 29,311 20 no transitions 
Bisphenol 1 2.4 36.2 42.0 
Bisphenol 5 1.1 31.8 37.2 
Bisphenol 10 0.6 27.3 30.9 
Bisphenol 20 no transitions 
Spiroquinone 20 3.1 36.2 41.2 
Diphenoquinone 20 2.4 33.2 35.5 
aStandard errors of the enthalpies are _+0.2, and of the transition 
temperatures are _-+0.3 

in the  presence  of excess cholesterol .  V i t amin  E has  a 
s imilar  effect on both dry cholesteryl oleate and in cells 
(L.R. McLean, unpubl ished data). With probucol and re- 
lated molecules, one mus t  also take  care to consider the 
effects of the i r  metabol ic  products,  which may  accumu- 
late to a substant ia l  extent  in uivo. 

The present  data  show tha t  probucol, a closely related 
analog,  and  the i r  common bisphenol  metabol i t e  have  
s imi lar  physical  effects on cholesteryl  es te r  droplets  in 
cells and in dry mixtures  with cholesteryl oleate. In dry 
cholesteryl esters,  this is achieved by decreasing the co- 
operat ivi ty  of chain melt ing during the liquid-crystalline 
phase  t rans i t ions .  The observed decreases  in phase  
t rans i t ion  t e m p e r a t u r e s  correspond closely to the -5~ 
decrease  observed with  probucol (4). The loss of an  ob- 
se rvable  l iquid-crysta l l ine  phase  t r ans i t ion  a t  concen- 
t ra t ions  of 20-25 mol% of MDL 29,311 and the bisphe- 
nol metabol i te  is also indis t inguishable from the effects 
of probucol on cholesteryl  oleate. These observat ions in 
a pure  model  sy s t em are  cons is ten t  wi th  the  effects of 
the molecules on cellular lipid deposits. By contrast,  the 
diphenoquinone and the spiroquinone metabol i tes  have  
minimal  effects on the phase  t ransi t ion enthalpies  of dry 
cholesteryl  es ters  or the n u m b e r  of anisotropic droplets 
in cells. 

The da ta  are consis tent  with one of two mechanisms.  
The first is an al terat ion in the composition of the inter- 
cel lu lar  lipid droplets .  This  possibi l i ty  has  not been  
ruled out in the present  set  of exper iments .  The second 
is t h a t  probucol and  the effective ana logs  act  t h rough  
physical  effects on lipid packing. The similari t ies  of the 
effects of MDL 29,311, probucol  and  the i r  common 
bisphenol metabol i te  on cellular lipid inclusions and  on 
pure cholesteryl oleate are consistent with the la t ter  hy- 
pothesis. 

Compar i son  of the  s t ruc tu re s  of the  five compounds  
examined  for the i r  effects on cholesteryl  es ter  physical  
s t a t e  revea ls  severa l  i m p o r t a n t  differences.  All of the 
molecules  contain  two di-tert-butyl  a romat i c  r ings 
(Fig. 1). The three  active compounds are phenols; the in- 
act ive compounds  are  quinones.  The h igher  hydropho-  
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bicity of the quinones may  explain,  in part ,  the i r  rela- 
tive lack of efficacy in cell experiments,  wherein the mol- 
ecules ma y  e i the r  not readi ly  en t e r  the  cells or not  be 
metabolized intracellularly to the bisphenol. 

However,  it is unl ikely tha t  the increased hydropho- 
bicity of the quinones limits the i r  in teract ion with cho- 
lesteryl esters. The quinones, by virtue of the constraints 
imposed by e i ther  the sulfur-containing r ing system of 
the spiroquinone or the  double bond of the dipheno- 
quinone, have limited rotational mobility of the aromatic 
rings and are expected to form a relat ively rigid planar  
system. We propose tha t  the flexibility conferred upon 
probucol, MDL 29,311 and the bisphenol metaboli te  by 
v i r tue  of the uncons t ra ined  l inkage between the i r  two 
phenol groups allows rotation of the phenolic rings rela- 
tive to each other and promotes disruption of the ordered 
packing of the cholestery] esters. This hypothesis is also 
suppor ted  by the  conformational  flexibility tha t  is ex- 
pected to be retained with a single bond, as is the bisphe- 
nol metabolite, which is also active. 

The da ta  suggest  t ha t  physical  effects, coupled with 
the an t iox idant  act ivi ty  of MDL 29,311 (7), may  con- 
t r ibute  to the decrement  of fat ty lesions in receptor-defi- 
cient rabbits without significantly lowering plasma cho- 
lesterol levels. One plausible mechanism is tha t  the dy- 
namic turnover  of cholesteryl esters in cells is promoted 
by increasing the fluidity of the lipids. Such a hypothe- 
sis is consis tent  wi th  the proposal  t ha t  the physical  
s tate  of the lipids in atherosclerotic plaque is impor tant  

in determining the rate  of turnover  of the components of 
a fa t ty  lesion (10). This f luidizing effect, common to 
probucol, its bisphenol metabolite and a selected analog, 
may  be an impor tan t  mechanism of action in reducing 
arterial  fat ty lesions in animal models. 
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To b e t t e r  u n d e r s t a n d  t h e  m o d e  o f  a c t i o n  o f  (o3 fa t ty  
a c i d s  i n  c e l l  m e m b r a n e s ,  h u m a n  f o r e s k i n  f i b r o b l a s t s  
w e r e  g r o w n  in  s e r u m - f r e e  m e d i u m  s u p p l e m e n t e d  w i t h  
50 DM o l e i c  a c i d  l i n o l e i c  ac id ,  e i c o s a p e n t a e n o i c  a c i d  
(EPA) or d o c o s a h e x a e n o i c  a c i d  (DHA),  a n d  t h e  e f f ec t s  
o n  m e m b r a n e  c o m p o s i t i o n ,  f l u o r e s c e n c e  p o l a r i z a t i o n  
and  e n z y m e  ac t iv i t i e s  w e r e  fo l lowed.  The  ce l l s  w e r e  en- 
r i ched  w i t h  EPA and  DHA up  to 7 and  13% of  total  l ipids ,  
r e s p e c t i v e l y ,  o f  w h i c h  >95% w a s  a s s o c i a t e d  w i t h  p h os -  
p h o l i p i d s .  In  a d d i t i o n ,  t h e  c o n c e n t r a t i o n  o f  22:5n-3 in- 
c r e a s e d  w i t h  b o t h  EPA a nd  DHA to 7.5, a nd  2.1% o f  t h e  
to ta l  fa t ty  ac ids ,  r e s p e c t i v e l y .  W h e n  c o m p a r e d  to  con-  
tro i s  (o l e i c  ac id) ,  c e l l s  t r e a t e d  w i t h  DHA s h o w e d  a de-  
c r e a s e  in  c h o l e s t e r o l ,  p h o s p h o l i p i d s ,  a r a c h i d o n i c  a c i d  
(AA) a n d  free  c h o l e s t e r o l / p h o s p h o l i p i d  ra t io  (P < 0.05). 
In  t h e  p r e s e n c e  o f  EPA, o n l y  d e c r e a s e s  in  AA a n d  cho-  
l e s t e r o l  w e r e  s i g n i f i c a n t  (P < 0.05). M e m b r a n e  f lu id i ty ,  
a s s e s s e d  by  f l u o r e s c e n c e  anisotropy,  wa s  i n c r e a s e d  16% 
in  c e l l s  e n r i c h e d  w i t h  DHA (P < 0.05), b u t  s h o w e d  no  
c h a n g e  w i t h  EPA or l i n o l e i c  acid.  There  wa s  an i n c r e a s e  
in  m e m b r a n e - a s s o c i a t e d  5 ' - n u c l e o t i d a s e  (+27%) a n d  
a d e n y l a t e  c y c l a s e  (+19%) a c t i v i t i e s  (P < 0.05), in  DHA- 
enr i ched ,  but  not  in  EPA-enr iched  cel ls ,  w h e n  c o m p a r e d  
w i t h  o l e a t e  contro l s .  The  s t u d i e s  s h o w  tha t  i n c o r p o r a -  
t i o n  o f  DHA, but  not  EPA, in to  ce l l  m e m b r a n e s  o f  f ibro- 
b las t s  a l ters  m e m b r a n e  b i o p h y s i c a l  c h a r a c t e r i s t i c s  an d  
funct ion .  We sugges t  that  t h e s e  two  major  n-3 fat ty  ac ids  
o f  f i sh  o i l s  h a v e  d i f f erent ia l  e f fects  on  ce l l  m e m b r a n e s ,  
a n d  th i s  m a y  be  r e l a t e d  to  t h e  k n o w n  d i f f e r e n c e s  in  
t h e i r  p h y s i o l o g i c a l  effects .  
Lipids 29, 825-829 (1994). 

Epidemiological and clinical studies have shown tha t  in- 
gestion of n-3 polyunsatura ted  fat ty acids (PUFA) is as- 
sociated wi th  decreased incidence and progress ion of 
a therosc leros is - re la ted  disorders  (1-4). However,  the 
mechanisms  by which these n-3 fa t ty  acids exer t  the i r  
beneficial effects are not completely clear. 

It  is believed tha t  eicosapentaenoic acid (EPA) and do- 
cosahexaenoic  acid (DHA) presen t  in mar ine  oils are  
mostly responsible for the observed beneficial effects (4). 
As the two n-3 fat ty  acids are found at varying ratios in 
different  mar ine  oils (5), the re la t ive  advantage  of one 
fat ty acid over the other has been difficult to assess. Ko- 
ba take  et al. (6) found tha t  EPA selectively lowered 
triglycerides,  whereas  DHA selectively lowered choles- 

* To whom correspondence should be addressed at Section of En- 
docrinology, Rush Medical College, 1653 West Congress Parkway, 
Chicago, IL 60612. 
Abbreviations: AMP, adenosine 5'-phosphate; ATP, adenosine 
triphosphate; BSA, bovine serum albumin; cAMP, adenosine 3',5'- 
monophosphate; DG, diacylglycerol; DHA, docosahexaenoic acid; 
DMEM, Dulbecco's minimal essential medium; EDTA, ethylenedi- 
aminetetraacetate; EPA, eicosapentaenoic acid; GLC, gas-liquid 
chromatography; LDL, low density lipoproteins; PBS, phosphate 
buffered saline; PC, phosphatidylcholine; PE, phosphatidyletha- 
nolamine; Sph, sphingomyelin; TLC, thin-layer chromatography; 
TMA-DPH, 4'-trimethylammonio- 1,6-diphenyl- 1,3,5-hexatriene. 

terol in rats.  Childs et al. (7) found that ,  al though all fish 
oils lowered t r iglycer ides  in humans ,  only DHA-rich 
t u n a  and salmon oils reduced low densi ty  l ipoproteins 
(LDL) and apoprote in  B. Moreover, our  l abora tory  re- 
cently repor ted a differential  incorporat ion of EPA and 
DHA into p lasma lipids (8). We found t h a t  re la t ively  
more EPA was incorporated into cholesteryl esters, and 
DHA was prefe ren t ia l ly  incorpora ted  into phospho- 
lipids. These studies suggest tha t  DHA and EPA may be 
differentially metabolized. 

It  is well established that  the activities of membrane-  
associated enzymes and receptors can be modula ted  by 
changes in membrane  lipid composition and in biophys- 
ical character is t ics  (9). It  has also been shown tha t  the 
fa t ty  acids of mar ine  oils are readi ly  incorporated into 
membrane  phospholipids (10). Thus,  there  has been in- 
creased in teres t  in the role n-3 PUFA play in modulat-  
ing membrane  function (11,12). Although several in vivo 
studies have been published on the effects of these ma- 
r ine oils on membrane-assoc ia ted  enzyme activit ies 
(13-15), such studies have not  been carr ied out  in cul- 
tu red  cells to compare  the effects of EPA and DHA on 
membrane-bound enzymes. 

In the present  study, we examined the effects of EPA 
and DHA on the lipid composition and biophysical prop- 
er t ies  of cell membranes  and on the  activit ies of two 
membrane-assoc ia ted  enzymes,  namely  adenyla te  cy- 
clase and 5 ' -nucleot idase of h u m a n  skin f ibroblasts  
grown in culture. The resul ts  presented here  show tha t  
EPA and DHA have different ia l  effects on m embrane  
fluidity, as measured  by fluorescence polarization, and 
on the activities of those membrane-bound enzymes. 

MATERIALS AND METHODS 

Cell culture. H u m a n  newborn foreskin fibroblasts (pas- 
sages 5 ' -10)  were purchased  from ViroMed (Min- 
netonka,  MN), and were grown in 75-cm 2 stock flasks in 
Dulbecco's modified Eagle medium (DMEM) supple- 
mented with 10% fetal calf serum (Biologos, Naperville, 
IL), penicill in (100 U/mL) and s t rep tomycin  (100 
lag/mL). On Day 0 of the study, confluent monolayers of 
cells from stock flasks were dissociated with 0.05% 
trypsin 0.02% e thy lened iamine te t raace ta te  (EDTA) so- 
lution and were seeded at a concentration of 2 x 105 cells 
per 75-cm 2 flask conta in ing  10 mL of growth medium 
supp lemented  wi th  10% fetal  calf  serum. Cells were 
grown in this medium overnight to allow a t tachment  of 
cells. The  medium was then  removed,  and the  mono- 
layer  was washed twice with phosphate  buffered saline 
(PBS). Serum-free medium containing equal volumes of 
DMEM and F-12 medium,  200 mM glutamine ,  2 g/L 
NaHCO3, 100 pg/mL bovine se rum albumin (BSA), 5 
~g/mL iron sa tu ra ted  t ransfer r in ,  3 • 10 -s M Na2SeO 3, 
15 mM Hepes, 10 ng/mL epidermal  growth factor and 5 
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lag/mL insulin (Sigma Chemicals, St. Louis, MO) was 
added along with 50 ~ of either oleic acid, linoleic acid, 
EPA or DHA complexed with human serum albumin 
(molar ratio fat ty acid/albumin, 4:1), together with 20 
plVl butylated hydroxytoluene (Cayman Chemicals, Ann 
Arbor, MI). The cells were grown in fatty acid-supple- 
mented medium for four days. Cell numbers and viabil- 
ity were determined by hemocytometer and Trypan Blue 
exclusion test, respectively. 

Fluidity measurements. Cells grown as described 
above in the presence of various fatty acids were washed 
with PBS and trypsinized. Approximately 5 x 106 cells 
were suspended in 1 mL of buffer containing 136 mM 
NaC1, 11.9 mM NaHCO 3, 5.6 mM glucose, 5 mM Hepes, 
2.7 mM KC1, 2 mM MgC1 and 0.42 NaH2PO 4 (pH 7.4). 
The fluorescent probe 4"-trimethylammonio-l,6-di- 
phenyl-l,3,5 hexatriene (TMA-DPH) (Sigma) was added 
to the mixture to give a final concentration of 2 ~M. 
Samples were immediately subjected to polarization 
analysis at 37~ (excitation wavelength, 366 nm; emis- 
sion, 450 nm) using a spectrofluorometer with polariza- 
tion a t tachment  (SLM Instruments,  Urbana, IL) (16). 
The cells were stirred with a magnetic stirrer. Aniso- 
tropy (r) was calculated by the equation: r = 2 x P/3-P, 
where P is the polarization value. The limiting hindered 
anisotropy (the static component of steady-state an- 
isotropy) was calculated as: (4 r/3) - 0.1 (17,18). 

Lipid analysis. Total cellular lipids were extracted by 
the method of Bligh and Dyer (19). For gas-liquid chro- 
matography (GLC), the fatty acids were methylated in 
1 mL of petroleum ether and 1 mL BF 3 in methanol (14% 
wt/vol), by heating at 85~ for 15 min and occasional vor- 
texing. The fatty acid methyl esters were dried down 
under nitrogen, resuspended in hexane for GLC analysis 
on a Shimadzu GC-9 instrument  (Columbia, MD) em- 
ploying a Supelcowax 10 fused-silica capillary column 
(8). Authentic fatty acid methyl esters were used for the 
identification of GLC peaks based on retention times. 

For phospholipid analysis, total lipid extracts were 
applied onto silica gel thin-layer chromatography (TLC) 
plates (Whatman; American Scientific Products, McGaw 
Park, IL), and the plates were developed with chloro- 
form/methanol/acetic acid/0.15 M aqueous NaC1 
('50:25:8:2.5, by vol). This procedure separates lysophos- 
phatidylcholine (Rf 0.1), sphingomyelin (Sph) (Rf 0.2), 
phosphatidylcholine (PC) (Rf 0.32), phosphatidylinositol 
plus phosphatidylserine (Rf 0.55), and phosphatidyl- 
ethanolamine (PE) (Rf 0.8). The phospholipid fractions 
were visualized by exposure to iodine vapors and 
scraped from the TLC plate, and lipid phosphorus was 
estimated by the modified Bartlett procedure (20). 

Total cholesterol was measured using an enzymatic 
kit (Boehringer-Mannheim, Indianapolis, IN) contain- 
ing cholesterol esterase and cholesterol oxidase. Free 
cholesterol was measured using a similar assay except 
that cholesterol esterase was omitted. 

Plasma membrane preparation and determination of 
enzyme activities. Fibroblasts were grown as described 
above, washed twice with PBS, trypsinized, and cen- 
trifuged at 125 x g for 10 min. The cells were washed 
again, then resuspended in 0.3 M sucrose in a 1:10 dilu- 
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tion of PBS containing 0.15 mM EDTA. The resulting 
suspension was homogenized and centrifuged according 
to the procedure of Perdue and Sneider (21) to pellet the 
plasma membranes. 

The assay of 5'-nucleotidase was performed according 
to the procedure of Lange and Steck (22). Ten pg of cell 
membrane protein was incubated for 30 min at 37~ in 
a final volume of 0.75 mL containing 50 mM glycine (pH 
9.0), 0.4 mM MgC12, and 0.16 mM 5'-adenosine mono- 
phosphate (AMP). The reaction was stopped by chilling 
the mixture on ice and adding ZnSO 4 and Ba(OH) 2 to a 
final concentration of 37.5 mM each to precipitate unre- 
acted substrate. The mixture was spun at 3000 rpm for 
5 min after 10 min on ice. The supernatant was brought 
to 70 mM ZnSO 4 and Ba(OH) 2, centrifuged again, and 
its absorbance was measured at 260 nm. The enzyme ac- 
tivity was expressed as change in absorbance/30 min/mg 
protein. 

Adenylate cyclase activity of the membranes was de- 
termined by estimating the formation of 3",5' cyclic 
adenosine monophosphate (cAMP) from adenosine 
tr iphosphate (ATP) at 37~ (23). One hundred lag of 
membrane protein was incubated with 0.2 mL of assay 
solution consistin~ of 50 mM Tris-HC1, pH 7.6, 5 mM 
MgC12, 250 pM [2"OH]ATP (ICN Radiochemicals, Irvine, 
CA), 10 mM creatine phosphate, 0.2 mg/mL creatine ki- 
nase, 0.2 mg/mL BSA and 10 mM NaF for 20 min. The 
reaction was stopped by the addition of 0.1 mL solution 
of cAMP (50 mM) and ATP (75 mM). The solution was 
heated at 100~ for 1 min, and after cooling, the cAMP 
was isolated by the addition of 0.2 mL of 0.25 mM ZnSO 4 
and 0.2 mL 0.25 mM Ba(OH) 2. The radioactivity re- 
maining in the supernatant was counted in a liquid scin- 
tillation counter after the addition of 10 mL of scintilla- 
tion fluid. The enzyme activity was expressed as pmol of 
cAMP formed/20 min/mg protein. 

Protein and DNA determination. The protein content 
of prepared membranes was determined according to 
the procedure of Lowry and colleagues (24) using bovine 
serum albumin (BSA) as a reference standard, after sol- 
ubilization of membrane preparations in 0.1 N NaOH 
and 1% sodium dodecylsulfate. The DNA content of cells 
was determined fluorometrically, using bibenzimidazole 
dye and calf thymus DNA as a reference standard, ac- 
cording to the procedure of Cesarone et al. (25). 

Statistics. All results are reported as means _+ SEM. 
The significance of the difference between the means 
was analyzed with paired and unpaired Student's t-test 
using StatPackets program (Walonick Associates, Min- 
neapolis, MN). 

RESULTS 

Cellular lipid composition. Table 1 shows that  there is 
no significant difference in cell protein content or DNA 
content of linoleate-, EPA- or DHA-enriched cells when 
compared to oleate-enriched controls. No difference in 
cell growth and viability was observed, as measured by 
cell counts and Trypan Blue exclusion assay, respec- 
tively, upon enrichment with any of the fatty acids (re- 
sults not shown). 
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TABLE 1 

Cell Viabi l i ty  and Pr o t e i n  and DNA Determinat ion  
of  Fat ty  Ac id-Enriched  Cells  a 

Fatty acid Viabilityb 
enrichment Protein DNA (%) 

Oleic 203 _+ 30 9.4 ,+ 1.4 93,7 .+ 2.2 
Linoleic 201 ,+ 29 9.3 ,+ 1.3 93,1 .+ 2.0 
EPA c 211 _+ 26 9.8 ,+ 1.5 92.5 .+ 1.9 
DHA c 208 .+ 25 10.0 ,+ 1.0 93.4 .+ 1.6 
aValues are means .+ SEM and are expresed as ~g/106 cells. All ex- 
~vieriments were done in duplicate (n = 6). 

ability was determined by Trypan Blue exclusion. 
CEPA, eicosapentaenoic acid; DHA, docosahexaenoic acid. 

TABLE 3 

P h o s p h o l i p i d  Ana lys i s  o f  Fa t ty  Ac id-Enriched  Membranes  a 

Fatty acid 
enrichment Sphing0myelin PC PE PI + PS 

Oleic 44.8 .+ 2.0 164.9 .+ 8.1 103.5 .+ 3.4 46.1 _+ 1.6 
Linoleic 43.1 +- 1.7 161.3 .+ 4.7 95.2 _+ 3.0 46.5 _+ 1.7 
EPA 45.1 .+ 1.4 165.3 .+ 5.3 103.9 _+ 3.7 46.4 _+ 1.6 
DHA 40.1+-1.6 b 143.3+-4.0 b 90.0-+3.5 b 44.1.+3.3 

aValues are means .+ SEM, expressed as nmol/mg cell protein. All 
experiments were done in duplicate (n = 7). PI, phosphatidylinosi- 
tol; PS, phosphatidylserine. The amount of lysoPC present was 
negligible in all cells. Other abbreviations as in Table 1. 
bp < 0.05 compared to oleate controls. 

Ce l l s  t r e a t e d  w i t h  E P A  c o n t a i n e d  6.8% of  t h e  t o t a l  
f a t t y  ac ids  as EPA,  a n d  7.5% as i ts  e l o n g a t i o n  p r o d u c t  
22:5. The  D H A - t r e a t e d  cells con ta ined  13% of to ta l  f a t ty  
ac ids  as DHA,  a n d  2.1% as  22:5n-3  (Table  2). T h e  in-  
c r e a s e  in  t h e  t o t a l  n-3 f a t t y  ac id  c o n c e n t r a t i o n  (20:5 + 
22:5 + 22:6) o v e r  t h e  o l e a t e  con t ro l  w a s  s i m i l a r  w i t h  
EPA-  a n d  D H A - t r e a t e d  ce l ls  (12.1 a n d  12.9%, r e spec -  
t ive ly) .  A n a l y s i s  of  t he  f a t t y  ac id  c o m p o s i t i o n  of  t o t a l  
p h o s p h o l i p i d s  a n d  n e u t r a l  l ip ids  ( t r i g l y c e r i d e s ,  f a t t y  
ac ids  a n d  cho l e s t e ry l  e s t e r s )  fo l lowing  t h e i r  s e p a r a t i o n  
on si l ica gel  TLC r e v e a l e d  t h a t  over  95% of  to ta l  EPA or 
D H A  was  a s soc i a t ed  wi th  the  phospho l ip id  f rac t ion  (re- 
su l t s  no t  shown) .  W h e n  c o m p a r e d  to o l e a t e - e n r i c h e d  
cel ls ,  t h e  l i n o l e a t e - e n r i c h e d  cel ls  s h o w e d  a s i g n i f i c a n t  
d e c r e a s e  in  16:0 a n d  18:1n-7 a n d  an  i n c r e a s e  in  18:2, 
18:1n-7 and  20:3n-6. B o t h  E P A - a n d  D H A - e n r i c h e d  cells  
s h o w e d  s i g n i f i c a n t  d e c r e a s e s  in  16:0, 18:1n-9 a n d  
20:4n-6.  The  D H A - e n r i c h e d  cel ls  a lso  s h o w e d  a s ignif i -  
c a n t  d e c r e a s e  in  18:0. T h e r e  was  some  r e t r o c o n v e r s i o n  
of  22:6 to 22:5 and  20:5. However ,  t h e r e  was  no inc rease  
in  22:6 in  E P A - t r e a t e d  cel ls ,  e v e n  t h o u g h  22:5 was  in-  
c r ea sed .  T h e  p h o s p h o l i p i d  a n a l y s i s  r e v e a l e d  t h a t  on ly  
D H A  e n r i c h m e n t  r e s u l t e d  in  s i g n i f i c a n t  d e c r e a s e s  in  
Sph,  PC, and  P E  (Table 3). The  c o n c e n t r a t i o n  o f  choles-  
t e ro l  d e c r e a s e d  in  b o t h  EPA-  a n d  D H A - t r e a t e d  cells .  
However ,  only  D H A - e n r i c h m e n t  r e s u l t e d  in a s ign i f i can t  

TABLE 2 

Fat ty  Ac id  (FA) Compos i t ion  of  Total Membrane  Lipids  
(wt%) a 

Membrane FA supplemented in the medium 

FA 18:ln-9 18:2n-6 20:5n-3 22:6n-3 

14:0 4.0 + 0.3 3.8 _+ 0.3 4.1 _+ 0.7 3.8 ,+ 0.6 
16:0 25.7 .+ 0.9 18.1 .+ 0.9 c 18.9 .+ 0.9 c 18.3 ,+ 0.7 c 
16:1n-7 3.6 .+ 0.4 4.4 _+ 0.7 4.0 _+ 0.2 3.7 ,+ 0.3 
18:0 15.2 .+ 0.9 15.4 .+ 0.6 15.4 .+ 0.7 13.4 ,+ 0.6 
18:1n-9 31.1 .+ 1.7 22.1 _+ 0.8 c 25.6 .+ 1.0 b 21.7 ,+ 0.8 c 
18:1n-7 3.1 .+ 0.3 4.1 _+ 0.7 3.9 .+ 0.6 3.7 ,+ 0.4 b 
18:2n-6 5.6 .+ 0.2 15.7 .+ 1.3 c 5.5 .+ 0.7 5.5 ,+ 0.7 
20:3n-6 nd 4.2 .+ 0.9 c nd nd 
20:4n-6 9.5 .+ 0.8 9.6 .+ 0.6 7.6 .+ 0.7 b 7.1 .+ 0.6 b 
20:5n-3 nd nd 6.8 .+ 0.4 c 2.2 ,+ 0.35 
22:5n-3 nd nd 7.5 .+ 0.7 c 2.1 .+ 0.25 
22:6n-3 4.1 .+ 0.5 4.6 .+ 0.3 2.4 _+ 0.25 13.2 .+ 0.9 c 

aValues are means _+ SEM; each experiment 
in duplicate; nd, not detected. 
bp < 0.05, compared to 18:1 control. 
cp < 0.001, compared to 18:1 control. 

(n = 7) was analyzed 

dec rease  in the  free cho les te ro l /phosphol ip id  ra t io  (Table 
4). A l t h o u g h  the  abso lu te  concen t r a t i ons  of  al l  phospho-  
l ip ids  d e c r e a s e d  in  D H A - e n r i c h e d  cel ls ,  t h e r e  was  no 
s i g n i f i c a n t  c h a n g e  in  t he  S p h / P C  r a t i o  for e i t h e r  EPA-  
or D H A - e n r i c h e d  cells w h e n  c o m p a r e d  to controls .  

M e m b r a n e  f lu id i t y .  The  f lu id i ty  of  fa t ty  ac id -enr i ched  
p l a s m a  m e m b r a n e s  w a s a s s e s s e d  by m e a s u r i n g  t h e  ro- 
t a t i o n a l  m o b i l i t y  of  T M A - D P H .  As th i s  p robe  does  no t  
e n t e r  t he  cells,  i t  is be l i eved  to be specif ic  for t h e  o u t e r  
l ea f le t  of  t he  p l a s m a  m e m b r a n e  of  i n t a c t  cells  (16). O u r  
r e su l t s  show t h a t  t he  f luorescence  an i so t ropy  as wel l  as  
i ts  s t a t i c  c o m p o n e n t ,  t h e  l i m i t i n g  h i n d e r e d  a n i s o t r o p y  
(17), of  D H A - e n r i c h e d  m e m b r a n e s  were  s ign i f ican t ly  de- 
c r e a s e d  w h e n  c o m p a r e d  to o l e a t e  con t ro l s  (Table  5). 
T h e r e  w e r e  no s i g n i f i c a n t  c h a n g e s  in t h e  l i n o l e a t e -  or  
E P A - t r e a t e d  cells. 

A d e n y l a t e  cyc lase  a n d  5"-nucleot idase  ac t i v i t i e s .  
A d e n y l a t e  cyc l a se  a c t i v i t y  was  d e t e r m i n e d  by t h e  for-  
m a t i o n  of  c A M P  f rom ATP a f t e r  s t i m u l a t i o n  w i t h  fluo- 
r ide ,  w h i c h  spec i f i ca l ly  s t i m u l a t e s  t h e  r e g u l a t o r y  pro-  
t e in  s u b u n i t  (22). Resu l t s  p r e s e n t e d  in Table  6 show t h a t  
t h e r e  w a s  no s i g n i f i c a n t  c h a n g e  in  t h e  b a s a l  a c t i v i t y  
upon  l ino lea te ,  E P A  or D H A  e n r i c h m e n t .  However ,  t he  
N a F - s t i m u l a t e d  a c t i v i t y  was  i n c r e a s e d  20% upon  D H A  
e n r i c h m e n t  w h e n  c o m p a r e d  to con t ro l s ,  b u t  no t  w i t h  
l ino lea te  or  EPA en r i chmen t .  

T h e  ac t i v i t y  of  5 ' - n u c l e o t i d a s e  of  p l a s m a  m e m b r a n e s  
was  a s s a y e d  by m e a s u r i n g  the  g e n e r a t i o n  of  a d e n o s i n e  
f rom 5'-AMP. We o b s e r v e d  a 27% i n c r e a s e  in t h e  ac t iv-  
i ty  of  t h i s  e n z y m e  in D H A - t r e a t e d  cel ls  as c o m p a r e d  to 

TABLE 4 

Choles tero l  Leve l s  (free choles tero l )  and Lipid Rat ios  
of  Fa t ty  Ac id-Enriched  Cells  a 

Fatty acid 
enrichment FC FC/PL Sph/PC 

Oleic 20.4 _+ 1.1 0.40 _+ 0.03 0.27 -+ 0.02 
Linoleic 19.4 _+ 0.9 0.39 _+ 0.05 0.26 -+ 0.02 
EPA 19.0 _+ 1.0 b 0.37 _+ 0.04 0.27 _+ 0.01 
DHA 15.6 _+ 0.8 C 0.34 "4" 0.03 b 0.28 -+ 0.02 

aAll values are means -+ SEM. Free cholesterol (FC) values are ex- 
pressed as pg/mg cell protein. Ratios are expressed as mol/mol. 
Experiments (n = 6) were done in duplicates. PL, phospholipids; 
Sph, sphingomyelin; PC, phosphatidylcholine. 
5p < 0.05, compared to oleate controls. 
ep < 0.001 compared to oleate controls. 
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TABLE 5 

F l u o r e s c e n c e  A n i s o t r o p y  o f  F a t t y  A c i d - E n r i c h e d  
M e m b r a n e s  at  37~ a 

Fatty acid Anisotropy Limiting hindered 
enrichment (r) anisotropy 

Oleic 0.244 _+ 0.013 0.219 _+ 0.008 
Linoleic 0.240 _+ 0.012 0.220 _+ 0.008 
EPA 0.238 _+ 0.015 0.218 _+ 0.010 
DHA 0.210 _+ 0.012 b 0.184 _+ 0.009 b 
aAnisotropy (r) was calculated following the equation: r = 2 x P/3- 
P; where P is the polarization value. Limiting hindered anisotropy 
was determined by the equation: r = (4r/3) - 0.1. Values represent 
means _+ SE of six experiments done in duplicates (at least six mea- 
surements of each). Abbreviations as in Table 1. 
bp < 0.05 compared to oleate controls. 

TABLE 6 

A d e n y l a t e  C y c l a s e  a n d  5 ' - N u c l e o t i d a s e  A c t i v i t i e s  
o f  F a t t y  A c i d - E n r i c h e d  M e m b r a n e s  a 

Fatty acid Adenylate cyclase 
enrichment Basal +NaF 5'-Nucleotidase 

Oleic 94 _+ 21 638 _+ 84 64 _+ 13 
Linoleic 88 _+ 21 600 _+ 92 70 _+ 12 
EPA 86 -+ 19 672 -+ 109 73 _+ 14 
DHA 90 _+ 22 780 _+ 94 b 86 -+ 11 b 
aValues are means +_ SEM for nine experiments done in duplicate. 
Adenylate cyclase activity is expressed as pmol adenosine 3',5'- 
monophosphate formed/20 min/mg protein. 5"-Nucleotidase activ- 
ity is expressed as change in absorbance units at 260 nm/30 
min/mg protein (x 102). Abbreviations as in Table 1. 

oleate controls (Table 6). No significant change was ob- 
served upon linoleate or EPA enrichment. 

DISCUSSION 

Although both EPA and DHA belong to the n-3 family of 
fat ty acids, and are interconverted in mammal i an  sys- 
tems, they exhibit significantly different physical char- 
acteristics in vitro. Although its "helical s t ructure"  al- 
lows DHA to behave more like a sa tu ra t ed  fa t ty  acid, 
DHA is still more fluidizing than EPA (26). Studies have 
also shown tha t  these fa t ty  acids are differentially in- 
corporated into various t issues (9). Taken together,  it 
thus also seemed possible tha t  they have different meta- 
bolic effects at the cellular level. 

The results  presented here show tha t  EPA and DHA 
do, indeed, have differential effects on membrane struc- 
ture and function in human  skin fibroblasts. Analysis of 
the fa t ty  acid composit ion of both EPA- and DHA-en- 
riched cells revealed a significant decrease in arachi-  
donic acid (20:4) content. This is in agreement  with pre- 
vious studies (27) and supports  the view tha t  the n-3 
PUFA either compete with 20:4 for the sn-2 position of 
membrane phospholipids or inhibit the formation of 20:4 
from linoleic acid (18:2) (27). As we found no significant 
decrease in 18:2 upon either EPA or DHA enrichment, it 
appears tha t  both mechanisms are active in fibroblasts. 
Trea tment  of cells with EPA resul ted in a 7.5% enrich- 
ment  of the membrane  with 22:5, suggest ing elongase 
activity in our system. 

Only DHA enr ichment  resul ted in a significant de- 
crease in Sph, PE and PC. Because there was no differ- 
ence in the growth of DHA-treated cells when compared 
to oleate- or l inoleate-enriched cells, it appears  tha t  
DHA specifically inhibited phospholipid synthesis. I t  is 
well es tabl ished tha t  (o3 fa t ty  acids inhibit  cytidine- 
t r iphosphate :phosphochol ine  cyt idylyl t ransferase  (28) 
and phosphat idate  phosphohydrolase  (29), two key en- 
zymes in phospholipid synthesis.  Thus, it is likely tha t  
this mechanism was active upon DHA-, but not EPA en- 
richment. 

Cells enr iched with DHA showed a significant in- 
crease in membrane fluidity as measured by TMA-DPH 
anisotropy. Other  indicators of membrane  fluidity were 
also al tered upon DHA enrichment .  These include de- 
creases in membrane  cholesterol and 18:0 levels and a 
reduction in the free cholesterol/phospholipid ratio. Al- 
though we observed a significant decrease in the choles- 
terol content of EPA-enriched cells, there was no change 
in their membrane  fluidity. This may have several rea- 
sons. First ,  the membranes  were enriched with EPA 
only up to 6.8% of total membrane fatty acids, compared 
with 13% for DHA observed upon DHA treatment .  Sec- 
ond, there  was no significant decrease in 18:0 concen- 
tration or in the free cholesterol/phospholipid ratio upon 
EPA enrichment. Finally, the elongation product of EPA, 
docosapentaenoic acid (22:5), which comprised 7.5% of 
the total fatty acids, confers relative rigidity to the mem- 
brane when compared to either 20:5 or 22:6 (26). Our ob- 
servat ion of no change in membrane  fluidity upon 
linoleate enr ichment  is at  var iance with some studies 
(30) and in agreement with others (31). Possible reasons 
for the d ispara te  findings include differences in cell 
types, extent of incorporation of linoleate, and the tech- 
niques employed to determine membrane fluidity. Com- 
puter  modelling of various diacylglycerols (DG) showed 
tha t  the oleate-containing DG are less orderly packed 
than those containing linoleate (32). This too would sug- 
gest theoretically tha t  the fluidity of oleate- and linole- 
ate-enriched membranes  may be different. However, we 
observed no change in the cholesterol content  or free 
cholesterol/phospholipid ratio of l inoleate-treated cells 
when compared to oleate controls. These factors most  
likely account  in par t  for the lack of change in fluidity 
observed upon linoleate enrichment. 

It  has been suggested tha t  the activity of 5'-nucleoti- 
dase depends on the Sph or PC content of the membrane 
(33). Interestingly, we observed an increase in the activ- 
ity of this enzyme despite a reduction in these phospho- 
lipids upon DHA enrichment .  This would suggest  tha t  
another  mechanism, such as changes in the biophysical 
properties of the membranes,  was responsible for the ob- 
served increased activity. For example, an increase in 
the lipid disorder would allow the enzyme more confor- 
mational  freedom, and increase its activity by decreas- 
ing the energy of activation. It  is also possible tha t  a 
modified lipid environment can lead to stabilization of a 
more active conformation of the enzyme. 

The activity of f luoride-st imulated adenylate  cyclase 
was also increased upon DHA enrichment.  The activity 
of this enzyme is believed to be dependent  upon the 
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membrane  cholesterol content (33). Our observations of 
increased activity of this enzyme and a concomitant de- 
crease in the free cholesterol/phospholipid rat io upon 
DHA enr ichment  is at  var iance  with some reported 
work (34), but  in agreement  with some other investiga- 
t ions (15). I t  has  been suggested tha t  an opt imal  lipid 
env i ronment  is necessary  for the maximal  act ivi ty of 
this enzyme (34), and it is possible tha t  DHA treatment,  
which decreases both t he  free cholesterol/phospholipid 
ratio and membrane viscosity, provides such an environ- 
ment. The increased disorder in membrane lipids would 
probably allow a more efficient coupling of adenylate cy- 
clase's regula tory  proteins and catalytic subunits .  Our  
observation of no change in the basal activity of the en- 
zyme is in agreement  with other studies, as it has been 
pos tu la ted  tha t  the basal  act ivi ty is very res i s tan t  to 
changes in membrane lipid composition (9,15,35). 

In conclusion, EPA and DHA have differential effects 
on membrane  lipid composition, fluidity and function of 
h u m a n  skin fibroblasts.  Recently Bates et al. (36) re- 
ported that  t rea tment  of neutrophils with DHA, but not 
with EPA, increased the neutrophi l -mediated endothe- 
lial detachment,  showing that  these fatty acids exert dif- 
ferent ial  effects on neutrophi ls  also. Our  recent  work 
also showed a significant increase in LDL receptor func- 
t ion in DHA- but  not in EPA-enriched fibroblasts  (E. 
Brown and P.V. Subbaiah,  unpubl i shed  observations).  
Fur the rmore ,  recent  studies from our  labora tory  sug- 
gested tha t  the positional specificity of p lasma 
lecithin:cholesterol  acyl t ransferase  is a l tered in the 
presence of 16:0/22:6 PC, but  not in the presence of 
16:0/20:5 PC, resulting in the synthesis of saturated cho- 
lesteryl  ester  in the presence of the former (37). These 
differential effects of EPA and DHA on membrane  and 
lipoprotein metabolism may contribute to the known dif- 
ferences in their anti-atherogenic properties (6,7). 
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To g a i n  s o m e  i n s i g h t  i n t o  t h e  m e c h a n i s m s  i n v o l v e d  in  
the  o p p o s i n g  e f fects  o f  l ino l e i c  ac id  (LA) and  e i cosapen-  
t a e n o i c  a c i d  (EPA) on  t h e  g r o w t h  a n d  i n v a s i v e n e s s  o f  
MDA-MB-435 h u m a n  b r e a s t  c a n c e r  ce l l s ,  t h e  d y n a m i c s  
of  t h e  u p t a k e  b y  ce l l s  and  the  i n c o r p o r a t i o n  of  [14C]LA 
a n d  [14C]EPA i n t o  m a j o r  l ip id  and  p h o s p h o l i p i d  poo l s ,  
as  w e l l  as  the  e f fec t s  o f  u n l a b e l e d  EPA or  LA o n  the  up- 
t a k e  a n d  d i s t r i b u t i o n  o f  [14C]LA or  [14C]EPA, r e s p e c -  
t ive ly ,  w e r e  e x a m i n e d .  Ce l l s  w e r e  e x p o s e d  to  [14C]LA 
(1.28 Dg/mL) or  [14C]EPA (1.0 ~g/mL) and  u n l a b e l e d  EPA 
or  LA, r e s p e c t i v e l y ,  at  0, 1, 4 and  16 ~lg/mL for  24 h in  
s e r u m - f r e e  m e d i a .  T h e  u p t a k e  o f  e a c h  fa t ty  a c i d  (FA) 
w a s  l i n e a r  o v e r  t i m e  a n d  w a s  n o t  a f f e c t e d  by the  pres -  
e n c e  o f  t h e  o p p o s i n g  FA. For  bo th  FA, 80-90% w a s  incor-  
pora ted  in to  the  p h o s p h o l i p i d  frac t ion  w i t h  the  remain -  
i n g  10-20% in  n e u t r a l  l ip ids .  The  r e l a t i v e  d i s t r i b u t i o n  
pro f i l e  o f  [14C]LA a m o n g  the  p h o s p h o l i p i d  c l a s s e s  indi-  
c a t e d  a p r e f e r e n t i a l  i n c o r p o r a t i o n  i n t o  p h o s p h a t i d y l -  
c h o l i n e  (65%), w h e r e a s  l l4C]EPA w a s  m o s t l y  f o u n d  in  
p h o s p h a t i d y l e t h a n o l a m i n e  (58%). In  the  p r e s e n c e  o f  un- 
l a b e l e d  EPA o r  LA at  v a r i o u s  c o n c e n t r a t i o n s ,  c o r r e -  
s p o n d i n g  d o s e - d e p e n d e n t  sh i f t s  o f  [14C]LA or  [14C]EPA 
f r o m  t h e  p h o s p h o l i p i d  to  t h e  n e u t r a l  l i p i d  p o o l  w e r e  
n o t e d ,  w h i c h  d id  n o t  a l t e r  t h e  r e l a t i v e  d i s t r i b u t i o n  o f  
the  FA a m o n g  the  p h o s p h o l i p i d  c l a s s e s .  E x o g e n o u s  ex-  
p o s u r e  to  EPA or  LA i n c r e a s e d  i ts  c o n t e n t  in m e m b r a n e  
p h o s p h o l i p i d s  w h i l e  c o n c u r r e n t l y  d e c r e a s i n g  LA or  EPA 
content ,  re spec t ive ly ,  in  a d o s e - d e p e n d e n t  manner .  Ara- 
c h i d o n i c  ac id  c o n t e n t  o f  m e m b r a n e  p h o s p h o l i p i d s  re-  
m a i n e d  cons tant .  The  d i v e r g e n t  d i s t r i b u t i o n  prof i l e s  o f  
LA and EPA w i t h i n  the  p h o s p h o l i p i d  c o m p a r t m e n t  pro-  
v i d e s  s o m e  in s igh t  in to  the  m e c h a n i s m s  of  the i r  oppos -  
ing  e f f ec t s  on  MDA-MB-435 ce l l  g r o w t h  a n d  i n v a s i v e -  
ness .  Also,  the  e f fec t s  o f  LA and EPA on  the  u p t a k e  and  
d i s t r ibut ion  o f  the ir  o p p o s i n g  FA shed  s o m e  l ight  on the  
m e c h a n i s m s  m e d i a t i n g  the i r  c o m p e t i t i v e  ef fects .  
Lipids 29, 831-837 (1994). 

Modulation of chemically-induced mammary carcino- 
genesis by both the level and type of dietary fatty acids 
(FA) has been demonstrated in rodent models (1-4). 
Moreover, the growth of t ransplantable rodent mam- 
mary carcinomas has been shown to be stimulated by 
feeding diets rich in n-6 FA and to be suppressed by n-3 
FA-rich diets (5-8). Although several mechanisms may 
be involved in these dietary effects, most investigators 
have emphasized a role for prostaglandins and leuko- 

* To whom correspondence should be addressed at Division of Nu- 
trition and Endocrinology, American Health Foundation, 1 Dana 
Road, Valhalla, NY 10595. 
Abbreviations: AA, arachidonic acid; ANOVA, analysis of variance; 
BSA, bovine serum albumin; DHA, docosahexaenoic acid; EPA, 
eicosapentaenoic acid; FA, fatty acid(s); FBS, fetal bovine serum; 
HETE, hydroxyeicosatetraenoic acid; IMDM, Iscove's modified 
Dulbecco's medium; LA, linoleic acid; PC, phosphatidylcholine; PE, 
phosphatidylethanolamine; PI, phosphatidylinositol; PLA2, phos- 
pholipase A2; PS, phosphatidylserine; TLC, thin-layer chromatog- 
raphy. 

trienes derived from linoleic acid (LA) in stimulating 
carcinoma development and progression and an in- 
hibitory influence of n-3 FA on eicosanoid biosynthesis 
(2,4,7). 

Studies from our laboratory have indicated (9-15) 
that FA also influence thegrowth of human breast can- 
cer cells, as well as expression of the metastatic pheno- 
type. Growth of human breast  cancer cell lines in cul- 
ture was stimulated by LA, an n-6 FA, whereas the n-3 
FA eicosapentaenoic acid (EPA) and docosahexaenoic 
acid (DHA) exerted inhibitory effects (9,10); these two 
classes of FA also had corresponding effects on the ca- 
pacity of MDA-MB-435 human breast cancer cells to in- 
vade through a reconstituted basement membrane in an 
in vitro assay (11). In both situations, these opposing ef- 
fects of the n-6 and n-3 FA have been associated with in- 
hibition of lipoxygenase-mediated eicosanoid synthesis 
by the tumor cells (10-12). 

Furthermore, a high-fat diet rich in LA stimulated the 
growth and metastasis of MDA-MB-435 cells when in- 
jected into the mammary fat pads of athymic nude mice 
(13,14), and a high dietary intake of menhaden oil, rich 
in n-3 FA, suppressed the growth and metastasis of this 
cell line in the nude mouse model (15). 

In addition to direct inhibitory effects on enzymes in- 
volved in arachidonate metabolism, the divergent effects 
of n-6 and n-3 FA on breast cancer growth and metasta- 
sis may directly involve the cell membrane phospho- 
lipids which play key roles in intracellular signalling, 
including the generation of eicosanoids (16). Moreover, 
changes in the FA composition of the cell membrane 
phospholipids can alter these pathways (17) and, as 
membrane composition is influenced by dietary FA 
(18,19), nutritional factors are capable of influencing cell 
signalling pathways. 

The present study was undertaken to define and com- 
pare the cellular uptake and the incorporation of LA and 
EPA into the major phospholipid and neutral lipid pools 
of MDA-MB-435 cells in vitro. The influence of EPA and 
LA on the uptake and distribution profiles of LA and 
EPA, respectively, was also established as a preliminary 
investigation of the competitive effects between n-6 and 
n-3 FA. 

MATERIALS AND METHODS 

Materials. [1-14C]Linoleic acid (55 mCi/mmol) and 
[1J4C]eicosa-5,8,11,14,17-pentaenoic acid (58 mCi/ 
mmol) were purchased from Amersham Corp. (Arling- 
ton Heights, IL). Lipid and phospholipid standards and 
insulin were purchased from Sigma Chemical Company 
(St. Louis, MO), and delipidized bovine serum albumin 
(BSA) from Collaborative Biomedical Products (Bedford, 
MA). Thin-layer chromatography (TLC) plates were 
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from Whatman Inc. (Clifton, NJ); Triton X-100 (scintil- 
lation grade) and Budget-Solve scintillation fluid were 
obtained from Research Products International Corpo- 
ration (Mount Prospect, IL). For cell culture, Iscove's 
modified Dulbecco's medium (IMDM) was obtained from 
Gibco (Grand Island, NY), fetal bovine serum (FBS) 
from Upstate Biotechnologies Inc. (Lake Placid, NY) and 
cell culture plates from Coming (Coming, NY). Solvents 
were of high purity high-performance liquid chromatog- 
raphy grade. 

Cell culture. The MDA-MB-435 human breast cancer 
cell line, which is estrogen-independent and estrogen re- 
ceptor negative (20), was provided by J.E. Price (M.D. An- 
derson Cancer Center, Houston, TX). Cells were cultured 
in IMDM supplemented with 5% FBS, penicillin (100 
U/mL), and streptomycin (100 ~g/mL) in a 95% air/5% 
CO 2 incubator. Cell passages from 5 to 28 were used. 

Experimental conditions. Cells were plated in 60-mm 
4 2 culture plates at a density of 2.0 • 10 cells/cm and cul- 

tured for 24 h in 5% FBS-supplemented IMDM. The 
medium was then changed to serum-free IMDM con- 
taining insulin (10 ~g/mL) and delipidized BSA (1.25 
mg/mL). For the first experimental  set, 1.0 HCi of 
[14C]LA (final concentration 1.28 ~g/mL) was added to 
each plate. Duplicate plates also received unlabeled EPA 
at a final concentration of 0.0, 1.0, 4.0 or 16.0 pg/mL. For 
the second experimental  set, a mixture of 0.1 ~Ci of 
[14C]eicosa-5,8,11,14,17-pentaenoic acid and unlabeled 
EPA was added to each plate to yield a final concentra- 
tion of 1.0 ]~g/mL. Duplicate plates also received unla- 
beled LA at a final concentration of 0.0, 1.0, 4.0 or 16.0 
~g/mL. Cells were exposed to the FA for 24 h. All FA 
were prepared in USP ethanol (200 proof), and the final 
ethanol concentration in the culture media was 0.1%. 

For the preparation of cells for FA analysis by gas 
chromatography, cells were plated in 100-mm culture 
plates at 2.0 • 104 cells/cm 2 and received unlabeled FA 
at concentrations stated in the above protocols. Five 
plates of cells per condition were treated, washed as de- 
scribed later, scraped, and pooled into 500 ~L phosphate 
buffered saline. Aliquots (10 HL) were removed for pro- 
tein determination (Bio-Rad, Richmond, CA). 

Cellular uptake of [14C]fatty acids. Aliquots of media 
from labeled cells were removed and counted at various 
t ime points from 0-24 h to determine FA uptake. Per- 
cent uptake was calculated as: 

(cpm at time 0) - (cpm at time point) x 100 
cpm at time 0 

Results represent the mean _+ SE of three experiments 
performed in duplicate. 

Analysis of [14C]fatty acid distribution among cellular 
phospholipids and neutral lipids. Cells were washed 
once with serum-free IMDM containing insulin (10 
]Jg/mL) and delipidized BSA to remove unincorporated 
FA, and twice with PBS. Cells were scraped into 500 
PBS, and lipids were extracted with 2.25 mL of 
CHC13/MeOH (1:2, vol/vol), 0.1 mL distilled H20, 
0.75 mL CHC13 and 0.75 mL 4M KC1, according to the 
method of Bligh and Dyer (21). The CHC13/MeOH (1:2, 

vol/vol) solvent mixture containecl phosphatidylcholine 
(PC), phosphatidylethanolamine (PE), phosphatidyli- 
nositol (PI), and phosphatidylserine (PS) standards. The 
extract  was dried under N 2, resuspended in 200 ~L 
CHC13/MeOH (1:2, vol/vol) and applied to a 60A silica 
gel TLC plate. Phospholipids, neutral  lipids and a 
triglyceride standard were separated using the solvent 
system chloroform/methanol/acetic acid (65:45:4, by vol) 
(22). The following Rf values were determined in this 
solvent system: PC (0.07), PE (0.42), PUPS (0.22), and 
triglyceride (neutral lipid; 0.85). Lipids were made visi- 
ble by exposure to iodine vapors, scraped from the plate, 
eluted from the silica gel with methanol/Triton X-100 
(6:1, vol/vol), and quantitated by scintillation counting. 
Results represent the mean -+ SE of three independent 
experiments performed in duplicate. 

FA analysis by gas chromatography. Lipids were ex- 
tracted according to the method of Folch et al. (23). 
Briefly, 0.2 volumes of 0.12 M KC1 and 4.5 mL of 
CHCI3/MeOH (2:1, vol/vol) containing 50 ~g/mL dipen- 
tadecanoyl phosphatidylcholine as internal  s tandard 
were added to 0.5 mL of cell suspension. The mixture 
was vortexed for 2 min, centrifuged at 1000 x g for 10 
min, and the lower phase containing the lipids was 
evaporated to dryness under N 2. The residue was recon- 
st i tuted in 6 mL of acetone saturated with MgC12 and 
stored overnight at -20~ The acetone phase contain- 
ing neutral lipids was discarded, and the remaining pre- 
cipitate (phospholipid phase) was redissolved in meth- 
anol/benzene (4:1, vol/vol). Transesterification of FA was 
performed as described by Lepage and Roy (24). The FA 
methyl esters were separated and quantified by gas 
chromatography (Hewlett Packard 5890A; Hewlett- 
Packard, Palo Alto, CA) on a 30 m • 0.25 mm capillary 
column (Supelco, Bellefonte, PA). Helium was used as 
carrier gas, and the temperature was programmed from 
145 to 181~ at l~ Individual FA methyl esters 
were identified by comparison with known standards 
(Nu-Chek-Prep, Elysian, MN). Single determinations 
from two independent experiments are presented. 

Statistics. Data were analyzed using the SigmaStat  
program and one-way analysis of variance (ANOVA) or, 
when necessary, the Kruskal-Wallis ANOVA on Ranks, 
followed by the Student Newman Keuls Test. Values of 
P < 0.05 were considered significant. 

RESULTS 

Time-course studies were performed to establish a pro- 
file for the uptake of LA and EPA by MDA-MB-435 cells 
and to determine the effect of competition between the 
two FA on their respective uptakes. MDA-MB-435 cells 
steadily accumulated [14C]LA and [14C]EPA during the 
first 8-16 h of exposure, after which little further accu- 
mulation was noted (Fig. 1). The initial rate of cellular 
uptake was greater for [14C]EPA with 3-fold and 1.6-fold 
higher rates from 0-4 h and 4-16 h, respectively, as 
compared to [14C]LA. Uptake was nearly maximal 
(-90%) at 16 h for both FA; for convenience, the 24-h 
time point was chosen for subsequent FA incorporation 
experiments. [14C]LA (1.28 pg/mL) uptake was not af- 
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FIG. 1. T i m e - c o u r s e  o f  u p t a k e  o f  [14C]l inole ic  a c i d  (LA) a n d  
[ 1 4 C ] e i c o s a p e n t a e n o i c  a c i d  (EPA)  i n t o  M D A - M B - 4 3 5  c e l l s .  
C e l l s  (2 • 104 c e l l s / c m  2) w e r e  t r e a t e d  w i t h  1.0 ~Ci o f  [14C]LA 
(@) o r  0.1 DCi o f  [14C]EPA (�9 f o r  24 h i n  s e r u m - f r e e  m e d i a .  
A l i q u o t s  o f  m e d i a  w e r e  c o u n t e d  as  d e s c r i b e d  in  t h e  Ma te r i -  
a l s  a n d  M e t h o d s  s e c t i o n  to  d e t e r m i n e  p e r c e n t  f a t t y  a c i d  up-  
t a k e s .  D a t a  a r e  e x p r e s s e d  as  m e a n  • SE o f  t h r e e  e x p e r i -  
m e n t s  p e r f o r m e d  in  d u p l i c a t e .  

fected by exogenous supplementat ion of EPA at concen- 
t ra t ions  of 1, 4 or 16 lag/mL (Fig. 2A). Similarly, LA did 
not subs tan t ia l ly  reduce the [14C]EPA up take  rate ,  al- 
though a slight dose-dependent  inhibit ion reached sta- 
tistical significance (Fig. 2B). 

Comparison of the degree of esterification of the labeled 
FA into the two lipid classes revealed similar profiles with 
80% of [14C]LA and 93% of [14C]EPA incorporated into 
phospholipids and 20 and 7% into neutra l  lipids, respec- 
tively (Fig. 3A). However, the relative distribution of in- 
corporated [14C]LA and [14C]EPA differed substant ia l ly  
among the phospholipid fractions. Of the phospholipid- 

14 14 associated [ C]LA, 65% of [ C]LA was incorporated into 
PC, and 21% and 14% into the PE and PI/PS fractions, re- 
spectively. For [14C]EPA, the major phospholipid incorpo- 
ra t ion site was PE with 58% incorporation,  followed by 
PC with 25% and PUPS with 17% (Fig. 3B). These propor- 

14 14 tional distributions for [ C]LA and [ C]EPA within the 
phospholipid compar tment  of MDA-MB-435 cells were 
not al tered by concurrent  exposure to graded concentra- 
tions of unlabeled EPA or LA, respectively (data not  
shown). Free  FA accounted for only 1-3% of the total  
lipids under  all experimental conditions. 

The effects of unlabeled EPA and LA on the incorpo- 
ra t ion  of [14C]LA and [14C]EPA, respectively,  into the 
lipid pools of MDA-MB-435 cells were examined  next.  
Exposure of cells to [14C]LA plus graded concentrations 
of un labe led  EPA (1, 4 and 16 pg/mL) signif icant ly re- 
duced [14C]LA incorporation into the phospholipid frac- 
t ion in a concen t ra t ion-dependen t  m a n n e r  (Fig. 4A). 
However, the sensit ivity of the effect of EPA on [14elLA 
incorporat ion into phospholipids was not  re la t ive ly  
marke d  since 4-fold and 16-fold g rea te r  amounts  were 
required to produce 25 and 60% reductions, respectively. 
A similar profile was obtained for the effect of unlabeled 
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FIG.  2. A. E f f e c t  o f  E P A  o n  t h e  u p t a k e  r a t e  o f  [14C]LA i n t o  
MDA-MB-435 cells. Cel l s  w e r e  e x p o s e d  to  1.0 pCi o f  []4C]LA 
(1.28 pg/mL f i n a l  c o n c e n t r a t i o n )  plus 0 (O), 1 (@), 4 (A) or 16 
(&) pg/mL u n l a b e l e d  E P A  fo r  24 h i n  s e r u m - f r e e  m e d i a .  
A l i q u o t s  o f  m e d i a  w e r e  c o u n t e d  to  d e t e r m i n e  p e r c e n t  
[]4C]LA uptake. B. E f f e c t  o f  L A  o n  t h e  u p t a k e  r a t e  o f  
[14C]EPA i n t o  MDA-MB-435 cells. C e l l s  w e r e  e x p o s e d  to 0.1 
~Ci o f  [14C]EPA (1.0 pg/mL f i n a l  c o n c e n t r a t i o n )  plus 0 (�9 1 
(@), 4 (A) or 16 (&) ~ g / m L  u n l a b e l e d  LA fo r  24  h in  s e r u m -  
f r e e  m e d i a .  A l i q u o t s  o f  m e d i a  w e r e  c o u n t e d  to  d e t e r m i n e  
p e r c e n t  [14C]EPA u p t a k e .  D a t a  r e p r e s e n t  m e a n  • SE o f  t h r e e  
e x p e r i m e n t s  p e r f o r m e d  in  d u p l i c a t e ;  *P < 0.05 vs. 0 pg/mL 
LA. A b b r e v i a t i o n s  as  in  Figure 1. 

LA on the incorporat ion of [14C]EPA into the phospho- 
lipid fraction (Fig. 4B), which may suggest tha t  LA and 
EPA are equally sensi t ive to the effects of its opposing 
FA. For  both exper imenta l  sets, the  decreases in phos- 
pholipid incorporation were accompanied by correspond- 
ing increases of the [14C]FA into the neu t ra l  lipid com- 
par tment .  

F u r th e r  analyses of the effects of unlabeled EPA and 
LA on the distribution of [14C]LA and [14C]EPA, respec- 
tively, among the three  phospholipid fractions (PC, PE, 
PI/PS) were performed to de te rmine  the  specific phos- 
pholipid involved in a t t enua t ion  of [14C]FA incorpora-  
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FIG. 3. A. Incorporation of [HC]LA and [z4C]EPA into the 
phospholipid and neutral lipid compartments of MDA-MB- 
435 cells. Cells were exposed to 1.0 pCi of [14C]LA (solid bar) 
or 0.1 pCi of [14C]EPA (hatched bar) for 24 h in serum-free 
media. Lipids were extracted, separated by thin-layer chro- 
matography, and counted to determine the percent incor- 
poration of [14C]LA and [HC]EPA into phospholipids and 
neutral lipids. B. Percent distribution of [14C]LA (solid bar) 
and [14C]EPA (hatched bar) among the phospholipid 
fractions. Data are presented as a percentage of total 
phospholipids. Values represent mean _+ SE of three experi- 
ments performed in duplicate. Abbreviations as in Figure 1; 
PC, phosphatidylcholine; PE, phosphatidylethanolamine; 
PI/PS, phosphatidylinositol/phosphatidylserine. 

tion. Unlabeled EPA dose-dependent ly  decreased 
[14C]LA incorporat ion into PC, PE and PI/PS; at  the 
highest dose (16 pg/mL EPA), [14C]LA incorporation was 
reduced to -40% (Fig. 5A). Similarly, [14C]EPA incorpo- 
ration into PC, PE and PUPS was reduced by unlabeled 
LA (Fig. 5B) a l though [Z4C]EPA appeared  more sensi- 
tive to the effects of LA as less incorporation (-25%) was 
observed in the presence of 16 pg/mL LA. For both 
[14C]LA and [14C]EPA, the decrement  of incorporat ion 
by its respective opposing FA was relat ively equal  in 
each phospholipid fraction. 

Table 1 depicts the FA profile of the phospholipid frac- 
tion of MDA-MB-435 cells exposed to graded concentra- 
tions of LA and EPA. Exposure of cells to 1.3 pg/mL LA, 

lOO~ B 

 ot\ . 

~:a. 80 [ 

, / *  --o 
20 

a. 0 
0 .0  4 . 0  8 .0  12 .0  16 .0  

~g/mL LA 

FIG. 4. A. Effect of EPA on []4C]LA incorporation into phos- 
pholipid and neutral  lipid compartments of MDA-MB-435 
cells. Cells were exposed to 1.0 ~Ci of []4CILA and unlabeled 
EPA as described in the Materials and Methods section. 
Lipids were extracted, separated by TLC, and counted to 
determine percent incorporation of [14C]LA into phospho- 
lipid (C)) and neutral  lipids (0); *P < 0.05 vs. 0 Dg/mL EPA. 
B. Effect of LA on [14CIEPA incorporation into phospholipid 
and neutral lipid compartments of MDA-MB-435 cells. Cells 
were exposed to 0.1 ~Ci of [14C]EPA and unlabeled LA as de- 
scribed in the Materials and Methods section. Lipids were 
extracted, separated by TLC, and counted to determine per- 
cent incorporation of [Z4C]EPA into phospholipid (O) and 
neutral lipids (e). Values represent the mean -* SE of three 
experiments performed in duplicate; *P < 0.05 vs. 0 pg/mL 
LA. Abbreviations as in Figure 1. 

plus increas ing concentra t ions  of EPA, resul ted in a 
dose-dependent decrease in the LA content of membrane 
phospholipids and a corresponding increase in EPA con- 
tent. Conversely, t rea tment  of cells with 1.0 pg/mL EPA 
plus graded concentra t ions  of LA produced a dose-re- 
lated reduction of EPA composition of membrane  phos- 
pholipids and a corresponding increase in LA content.  
In both exper imenta l  sets, no significant changes  in 
arachidonic acid (AA) content of the phospholipids were 
noted. Also, the contents  of palmitic and stearic acids 
were not altered. Representation of the data normalized 
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FIG. 5. A~ E f f e c t  o f  EPA o n  the  i n c o r p o r a t i o n  o f  []4C]LA i n t o  
p h o s p h a t i d y l c h o l i n e  (PC),  p h o s p h a t i d y l e t h a n o l a m i n e  (PE),  
a n d  p h o s p h a t i d y l i n o s i t o l / s e r i n e  (PI /PS)  f r a c t i o n s  o f  MDA- 
MB-435  ce l l s .  Ce l l s  w e r e  e x p o s e d  to  1.0 pCi o f  [14C]LA a n d  1 
( s o l i d  bar ) ,  4 ( d o u b l e  h a t c h e d - b a r )  or  16 ( s i n g l e - h a t c h e d  
bar)  pg/mL u n l a b e l e d  EPA as d e s c r i b e d  in  t h e  M a t e r i a l s  a n d  
M e t h o d s  s e c t i o n .  T h e  i n c o r p o r a t i o n  i n t o  e a c h  p h o s p h o l i p i d  
f r a c t i o n  is  e x p r e s s e d  as  a p e r c e n t a g e  o f  t h e  c o n t r o l  (no  EPA 
e x p o s u r e )  s e t  at  100%. B. E f f e c t  o f  LA o n  []4C]EPA i n c o r p o -  
r a t i o n  i n t o  PC,  P E  a n d  PI /PS  f r a c t i o n s  o f  MDA-MB-435  ce l l s .  
Ce l l s  w e r e  e x p o s e d  to  0.1 ~Ci o f  [14C]EPA a n d  I ( so l id  bar) ,  4 
( d o u b l e - h a t c h e d  bar) ,  or  16 ( s i n g l e - h a t c h e d  bar)  ]~,/mL un-  
l a b e l e d  LA as  d e s c r i b e d  in  t h e  M a t e r i a l s  a n d  M e t h o d s  s ec -  
t i on .  T h e  i n c o r p o r a t i o n  i n t o  e a c h  p h o s p h o l i p i d  f r a c t i o n  i s  
e x p r e s s e d  as  a p e r c e n t a g e  o f  t h e  c o n t r o l  (no  LA e x p o s u r e )  
se t  at  100%. V a l u e s  r e p r e s e n t  t h e  m e a n  • SE o f  t h r e e  e x p e r i -  
m e n t s  p e r f o r m e d  in  d u p l i c a t e ;  *P < 05 vs.  c o n t r o l .  A b b r e v i -  
a t i o n s  as  in  F i g u r e  1. 

to protein yielded the same trends as i l lustrated in 
Table 1 (data not shown). 

DISCUSSION 

As far as we are aware, analyses of the distribution pro- 
files of LA and EPA in cultured human breast  cancer 
cells have not been reported previously. The present  
study documents the incorporation of LA and EPA into 
the major lipid pools of MDA-MB-435 cells and demon- 
strates that  this incorporation is altered by the compet- 
ing FA. LA and EPA were found to be preferentially es- 

terified to phospholipids, which is consistent with the 
phospholipid pool constituting the major site of FA in- 
corporation in both cultured normal and transformed 
human cells (25-30). 

The primary difference in the distribution profiles of 
LA and EPA was that  LA was preferentially esterified 
to PC whereas EPA was mostly incorporated into PE. 
This pattern of distribution may suggest a possible bio- 
chemical mechanism for their  opposing biological ef- 
fects, which involve the substrate specificity of phospho- 
lipase A 2 (PLA2) , the rate-limiting enzyme in the biosyn- 
thesis of eicosanoids. If PC is the preferential substrate 
for PLA 2 in MDA-MB-435 cells, and PC the primary in- 
corporation site for LA, then PLA 2 activity would result 
in release of free LA, which would be subsequently con- 
verted to AA and ultimately metabolized to series two 
eicosanoids. Alternatively, if PLA 2 exhibits substrate 
specificity for PE, the phospholipid which incorporates 
EPA, then PLA2-mediated release of EPA would gener- 
ate series three eicosanoids with their different effects. 
Therefore, the distinct phospholipid esterification sites 
of the two FA can potentially lead to the generation of a 
differing spectrum of eicosanoids with divergent biologi- 
cal actions. 

The uptake of the n-6 and n-3 FA was not suppressed 
by up to 16-fold greater concentrations of the opposing 
FA, indicating that  interference of cellular uptake does 
not account for the competitive effects of LA and EPA. 
However, EPA was effective in channeling LA from the 
phospholipid to the neutral  lipid pool; LA similarly al- 
tered the distribution of EPA. These results concur with 
earlier reports of competition between FA for esterifica- 
tion into phospholipids. For example, in cultured fibro- 
blasts, EPA and AA have been shown to independently 
inhibit incorporation of LA into the total phospholipid 
fraction while concurrently shunting LA into triacylglyc- 
erols (28). Likewise, in neuroblastoma cells, LA incorpo- 
ration into triacylglycerols increased markedly, and in- 
corporation into phospholipids decreased in the pres- 
ence of increasing concentrations of 18:3n-3, 18:3n-6, 
and 20:3n-6 FA (25). It has been suggested that the com- 
petition for FA esterification into phospholipids is con- 
sistent with a relatively restricted phospholipid accep- 
tor pool which does not expand in response to an influx 
of exogenous FA (25,28). However, the neutral lipid pool 
does appear to enlarge to store the excess FA, thereby 
serving as a cytoplasmic lipid storage site for the dis- 
placed FA. In the present study, the shunting of LA or 
EPA by its opposing FA from the phospholipid compart- 
ment, a site involved in intracellular signaling, to a neu- 
tral lipid reserve pool suggests an alternate mechanism 
for the competitive effects of LA and EPA. 

A number of investigators have examined the LA and 
EPA content of chemically-induced mammary carcino- 
mas or transplantable tumor cells in rodents fed diets of 
differing FA composition; in general, the tumor FA pro- 
files reflected the dietary intakes (2-4,7,31). Jurkowski 
and Cave (3) reported that  tumorigenesis was sup- 
pressed as the level of menhaden oil in the diet in- 
creased and that  levels of EPA and DHA also increased 
in N-nitrosomethylurea-induced rat mammary carcino- 
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TABLE 1 

Content of Linoleic Acid (LA), Eicosapentaenoic Acid (EPA) and Arachidonic Acid (AA) in PhosphoUpids of MDA-MB-435 
Cells Exposed to Graded Concentrations of LA and EPA a 

Fatty acid content (~g/5 plates) 
Fatty acid treatment (~g/mL) LA EPA AA 

LA EPA Expt. 1 Expt. 2 Expt. 1 Expt. 2 Expt. 1 Expt. 2 

1.3 0.0 24.49 24.18 ND ND 11.88 10.67 
1.3 1.0 21.34 21.77 6.26 5.62 10.49 9.02 
1.3 4.0 18.72 21.20 16.80 16.11 8.99 10.19 
1.3 16.0 13.75 12.23 31.82 26.38 9.75 6.46 

0.0 1.0 3.61 7.50 9.07 7.39 12.78 10.28 
1.0 1.0 20.04 19.67 7.58 4.97 10.88 9.58 
4.0 1.0 47.37 42.45 2.00 1.88 11.64 8.68 

16.0 1.0 82.89 88.07 ND 1.44 7.43 9.29 
aCells were plated at 2 x 104 cells/cm 2 (100-mm plates) and treated for 24 h with unlabeled LA and EPA at the indicated concentrations. 
For each experiment (Expt.), five plates of cells per condition were treated and pooled for fatty acid analysis. Results are reported as pg 
fatty acid per five plates of cells. Single determinations from two separate experiments are presented. ND, not detected. 

mas; there were also corresponding slight decreases in 
LA and AA. Similarly, Gabor and Abraham (8) demon- 
s t ra ted  tha t  feeding fish oil to mice bear ing a t rans-  
plantable m a m m a r y  adenocarcinoma suppressed tumor  
growth; also, there was a reduction in the proportion of 
AA in the tumor  total  FA content  as the n-3 FA in- 
creased. In the present  s tudy of cultured MDA-MB-435 
cells, the relat ive proport ions of LA and EPA in the 
membrane phospholipids were determined by their con- 
centrat ions in the medium. Yet, there were no changes 
in AA, an n-6 FA, which is produced from LA. The rela- 
tively short  exposure t ime (24 h) of the cells to the FA 
may be responsible for the lack of change in AA content. 
In contrast  to this result  of a short - term in vitro study, 
we have reported tha t  solid tumors  formed by this 
breast  cancer cell line in the m a m m a r y  fat pads of nude 
mice show significant reduct ions  in both phospholipid 
LA and AA, together  with pros taglandin  E2, when di- 
etary n-3 FA were increased by feeding a 17% menhaden 
oil/5% corn oil diet for 12 wk (32). 

Growth of es t rogen- independent  h u m a n  breas t  can- 
cer cell lines in vitro are s t imula ted  by LA, an effect 
which is associated with enhanced  biosynthesis  of 
l ipoxygenase products,  principally 12- and 15-(S)-hy- 
droxyeicosatetraenoic acids (HETE), and is blocked by 
esculetin, a selective l ipoxygenase inhibitor  (10; and 
Liu, X.-H., Connolly, J.M., and Rose, D.P., manusc r ip t  
submit ted  for publication). Moreover, the growth and 
metastasis of MDA-MB-435 cell solid tumors in athymic 
nude mice is inhibited by feeding EPA or DHA, and here 
there are also highly significant reductions in tumor tis- 
sue 12-HETE and 15-HETE, together  with prosta-  
glandin E2, concentrat ions (Rose, D.P., Connolly, J.M., 
Rayburn ,  J., and Coleman, M., manusc r ip t  submi t ted  
for publication). While these observations imply the in- 
volvement  of the eicosanoids in the opposing effects of 
d ie tary  n-6 and n-3 FA in vivo (14,15), o ther  mecha-  
nisms mus t  also be considered. For  example, the FA 
composition of the membrane  can al ter  the activi ty of 
membrane-bound enzymes (33), some of which play key 

roles in intracellular signalling. Also, the cell membrane 
FA composit ion determines  its fluidity (34) which, in 
turn,  may  influence the accessibility of protein hor- 
mones (33,35), and perhaps  growth factors, to their  
membrane-associated receptors. 

In conclusion, this s tudy establishes the distr ibution 
profiles of LA and EPA in a h u m a n  breas t  cancer cell 
line and also defines pre l iminary competitive effects of 
the two opposing FA on cellular up take  and phospho- 
lipid incorporation.  These data  provide a first step to- 
ward future investigations which will be designed to elu- 
cidate the biochemical mechanisms responsible for the 
divergent  effects of LA and EPA on the growth and in- 
vasiveness of human  breast  cancer cells. 
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The ef fect  of  z inc  d e f i c i e n c y  on  the  l e v e l s  of  n-6 and  n-3 
p o l y u n s a t u r a t e d  fa t ty  a c i d s  (PUFA) in l i p i d s  f r o m  tis-  
sues  of  rats  fed a d ie t  c o n t a i n i n g  l i n s e e d  oi l  w a s  invest i -  
gated .  Rats  w e r e  fed e i t h e r  a contro l  d ie t  (25 m g  Zn/kg) 
or  a z i n c - d e f i c i e n t  d ie t  (0.8 m g  Zn/kg) for 10 d. To a v o i d  
e n e r g y  and n u t r i e n t  def ic iency ,  11.6 g of  d ie t  per  day w a s  
a d m i n i s t e r e d  by  gas t r i c  tube .  At the  e n d  of  the  exper i -  
m e n t ,  rats  fed the  z i n c - d e f i c i e n t  d ie t  had  dras t i ca l ly  re- 
d u c e d  p l a s m a  z i n c  c o n c e n t r a t i o n  a n d  a l k a l i n e  phos -  
p h a t a s e  a c t i v i t y  c o n s i s t e n t  w i t h  s e v e r e  z inc  d e f i c i e n c y  
in t h e s e  rats .  Z inc-def ic ient  rats  had  h i g h e r  l eve l s  o f  n-3 
PUFA,  in  p a r t i c u l a r  e i c o s a p e n t a e n o i c  ac id  (EPA), and  
l o w e r  l e v e l s  of  n-6 PUFA,  in  p a r t i c u l a r  l i n o l e i c  acid,  in 
l i v e r  and p l a s m a  p h o s p h a t i d y l c h o l i n e  (PC) and in  ery-  
t h r o c y t e  m e m b r a n e  tota l  l ip ids  than  d id  contro l  rats .  By  
c o n t r a s t ,  t h e  l e v e l s  o f  n-3 PUFA in  PC f r o m  t e s t e s  a n d  
h e a r t ,  and  in  p h o s p h a t i d y l e t h a n o l a m i n e  (PE) f r o m  
l iver ,  t e s t e s  and  hear t ,  w e r e  o n l y  s l i g h t l y  d i f f e r e n t  be-  
t w e e n  z i n c - d e f i c i e n t  a n d  c o n t r o l  rats .  T h e  s t u d y  sug- 
g e s t s  that  d e s a t u r a t i o n  o f  a - l i n o l e n i c  ac id  is no t  inhib-  
i t e d  by  z i n c  d e f i c i e n c y ,  a n d  that  in  z i n c - d e f i c i e n t  rats ,  
n-3 PUFA p r e f e r e n t i a l l y  i n c o r p o r a t e d  i n t o  p h o s p h o -  
l i p i d s  at the  e x p e n s e  o f  n-6 PUFA, e s p e c i a l l y  EPA in to  
PC.  The  s t u d y  a l so  s h o w s  tha t  the  e f f ec t  of  z i n c  defi-  
c i e n c y  on  PUFA l e v e l s  is  d i f f erent  for PC and PE in rat  
t i s sues .  
Lipids 29, 839-844 (1994). 

Zinc deficiency has  been shown to accentua te  essent ia l  
f a t ty  acid (EFA) deficiency in ra ts ,  and  an  in te rac t ion  
be tween  zinc and  EFA me tabo l i sm  has  been  proposed 
(1). A n u m b e r  of s tudies  on the role of zinc in EFA me-  
tabol i sm have  been u n d e r t a k e n  to examine  the  effects 
of zinc deficiency on the fa t ty  acid composit ion of phos- 
pholipids, neu t r a l  lipids and total  lipids in var ious  tis- 
sues (2-10). In some of these studies, zinc deficiency was 
shown to elevate linoleic acid levels and to lower arachi- 
donic acid levels in ra t  t i ssue lipids (3-5,9), and  it  was  
thus  concluded tha t  zinc plays a role in the desa tura t ion  
of linoleic acid. This  would also be cons is tent  wi th  re- 
por ts  on lowered in vitro A5 and A6 desa tu r a se  activi- 
t ies in severa l  t i ssues  of zinc-deficient ra t s  (3,4,11). By 
contrast ,  other  invest igators  have  repor ted tha t  arachi-  
donic acid levels were not lowered (6,7), or even elevated 
(8), in t i ssues  of zinc-deficient  rats .  The  l a t t e r  s tudies  
suggested t ha t  zinc would not play a significant role in 
fa t ty  acid desaturat ion.  

In previous studies in teres t  main ly  focused in the ef- 
fects of zinc on the desa tura t ion  of linoleic acid, and thus  
in most  of these exper iments  ra ts  were fed diets contain- 
ing oils r ich in linoleic acid, such as corn oil (2-6,9) or 

*To whom correspondence should be addressed. 
Abbreviations: DHA, docosahexaenoic acid; DPA, docosapentaenoic 
acid; EFA, essential fatty acids; EPA, eicosapentaenoic acid; HPLC, 
high-performance liquid chromatography; MUFA, monounsatu- 
rated fatty acids; PC, phosphatidylcholine; PE, phosphatidyl- 
ethanolamine; PUFA polyunsaturated fatty acids; SFA, saturated 
fatty acids. 

safflower oil (7). However, fa t ty  acid desa turases  do not 
only ca ta lyze  d e s a t u r a t i o n  of f a t ty  acids of the  n-6 se- 
ries, bu t  also ca ta lyze  de sa tu r a t i on  of n-3 f a t ty  acids. 
Yet, to our knowledge, the effect of zinc deficiency on the 
desa tu ra t ion  of fa t ty  acid of the n-3 series has  not been 
invest igated.  In the present  study, ra t s  were  fed a zinc- 
deficient  diet  conta in ing  l inseed oil which conta ins  
nea r ly  60% a-l inolenic  acid, and  the  levels of n-3 very  
long chain po lyunsa tura ted  fa t ty  acids (PUFA) were ex- 
amined  in var ious  t i ssue  lipids to moni tor  the  effect of 
zinc deficiency on the  de sa tu r a t i on  of a- l inolenic  acid. 
Thus,  the  p r e sen t  s tudy  should help  in c lar i fying 
whether  zinc deficiency impairs  desa tura t ion  or not. 

I t  is a common difficulty when s tudying tha t  ra t s  af ter  
a few days  on a zinc-deficient  diet  reduce food in take  
(12,13). Thus,  the effect of zinc deficiency is confounded 
by unde rnou r i shmen t  in exper iments  in which ra t s  are 
expected  to vo lun ta r i ly  consume zinc-deficient  diets  
(14-17). Reduced food intake is also known to affect de- 
sa tu ra t ion  of PUFA (7). In the  p resen t  study, ra t s  were 
therefore force-fed by gastric tube to control food intake.  
Force-feeding has  been shown to be a practical approach 
when  s tudy ing  the  effect of sho r t - t e rm  zinc deficiency 
without  having resul ts  confounded by insufficient nutri-  
ent  i n t ake  (14-18).  In a previous  s tudy  (19) r a t s  were  
force-fed e i ther  a zinc-deficient diet with coconut oil, or 
a zinc-deficient diet with fish oil. In tha t  study, zinc-de- 
ficient ra ts  fed the coconut oil diet developed a fa t ty  liver 
whereas  those fed the fish oil diet did not. This  finding 
suggested tha t  the effect of zinc deficiency on liver lipid 
levels depends on the dietary fat. Thus, the effect of zinc 
deficiency on l iver lipid levels in ra ts  which were force- 
fed a diet containing linseed oil was also investigated. 

MATERIALS AND METHODS 

Animals, diets and tube feeding. Twenty-five male  SPF 
Sprague-Dawley  ra t s  weighing 123 _+ 6 g (Savo GmbH,  
Kisslegg, Ge rmany)  were divided into two groups.  The 
control group consis ted of 12 ra ts ;  the deplet ion group 
consisted of 15 ra ts  because of the higher r isk of mortal-  
ity. The ra t s  were  housed indiv idual ly  in Macrolon 
cages. A daily 12-h l igh t /dark  cycle and a t e m p e r a t u r e  
of 23~ and 60% relative humidi ty  were maintained.  

All ra t s  were force-fed a semisynthet ic  diet by gastr ic 
tube four t imes a day (0800, 1300, 1800, 2300) as earl ier  
described in detail  (17). The composition of the basic ex- 
pe r imenta l  diet is shown in Table 1. The depletion diet 
conta ined  0.8 mg Zn/kg, the control diet  was  sup- 
p lemented with zinc sulfate to give a zinc concentrat ion 
of 25 mg/kg.  The composi t ion of the l inseed oil was  
as follows (in g/100 g fa t ty  acids): pa lmi t ic  acid (16:0), 
5.3; stearic acid (18:0), 3.7; oleic acid (18:1), 19.7; linoleic 
acid (18:2n-6), 14.5; and  a-l inolenic acid (18:3n-3), 
56.8; o ther  f a t ty  acids were  p resen t  only in t races  
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TABLE 1 

Composi t ion of  the Exper imental  Diet  

Ingredient Amount (g/kg) 

Casein 200 
Corn starch 328 
Sugar 300 
Fiber (cellulose) 30 
Linseed oil 80 
Mineral mixture a 40 
Vitamin mixture b 20 
DL-Methionine 2 
aMinerals per kg diet: Na2HPO 4 �9 2 H20, 8.80 g; KH2PO 4, 8.20 g; 
KC1, 6.00 g; MgC12 ~ 6 H20, 3.40 g; CaCO3, 13.6 g; FeSO 4 �9 7 H20 
248.8 mg; CuSO 4 �9 7 H20  , 47.2 mg; MnSO 4 �9 5 H20 , 123.1 mg; KI, 
9.0 mg; NiSO 4 �9 6 H 2 0  , 4.48 mg; NaMoO 4 �9 2 H20,  0.50 mg; 
SnC12 �9 2H20, 0.57 mg; Na2SeO 3 �9 5 H20, 0.67 mg; CrC13 ~ 6 H20, 
0.51 mg; NH4VO 3, 0.23 rag; Na2SiO 3 ~ 5 H20, 1.51 mg. 
bVitamins per kg diet: 1.7 mg all-trans retinol; 7.5 pg cholecalcif- 
erol; 150 mg all-rac-a-tocopherol; 5 mg menadione sodium bisul- 
rite; 5 mg thiamin �9 HC1; 10 mg riboflavine; 6 mg pyridoxine �9 HCl; 
50 mg Ca pantothenate; 20 mg nicotinic acid; 1000 mg choline chlo- 
ride; 0.2 mg folic acid; 0.025 mg cyanocobalamin; sugar to 20 g. 

(<0.1 g/100 g fa t ty  acids). Diet slurries were freshly pre- 
pa r ed  before each feeding by mix ing  the  dry  d ie ta ry  
componen t s  (92 g) wi th  l inseed oil (8 g) and  60 m L  of 
doubly distilled wa te r  (with or without  zinc sulfate). Im- 
m e d i a t e l y  before feeding, the  s lu r ry  was  hea t ed  in a 
glass bott le a t  50~ for a few minutes .  The gastr ic  tube 
consisted of a 5-mL syringe connected to a slide catheter. 
Dur ing  tube  feeding, the  r a t s  were  conscious and  held 
by hand.  The ca the te r  was inser ted  into the s tomach of 
the  ra ts ,  and  the  s lu r ry  was  slowly injected. To avoid 
con tamina t ion ,  zinc-deficient  r a t s  were  a lways  fed be- 
fore the  control ra ts .  Each  r a t  received 4 m L  of s lu r ry  
per  feeding (equal to 11.6 g of food per day). The ra ts  had  
free access to d r ink ing  w a t e r  (doubly dist i l led water ,  
s u p p l e m e n t e d  wi th  0.14 g/L sodium chloride to ad jus t  
osmolari ty to tha t  of tap water).  

After 8 d, the ra ts  fed the depletion diet showed symp- 
toms  of zinc deficiency such as spa r se  and  coarse hair ,  
skin  lesions a round  the  mouth ,  eyes  and  paws,  ataxy,  
and  le thargy;  the  r a t s  appea red  severe ly  ill. At days  9 
and 10 of the experiment ,  two ra ts  fed the zinc-deficient 
diet  died. Therefore ,  the  e x p e r i m e n t  had  to be te rmi-  
nated.  At day  11 of the  e x p e r i m e n t  12 h a f t e r  the  las t  
' feeding, all r a t s  were  killed by decapi ta t ion  a f t e r  l ight  
d ie thyl  e the r  anes thes ia .  Blood was  collected f rom the 
neck into heparinized tubes, and liver, hear t ,  tes tes  and 
the  m e s e n t e r y  of the  smal l  in tes t ine  were  excised. 
P l a s m a  and  t i ssue  samples  were  s tored a t  -80~ unt i l  
analyzed. 

Lipid analyses. Lipids of liver, hear t ,  testes,  e ry thro-  
cyte m e m b r a n e s ,  m e s e n t e r y  of smal l  in tes t ine ,  and  
p l a sma  were  ext rac ted  with  n-hexane/ isopropanol  (3:2, 
vol/vol; containing buty la ted  hydroxytoluene as antioxi- 
dant) according to H a r a  and Radin (20). Pr ior  to extrac- 
tion, erythrocytes were washed three  t imes with sodium 
chloride solut ion (9 g/L), and  hemolyzed.  E ry th rocy t e  
membrane  f ragments  were washed  three  t imes with hy- 
potonic Tris buffer, pH 7.4 (21). 

Phosphol ipids  of the ex t rac t  were  sepa ra ted  by high- 
performance liquid chromatography (HPLC) (22) using a 

Merck-Hitachi  (Darmstadt ,  Germany)  sys tem consisting 
of a gradient  pump (L-6200), a diode a r ray  (L-3000), a 25 
cm x 0.4 cm ( in ternal  d iamete r )  Si 60 (5 pan) car t r idge  
(LiChroCART, Merck), an  in t eg ra to r  (D-2000), and  a 
f ract ion collector (Model 201; Gilson, Villiers-le-Bel, 
France).  The g rad ien t  sys t em consis ted of the  mobile 
phases  (i) acetonitr i le ,  (ii) acetonitr i le/85% phosphoric  
acid (99.8:0.2, vol/vol), and (iii) methanol/85% phosphoric 
acid (99.8:0.2, vol/vol). This  method  allowed base  line 
separa t ion  of all major  phospholipid classes. In  the pre- 
sent  study, phosphat idylchol ine  (PC) includes all sub- 
classes of choline glycerophosphol ipids  and  phos- 
pha t idy l e thano lamine  (PE) all e t hano l amine  glyc- 
erophospholipids. All lipids to be analyzed for their  fat ty  
acid composi t ion were  t r a n s m e t h y l a t e d  wi th  boron tri- 
f luor ide /methanol  (100 g/L) r eagen t  (23). Fa t t y  acid 
me thy l  es ters  were s epa ra t ed  by capi l la ry  gas  chro- 
m a t o g r a p h y  (S ichromat  2-8; Siemens,  Kar l s ruhe ,  Ger- 
many)  using a p rogrammed  t empera tu re  vaporizing in- 
ject ion sys tem,  a f lame-ionizat ion detector  and  a 50 m 
CP-Sil 88 WCOT capillary column (Chrompack,  Middle- 
burg,  The Nether lands) .  Frac t ions  were  identif ied by 
comparing their  retention t imes with those of individual 
pure s tandards,  and were quantified relative to heptade-  
canoic acid methyl  ester  used as internal  s tandard  (24). 

For m e a s u r e m e n t  of liver total  cholesterol and triglyc- 
er ides,  ex t rac ted  lipids were  dissolved in Tri ton X-100 
as described by De Hoffe t  al. (25). Total cholesterol and 
tr iglycerides were de te rmined  using enzymat ic  reagent  
ki ts  obta ined  f rom Boehr inger  (Mannheim,  Germany) .  
Concentrat ions of liver phospholipids were calculated by 
the  amoun t  and  the  mean  molecular  m a s s  of its bound 
f a t ty  acids a f te r  s epa ra t ion  of phosphol ip ids  by HPLC 
and gas chromatographic  fa t ty  acid analysis  (22). 

Zinc analyses and activity of alkaline phosphatase. 
The zinc concent ra t ion  of blood p l a s m a  was m e a s u r e d  
directly by asp i ra t ing  a dilute solution (1:5, vol/vol) into 
a f lame of an  a tomic  spec t ropho tome te r  (model 5100; 
Perkin-Elmer,  Uberlingen,  Germany).  The activity of al- 
ka l ine  p h o s p h a t a s e  (E.C. 3.1.3.1) in p l a s m a  was  mea-  
su red  us ing  commerc ia l  ki t  r eagen t s  (Boehringer)  and  
an auto analyzer  (Hitachi, Model 704; Boehringer). 

Data analysis. T r e a t m e n t  effects were  eva lua t ed  by 
ana lys i s  of va r i ance  us ing  Mini tab  ( re lease  7.2) soft- 
ware  (MINITAB, Inc., Sta te  College, PA). 

RESULTS 

Growth and zinc status. The ini t ia l  body weight  was  
122.5 • 6.7 g (mean • SD) for the control ra t s  and 123.2 _+ 
5.6 g for the ra t s  fed the  zinc-deficient diet. Dur ing the  
first eight days of the experiment ,  the weight  gain of the 
r a t s  fed the  two diets  was  s imilar ;  the  body weigh t  a t  
day  8 was 154.4 _+ 7.2 g for the control ra t s  and 152.1 • 
4.7 g for the zinc-deficient rats.  Thereaf ter ,  the zinc-de- 
ficient ra t s  ceased to grow, whereas  the control ra ts  con- 
t inued  the i r  weight  gain. The final body weight  a t  day  
11 was 169.5 • 6.6 g for the control ra t s  and  152.0 • 6.6 
g for the zinc-deficient ra t s  (P < 0.05). The zinc concen- 
t r a t i on  in p l a s m a  was  15.3 -+ 2.0 pmol/L in the  control  
ra t s  and 4.4 _+ 0.6 pmol/L in the zinc-deficient rats .  The 
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TABLE 2 

F a t t y  A c i d  C o m p o s i t i o n  o f  P h o s p h a t i d y l c h o l i n e  f r o m  L i v e r  a n d  P l a s m a  o f  C o n tr o l  
a n d  Z i n c - D e f i c i e n t  R a t s  a 
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Liver  P l a s m a  

F a t t y  Acid Control  Zinc-def ic ient  Control  Zinc-def ic ient  
(mol/100 mol) (mol/100 mol) (mol/100 mol)  (mol/100 mol)  

S a t u r a t e d  44.44 • 1.06 45.46 • 1.93 45.58 • 0.98 b 47.97 _+ 2.14 c 
~: M o n o u n s a t u r a t e d  10.84 +_ 0.745 9.67 • 0.90 c 10.24 _+ 0.785 8.86 • 0.80 c 
18:2n-6 14.06 • 1.135 10.30 • 1.98 c 19.12 • 1.135 14.93 • 2.54 c 
Metabo l i t e s  

18:3n-6 0.16 • 0.03 0.18 • 0.03 0.10 _+ 0.03 0,13 • 0.04 
20:3n-6 0.91 • 0.105 0.62 • 0.14 c 1.05 • 0.145 0.66 • 0.11 c 
20:4n-6 10.86 • 0.53 10.40 • 0.92 10.10 -+ 0.60 9.69 • 1.13 
22:4n-6 0.09 _+ 0.04 0.09 _+ 0.03 0.10 • 0.03 0.08 • 0.02 
22:5n-6 0.15 • 0.05 0.13 • 0.03 0.21 • 0.08 0.20 • 0.06 

18:3n-3 1.81 • 0.255 2.61 • 0.36 c 1.64 • 0.305 2.66 • 0.75 c 
Metabol i tes  

20:5n-3 7.46 • 0.74 b 11.85 -+ 1.21 c 4.91 • 0.545 9.69 _ 1.13 c 
22:5n-3 2.19 • 0.465 1.82 • 0.23 c 2.07 • 0.425 1.64 • 0.25 c 
22:6n-3 5.87 • 0.73 5.90 • 0.86 4.31 • 0.46 4.09 • 0.82 

)5 (n-6) 26.52 • 1.065 21.91 • 2.66 c 31.02 -+1.045 25.92 _+ 1.97 c 
(n-3) 17.84 • 1.465 22.70 • 1.38 c 13.16 • 0.915 17.21 • 1.47 c 

3~ (n-6)/~(n-3) 1.50 _ 0.165 0.97 • 0.17 r 2.37 • 0.195 1.52 • 0.20 c 

a M e a n  • SD (n = 12 for control  group;  n = 13 for z inc-def ic ient  group).  M e a n s  were  c o m p a r e d  by pa i r s  (Zn § 
vs. Zn-)  w i t h i n  one t i s sue .  Values  wi th  d i f fe rent  s u p e r s c r i p t s  (b, c) a re  s ign i f ican t ly  d i f ferent  (P < 0.05). 

a c t i v i t y  o f  a l k a l i n e  p h o s p h a t a s e  i n  p l a s m a  w a s  3 9 7  • 7 1  

U n i t s / L  i n  t h e  c o n t r o l  r a t s  a n d  1 6 3  • 4 8  U n i t s / L  i n  t h e  

z i n c - d e f i c i e n t  r a t s .  

F a t t y  ac id  compos i t i on  o f  l ip ids .  T h e  f a t t y  a c i d  c o m -  

p o s i t i o n  o f  P C  f r o m  l i v e r  a n d  p l a s m a  i s  s h o w n  i n  T a b l e  2.  

T h e  e f f e c t  o f  z i n c  d e f i c i e n c y  o n  f a t t y  a c i d  c o m p o s i t i o n  

w a s  s i m i l a r  i n  l i v e r  a n d  p l a s m a  P C .  T o t a l  m o n o u n s a t u -  

r a t e d  f a t t y  a c i d s  ( M U F A ) ,  l i n o l e i c  a c i d  ( 1 8 : 2 n - 6 ) ,  d i -  

h o m o - ' h l i n o l e n i c  a c i d  ( 2 0 : 3 n - 6 ) ,  d o c o s a p e n t a e n o i c  a c i d  

( D P A ,  2 2 : 5 n - 3 )  a n d  t o t a l  n - 6  P U F A  w e r e  l o w e r  i n  l i v e r  

a n d  p l a s m a  P C  o f  z i n c - d e f i c i e n t  r a t s ;  c r  a c i d  

( 1 8 : 3 n - 3 ) ,  e i c o s a p e n t a e n o i c  a c i d  ( E P A ,  2 0 : 5 n - 3 )  a n d  t o t a l  

n - 3  P U F A  w e r e  e l e v a t e d  i n  l i v e r  a n d  p l a s m a  P C  o f  z i n c -  

d e f i c i e n t  r a t s .  I n  p l a s m a  P C ,  t o t a l  s a t u r a t e d  f a t t y  a c i d s  

TABLE 3 

F a t t y  A c i d  C o m p o s i t i o n  o f  P h o s p h a t i d y l c h o l i n e  f r o m  Tes te s  a n d  H e a r t  o f  C o n tr o l  
a n d  Z i n c - D e f i c i e n t  R a t s  a 

Tes tes  H e a r t  

Control  Zinc-def ic ient  Control  Zinc-def ic ient  
F a t t y  acid (mol/100 mol) (mol/100 mol) (mol/100 mol) (mol/100 mol) 

S a t u r a t e d  47.70 • 0.39 47.88 • 1.40 41.16 • 0.93 41.02 _+ 0.85 
?" M o n o u n s a t u r a t e d  18.32 • 0.405 19.01 _+ 0.48 c 10.14 • 0.61 10.07 _+ 0.79 
18:2n-6 4.79 • 0.27 4.60 • 0.45 11.84 • 1.565 13.61 _+ 1.74 c 

Metabol i tes  
18:3n-6 0.18 • 0.07 0.16 +- 0.06 0.05 • 0.02 0.05 _+ 0.01 
20:3n-6 1.31 • 0.11 1.34 • 0.12 0.49 • 0.07 0.45 • 0.04 
20:4n-6 12.23 • 0.335 11.80 • 0.52 c 20.56 • 0.835 18.30 • 0.91 r 
22:4n-6 0.85 • 0.05 0.82 -+ 0.06 0.43 • 0.04 0.44 _+ 0.03 
22:5n-6 10.86 • 0.40 10.47 • 0.69 0.31 • 0.07 0.35 • 0.10 

18:3n-3 0.14 _+ 0.05 0.15 • 0.04 1.36 • 0 .18  b 1.64 • 0.22 c 
Metabol i tes  

20:5n-3 0.41 • 0.055 0.56 -+ 0.10 r 1.81 • 0.20 1.93 • 0.20 
22:5n-3 0,14 • 0.015 0.16 • 0.02 c 4.22 • 0.48 4.23 -+ 0.55 
22:6n-3 1.86 • 0.15 1.82 _+ 0.26 6.61 • 0.56 6.97 _+ 0.97 
(n-6) 30,59 _+ 0.435 29.60 • 1.18 c 33.95 _~ 1.15 33.43 • 1.30 

(n-3) 2.60 _+ 0.18 2.74 • 0.29 14.22 • 0.74 15.00 _+ 1.24 
5: (n-6)/~ (n-3) 11.84 • 0.885 10.89 _+ 1.06 c 2.40 ~- 0.16 2.25 • 0.27 

a M e a n  _+ SD (n = 12 for control  group;  n = 13 for z inc-def ic ient  group).  M e a n s  were  c o m p a r e d  by pa i r s  (Zn + 
vs. Zn-)  w i t h i n  one t i s sue .  Values  wi th  d i f fe rent  s u p e r s c r i p t s  (b,c) a re  s ign i f ican t ly  d i f ferent  (P < 0.05). 
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T A B L E  4 

Fatty Acid Composi t ion of  Phosphat idy le thanolamine  from Liver, Testes and Heart of  Control and Zinc.Defic ient  Rats a 
Liver  Tes tes  H e a r t  

Control  Zinc-def ic ient  Control  Zinc-def ic ient  Control  Zinc-def ic ient  
F a t t y  acid (mol/100 tool) (mol/100 mol)  (mol/100 tool) (mol/100 mol)  (mol/100 mol) (mol/100 mol)  

~, S a t u r a t e d  45.27 • 0.785 46.35 • 1.16 c 32.34 +_ 0.60 32.08 • 0.76 42.70 • 1.07 42.98 • 0.82 
~', M o n o u n s a t u r a t e d  4.93 • 0.54 5.19 • 0.74 10.43 • 0.825 11.23 • 0.78 c 6.28 • 0.59 6.27 • 0.72 
18:2n-6 5.75 • 0.625 4.52 • 0.99 r 3.44 • 0.23 b 2.97 • 0.28 c 6.39 • 0.79 7.04 • 0.84 
Metabol i tes  

18:3n-6 0.06 • 0.015 0.07 • 0.01 c . . . .  
20:3n-6 0.45 • 0.055 0.33 • 0.09 r 0.77 • 0 .07  b 0.70 • 0.08 r 0.26 • 0.03 0.26 • 0.04 
20:4n-6 11.41 _+ 0.775 11.55 • 0.73 c 21.63 • 0.67 21.38 • 1.12 15.84 • 0.91 15.48 • 1.23 
22:4n-6 0.09 • 0.02 0.09 • 0.01 2.58 • 0.175 2.45 • 0.06 c 0.53 • 0.17 0.56 • 0.07 
22:5n-6 0.14 • 0.07 0.18 • 0.05 21.68 • 0.63 21.57 • 0.82 1.07 +_ 0.12 1.07 • 0.10 

18:3n-3 1.18 ___ 0.205 2.63 • 0.50 c 0.15 • 0.03 0.15 • 0.02 1.30 • 0 .18  b 1.47 • 0.21 c 
Metabol i tes  

20:5n-3 10.97 • 0.68 11.53 • 1.23 0.70 • 0.085 0.85 • 0.10 c 1.24 • 0.17 1.23 • 0.17 
22:5n-3 4.29 • 0.755 3.49 • 0.48 c 0.44 • 0.06 0.46 • 0.10 4.48 • 0.51 4.61 +- 0.52 
22:6n-3 14.54 • 1.305 13.27 • 1 .5V 4.40 • 0.40 4.75 • 0.47 18.91 • 1.67 18.15 • 2.17 

~, (n-6) 18.08 • 1.155 16.85 • 1.26 r 50.37 • 1.20 b 49.35 • 1.11 c 24.30 • 1.30 24.57 • 2.01 
(n-3) 31.34 • 1.42 31.30 • 1.36 5.69 • 0.43 b 6.21 • 0.50 c 26.04 • 1.45 25.56 • 1.95 
(n-6)/~ (n-3) 0.58 +_ 0.06 0.54 • 0.05 8.90 • 0.715 8.00 • 0.70 c 0.94 _+ 0.09 0.97 • 0.15 

aMean  • SD (n  = 12 for control  group;  n = 13 for z inc-def ic ient  group).  M e a n s  were  compa red  by pa i r s  (Zn § vs. Zn-)  w i t h i n  one t i s sue .  Val- 
u e s  w i th  d i f fe rent  s u p e r s c r i p t s  (b, c) a re  s ign i f ican t ly  d i f fe rent  (P < 0.05). 

( S F A )  w e r e  a l s o  h i g h e r  i n  z i n c - d e f i c i e n t  r a t s  t h a n  i n  c o n -  

t r o l  r a t s ,  a n d  z i n c - d e f i c i e n t  r a t s  h a d  a d e c r e a s e d  t o t a l  

n - 6 / n - 3  P U F A  r a t i o  i n  l i v e r  a n d  p l a s m a  P C .  

T h e  f a t t y  a c i d  c o m p o s i t i o n  o f  P C  f r o m  t e s t e s  a n d  h e a r t  

i s  s h o w n  i n  T a b l e  3.  T h e  e f f e c t s  o f  z i n c  d e f i c i e n c y  o n  t h e  

f a t t y  a c i d  c o m p o s i t i o n  o f  t e s t e s  a n d  h e a r t  P C  w e r e  l e s s  

p r o n o u n c e d  t h a n  t h e  e f f e c t s  o n  t h e  f a t t y  a c i d  c o m p o s i -  

t i o n  o f  l i v e r  a n d  p l a s m a  P C .  T o t a l  M U F A ,  E P A  ( 2 0 : 5 n - 3 )  

a n d  D P A  ( 2 2 : 5 n - 3 )  w e r e  s i g n i f i c a n t l y  e l e v a t e d  i n  t e s t e s  

P C  o f  z i n c - d e f i c i e n t  r a t s ,  w h e r e a s  a r a c h i d o n i c  a c i d  

( 2 0 : 4 n - 6 )  a n d  t o t a l  n - 6  P U F A  w e r e  l o w e r .  T h e  t o t a l  

n - 6 / n - 3  P U F A  r a t i o  i n  t e s t e s  P C  w a s  l o w e r  i n  z i n c - d e f i -  

c i e n t  r a t s  t h a n  i n  c o n t r o l  r a t s .  T h e  o n l y  e f f e c t  o f  z i n c  d e -  

f i c i e n c y  o n  h e a r t  P C  s e e n  w a s  a n  e l e v a t i o n  o f  l i n o l e i c  

a c i d  ( 1 8 : 2 n - 6 )  a n d  a - l i n o l e n i c  a c i d  ( 1 8 : 3 n - 3 ) .  

T h e  f a t t y  a c i d  c o m p o s i t i o n  o f  P E  f r o m  l i v e r ,  t e s t e s  a n d  

T A B L E  5 

Fatty Acid Composi t ion of  Total Lipids  from Erythrocyte Membranes  and Mesentery 
of  Small  Intest ine of  Control and Zinc-Deficient Rats a 

Ery th rocy te  m e m b r a n e s  M e s e n t e r y  of  sma l l  i n t e s t i n e  

Control Zinc-def ic ient  Control  Zinc-def ic ient  
F a t t y  acid (mol/100 tool) (tool/100 mol)  (mol/100 tool) (mol/100 mol) 

5: S a t u r a t e d  48.79 • 0.97 48.82 • 1.32 34.12 • 1.74 34.50 • 0.91 
T. M o n o u n s a t u r a t e d  13.79 • 1.41 13.98 • 1.07 34.94 • 1.15 35.78 • 1.62 
18:2n-6 8.81 • 0.725 7.77 • 0.83 c 13.48 -+ 0.77 12.96 • 1.06 
Metabo l i t e s  

18:3n-6 0.07 • 0.025 0.09 • 0.02 c 0.06 • 0.01 0.08 • 0.03 
20:3n-6 0.46 • 0.04 0.40 • 0.10 0.10 • 0.03 0.10 • 0.02 
20:4n-6 14.64 • 1.07 14.66 • 1.11 0.24 • 0.09 0.24 • 0.04 
22:4n-6 0.80 • 0.09 0.83 • 0.08 - -  - -  
22:5n-6 0.52 • 0.04 0.53 • 0.05 - -  - -  

18:3n-3 1.66 • 0.14 b 1.92 • 0.20 c 16.00 -+ 1.19 15.14 • 1.48 

Metabol i tes  
20:5n-3 2.84 • 0.34 b 3.24 • 0.27 r 0.20 • 0.07 0.24 • 0.04 
22:5n-3 3.28 • 0.28 3.21 • 0.35 0.27 • 0.07 0.30 • 0.03 
22:6n-3 3.03 • 0.26 3.04 • 0.29 0.16 -+ 0.07 0.19 • 0.04 

5: (n-6) 25.62 • 1.23 24.63 • 1.88 14.10 • 0.83 13.62 • 1.09 
Y~ (n-3) 11.03 • 0.67 11.64 • 0.72 16.84 • 1.35 16.10 • 1.49 

(n-6)/~ (n-3) 2.33 • 0.11 b 2.12 • 0.18 c 0.84 • 0.10 0.86 • 0.13 

a M e a n  • SD (n  = 12 for control  group;  n = 13 for z inc-def ic ient  group).  M e a n s  were  c o m p a r e d  by pa i r s  (Zn + 
vs.  Zn-)  w i t h i n  one t i s sue .  Values  wi th  d i f fe ren t  supe r sc r i p t s  (b, c) a re  s ign i f ican t ly  d i f fe rent  (P < 0.05). 
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TABLE 6 

C o n c e n t r a t i o n s  o f  L ip ids  in  L iver  o f  Contro l  
a n d  Z inc -Def i c i en t  Rats  a 

Control Zinc-deficient 
Lipid (mg/g liver) (mg/g liver) 

Triglycerides 29.1 _+ 9.5 28.1 _+ 13.4 
Total cholesterol 2.49 _+ 0.53 b 2.01 + 0.42 c 
Phosphatidylcholine 12.1 _+ 1.2 b 13.6 _+ 1. I c 
Phosphatidylethanolamine 7.37 _+ 0.79 7.06 _+ 1.02 

aMean +_ SD (n = 12 for control group; n = 13 for zinc-deficient 
group). Values with different superscripts (b, c) are significantly 
different (P < 0.05). 

hea r t  is shown in Table 4. In  general ,  the  effects of zinc 
deficiency on PE were  less p ronounced  t h a n  those  on 
PC. Total SFA, 7-1inolenic acid (18:3n-6) and ~-linolenic 
acid (18:3n-3) were elevated in liver PE of zinc-deficient 
rats ,  whereas  linoleic (18:2n-6), dihomo-~/-linolenic acid 
(20:3n-6), docosate t raenoic  acid (22:4n-6) and tota l  n-6 
PUFA were  lower. Testes  PE from zinc-deficient  r a t s  
con ta ined  h igher  levels  of to ta l  MUFA, EPA (20:5n-3) 
and  to ta l  n-3 PUFA and lower levels of linoleic acid 
(18:2n-6), dihomo-y-linolenic acid (20:3n-6), docosate-  
t raenoic  acid (22:4n-6) and  to ta l  n-6 PUFA t h a n  t h a t  
f rom control ra ts .  Zinc-deficient  r a t s  also had  a lower  
total  n-6/n-3 PUFA rat io for tes tes  PE. In hea r t  PE, the 
only change seen due to zinc deficiency was a slight ele- 
vat ion of ~-linolenic acid. 

The fa t ty  acid composition of total  lipids from erythro- 
cyte m e m b r a n e s  and the mesen te ry  of small  intest ine is 
shown in Table 5. In ery throcyte  m e m b r a n e  total  lipids 
of zinc-deficient ra ts ,  linoleic acid (18:2n-6) was lower, 
bu t  to ta l  n-3 PUFA and, in par t icular ,  a- l inolenic acid 
(18:3n-3) and  EPA (20:5n-3) were  e levated.  Zinc-defi- 
cient ra t s  also had  a lower total  n-6/n-3 PUFA rat io for 
e ry th rocy te  m e m b r a n e  lipids. In cont ras t ,  zinc defi- 
ciency did not change the fa t ty  acid composition of total  
lipids from mesen te ry  of small  intestine. 

Liver lipids levels. Control ra t s  and zinc-deficient ra t s  
had  s imi la r  l iver  t r ig lycer ide  and  PE concen t ra t ions  
(Table 6). By cont ras t ,  to ta l  cholesterol  was lower in 
zinc-deficient  r a t s  t h a n  in control  ra ts ,  and  PC was  
higher  in zinc-deficient ra t s  t han  in control rats.  

DISCUSSION 

The present  s tudy was under taken  to invest igate  the ef- 
fect of zinc deficiency on the  fa t ty  acid pa t t e rn s  of r a t s  
fed a diet rich in ~-linolenic acid. For this purpose, a r a t  
model was used t ha t  permi t s  induction of a severe zinc 
deficiency wi thou t  hav ing  the  observed  effects due to 
zinc deficiency dis tor ted  by changes  due to energy  and  
nu t r i en t  in take.  The d i sadvan tage  of the model is t h a t  
it can only be used for shor t - t e rm s tudies  because  r a t s  
force-fed a diet containing extremely low zinc concentra- 
tions cannot  survive beyond 10 or 12 d. In zinc-deficient 
ra t s  tha t  consumed the diet ad libitum, plasma alkaline 
phospha tase  activity, which is an approximate  indicator 
of the  zinc s t a t e  (26,27), was  g rea t ly  reduced a l r eady  

af ter  2 to 4 d on a zinc-deficient diet (28,29). This means  
tha t  a zinc-deficient s ta te  existed only for approximate ly  
6 to 8 d. Although the model we used may  be physiologi- 
cally less relevant ,  it is useful to s tudy the effects of very 
severe zinc deficiency. In physiologically more re levan t  
models ,  the  effects of zinc deficiency on f a t ty  acid me-  
tabol i sm are  typical ly being inves t iga ted  us ing  moder-  
ately zinc-deficient ra t s  (9), which typically consume ad- 
equate  quant i t ies  of food. However, effects due to severe 
zinc deficiency migh t  r ema in  h idden  when  us ing  these  
models. 

In  the  p re sen t  s tudy  the effect of zinc deficiency on 
fa t ty  acid metabol ism was examined by following its ef- 
fect on the  f a t ty  acid composi t ion of PC and PE. These  
two phospholipid classes r ep resen t  approx imate ly  80% 
of the  to ta l  phosphol ip ids  in r a t  liver, h e a r t  and  tes tes  
and  a p p r o x i m a t e l y  90% of to ta l  phosphol ip ids  in r a t  
p l a s m a  (30), and  mos t  of the  PUFA is assoc ia ted  wi th  
there  phospholipid fract ions (31). In general ,  fa t ty  acid 
composi t ions can be modif ied by a va r i e ty  of processes  
(31), and changes in fa t ty  acid compositions alone do not 
allow specific conclusions to be d rawn about  any  of the 
individual processes. Nevertheless ,  the observat ion tha t  
the levels of EPA in liver phospholipids were unchanged 
or even e levated  sugges ts  t h a t  zinc deficiency does not 
affect A5 and A6 desa tura t ion  of a-linolenic acid, at  least  
not within the t ime f rame of the present  study. This dis- 
agrees  wi th  the  resu l t s  of some ear l ie r  s tudies  which 
showed tha t  zinc deficiency inhibited h5 and A6 desatu-  
ra t ion (3-5,9,11) in ra ts  fed diets containing oils rich in 
n-6 fa t ty  acids. In  the p resen t  study, the effects of zinc 
deficiency on the fa t ty  acid composition of phospholipids 
were more pronounced in liver and p lasma  than  in other 
t i s sues  inves t iga ted .  This  m igh t  be due to the  h igher  
turnover  ra tes  of phospholipids in liver t han  in other  tis- 
sues (32). 

An in te res t ing  observa t ion  in the  p resen t  s tudy  was  
tha t  zinc-deficient ra t s  had  elevated levels of EPA in PC 
but  not  in PE. This  could indica te  t h a t  zinc deficiency 
m a y  a l te r  the  incorporat ion of EPA into PC. Increased  
levels of EPA in PC were recently also observed in zinc- 
deficient  r a t s  which had  been  force-fed a fish oil diet  
(19). By cont ras t ,  the  levels of a- l inolenic  acid were  
h igher  in both  PC and PE. However,  in this and  recent  
s tudies  (18,19), independen t  of the d ie ta ry  fat, the lew 
els of linoleic acid were reduced in ra ts  which had  been 
force-fed with zinc-deficient diets. This is in contras t  to 
resul ts  obta ined on ra t s  t ha t  consumed a zinc-deficient 
diet  ad libitum (4,5,9,33). The lower levels of  linoleic 
acid we observed in the present  s tudy m a y  be due to in- 
creased oxidation.  The  increased  levels of linoleic acid 
which have  been repor ted  in the  l i t e r a tu re  were  sug- 
gested to be due to reduced desa tura t ion  (4,5,9,33). 

The level of arachidonic acid, which is often used as a 
m e a s u r e  of d e s a t u r a t i o n  (5,9,33), was  not  changed  by 
zinc deficiency in ei ther  PC or PE. However, it should be 
noted t h a t  feeding a diet  r ich in a- l inolenic  acid is 
known to suppress  the desa tura t ion  of linoleic acid (34) 
which is ref lected by lower levels of a rachidonic  acid 
compared  with  ra ts  fed diets containing fats  wi th  lower 
levels of n-3 fa t ty  acids (3-9,33). 
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I n  a p r e v i o u s  s tudy,  r a t s  w h i c h  we re  force-fed a zinc- 
def ic ien t  d i e t  b a s e d  p r e d o m i n a t e l y  on coconut  oil devel -  
oped  f a t t y  l i ve r s ,  w h e r e a s  r a t s  fed  a z i n c - d e f i c i e n t  d i e t  
b a s e d  p r e d o m i n a t e l y  on f ish  oil d id  no t  (19). I n  t h e  pre-  
s e n t  s t udy ,  t o t a l  l i p i d  a n d  t r i g l y c e r i d e  l eve l s  in  l i v e r  
w e r e  no t  d i f f e r e n t  b e t w e e n  c o n t r o l  a n d  z i n c - d e f i c i e n t  
r a t s .  Th i s  sugges t s  t h a t  l i n seed  oil, l ike  f ish  oil, c an  pre-  
v e n t  t h e  f o r m a t i o n  of  f a t t y  l i v e r  w h i c h  h a s  b e e n  ob- 
s e r v e d  in  r a t s  fo rce - fed  z i n c - d e f i c i e n t  d i e t s  b a s e d  on 
coconut  oil. 
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In  t he  p r e s e n t  study,  c h a n g e s  in  p h o s p h o l i p i d  c o m p o s i .  
t ions  of  l iver  microsomes ,  erythrocyte  membranes ,  plate-  
lets,  aorta,  card iac  m u s c l e  and  bra in  of  rats  fed o l ive  oi l  
were  compared  w i t h  those  of  rats  fed sunf lower  oil.  Four  
g r o u p s  o f  rats  s t a r t i n g  at w e a n i n g  w e r e  fed  for  four  
w e e k s  a basa l  d ie t  c o n t a i n i n g  5 or 25% o l i v e  oi l  or sun-  
f l o w e r  oi l .  We f o u n d  tha t  o l e i c  ac id  w a s  h i g h e r  an d  
l i n o l e i c  ac id  w a s  l o w e r  in  m e m b r a n e  p h o s p h o l i p i d s  of  
o l ive  oi l  fed rats  compared  to sunf lower  oi l  fed rats. Poly-  
u n s a t u r a t e d  fatty  ac ids  o f  the  n-3 ser ies  w e r e  m a r k e d l y  
e l e v a t e d  in  al l  t i s s u e s  o f  rats  o n  the  o l i v e  o i l  d ie t s  rela- 
t i v e  to  t h o s e  on  the  s u n f l o w e r  o i l  d iets .  The  re su l t s  are  
c o n s i s t e n t  w i t h  a l o w e r  l i n o l e i c / l i n o l e n i c  ac id  rat io  in- 
duced  by  the  o l ive  oi l  diets ,  sugges t ing  a pos i t ive  correla- 
t ion  b e t w e e n  o l ive  oi l  i n g e s t i o n  and n-3 p o l y u n s a t u r a t e d  
fatty  ac id  l e v e l s  in  ce l l  and  t i s s u e  l ip ids .  The  s t u d y  sug-  
ges t s  tha t  an  a d e q u a t e  i n t a k e  o f  o l ive  oi l  m a y  e n h a n c e  
the  c o n v e r s i o n  of  n-3 fatty acids.  
Lipids 29, 845-849 (1994). 

Long-chain polyunsaturated fat ty  acids (PUFA) of the n-3 
and n-6 series are of much current  interest.  The intake of 
PUFA of both series has been correlated with a decreased 
risk of cardiovascular disease due to the hypolipemic, an- 
t i thrombot ic  and an t i a r rhy thmic  effects of PUFA (1-3). 
Furthermore,  specific roles for n-3 PUFA have been recog- 
nized in specialized tissues, such as brain and retina (4-6). 

Changes in cell membrane  lipid composition induced by 
dietary supplementat ion with unsa tura ted  fats have been 
repeatedly described (7-13). Nevertheless, there is a grow- 
ing concern tha t  hab i tua l  in take  of large quant i t ies  of 
PUFA may  be unhealthy,  as PUFA are  quite susceptible 
to peroxidation, and thus may  promote carcinogenesis and 
possibly reduce high density lipoprotein levels (14,15). 

Recently, a t tent ion has  been paid to the intake of olive 
oil with its high oleic acid (18:1n-9) and moderate  linoleic 
acid (18:2n-6) levels. Olive oil is an impor tan t  component 
of the  so-called Medi t e r ranean  diet. Numerous  studies 
have noted tha t  the incidence of cardiovascular disease in 
the Medi te r ranean  a rea  is one of the lowest of the West- 
ern hemisphere (16,17), which has focused renewed inter- 
est on olive oil. Decreased plasma cholesterol levels, lower 
levels of low densi ty  l ipoprotein (LDL)-cholesterol and 
th romboxane  A 2 (TXA2) , and increased p l a sma  levels of 
prostacyclin have  been repor ted by us and others af ter  
olive oil ingestion (18-22). 

A recent  s tudy by our group, in which we observed an 
increase in long-chain n-3 PUFA in liver microsomal frac- 
tions from ra ts  fed an olive oil diet r a the r  than  a corn oil 
diet (8) has  prompted  us to fur ther  focus on this olive oil 
effect. Results of others have also shown increases in LDL 

*To whom correspondence should be addressed. 
Abbreviations: LDL, low density lipoprotein; 0-5, 5% olive oil diet; 
0-25, 25% olive oil diet; PC, phosphatidylcholine; PE, phospha- 
tidylethanolamine; PL, phospholipid; PUFA, polyunsaturated fatty 
acids; S-5, 5% sunflower oil diet; S-25, 25% sunflower oil diet; 
TXA2, thromboxane A 2. 

n-3 PUFA in individuals on a monounsa tu r a t ed  diet as 
compared to individuals on a PUFA diet (9). Thus, the aim 
of the present  s tudy was to evaluate  the effect of feeding 
olive oil to rats  on the phospholipid (PL) fat ty acid compo- 
sitions of liver microsomes,  erythrocyte  membranes ,  
platelets,  aorta,  cardiac muscle and brain.  Sunflower oil 
added to the diet at the same percentages served as refer- 
ence oil. 

MATERIALS AND METHODS 

Animals and diets. Male weanl ing Wis tar  ra t s  (Inter-  
fauna,  Barcelona, Spain) weighing 50-55 g were housed 
in wire-bot tom cages us ing a 12-h l ight /dark cycle. Ani- 
mals were housed and handled in compliance with our In- 
stitution's guidelines for animal research. 

Rats  were randomly assigned to four groups, each con- 
taining ten animals.  Two groups were fed similar  low-fat 
diets supplemented with 5% sunflower oil (S-5) or 5% olive 
oil (O-5). The other two groups were fed high-fat diets tha t  
were isocaloric with the low-fat diets, bu t  were supple- 
mented  with 25% sunflower oil (S-25) or 25% olive oil 
(0-25) (Table 1) (22,23). The fat ty  acid composition of the 
diets is shown in Table 2. Diets were stored at  4~ and 
the ra t s  were fed fresh food daily. Food and wa te r  were 
provided a d  libitum. 

Sample collection. Rats  were killed by decapi ta t ion 
under  light diethyl e ther  anesthesia.  Blood was collected 
separately for the isolation of erythrocyte membranes  and 
for the preparat ion ofplatelet  suspensions. For the former, 
blood was collected in heparinized tubes, and for the lat ter  

TABLE 1 

Composit ion of the Basal Diets a 

Component Low-fat diets High-fat diets 

(g/100 g diet) 
Cellulose 5,0 30.0 
DL-Methionine 0.3 0.3 
Casein 20.0 20.0 
Starch 49.09 14.63 
Sucrose 15.0 4.46 
Vitamin mix 1.0 1.0 
Mineral mix 4.5 4.5 
Choline chloride 0.11 0.11 
Olive oil b 5.0 (diet O-5) 25.0 (diet 0-25) 
Sunflower oiF 5.0 (diet S-5) 25.0 (diet S-25) 
aAbbreviations: 0-5, olive oil 5%; S-5, sunflower oil 5%; 0-25, olive 
oil 25%; S-25, sunflower oil 25%. The composition of the diets was 
adjusted so that all animals in all dietary groups would consume 
the same amounts of protein, minerals, vitamins and calories. An 
inert ingredient (cellulose) was added to high-fat diets to facilitate 
diet elaboration. 
bCarbonell; Carbonell y C.I.A. de Cordoba, S.A., Cordoba, Spain. 
"Koipesol; Koipe S.A., San Sebastian, Spain. 
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TABLE 2 

F a t t y  A c i d  C o m p o s i t i o n  o f  t h e  Die t s  a 

Fatty acid Olive oil diets Sunflower oil diets 

16:0 12.0 7.3 
18:0 3.0 3.7 
20:0 0.4 0.2 
16:1n-7 1.0 0.2 
18:1n-9 74.3 21.0 
18:2n-6 8.3 66.7 
20:3n-6 --  0.6 
18:3n-3 1.0 0.3 
18:2n-6/18:3n-3 8.3 222.3 
aValues are percent distributions of fatty acid methyl esters. 

it was collected in 3.8% sodium citrate (1:9, vol/vol) as de- 
scribed by Hashimoto et al. (24). 

Aorta, brain and heart  ventricles were washed in 0.15M 
NaC1, frozen in liquid nitrogen, and stored at -80~ until 
analyzed. Liver was washed in 0.15M NaC1 and homoge- 
nized in phosphate buffer to isolate microsomes. 

A n a l y t i c a l  me thods .  To obtain erythrocyte membranes,  
blood samples were centrifuged at 3000 x g for 10 min to 
separate plasma from cells. Erythrocyte membranes were 
obtained according to the method described by Hanahan  
and Ekholm (25). Liver microsomes were isolated accord- 
ing to Philipp and Shapiro (26). 

Total lipids were extracted (27) with chloroform/meth- 
anol (2:1, vol/vol) containing the antioxidant butylated hy- 
droxytoluene (50 mg/L). 

PL were separated by thin-layer chromatography on 
Silica Gel G 60 (Merck, Darmstadt ,  Germany) using two 
different solvent systems, namely hexane/diethyl ether/ 
acetic acid (80:20:1, by vol) (28) to isolate total PL and 
ethyl acetate/chloroform/n-propanol/methanol/0.25% KC1 
(25:25:25:10:9, by vol) (29) to isolate the phosphatidyl- 
choline (PC) and phosphatidylethanolamine (PE) fractions 
from liver microsomes. 

Fractions were detected by exposure to iodine vapors. 
The areas of silica gel containing PL, PC and PE were im- 

mediately (after iodine evaporation) scraped from the 
plates, eluted with chloroform, and analyzed for fatty acid 
composition. Fat ty  acids were transmethylated according 
to Morrison and Smith (30). 

Fa t ty  acid methyl  esters were separated on a 30 m x 
0.15 gm (i.d.) fused silica capillary column (DB23 30N; 
J&W Scientific, Folsom, CA) at tached to a Konik 3000 
HRGC chromatograph (Barcelona, Spain) equipped with 
a Spectraphysics SP4290 integrator (San Jose, CA). Fat ty  
acids were identified by comparing retention times with 
those of s tandards  (Sigma Quimica, Barcelona, Spain). 
Fat ty  acid compositions are expressed as the percent dis- 
tribution of fatty acid methyl esters. 

S t a t i s t i c a l  ana ly s i s .  All results are shown as means _+ 
SEM. Analysis with Bonferroni's test for multiple pair- 
wise comparisons was performed. Analyses were done 
using the BMDP Computer  Software Program (BMDP 
Statistical Sol, ware, Cork, Ireland). 

RESULTS 

The relative fatty acid compositions of the PL of erythro- 
cyte membranes,  platelets, cardiac muscle, brain, aorta, 
liver microsomes and of the two major PL fractions, PE 
and PC, of liver microsomes are shown in Tables 3 to 6. 

The sa tura ted  fat ty acid compositions are shown in 
Table 3. Rats fed the sunflower oil diets showed, in gen- 
eral, the highest levels of total saturated fatty acids espe- 
cially in the high-fat fed group. 

The respective figures for oleic and linoleic acids are 
shown in Table 4. The percentages of oleic acid were 
markedly greater in animals fed olive oil diets than those 
of the other two groups, except for brain where there was 
no effect of diet. Rats fed high-fat diets showed higher oleic 
acid levels in platelet PL when compared to rats fed low- 
fat diets; conversely, oleic acid was significantly lower in 
PL, PC and PE of liver microsomes and cardiac muscle 
from high-fat vs. low-fat fed rats. The two groups of rats 
fed sunflower oil diets showed increases in linoleic acid 
levels which were significant relative to those in the olive 
oil groups in all the cell sources. Linoleic acid was very low 

TABLE 3 

Total  S a t u r a t e d  F a t t y  Ac ids  o f  P h o s p h o l i p i d s  from Di f f erent  S o u r c e s  in  Ol ive  Oil  or  S u n f l o w e r  Oil  F e d  R a t s  a 

Diets b 
Sources 0-5 0-25 S-5 S-25 

Erythrocyte PL 42.5 _+ 0.5 d 42.6 -+ 0.6 47.2 _+ 0.4 46.7 _+ 0.5 c 
Platelet PL 47.5 _+ 0.7 47.9 -+ 1.2 47.5 + 1.0 50.1 -+ 1.1 
Liver microsome PL 42.4 ___ 0.4 44.3 __. 0.7 43.0 _+ 0.4 47.0 -+ 0.6 c'a 
Liver microsome PE 41.3 -+ 0.7 45.0 _+ 0.7 45.3 _+ 1.5 45.4 -+ 1.2 
Liver microsome PC 44.4 _+ 1.3 45.6 +_ 0.4 45.2 _+ 1.1 47.7 -+ 0.5 
Heart PL 38.6 -+ 0.3 c'd 40.6 _ 0.2 40.8 -+ 0.1 42.4 -+ 0.2 c'd 
Brain PL 48.2 _+ 0.5 49.1 -+ 0.7 52.2 _ 2.5 53.9 -+ 1.8 
Aortic PL 43.1 -+ 1.3 39.1 -+ 1.8 41.7 _+ 0.9 40.6 +_ 1.5 
aResults are mean percentage distributions _+ SEM of fatty acid methyl esters measured on ten animals. PL, phospholipid(s); PE, phos- 
phatidylethanolamine; PC, phosphatidylcholine, bSee Table 1 for diet abbreviations, cp < 0.05, significance relative to 0-25 group, ap < 
0.05 significance relative to S-5 group. 
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TABLE 4 
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Diets b 

Sources Fat ty  acids 0-5 0-25 S-5 S-25 

Erythrocyte PL 18:1 19.0 • 0.64 20.4 • 0.2 12.0 • 0.2 12.1 • 0.2 c 
18:2n-6 4.7 -+ 0.8 d 6.6 -+ 0.1 8.7 • 0.3 14.3 • 0.4 c'd 

Platelet PL 18:1 14.8 • 0.9 d 17.2 +_ 0.3 8.3 • 0.4 10.1 _+ 0.5 c 
18:2n-6 3.2 +_ 0.1 d 2.9 • 0.1 5.8 • 0.4 8.7 • 0.3 c'd 

Microsome PL 18:1 13.5 • 0.3 c'd 10.9 • 0.8 7.8 • 0.5 3.6 + 0.1 c'd 

18:2n-6 5.4 • 0.4 d 4.5 • 0.5 10.8 +_ 0.5 10.6 • 0.2 c 
Microsome PE 18:1 10.0 • 0.3 c'd 7.6 • 0.4 7.0 • 0.4 3.5 -+ 0.2 c'd 

18:2n-6 3.3 • 0.2 c'd 2.1 • 0.3 6.7 • 0.3 5.4 • 0.2 c'd 
Microsome PC 18:1 14.9 • 0 ,5  c'd 11.7 • 0.8 8.3 • 0.3 3.4 • 0.1 c'd 

18:2n-6 6.6 • 0.6 d 4.7 • 0.6 11.7 +__ 0.6 11.3 • 0.3 ~ 
Heart  PL 18:1 13.6 • 0.3 c'd 11.3 • 0.3 8.0 _+ 0.1 4.8 • 0.2 c'd 

18:2n-6 6.9 • 0,4 c'd 3.3 • 0.2 11.1 • 0.4 11.0 • 0.3 ~ 
Brain PL 18:1 17.6 • 0.6 17.0 _+ 0.4 17.9 • 1.1 18.9 _+ 0.6 

18:2n-6 <0.2 d 0.2 • 0.1 0.6 • 0.1 1.5 • 0.1 c'd 
Aortic PL 18:1 30.2 • 2.0 30.2 -* 2.2 31.1 • 1.7 18.0 • 0.9 c'd 

18:2n-6 3.7 *-- 0.5 d 3.9 • 0.3 8.7 • 0.5 16.8 +- 2.0 c'd 

aResults are mean percent distributions • SEM of fatty acid methyl esters measured on ten animals. See Table 3 for abbreviations, bSee 
Table 1 for diet abbreviations, cp < 0.05, significance relative to 0-25 group, dp < 0.05 significance relative to S-5 group. 

i n  b r a i n  P L  (<1.5%).  I n  e r y t h r o c y t e  m e m b r a n e ,  p l a t e l e t ,  

b r a i n  a n d  a o r t a  P L ,  a n i m a l s  f e d  t h e  S-25  d i e t s  s h o w e d  
h i g h e r  l inole ic  ac id  l eve l s  t h a n  a n i m a l s  f ed  t h e  S-5 d ie t .  

A r a c h i d o n i c  a c i d  (20 :4n-6 )  a n d  l o n g - c h a i n  n - 6  P U F A  
v a l u e s  a r e  s h o w n  in  Tab le  5. R a t s  f ed  t h e  S-5 d i e t  s h o w e d  
h i g h e r  l eve l s  o f  20 :4n -6  t h a n  r a t s  f e d  t h e  0 - 5  d i e t  i n  e ry -  
t h r o c y t e  m e m b r a n e  a n d  p l a t e l e t  P L  a n d  in  P L ,  P C ,  a n d  
P E  f r o m  l i v e r  m i c r o s o m e s ,  a n d  l o w e r  l e v e l s  o f  20 : 4 n -6  in  
h e a r t  PL.  B r a i n  20:4n-6  w a s  u n a f f e c t e d  b y  t h e  diet .  

T h e  c h a n g e s  s e e n  fo r  n -6  P U F A  w i t h  c a r b o n  c h a i n s  o f  

m o r e  t h a n  18 c a r b o n  a t o m s  (n -6  P U F A  > C18) (T ab l e  5) 

w e r e  s i m i l a r  to  t h o s e  s e e n  for  20 :4n-6  e x c e p t  for  h e a r t  P L  

w h i c h  s h o w e d  h i g h e r  l e v e l s  o f  n - 6  P U F A  > Ct8 i n  s u n -  
f l o w e r  oil f e d  r a t s  c o m p a r e d  to  o l ive  oil f ed  r a t s ;  t h i s  w a s  
l a r g e l y  d u e  to  t h e  i n c r e a s e  i n  d o c o s a t e t r a e n o i c  ac id  (22:4n- 
6) a n d  d o c o s a p e n t a e n o i c  ac id  (22:5n-6)  w h i c h  w e  f o u n d  in  

h e a r t  P L  ( d a t a  n o t  s h o w n ) .  
L ino l en i c  ac id  (18:3n-3),  t h e  p r e c u r s o r  of  n-3  P U F A ,  w a s  

f o u n d  a t  l ow  l e v e l s  (<1 .5%)  a n d  w a s  n o t  a f f e c t e d  by  t h e  
d i e t  ( d a t a  n o t  s h o w n ) .  Tab le  6 s h o w s  t h e  d a t a  w e  o b t a i n e d  

for  22:6n-3  a n d  for  n-3  P U F A  l o n g e r  t h a n  C18 (n-3 P U F A  > 
C18). T h e  t w o  p r o f i l e s  a r e  s i m i l a r ,  a s  2 2 : 6 n -3  is  t h e  f a t t y  

TABLE 5 

A r a c h i d o n i c  Ac id  a n d  L o n g - C h a i n  n-6 P U F A  w i t h  More T h a n  18 C ar bon  A t o m s  in  P h o s p h o l i p i d s  f rom Di f f erent  S o u r c e s  
in  Ol ive  Oil  or  S u n f l o w e r  Oil  F e d  R a t s  a 

Diets b 

Sources Fatty acids 0-5 0-25 S-5 S-25 

Erythrocyte PL 20:4n-6 22.0 • 0.6 d 21.9 • 0.3 24.0 _+ 0.3 21.2 • 0.3 d 
n-6 PUFA 27.7 • 1.1 d 26.5 _+ 0.3 30.5 • 0.4 26.3 • 0.44 

Platelet PL 20:4n-6 19.0 -+ 1.2 d 18.0 _+ 0.4 23.0 _+ 0.6 18.1 • 1.14 
n-6 PUFA 25.2 _+ 0.54 23.9 +_ 0.7 32.4 • 1.0 27.1 • 1.3 d 

Microsome PL 20:4n-6 25.8 _+ 0.3 c'd 30.7 • 0.6 29.9 • 0.4 31.8 • 0.4 d 
n-6 PUFA 29.6 • 0.3 c'd 32.7 • 0.6 35.4 • 0.5 37.5 • 0.6 c 

Microsome PE 20:4n-6 27.1 _+ 0.8 c'd 32.4 • 0.3 30.9 • 0.6 33.1 • 0.7 
n-6 PUFA 32.0 • 0.3 d 34.6 _+ 0.3 38.7 • 1.1 42.2 -+ 0.6 c'd 

Microsome PC 20:4n-6 22.5 • 1.1 c'd 30.4 • 1.1 28.3 • 0.7 32.7 • 0.5 d 
n-6 PUFA 25.6 -+ 1.3 c'4 32.0 • 1.0 31.8 _+ 0.7 36.6 -+ 0.6 ~'d 

Heart  PL 20:4n-6 26.9 • 0.3 c'd 29.6 • 0.5 24.9 _+ 0.2 24.8 • 0.3 c 
n-6 PUFA 32.8 _+ 0.4 c'd 34.8 • 0.4 37.4 _* 0.4 39.7 • 0.4 c'd 

Brain PL 20:4n-6 11.3 • 0.5 11.1 • 0.3 11.2 • 0.5 10.9 • 0.4 
n-6 PUFA 18.9 _+ 0.6 18.0 • 0.5 18.4 _+ 1.3 16.6 • 0.5 

Aortic PL 20:4n-6 10.2 • 0.8 12.8 • 0.8 8.2 • 1.0 13.2 • 0.9 d 
n-6 PUFA 13.8 • 1.0 17.4 • 1.2 10.7 +_ 1.2 19.8 • 1.1 d 

aResults are mean percent distributions • SEM of fatty acid methyl esters measured on ten animals. PUFA, polyunsaturated fatty acids. 
See Table 3 for other abbreviations, bSee Table 1 for diet abbreviations, cp < 0.05, significance relative to O-25 group, ap < 0.05 signifi- 
cance relative to S-5 group. 
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TABLE 6 

D o e o s a h e x a e n o i c  A c i d  a n d  L o n g - C h a i n  n-3 P U F A  w i t h  More T h a n  18 Carbon  A t o m s  in  P h o s p h o l i p i d s  from Di f f erent  
S o u r c e s  in Ol ive  Oil  or  S u n f l o w e r  Oil  F e d  Rats  a 

Diets b 

Sources Fatty acids 0-5 0-25 S-5 S-25 

Erythrocyte PL 22:6n-3 1.4 • 0.2 d 1.9 • 0.3 0.5 • 0.1 0.4 • 0.1 c 
n-3 PUFA 2.3 • 0.3 d 2.9 -+ 0.5 0.9 • 0.3 0.6 • 0.1 c 

Platelet PL 22:6n-3 <0.2 <0.2 <0.2 <0.2 
n-3 PUFA 1.8 • 0.5 2.7 -+ 0.3 1.3 • 0.5 1.0 • 0.2 c 

Microsome PL 22:6n-3 4.1 _+ 0.1 c'd 5.5 --- 0.3 1.2 • 0.1 0.9 _+ 0.O c 
n-3 PUFA 4.6 _+ 0.1 c'd 5.9 • 0.4 1.3 • 0.1 0.9 • 0.0 c 

Microsome PE 22:6n-3 6.1 __. 0.2 ~'d 8.4 - 0.4 1.9 • 0.1 1.5 • 0.V 
n-3 PUFA 7.0 +_ 0.3 c'd 9.2 • 0.3 2.2 • 0.1 1.7 __- 0.U 

Microsome PC 22:6n-3 2.3 • 0.2 c'd 3.8 • 0.2 0.7 • 0.0 0.6 • 0.0 c 
n-3 PUFA 2.7 • 0.2 ~'d 4.4 • 0.2 0.9 • 0.1 0.8 • 0.1 c 

Heart PL 22:6n-3 4.4 • 0.2 c'd 8.2 • 0.3 1.8 • 0.1 1.7 • 0.1 c 
n-3 PUFA 5.0 • 0.2 c'd 9.2-+ 0.3 2.2 • 0.1 2.1 • 0.1 c 

Brain PL 22:6n-3 14.0 • 0.5 d 14.4 • 0.3 9.5 • 1.1 7.7 • 0.8 c 
n-3 PUFA 14.0 • 0.5 d 14.4 -+ 0.3 9.5 • 1.1 7.7 • 0.8 c 

Aortic PL 22:6n-3 0.5 • 0.3 d 1.1 • 0.7 <0.2 <0.2 ~ 
n-3 PUFA 2.5 • 0.3 d 4.3 • 0.6 0.6 • 0.1 1.2 • 0.3 c 

aResults are mean percent distributions • SEM of fatty acid methyl esters measured on ten animals. See Table 3 for abbreviations, bSee 
Table 1 for diet abbreviations, cp < 0.05, significance relative to O-25 group, d/) < 0.05 significance relative to S-5 group. 

ac id  c o n t r i b u t i n g  to t h e  g r e a t e s t  e x t e n t  to t o t a l  P U F A .  
T h e s e  f a t t y  ac ids  were  found  a t  h i g h e r  leve ls  in  ol ive oil 
fed a n i m a l s  (5 and  25% fat  diets),  w i th  t he  levels be ing  al- 
ways  h ighe r  in  the  25% olive oil fed group. 

DISCUSSION 

The  a im of t he  p r e s e n t  s t u d y  was  to e v a l u a t e  t he  effect of  
a n  ol ive oil d ie t ,  r ich  in  m o n o u n s a t u r a t e d  f a t t y  acids ,  on 
the  f a t t y  ac id  compos i t i ons  of  d i f f e ren t  t i s s u e  PL,  w i t h  a 
sunf lower  oil d ie t  se rv ing  as  reference  diet .  

A n i m a l s  fed the  ol ive oil d i e t s  showed  the  lowes t  t o t a l  
s a t u r a t e d  f a t t y  ac id  levels .  T h e s e  r e s u l t s  a r e  s i m i l a r  to 
those  prev ious ly  seen by  our  group in p l a s m a  a n d  e ry thro-  
cy tes  f rom r a t s  fed olive oil d ie t s  a s  c o m p a r e d  to those  in  
corn oil fed r a t s  (7); o thers  have  also r epor t ed  th is  effect in 
endo the l i a l  cell cu l tu res  s u p p l e m e n t e d  wi th  oleic acid  (12). 

Oleic  ac id  leve ls  we re  h i g h e r  in  r a t s  fed ol ive oil  d i e t s  
t h a n  in  r a t s  fed sunf lower  oil, except  for b r a i n  PL  in which 
s i m i l a r  l eve ls  were  seen .  Th i s  cou ld  be  a t t r i b u t e d  to t he  
h igh  18:1 c o n t e n t  of  t h e  d i e t  as  wel l  a s  to a n  i n c r e a s e  in  
A9 d e s a t u r a s e  ac t iv i ty  due  to olive oil feed ing  as  we have  
p r e v i o u s l y  d e s c r i b e d  (8). I t  is  a l so  r e l e v a n t  to  p o i n t  ou t  
t h a t  p l a t e l e t s ,  wh ich  a r e  dep r ived  of  d e s a t u r a t i n g  capac-  
i ty  (31,32), showed  a h i g h e r  oleic ac id  con ten t  in  h igh - fa t  
fed t h a n  in  low-fat  fed ra t s ,  cons i s t en t  w i th  t he  i nc r ea sed  
i n t a k e  of  th i s  f a t t y  acid  a n d  the  absence  of  A9 d e s a t u r a s e  
activity. 

Linoleic acid  was  e leva ted  in  the  two groups  fed the  sun-  
f lower  oil d i e t s  c o r r e s p o n d i n g  w i t h  i t s  h igh  leve ls  in  t h e  
diet.  Linoleic acid  levels in  b r a i n  were  ve ry  low as  has  been  
desc r ibed  by  o the r s  (33,34) a n d  cons i s t en t  w i th  t he  effec- 
t iveness  of i t s  d e s a t u r a t i o n  by  th is  o rgan  (33). 

A r a c h i d o n i c  ac id  leve ls  of  P L  a r e  n o r m a l l y  d e p e n d e n t  
upon  the  d e s a t u r a t i n g  capac i ty  of  the  t i s sue  and  the  mode 

of  i t s  i n c o r p o r a t i o n  in to  cell  P L  (35,36). In  h u m a n s ,  
20:4n-6 levels  a re  g rea t ly  d e p e n d e n t  on the  diet ,  as  A6 de- 
s a t u r a t i o n  is slow and  ra te - l imi t ing .  In  fact, u n d e r  ce r t a in  
pathologic  condit ions,  in which  A6 d e s a t u r a t i o n  is affected, 
a rachidonic  acid m u s t  be s u p p l e m e n t e d  to the  die t  (37,38). 
In  ce r t a in  cell types ,  inc lud ing  e ry th rocy tes  a n d  p la te le t s ,  
due  to a l a ck  in  d e s a t u r a t i n g  capaci ty ,  a r a c h i d o n i c  ac id  
levels  dec rea sed  as  t he  p e r c e n t a g e  of  fa t  i nc r ea sed  in t he  
diet .  By cont ras t ,  t i s sues  wi th  r egu l a t ed  d e s a t u r a s e  activ- 
i ty  incorpora ted  less l inoleic acid  into PL  and  more  arachi -  
donic acid as  the  pe rcen tage  of fat  i nc reased  in  the  diet .  In  
b r a i n ,  t he  e l e v a t e d  leve ls  of  n-6 P U F A  > C18 in PL,  to- 
g e t h e r  w i t h  t h e  low leve ls  of  l inole ic  acid,  m a y  i n d i c a t e  
t h a t  d i e t a r y  18:2n-6 t a k e n  up  by  t h e  b r a i n  is r a p i d l y  de- 
s a t u r a t e d  and  e longa ted  to long-chain  PUFA.  A n i m a l s  fed 
sunf lower  oil d ie ts  incorpora ted  more  n-6 P U F A  > C18 into  
P L  of  cel ls  w i t h  d e s a t u r a t i n g  c a p a c i t y  t h a n  d id  a n i m a l s  
fed olive oil diets .  

F a t t y  ac ids  of  t h e  n-3 se r i e s  we re  a l w a y s  e l e v a t e d  in  
ol ive oi l-fed r a t s  c o m p a r e d  to sun f lower  oi l -fed r a t s .  The  
r ea son  for th i s  i nc rease  could be t he  compe t i t ion  be tween  
l inole ic  ac id  a n d  (~-linolenic ac id  for d e s a t u r a s e s  (35) 
w h i c h  w o u l d  d e p e n d  on t h e  f a t t y  ac id  r a t i o  of  t h e  die t .  
W h e n  t h e  18:2n-6/18:3n-3 r a t i o  de c r e a se s ,  d e s a t u r a t i o n  
of  18:3n-3 is favored .  I n  s u n f l o w e r  oil, t h e  r a t i o  of  
18:2n-6/18:3n-3 is g r e a t e r  t h a n  in  olive oil be c a use  of  t he  
h igh  con ten t  in  l ino lea te  in t he  former,  r e s u l t i n g  in  lower  
levels  of  long-cha in  n-3 P U F A  found in r a t s  fed sunf lower  
oil as  c o m p a r e d  to olive oil fed an imals .  

Never the less ,  the  18:2n-6/18:3n-3 ra t io  m i g h t  not  be the  
only factor  con t r ibu t ing  to th is  inc rease  in  n-3 fa t ty  acids,  
a s  t h e  fa t  p e r c e n t a g e  in  t h e  d ie t  a lso  i nduc e s  c h a n g e s  in  
n-3 P U F A  content ;  r a t s  fed the  O-25 d ie t  had ,  in  genera l ,  
h ighe r  levels  of  n-3 P U F A  in t he i r  PL  t h a n  r a t s  fed the  O-5 
die t ,  w h e r e a s  t h e  s i t u a t i o n  in  S-5 a n d  S-25 fed r a t s  w a s  
reversed .  
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The resul ts  in regard  to n-3 fa t ty  acids are  of  g rea t  po- 
tential  interest.  We have recently obtained da ta  (22) which 
indicated t h a t  olive oil diets a l ter  eicosanoid metabol i sm 
and  d imin i sh  TXA 2 format ion;  avai labi l i ty  of  the  direct  
p recur so r  is an  i m p o r t a n t  factor  in the  regu la t ion  of  the  
biosynthesis  of eicosanoids in an imal  tissues, and precur-  
sor  avai labi l i ty  is g rea t ly  dependen t  on the  ra t io  of  the  
fa t ty  acids in diet (39). In  addition, experimental  evidence 
indicates t ha t  n-3 fat ty acids are essential  for normal  func- 
t ional development  of the re t ina  and brain, par t icular ly in 
p rema tu re  infants  (40--42); in various an imal  models, n-3 
fa t ty  acids have  been shown to decrease the  n u m b e r  and  
size of  t u m o r s  and  to increase  the  t ime e lapsed  before 
r eappea rance  of  t umors  (43,44). Also, n-3 fa t ty  acids can 
decrease  the  t endency  to t h r o m b u s  fo rmat ion  (45) and  
lower LDL-cholesterol  (4,5), thus  hav ing  potential  benefi- 
cial effects in respect to coronary hear t  disease. 

Over  the past  hundred  years,  Western diet has  suffered 
absolute and  relat ive changes  in n-6/n-3 fa t ty  acid ratios. 
There  has  been  an  increased  consumpt ion  of  an ima l  fat  
with an  imbalance in n-6/n-3 ratios as Western diets have 
become deficient  in n-3 fa t ty  acids (39). Appropr i a t e  
n-6/n-3 ratios need to be considered when  mak ing  die tary  
r ecommenda t ions ,  as the i r  ba lance  is i m p o r t a n t  in 
r egu la t i ng  homeos tas i s  and  no rma l  development .  O u r  
d a t a  also sugges t  t h a t  an  adequa t e  in take  of  olive oil 
should prove beneficial in the prevention of coronary hear t  
disease. 
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D i a b e t e s - a s s o c i a t e d  c h a n g e s  in  i n t e s t i n a l  u p t a k e  of  nu- 
t r i en t s  are  m o d i f i e d  by i soca lor i c  var ia t i ons  in the  t y p e  
o f  d i e t a r y  l ip ids ,  and are  a s s o c i a t e d  w i t h  a l t e r a t i o n s  in  
the  p h o s p h o l i p i d  and fatty  acy l  c o n t e n t  o f  the  in te s t ina l  
b r u s h  b o r d e r  m e m b r a n e .  T h e  p r e s e n t  s t u d y  w a s  de- 
s i g n e d  to  t e s t  the  h y p o t h e s i s  that  diet-  and  d iabetes -as -  
s o c i a t e d  c h a n g e s  in  e n t e r o c y t e  m i c r o s o m a l  m e m b r a n e  
p h o s p h o l i p i d s  are  d u e  to  v a r i a t i o n s  in  t h e  a c t i v i t y  o f  
t w o  p h o s p h o l i p i d  m e t a b o l i z i n g  e n z y m e s ,  1 ,2-diacylglyc-  
e r o l : C D P c h o l i n e  c h o l i n e p h o s p h o t r a n s f e r a s e  (CPT) and  
p h o s p h a t i d y l e t h a n o l a m i n e  m e t h y l t r a n s f e r a s e  (PEMT). 
Adul t  f e m a l e  Wistar  ra t s  w e r e  fed o n e  o f  four  s e m i s y n -  
t h e t i c  d i e t s m b e e f  t a l l o w  l o w  in  c h o l e s t e r o l  (BT), b e e f  
t a l l o w  h i g h  in c h o l e s t e r o l  (BTC), f i sh  o i l  l o w  in cho le s -  
t e r o l  (FO) or  f i sh  o i l  h i g h  in  c h o l e s t e r o l .  In  h a l f  o f  t h e  
an imals ,  d i a b e t e s  m e l l i t u s  w a s  p r o d u c e d  by  in jec t ion  of  
s t r e p t o z o t o c i n .  Je juna l  and i leal  e n t e r o c y t e  m i c r o s o m e s  
(EMM) w e r e  i s o l a t e d  and  a n a l y z e d  for  c h o l e s t e r o l  and  
p h o s p h o l i p i d s ,  as  w e l l  as  for  CPT and PEMT ac t iv i t i e s .  
In  contro l  an imals ,  f e ed ing  FO r e d u c e d  EMM total  phos-  
p h o l i p i d s  i n c l u d i n g  p h o s p h a t i d y l c h o l i n e  (PC), phos -  
p h a t i d y l e t h a n o l a m i n e  (PE) a n d  p h o s p h a t i d y l i n o s i t o l .  
F e e d i n g  FO r e s u l t e d  in a g r e a t e r  than  95% r e d u c t i o n  in 
t h e  a c t i v i t y  o f  CPT. D i a b e t e s  w a s  a s s o c i a t e d  w i t h  in- 
c r e a s e d  j e j u n a l  EMM t o t a l  p h o s p h o l i p i d s  i n c l u d i n g  
s p h i n g o m y e l i n  (SM) a n d  PE,  w i t h o u t  a s s o c i a t e d  
c h a n g e s  in  CPT or  PEMT. D i e t a r y  c h o l e s t e r o l  supp le -  
m e n t a t i o n  did not  affect  EMM total  c h o l e s t e r o l  or  phos-  
p h o l i p i d  c o m p o s i t i o n  in  c o n t r o l  ra t s  fed  BT or  FO, but  
w a s  a s s o c i a t e d  w i t h  an i n c r e a s e  in  EMM c h o l e s t e r o l  in 
d iabe t i c  rats  fed BT or  FO. A d e c r e a s e  in tota l  phospho-  
l ip ids  due  to  a d e c l i n e  in SM, PC and PE in  d iabet ic  rats  
fed  FO w a s  n o t  a s s o c i a t e d  w i t h  c h a n g e s  in the  a c t i v i t i e s  
o f  CPT or  PEMT in EMM. T h u s  (i) e n t e r o c y t e  m i c r o s o -  
m a l  m e m b r a n e  c h o l e s t e r o l  a n d  p h o s p h o l i p i d  c o n t e n t s  
are  i n f l u e n c e d  by  d iabe te s ,  d i e t a r y  c h o l e s t e r o l  and  the  
t y p e  o f  f a t t y  ac id  in  t h e  d i e t ,  a n d  (ii)  c h a n g e s  in  phos -  
p h o l i p i d  c o m p o s i t i o n  are  n o t  fu l ly  e x p l a i n e d  b y  a l ter-  
a t i ons  in the  ac t iv i t i e s  o f  CPT and PEMT. 
Lipids 29, 851--858 (1994). 

The absorption of nutr ients  is increased in streptozo- 
tociminduced diabetes in the rat (1-11), which is associ- 
ated with an increase in phospholipid content of the 

*To whom correspondence should be addressed at Nutrition and 
Metabolism Research Group, 519 Robert Newton Research Build- 
ing, University of Alberta, Edmonton, Alberta, T6G 2C2 Canada. 
Abbreviations: BBM, brush border membrane; BT, beef tallow with 
low cholesterol diet; BTC, beef tallow with high cholesterol diet; 
CPT, 1,2-diacylglycerol:CDPcholine cholinephosphotransferase; 
EMM, enterocyte microsomal membranes; FO, fish oil with low 
cholesterol diet; FOC, fish oil with high cholesterol diet; PC, phos- 
phatidylcholine; PE, phosphatidylethanolamine; PEMT, phos- 
phatidylethanolamine methyltransferase; PI, phosphatidylinosi- 
tol; SM, sphingomyelin. 

intestinal brush border membrane (BBM) (12,13). 
Diabetes-associated changes in BBM phospholipid com- 
position were also observed, notably, a large increase in 
phosphatidylcholine (PC) and phosphatidylethanol- 
amine (PE) (13). The presence of cholesterol or the fatty 
acid composition of the diet (saturated beef tallow or 
polyunsaturated 0)3 fatty acids of fish oil) influences 
intestinal uptake of D-glucose and lipids (14,15), and 
also modifies BBM phospholipid and cholesterol levels 
(15,16). The mechanisms which control the phospho- 
lipid composition of the BBM have not yet been eluci- 
dated. 

PC represents the major BBM phospholipid compris- 
ing approximately 40-45% of total BBM phospholipids 
(13). De novo PC synthesis has been described in the in- 
testine (17-20), and a high fat diet is known to increase 
the activity of intestinal 1,2-diacylglycerol:CDPcholine 
choline phosphotransferase (CPT), the enzyme catalyz- 
ing the final step in the synthesis of PC (21). Diabetes 
has been shown to increase CPT activity in rat  liver mi- 
crosomes by 92% over that in control animals (22). The 
effect of diabetes or of altering the quality of the dietary 
fat on the activity of the rate-limiting enzyme of entero- 
cyte de  novo  PC synthesis, CTP:phosphocholine cytidy- 
lyltransferase is not known, although changes in CPT 
activity have been reported to parallel those observed in 
CTP:phosphocholine cytidylyltransferase activity (23). 

In rat  liver microsomes, phosphatidylethanolamine 
methyltransferase (PEMT) activity was shown to be re- 
duced by almost 50% in diabetic as compared to control 
rats (22). PEMT catalyzes the conversion of PE to PC 
with S-adenosylmethionine serving as the methyl donor. 
PEMT activity has also been observed in the BBM of the 
small intestine (24), although alterations that  may re- 
sult from diabetes or diet have not been reported. 

BBM phospholipids are synthesized at the enterocyte 
microsomal membrane (EMM), specifically at the endo- 
plasmic reticulum (17). The activity of PEMT or CPT in 
EMM may be influenced by diet and/or diabetes, thereby 
resulting in alterations in EMM and, subsequently, in 
BBM phospholipid composition. The trafficking of lipids 
to the BBM after synthesis in the EMM is not well un- 
derstood. The BBM PC/PE ratio may also be altered by 
PEMT activity present in BBM. 

The present study will therefore examine the effect of 
diet and diabetes on EMM lipid composition and will 
focus on two enzymes involved in the synthesis of PC. 
We hypothesize (i) that changes in dietary 0)3 fatty acids 
or cholesterol affect cholesterol levels and the amounts 
and types of phospholipids in EMM of control and dia- 
betic rats, and (ii) that  these changes are the result  of 
altered CPT and PEMT activities in the EMM. 
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METHODS AND MATERIALS 

Animal s  and  diets. The guiding principles in the care 
a n d  use of labora tory  animals,  approved by the Cana- 
dian Federation of Biological Societies, and reviewed by 
the Animal  Policy and Welfare Commit tee  at  the Uni- 
vers i ty  of Alber ta  (Edmonton,  Alberta,  Canada),  were 
observed in the conduct  of this study. Female  Wistar  
rats  weighing 200-250 g were divided into two groups. 
The first group was rendered hyperglycemic by the in- 
t ravenous  injection of s treptozotocin (65 mg/kg body 
weight). The second group was injected with saline and 
served as nondiabetic control. Both groups were initially 
fed a s t anda rd  Purina |  ra t  chow (Ralston Purina,  St. 
Louis, MO) diet for two weeks. Then the control and di- 
abetic groups were subdivided fur ther  into four groups 
of 20 rats  each, and were fed one of four semisynthetic  
diets for two weeks - -bee f  tallow with low (0.06%) cho- 
lesterol (BT), beef tallow with high (1%) cholesterol 
(BTC), fish oil with low (0.06%) cholesterol (FO), or fish 
oil with high (1%) cholesterol (FOC). These semisyn- 
thetic diets were nutrit ionally adequate, meeting known 
essential nutr ient  requirements. The composition of the 
diets is detailed in Tables 1 and 2. 

Food in take  was moni tored every two to three days. 
Animals were weighed weekly. Blood glucose concentra- 
tions were de termined one week post-injection and at 
the t ime of sacrifice. Animals  were allowed access to 
food and wate r  ad l ib i tum unti l  they were killed. Diet 
composition, food intake, weight gain and blood glucose 
levels have been reported (16). 

Membrane preparation and analysis. EMM were pre- 
pared by a modification of the methods described by Lin- 
deskog et al. (25). Intestinal  mucosal scrapings were ho- 
mogenized in a buffer (containing 0.25 M sucrose, 0.1 M 
KH2PO4, 1 mM ethylenediaminetetraacet ic  acid, 1 mM 
dithiothreitol, 66.7 mM NaF and 0.2% trypsin inhibitor), 

TABLE 1 

M a c r o n u t r i e n t  C o m p o s i t i o n  o f  the  S e m i s y n t h e t i c  D i e t s  a 

Diet composition g/kg 

Casein 270.00 
Starch 200.00 
Glucose 207.65 
Cellulose 50.00 
Vitamin mix 10.00 
Mineral mix 50.85 
Choline 2.75 
Inositol 6.25 
L-methionine 2.50 
Fat 200.00 
aAll diets were nutritionally adequate for 18:2 and 18:3. BT (beef 
tallow) contains 16:0 and 18:0 prepared with 18% beef tallow plus 
2% safflower oil. FO (fish oil) contains 20:5a)3 and 22:6a)3 prepared 
with 10% fish oil plus 8% beef tallow plus 2% safflower oil. BTC 
(beef tallow plus cholesterol) and FOC (fish oil plus cholesterol) 
were prepared as above with 1% cholesterol added to the diets. 
Fish oil contains cholesterol (0.6% w/w), and therefore no addi- 
tional cholesterol is added to the FOC diet. Thus, the final choles- 
terol content of FO and FOC diets was 0.06% (w/w) and 2.06c~ 
(w/w), respectively. 

TABLE 2 

F a t t y  A c i d  C o m p o s i t i o n  o f  E x p e r i m e n t a l  D i e t s  a 

Fatty acid BT FO 

(g/kg total diet) 

14:0 3.8 5.6 
15:0 0.6 0.4 
16:0 27.5 17.9 
16:1o)7 0.6 6.3 
17:0 2.1 0.9 
18:0 52.3 25.2 
18:1co9 5.3 7.1 
18:1co7 0.1 1.3 
18:2e)6 6.9 7.6 
18:3(t)3 3.2 
20:5r 15.1 
22:5(t)3 1.3 
22:6(t)3 5.6 
aAbbreviations as in Table 1. 

and were centrifuged for 10 min at 800 x g to remove cel- 
lular  debris. The supe rna t an t  was centr i fuged for 30 
min at 15,000 z g to remove mitochondrial membranes.  
The resul tant  superna tan t  was then centrifuged for 30 
min at 48,000 z g to remove brush  border and basolat- 
eral membranes.  The final supernatant  was centrifuged 
for 60 min at 105,000 x g to pellet the microsomal mem- 
branes. Glucose-6-phosphatase activity was determined 
to assess the pur i ty  of the microsomal prepara t ion  
which was enriched approximate ly  tenfold over ho- 
mogenate (26). 

Lipids of the isolated EMM were extracted immedi- 
ately after preparation according to a modification of the 
method of Bowyer and King (27) and Folch et al. (28). 
Aliquots of the chloroform layer were removed for deter- 
mining free and esterified cholesterol (29,30) and total 
phospholipid (31), as well as phospholipid composition 
(32,33). 

Intest inal  CPT activity was determined according to 
the method of Hoffman et al. (22). PEMT activity was 
assayed according to the methods of Dudeja and Bra- 
situs (24) and Fonlupt et al. (34). 

Expression of  data. All data are expressed as mean  _+ 
SEM. Each of the eight groups consisted of 20 rats, and 
each sample represented material  pooled from two ani- 
mals, such tha t  each group provided ten samples. The 
results were tested statistically by analysis of variance 
and by Student  Neuman-Keul  multiple range test. 

RESULTS 

E M M  lipid composition. In the jejunal  EMM of control 
rats, feeding fish oil (FO or FOC) was associated with a 
42-50% decline in total phospholipid content, no change 
in the cholesterol content  and a resu l tan t  46-48% de- 
cline in phospholipid/cholesterol  ratio as compared to 
animals  fed beef tallow (BT or BTC) (Table 3). In dia- 
betic rats, jejunal  EMM total phospholipid content was 
lowered 43% and cholesterol content  was unchanged;  
thus  the phospholipid/cholesterol  rat io was also lower 
when animals  were fed FOC compared to animals  fed 
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TABLE 3 

E f f e c t  o f  D i e t a r y  o33 F a t t y  A c i d s  a n d  C h o l e s t e r o l  o n  J e j u n a l  E n t e r o c y t e  M i c r o s o m a l  M e m b r a n e  L i p i d  C o m p o s i t i o n  
in  C o n t r o l  a n d  D i a b e t i c  Rat s  a 
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Lipid Control Diabetic 
(nmol/mg protein) BT BTC FO FOC BT BTC FO FOC 

Total phospholipids 278 • 19 274 • 17 160 • 16 b 137 • 11 b 324 • 18 361 _+ 15 d 285 • 19 a 206 • 18 b'c'd 
Cholesterol 

Total 91 • 6 111 • 7 95 • 4 111 • 6 101 • 6 146 • 7 c'd 92 • 5 135 • 8 c'd 
Free 88 • 6 101 • 3 85 • 98 • 92 • 6 125 • c 10 • 23 • 
Esters 4 • 1 15 • 10 • 13 • 5 9 • 21 • 10 • 23 • 

Phospholipid]cholesterol 3.1 • 0.2 2.5 • 0.2 c 1.7 • 0.l b 1.3 • 0.1 b 3.3 • 0.2 2.3 • 0.2 c 3.3 • 0.3 d 1.6 • 0.1 b'c 

aThe composition of the diets is given in Tables 1 and 2. For abbreviations, see Table 1. bp < 0.05, fish oil vs. beef. cp < 0.05, cholesterol 
supplementation, dp < 0.05, diabetic vs. control. 

BTC. Choles tero l  s u p p l e m e n t a t i o n  did no t  s ign i f i can t ly  
a l te r  the  j e j u n a l  EMM phosphol ip id  a n d  cholesterol  lev- 
els of control  a n i m a l s  fed beef  ta l low or fish oil, a l t hough  
smal l  changes  re su l t ed  in  a 20% decl ine in  the  phospho- 
l ip id /cho les te ro l  r a t io  i n  a n i m a l s  fed bee f  t a l low (BTC 
vs. BT). By cont ras t ,  in  the  j e j u n a l  EMM of diabet ic  ani -  
ma ls ,  choles tero l  s u p p l e m e n t a t i o n  dec reased  the  phos- 
phol ip id  c o n t e n t  by  28% in  a n i m a l s  fed f ish oil, a n d  in-  
creased the  cholesterol  con ten t  by 46% in  a n i m a l s  fed ei- 
t he r  beef  ta l low or fish oil, which  resu l t ed  in  a phospho- 
l ip id/choles terol  ra t io  t h a t  was  reduced  by 30 a n d  52%, 
respect ively .  D iabe te s  was  assoc ia ted  w i th  a n  i n c r e a s e  
in  j e j u n a l  E M M  to ta l  p h o s p h o l i p i d  c o n t e n t  i n  a n i m a l s  
fed BTC (32%), FO (78%) a n d  FOC (50%), a n d  a n  in-  
c rease  in  t o t a l  cho les te ro l  c o n t e n t  i n  a n i m a l s  fed BTC 
(32%) a n d  FOC (22%) as c o m p a r e d  w i t h  controls .  The  
phospho l ip id /cho les te ro l  r a t io  was  no t  s i gn i f i can t ly  al- 
t e r ed  in  d i abe t e s  except  for the  twofold i n c r e a s e  in  the  
diabet ic  compared  wi th  the  control  a n i m a l s  fed FO. 

I lea l  EMM phospho l ip id  a n d  choles terol  c o n t e n t  was  
unaf fec ted  by f ish oil feeding  in  both  control  and  in  dia- 
be t ic  a n i m a l s  (Table  4). A l t h o u g h  i lea l  EMM phospho-  
l ipid con ten t  a n d  the  phosphol ipid/cholesterol  ra t io  were 
u n c h a n g e d ,  the  cholesterol  con ten t  was  s ign i f ican t ly  in- 
c reased  (by 36%) w h e n  cont ro l  a n i m a l s  fed bee f  t a l low 
were s u p p l e m e n t e d  wi th  cholesterol.  In  diabet ic  a n i m a l s  
fed f ish oil, cholesterol  s u p p l e m e n t a t i o n  did not  signifi-  
c a n t l y  affect p h o s p h o l i p i d  c o n t e n t ,  b u t  i n c r e a s e d  i lea l  

EMM cholesterol  con ten t  42% a n d  reduced the  phospho- 
l ipid/cholesterol  ra t io  by 45%. Cholesterol  s u p p l e m e n t a -  
t ion  did no t  a l t e r  the  i leal  EMM phospho l ip id  a n d  cho- 
lesterol  con ten t  of control  a n i m a l s  fed fish oil, or diabet ic  
a n i m a l s  fed beef  tallow. A l t h o u g h  d i abe t e s  was  associ-  
a ted  w i th  a 19% inc rease  in  i leal  EMM choles terol  con- 
t e n t  i n  a n i m a l s  fed FOC,  the  to t a l  p h o s p h o l i p i d  levels  
a n d  the  phospho l ip id / cho le s t e ro l  r a t io  r e m a i n e d  u n -  
c h a n g e d  w h e n  c o m p a r e d  w i th  con t ro l s  fed FOC.  Dia-  
betes  did not  s ign i f ican t ly  a l t e r  the  i leal  EMM phospho- 
l ipid a n d  choles terol  c on t e n t  of a n i m a l s  fed BT, BTC or 
FO as compared  wi th  controls.  

E M M  phospho l ip id  composit ion.  F e e d i ng  FO was as- 
socia ted  wi th  a dec l ine  in  s p h i n g o m y e l i n  (SM), PC a n d  
PE in  j e j u n a l  EMM of control  an ima l s ,  as compared  wi th  
those  fed BT, by  37, 54 a n d  35%, respect ively .  F e e d i n g  
FOC was  a s soc ia t ed  w i th  a 53% r e d u c t i o n  in  PE a n d  a 
63% r e d u c t i o n  in  p h o s p h a t i d y l i n o s i t o l  (PI) c o m p a r e d  
wi th  feed ing  BTC (Table 5). In  the  j e j u n a l  EMM of dia-  
be t ic  a n i m a l s ,  f eed ing  FO was  also a s soc i a t ed  w i t h  a 
57% decrease  in  SM w h e n  c o m p a r e d  w i t h  f eed ing  BT, 
w h e r e a s  feed ing  FOC was  a s soc ia t ed  w i t h  a dec l ine  in  
SM (56%) a n d  PE  (46%) w h e n  c o m p a r e d  w i th  f eed ing  
BTC. Cho les t e ro l  s u p p l e m e n t a t i o n  did no t  a l t e r  the  
phosphol ip id  composi t ion of j e j u n a l  or i leal  EMM in  con- 
trol  a n i m a l s  fed e i the r  beef  ta l low or fish oil. In  the  je ju-  
na l  EMM of d iabet ic  an ima l s ,  choles terol  s u p p l e m e n t a -  
t ion was  associated wi th  a n  increase  in  SM (24% a n d  PE 

TABLE 4 

E f f e c t  o f  D i e t a r y  0)3 F a t t y  A c i d s  a n d  C h o l e s t e r o l  o n  Hea l  E n t e r o c y t e  M i c r o s o m a l  M e m b r a n e  L i p i d  C o m p o s i t i o n  
in  Contro l  a n d  D i a b e t i c  R a t s  a 

Lipid Control Diabetic 
(nmol/mg protein) BT BTC FO FOC BT BTC FO FOC 

Total phospholipids 203 • 21 198 • 15 170 • 10 152 _+ 11 226 • 16 228 • 13 210 • 9 165 -+ 17 
Cholesterol 

Total 98 _+ 7 133 • 12 c 104 • 5 123 • 7 119 • 9 136 • 8 110 • 6 156 • 7 c'd 
Free 94 _+ 7 109 • 8 97 • 6 109 • 5 104 • 5 110 • 6 99 • 5 123 • 6 
Esters 6 • 24 • 10 9 • 15 • 15 • 5 26 • 11 • 33 • c'd 

Phospholipid/cholesterol 2.1 • 0.2 1.6 • 0.1 1.7 • 0.2 1.2 • 0.1 1.9 • 0.1 1.7 • 0.1 2.0 • 0.1 1.1 _~ 0.I c 

aThe composition of the diets and the abbreviations are given in Tables 1 and 2. bp < 0.05, fish oil vs. beef. cp < 0.05, cholesterol supple- 
mentation, dp < 0.05, diabetic vs. control. 
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(27%) in animals  fed beef  tallow, whereas  in diabetic 
animals fed fish oil, cholesterol supplementat ion was as- 
sociated with a reduct ion in PC (42%) and PE (29%). 
Diabetes was associated with an increase in je junal  
EMM SM (28-55%) and PE (22-34%) in animals  fed 
beef  tallow (BT or BTC). In animals  fed FO, diabetes 
was associated with an increase in je junal  EMM PC 
(167%) and PE (81%) with a resul tant  68% reduction in 
SM/PC ratio, and in animals  fed FOC only PE was in- 
creased (94%). 

In the ileal EMM of control animals, feeding FOC did 
not al ter  phospholipid composition compared with feed- 
ing BTC, a l though feeding FO was associated with a 
54% reduction in PI compared with feeding BT (Table 6). 
In diabetic rats,  feeding FO did not al ter  the ileal EMM 
phospholipid composit ion compared with diabetic ra ts  
fed BT, while feeding FOC was associated with a decline 
in SM (34%) and a 92% increase in PC/PE rat io com- 
pared with feeding BTC. Ileal EMM phospholipid com- 
position was unaffected by cholesterol supplementat ion 
in diabetic animals fed ei ther  beef tallow or fish oil. 

C P T  a n d  P E M T  act ivi t ies .  Feeding fish oil (FO or 
FOC), when compared  with feeding beef  tallow (BT or 
BTC), was associated with a marked  decline in je junal  
EMM CPT activity of control (94-95%) and diabetic rats 
(74-82%), whereas  the  decline in ileal CPT act ivi ty in 
control (63-70%) and in diabetic (74-76%) rats  did not 
reach  s ta t is t ical  significance (P < 0.05) (Table 7). CPT 
was not  s ignif icant ly affected by adding cholesterol  to 
the diet, or by diabetes.  The general  decline in je junal  
and ileal EMM PEMT activity observed with diabetes in 
the absence of dietary cholesterol did not reach statisti-  
cal significane. PEMT activity was not significantly af- 
fected by dietary c03 fa t ty  acids or by cholesterol supple- 
mentation.  

DISCUSSION 

F e e d i n g  a p o l y u n s a t u r a t e d  f a t t y  ac i d  d i e t  m a y  r e d u c e  
the  enhanced  up take  of glucose and lipids in diabetic 
rats  (16,35,36). Alterations in the lipid composition and 
propert ies  of the BBM have been postula ted to explain 
this decline in nu t r i en t  absorpt ion (16,37). Diabetes is 
associated with an increase in BBM total phospholipids 
due to an increase in PC and PE (13). This diabetes-as- 
sociated increase in BBM PC and PE, and the fish oil- 
associated decline in BBM PC and PE led to the hypoth- 
esis t ha t  the  synthesis  of phospholipids in the entero-  
cyte is inf luenced by diet  and diabetes.  The next  step 
was to examine the site of lipid synthesis and membrane  
assembly, namely the EMM. 

Diabetes was found to be associated with an increase 
in j e juna l  EMM total  phospholipid content  in ra t s  fed 
BTC, FOC and FO, with this increase being pr imar i ly  
due to an increase in PE content in all groups, although 
SM was also increased in animals fed BTC (Tables 3-6). 
The increase in PE was not associated with any changes 
in the act ivi ty  of PEMT (Table 7), but  may  be due to 
changes in the enzymes involved in de novo PE synthe- 
sis. The increase in EMM SM levels with diabetes in an- 
imals fed beef tallow suggests tha t  future studies should 
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also consider examining the activity of sphingomyeli- 
nase. Insulin increases sphingomyelinase activity (38), 
and therefore diabetes may be associated with a decline 
in the activity of this enzyme and thereby lead to in- 
creased EMM SM levels. 

The total cholesterol content of jejunal EMM was ap- 
proximately 45% higher in diabetic than in control rats, 
but only when they were fed a high cholesterol diet (BTC 
or FOC). Cholesterol absorption is known to be in- 
creased in diabetes (39). Control animals appear to 
maintain a constant EMM cholesterol content even in 
the face of a high dietary content of cholesterol. This 
homeostatic regulation appears to fail in diabetes. The 
inability of the diabetic rat  jejunal EMM to cope with an 
increased dietary load of cholesterol may be related to 
the known changes in cholesterol metabolism that  are 
observed in diabetes. Intestinal d e  n o v o  synthesis of cho- 
lesterol has been shown to be increased 2-3-fold in 
streptozotocin-diabetic rats (40) associated with an in- 
crease in 3-hydroxy-3-methylglutaryl-CoA reductase ac- 
tivity (41-43). Cholesterol feeding did not alter choles- 
terol synthesis in control animals, but markedly inhib- 
ited cholesterol synthesis in the diabetic small intestine 
(44). In control rats, feeding a diet enriched in 0)3 
polyunsaturated fatty acids is associated with an in- 
crease in acyl-CoA:cholesterol acyltransferase activity 
and is not increased fur ther  with dietary cholesterol 
supplementation (45,46). The mechanism by which jeju- 
nal EMM cholesterol is increased in diabetic rats on a 
high cholesterol diet is unknown, but may be related to 
the possible increased availability of dietary cholesterol 
for membrane synthesis resulting from exceeding the 
capacity of the increased lipoprotein transport from the 
intestine to the circulation observed with diabetes (47). 

BBM phospholipid content is reduced by fish oil feed- 
ing (16), although the mechanism of this alteration is 
not clear. Feeding fish oil also reduced the total phos- 
pholipid content of control jejunal EMM (Table 3), which 
resulted in a decrease in the phospholipid-to-cholesterol 
ratio, with changes also occurring in individual phos- 
pholipids including SM, PC and PI (Table 5). Fish oil 
feeding does not appear to alter membrane cholesterol 
content compared to feeding beef tallow. In diabetic ani- 
mals, feeding fish oil reduced the total phospholipid con- 
tent of jejunal EMM of animals fed the high cholesterol 
diet (FOC), but not those fed the low cholesterol diet 
(FO). This decline in total phospholipids was a conse- 
quence of the reduction in SM and PE (Table 5). The 
data suggest that  feeding (o3 polyunsaturated fatty 
acids is associated with a decrease in phospholipid syn- 
thesis. 

The decrease in EMM PC observed with fish oil feed- 
ing (Table 5) led us to postulate that enterocyte microso- 
mal PC synthesis may be affected by the CPT and the 
PEMT pathways. The decrease in PC observed in jeju- 
nal EMM of control rats fed FO was associated with a 
marked reduction in the activity of EMM CPT (Table 7), 
the enzyme catalyzing the last step in the PC synthesis 
by the CDPcholine pathway. The decline in PE in con- 
trol rats fed FO or FOC, and in diabetic rats fed FOC 
(Table 5), cannot be explained by differences in microso- 

mal PEMT activity (Table 7) and may involve a decrease 
in the de n o v o  synthesis of PE. The marked reduction in 
EMM SM content with fish oil feeding may be due to a 
decline in d e  n o v o  synthesis or an increase in sphin- 
gomyelinase activity. 

Cholesterol supplementation did not alter jejunal or 
ileal EMM total phospholipid content or composition in 
control animals (Tables 3 and 5). In diabetic rats, cho- 
lesterol feeding did not alter the jejunal EMM total 
phospholipid content when fed beef tallow (BTC vs. BT), 
but was associated with a decline in total phospholipids 
when fed fish oil (FOC vs. FO) due to a reduction in PE. 
Thus, dietary cholesterol may influence the regulation 
o f  d e  n o v o  phospholipid synthesis in the rat small intes- 
tine, as it does in rat  liver (48). 

Whereas the jejunal EMM was responsive to the ef- 
fects of dietary fatty acids and cholesterol, and to dia- 
betes, the ileal EMM showed relatively few changes, 
namely a decline in SM and an increase in PC/PE ratio 
with fish oil feeding in diabetes (FOC vs. BTC), an in- 
creased cholesterol content, and reduced phospho- 
lipid/cholesterol ratio with cholesterol feeding in dia- 
betes (FOC vs. FO) (Tables 4 and 6). Except for an in- 
crease in cholesterol content with diabetes in animals 
fed FOC, diabetes was not associated with any change 
in phospholipid, cholesterol and phospholipid composi- 
tion. The activities of CPT and PEMT in ileal EMM did 
not respond to fish oil feeding (Table 7). It is possible 
that the EMM are inherently different for the ileum and 
for the jejunum, as is the case for microsomal desat- 
urase activities (49). Alternatively, the dietary signal to 
adapt is likely much stronger in the jejunum than in the 
ileum, and when ileal EMM composition is modified, the 
change is qualitatively similar to that  in the jejunum. 
Whether  the variable responses between jejunum and 
ileum are on the basis of qualitative or quantitative dif- 
ferences remains the subject of future study. 

Alterations in membrane fluidity arise from changes 
in membrane lipid composition and may play a role in 
the regulation of membrane-bound enzymes (50). Dia- 
betes was associated with a decrease in BBM fluidity 
and an increase in sodium-dependent D glucose trans- 
port (51,52). Hepatic desaturase activity is also influ- 
enced by hepatic microsomal membrane lipid composi- 
tion (53). Diabetes and dietary lipid-associated changes 
in EMM cholesterol and phospholipid content may be 
associated with a variety of changes in EMM fluidity 
which, in turn, may have influenced the activity of in- 
trinsic membrane proteins such as CPT and PEMT. 
However, in addition to membrane c h o l e s t e r o l  content, 
phospholipid content and phospholipid composition, 
phospholipid fatty acid composition is also an important 
determinant  of membrane fluidity. The decline in CPT 
activity observed with fish oil feeding may be related to 
a change in fluidity resulting from feeding a diet en- 
riched with 0)3 polyunsaturated fat ty acids. Future  
studies may examine the effect of diabetes and diet on 
EMM fluidity and phospholipid fatty acid composition. 

Until the actual signals for EMM adaptation in re- 
sponse to diabetes and dietary manipulation are identi- 
fied, the mechanisms responsible for the control of mem- 
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b r a n e  compos i t ion  a n d  a d a p t a t i o n  r e m a i n  t h e  sub jec t  of  
f u r t h e r  i nves t i ga t i on .  

ACKNOWLEDGMENTS 
The authors are grateful for the financial support of' the Canadian 
Diabetes Association. They would also like to acknowledge the 
technical assistance of D. Luethe and the secretarial help of S. 
Evans-Davies. 

REFERENCES 

1. Crane, R.K. (1961) Biochem. Biophys. Res. Commun. 4, 
436-440. 

2. Leese, H.J., and Mansford, R.L. (1970) J. Physiol. 212, 
819-838. 

3. Olsen, W.A., and Rogers, L.H. (1970) J. Clin. Invest. 49, 
96-105. 

4. Schedl, H.P., and Wilson, H.D. (1971) Am. J. Physiol. 220, 
1739-1741. 

5. Thomson, A.B.R. (1980) J. Lipid Res. 21, 687-698. 
6. Thomson, A.B.R. (1981) Diabetes 30, 247-255. 
7. Csaky, T.Z., and Fischer, E. (1981) Diabetes 30, 568-574. 
8. Thomson, A.B.R. (1983)Am. J. Physiol. 244, G151-G159. 
9. Thomson, A.B.R., and Rajotte, R.V. (1984)Am. J. Physiol. 246, 

G627-G633. 
10. Fedorak, R.N., Change, E.B., Madara, J.L., and Field, M. 

(1987) J. Clin. Invest. 79, 1571-1578. 
11. Thomson, A.B.R. (1988) in Principles and Practice of Gastroen- 

terology and Hepatology (Gitnick, G., ed.) pp. 333-343, E|se- 
vier, New York. 

12. Keelan, M., Walker, K., Rajotte, R.V., Clandinin, M.T., and 
Thomson, A.B.R. (1987) Can. J. Physiol. Pharmacol. 65, 
210-218. 

13. Keelan, M., Walker, K., and Thomson, A.B.R. (1985) Comp. 
Biochem. Physiol. 82A, 83-89. 

14. Thomson, A.B.R., Keelan, M., Garg, M.L., and Clandinin, M.T. 
(1987) Can. J. Physiol. Pharmacol. 65, 2459-2465. 

15. Brasitus, T.A., Dudeja, P.K., Bolt, M.J.G., Sitrin, M.D., and 
Baum, C. (1989) Biochim. Biophys. Acta 989, 177-186. 

16. Keelan, M., Wierzbicki, A.A., Wierzbicki, E., Thomson, A.B.R., 
and Clandinin, M.T. (1991) Diabetes Res. 16, 127-138. 

17. Mansbach, C.M. (1976)Enzyme 21, 137-141. 
18. Mansbach, C.M. (1977) J. Clin. Invest. 60, 411-420. 
19. O'Doherty, P.J.A. (1980) Can. J. Biochem. 58, 527-533. 
20. Mansbach, C.M., and Arnold, A. (1986) Biochim. Biophys. Acta 

875, 516-524. 
21. Mansbach, C.M. (1975) Gastroenterology 68, 708-714. 
22. Hoffman, D.R., Haning, J.A., and Cornatzer, W.E. (1981) Proc. 

Soc. Exp. Biol. Med. 167, 143-146. 
23. Weinhold, P.A., Skinner, R.S., and Sanders, R.D. (1973) 

Biochim. Biophys. Acta 326, 43-51. 
24. Dudeja, P.K., and Brasitus, T.A. (1987) Biochim. Biophys. Acta 

919, 307-310. 
25. Lindeskog, P., Haaparanta,  T., Norgard, M., Glauman, H., 

Hansson, T., and Gustafsson, J.A. (1986) Arch. Biochem. Bio- 
phys. 244, 492-501. 

26. Freedland, R.A., and Harper, A.E. (1957) J. Biol. Chem. 228, 
743-751. 

27. Bowyer, D., and King, J. (1977) J. Chromatogr. 143, 473-495. 
28. Folch, J., Lees, M., and Sloane-Stanley, G.H. (1957) J. Biol. 

Chem. 226, 497-509. 
29. Allain, C.C., Poon, L.S., Chan, S.G., Richmond, W., and Fu, 

P.C. (1974) Clin. Chem. 20, 470-475. 
30. Morin, R.J. (1976) Clin. Chim. Acta 71, 75-80. 
31. Sunderman, R.W., and Sunderman, Jr., R.N. (1960)Lipids and 

Steroid Hormones in Clinical Medicine, pp. 28-32, J.B. Lippin- 
cott Co., Philadelphia. 

32. Vitiello, F., and Zanetta, J.P. (1978) J. Chromatogr. 166, 
637-640. 

33. Touchstone, J.C., Chen, J.C., and Beaver, K.M. (1979) Lipids 
15, 61-62. 

34. Fonlupt, P., Prey, C., and Pochceo, H. (1981) Biochem. Biophys. 
Res. Commun. 100, 1720-1726. 

35. Thomson, A.B.R., Keelan, M., Clandinin, M.T., and Walker, K. 
(1987)Am. J. Physiol. 252, G262-G271. 

36. Thomson, A.B.R., Keelan, M., Clandinin, M.T., Rajotte, R.V., 
Cheeseman, C.I., and Walker, K. (1987) Biochim. Biophys. Acta 
905, 426-434. 

37. Keelan, M., Wierzbicki, A.A., Clandinin, M.T., Walker, K., Ra- 
jotte, R.V., and Thomson, A.B.R. (1990) Diabetes Res. 14, 
159-164. 

38. Petkova, D.H., Nidolova, M.N., Momchilova-Pankoova, A.B., 
and Koumanov, K.S. (1990) Comp. Biochem. Physiol. 95, 
685-689. 

39. Thomson, A.B.R., and Rajotte, R.V. (1983)Am. J. Clin. Nutr. 
37, 244-252. 

40. Feingold, K.R., Wiley, M.H., MacRae, G., Lear, S.R., Moser, 
A.H., and Siperstein, M.D. (1982) Diabetes 31, 388-395. 

41. Nakayama, H., and Nakagawa, S. (1977) Diabetes 26, 439-444. 
42. Young, N.L., Sandek, C.D., and Crawford, S.A. (1982) J. Lipid 

Res. 23, 266-275. 
43. Goodman, M.W., Michels, L.D., and Keane, W.F. (1983) Proc. 

Soc. Exp. Biol. Med. 170, 286-290. 
44. Feingold, K.R., Wiley, M.H., Moser, A.H., and Lear, S.R. (1983) 

Diabetes 32, 368-376. 
45. Chautan, M., Termine, E., Amirayan, N., Leonardi, J., Pauli, 

A.M., Portugal, H., and Lafont, H. (1989) Scand. J. Gastroen- 
terol. 24, 632-640. 

46. Drevon, C.A., Lilljeqvist, A.-C., Schreiner, B., and Norum, K.R. 
(1979) Atherosclerosis 34, 207-219. 

47. Feingold, K.R., Zsigmond, G., Hughes-Fulford, M., Lear, S.R. 
and Moser, A.R. (1985)Metabolism 34, 1105-1109. 

48. Lim, P.H., Pritchard, P.H., Paddon, H.B., and Vance, D.E. 
(1983) Biochim. Biophys. Acta 753, 74-82. 

49. Garg, M.L., Keelan, M., Wierzbicki, A., Thomson, A.B.R., and 
Clandinin, M.T. (1988) Can. J. Physiol. Pharmacol. 66, 
794-800. 

50. Spector, A.A., and Yorek, M.A. (1985) J. Lipid Res. 26, 
1015-1035. 

51. Dudeja, P.K., Wali, R.K., Klitzke, A., and Brasitus, T.A. (1990) 
Am. J. Physiol. 259, G571-G577. 

52. Brasitus, T.A., and Dudeja, P.K. (1985)Arch. Biochem. Bio- 
phys. 240, 438-488. 

53. Brenner, R.R. (1981)Prog. Lipid Res. 20, 41-47. 

[Received August 30, 1993, and in final revised form October 6, 1994; 
Revision accepted October 6, 1994] 

LIPIDS, Vol. 29, no. 12 (1994) 



859 

Hematological and Lipid Changes in Newborn Piglets 
Fed Milk Replacer Diets Containing Vegetable Oils 
with Different Levels of n-3 Fatty Acids 
John K.G. Kramer a,*, Frank D. Sauer a, Edward R. Farnworth a, Mark S. Wolynetz b, Gwynn Jones c 
and Gall A. Rock c 
aCenter for Food and Animal Research and bWestern Region Headquarters, Research Branch, Agriculture and Agri-Food Canada, Ottawa, 
Ontario K1A 0C6 and cottawa Civic Hospital, Ottawa, Ontario KIY 4E9, Canada 

To t e s t  i f  l i n o l e n i c  ac id  (18:3n-3) f r o m  v e g e t a b l e  o i l s  
w o u l d  affect  b l e e d i n g  t i m e s  and  p la te l e t  c o u n t s  in  n e w -  
b o r n s ,  p i g l e t s  w e r e  u s e d  as a m o d e l  fed  m i l k  r e p l a c e r  
d i e t s  c o n t a i n i n g  25% (by wt)  v e g e t a b l e  o i l s  or  o i l  mix -  
t u r e s  for 28 d and  c o m p a r e d  to s o w - r e a r e d  p ig l e t s .  The  
o i l s  t e s t e d  i n c l u d e d  s o y b e a n ,  c a n o l a ,  o l i ve ,  h i g h  o l e i c  
s u n f l o w e r  (HOAS), a c a n o l a / c o c o n u t  m i x t u r e  and a mix-  
ture  o f  o i l s  m i m i c k i n g  c a n o l a  in fat ty  ac id  c o m p o s i t i o n .  
All  p i g l e t s  fed  the  m i l k  r e p l a c e r  d i e t s  s h o w e d  n o r m a l  
g r o w t h .  B l e e d i n g  t i m e s  i n c r e a s e d  a f t er  b i r t h  f r o m  4-6  
rain to  7-10  m i n  by  w e e k  4 (P < 0.001), and  w e r e  h i g h e r  
in  p ig s  fed  d i e t s  c o n t a i n i n g  18:3n-3, as  w e l l  as  in  s o w -  
r e a r e d  p ig l e t s  r e c e i v i n g  n-3 p o l y u n s a t u r a t e d  fat ty  ac ids  
(PUFA) in the  mi lk ,  as c o m p a r e d  to  d i e t s  l o w  in 18:3n-3. 
P l a t e l e t  n u m b e r s  i n c r e a s e d  w i t h i n  t h e  f i r s t  w e e k  in  
n e w b o r n  p i g l e t s  f r o m  300 to  550 x 109/L, a n d  r e m a i n e d  
h i g h  t h e r e a f t e r .  Mi lk  r e p l a c e r  d ie t s ,  c o n t a i n i n g  veg-  
e t a b l e  o i l s ,  g e n e r a l l y  s h o w e d  a t r a n s i e n t  d e l a y  in  t h e  
r i se  o f  p la te l e t  n u m b e r s ,  w h i c h  w a s  par t ia l ly  a s s o c i a t e d  
w i t h  an i n c r e a s e d  p l a t e l e t  v o l u m e .  The  o i l s  s h o w e d  dif- 
f e r e n c e s  in  the  l eng th  of  delay,  but  by the  th ird  w e e k  o f  
age ,  al l  p l a t e l e t  c o u n t s  w e r e  >500 x 109/L. T h e  d e l a y  in  
r i s e  in  p l a t e l e t  c o u n t s  a p p e a r e d  to  be  r e l a t e d  to  t h e  
fat ty  ac id  c o m p o s i t i o n  of  the  oil ,  as the  ef fect  w a s  repro-  
d u c e d  by  a m i x t u r e  o f  o i l s  w i t h  a cer ta in  fat ty  ac id  pro-  
f i le ,  a n d  d i s a p p e a r e d  u p o n  t h e  a d d i t i o n  o f  s a t u r a t e d  
fa t ty  a c i d s  to  t h e  v e g e t a b l e  oi l .  T h e r e  w e r e  n o  a l ter-  
a t i ons  in the  c o a g u l a t i o n  factors  due  to the  d i e tary  oi ls .  
B l o o d  p l a s m a ,  p l a t e l e t s  a n d  r e d  b l o o d  ce l l  m e m b r a n e s  
s h o w e d  i n c r e a s e d  l e v e l s  o f  18:3n-3 and  l o n g - c h a i n  n-3 
PUFA in  r e s p o n s e  to  d i e t a r y  18:3n-3. T h e  l e v e l  o f  sa tu-  
r a t e d  fat ty  a c i d s  in  b l o o d  l ip ids  w a s  g e n e r a l l y  l o w e r  in  
c a n o l a  and  HOAS oi l - fed p i g l e t s  as  c o m p a r e d  to  p i g l e t s  
fed s o y b e a n  oi l  or  r e a r e d  w i t h  the  sow.  The re su l t s  sug- 
ges t  that  c o n s u m p t i o n  of  m i l k  r e p l a c e r  d ie t s  c o n t a i n i n g  
v e g e t a b l e  o i l s  r i ch  in 18:3n-3 d o e s  not  r e p r e s e n t  a b leed-  
ing  r isk ,  and that  the  t r a n s i e n t  l o w e r  p la te l e t  c o u n t  can  
b e  c o u n t e r b a l a n c e d  by  t h e  a d d i t i o n  of  s a t u r a t e d  fa t ty  
ac ids  to  the  v e g e t a b l e  oi ls .  
Lipids 29, 859-868 (1994). 

*To whom correspondence should be addressed at Center for Food 
and Animal Research, Research Branch, Agriculture and Agri- 
Food Canada, 960 Carling Avenue, Ottawa, Ontario K1A 0C6, 
Canada. 
Abbreviations: ANOVA, analysis of variance; ~ ,  activated par- 
tial thromboplastin time; C, cholesterol; CE, cholesteryl ester; 
EDTA, ethylenediaminetetraacetic acid; Hb, hemoglobin; HEAR, 
high erucic acid rapeseed; HOAS, high oleic acid sunflower; MCH, 
mean corpuscular hemoglobin; MCHC, mean corpuscular hemo- 
globin concentration; MPV, mean platelet volume; PC, phospha- 
tidylcholine; PCV, packed cell volume; PE, phosphatidylethanol- 
amine; PS, phosphatidylserine; PT, prothrombin time; PUFA, 
polyunsaturated fatty acids; RBC, red blood cell; SP, sphin- 
gomyelin; TAG, triacylglycerol; WBC, white blood cell. 

While larger  intakes of long-chain n-3 po lyunsa tura ted  
fa t ty  acids (PUFA) from fish oil in h u m a n  diets have 
been shown to be associated with a number  of favorable 
effects, such as reduced coronary hear t  disease, improved 
serum lipid profiles and decreased platelet  aggregation 
(1-4), there  have also been some concerns, for example 
with respect  to prolonged bleeding t imes (3,5-14) and 
a decrease in platelet  counts (3,5,6,8-10,14-17).  These 
changes are believed to be due to the incorporat ion 
of e icosapentaenoic  (20:5n-3) and docosahexaenoic 
(22:6n-3) acids into platelet  phospholipids, resul t ing in 
alterations in platelet and hemostatic function. 

Based on the metabolic conversion of dietary linolenic 
acid (18:3n-3) to 20:5n-3 and 22:6n-3 in animals  and in 
h u m an s  (1,18,19), one might  expect  the same effects 
from vegetable  oils conta ining 18:3n-3. A n u mber  of 
s tudies have shown tha t  the consumption of diets con- 
ta in ing 18:3n-3 increased the long-chain n-3 PUFA in 
blood lipids (20-27), bu t  the  increases  were less t han  
those seen with the inclusion of fish oils conta in ing  
20:5n-3 and 22:6n-3 (20,28). The possibil i ty t ha t  veg- 
e table  oils conta in ing  subs tan t ia l  amounts  of 18:3n-3 
might  affect bleeding t imes or p la te le t  counts  was re- 
cent ly invest igated.  In th ree  s tudies wi th  humans ,  
bleeding times were ei ther  moderately increased (25,29) 
or r ema ined  the same (27) with the consumpt ion  of 
canola oil, but  changes in platelet counts were not inves- 
t igated.  In a s tudy  on newborn  piglets, a reduct ion in 
platelet  count was observed after  18 d when oil/fat mix- 
tures  were fed containing about  33% canola oil or high 
oleic acid saff lower or sunf lower  oil (28), bu t  bleeding 
times were not measured.  

The possible risk of increased bleeding and thrombo- 
cytopenia due to dietary n-3 fat ty acids would be of par- 
t icular  concern to infants  because of the i r  g rea te r  sus- 
ceptibility to injury, their  higher  intake of food per uni t  
body weight and their  often restr icted choice in diet. The 
recent  interest  to improve the n-3 fa t ty  acid contents of 
infant  formulas (4,30,31) might  lead to the inclusion of 
increased 18:3n-3 from vegetable oils to sat isfy the n-3 
requ i rement .  The increased 18:3n-3 content  in infant  
formulas needs to be evaluated in the light of the appar- 
ent  risks involved. 

In the  presen t  study, the r isk factors of increased  
bleeding and decreased platelet counts were assessed in 
newborn piglets fed milk replacer diets containing vari- 
ous vegetable oils with different levels of 18:3n-3 as the 
sole source of fat  in the diet. The pig was chosen because 
it is bel ieved to be a sui table  model  for hematological  
studies in humans  (32). The oils tested included soybean 
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oil and canola oil which, in addit ion to 18:3n-3, con- 
tained high levels of either linoleic acid (18:2n-6) or oleic 
acid (18:1n-9), respectively. Oils high in 18:1n-9 and low 
in 18:3n-3, i.e., high oleic acid sunflower (HOAS) oil and 
olive oil, were used for comparison. Sow-reared groups 
were included which received preformed C20 and C22 n-6 
and n-3 PUFA from mate rna l  milk. Canola oil was in- 
cluded in order to compare its effects with those of the 
other oils. Canola oil is present ly  excluded from infant  
formulas (33) in the United States, as its safety has not 
been conclusively documented. 

MATERIALS AND METHODS 

Animals and housing. Newborn Yorkshire male and 
female piglets were left with the sow for one day to per- 
mit consumption of colostrum. Littermates were allocated 
randomly to the diets so that  the diets were balanced for 
litter and sex. Piglets were housed individually in stain- 
less steel cages, arranged in banks of six (34), which were 
equipped with a common milk replacer reservoir and an 
automatic  feed dispensing system. Animals were fed 
every two hours at a rate of solid intake equivalent to 7% 
of body weight/day. Body weights were recorded every 
three days and feed was adjusted accordingly. 

Diets. The oils used in these studies, alone or in mix- 
tures,  included: soybean oil (CanAmera  Foods Inc., 
Toronto, Ontario,  Canada) ,  HOAS oil and olive oil 
(Loblaws Ltd., Ot tawa,  Ontario,  Canada)  canola and 
high erucic acid rapeseed (HEAR) oils (CanAmera  
Foods, Inc., Altona, Manitoba, Canada),  and linseed oil 
(gift from Dr. J.D. Jones, Ottawa, Ontario, Canada). The 
fa t ty  acid composit ion of the tes t  oils and oil mixtures  

TABLE 1 

Fatty Acid Composi t ion of  Sow Milk and Oils Used in Milk 
Replacer Diets  

Fatty Sow Soybean HOAS b Canola Mixture 
acids milk a oil oil oil c of oils d 

_<14:0 2.1 0.1 0.1 0.1 0.1 
16:0 23.3 10.3 3.9 5.0 6.8 
16:1 4.6 0.2 0.1 0.3 0.1 
18:0 6.1 3.4 4.4 2.0 4.3 
18:1n-9 32.4 22.3 76.1 52.0 54.1 
18:1n-7 2.8 1.4 0.8 2.6 1.3 
18:2n-6 22.9 48.4 11.9 20.8 23.7 
18:3n-3 1.1 7.7 0.1 7.8 7.3 
20:0 0.2 0.3 0.4 0.6 0.4 
20:1n-9 0.6 0.3 0.3 1.6 0.3 
22:0 0.1 0.3 1.1 0.4 0.8 
22:1n-9 0.1 0 0 1.6 0 
24:0 0.1 0.1 0.4 0.2 0.2 
24:1n-9 0.1 0 0 0.2 0 
aSow milk contained 1.8% 14:0, 1.6% n-6 PUFA (polyunsaturated 
fatty acids; 20:3n-6, 20:4n-6, 22:4n-6 and 22:5n-6), and 0.7% n-3 
PUFA (20:5n-3, 22:5n-3 and 22:6n-3). 
bHOAS, high oleic acid sunflower. 
CMixture of canola oil (0.8%, 22:1n-9) and high erucic acid rapeseed 
oil (42.9%, 22:1n-9) in the ratio of 98:2. 
dMixture of HOAS oil, soybean oil and linseed oil in a ratio of 
55:31:14. 

are shown in Table 1. Small amounts  of HEAR oil were 
added to canola oil to bring the level of erucic acid 
(22:1n-9) to about 2%, which is the maximum permissi- 
ble level of 22:1n-9 in canola oil in the Uni ted  Sta tes  
(33). A mixture of oils was prepared from HOAS oil, soy- 
bean oil and linseed oil to mimic the fat ty acid composi- 
tion of canola oil, except without 22:1n-9. Only sow milk 
contained long-chain n-6 and n-3 PUFA. 

Milk replacer diets were stored at -20~ and prepared 
daily to include 21% solids of which dietary oil was 25% 
by weight  (-50% of calories) and y-globulin was 16% 
(35). Formalin (40% solution) was added as a preserva- 
tive at 0.1% of total milk replacer. The digestible energy 
content of the final milk replacer was 953 kcal/L (35). 

The level of vi tamin E (a-tocopherol) included was 22 
IU/kg diet, or 37% more t h a n  the Nat ional  Research 
Council (NRC) requirements  given for newborn piglets 
(36). This level appears to be too low as assessed by liver 
v i tamin  E concentra t ions  of v i tamin  E, which ranged  
from 1-4 ng/mg wet weight. The v i tamin  E in the diet 
was therefore  increased to 100 (one canola group, Ex- 
periment I) and 150 IU/kg (all diets, Experiment II) with 
a corresponding increase to about  7 and 14 ng/mg wet 
weight  of liver for Exper iments  I and II, respectively. 
Sow milk contains about 2 llg/mL a-tocopherol. 

Bleeding time measurements. Bleeding measurements  
were taken at one day of age and every week thereafter  
by the same person. Piglets were placed in a harness,  a 
small area of the shoulder was cleaned and shaved, and 
an incision was made us ing a Simplate  II  device 
(Organon Teknika, Scarborough,  Ontario,  Canada)  
which gave two cuts 5 mm in length and 1 mm deep. 
Every 30 s a filter paper  disc was carefully placed near  
the cut  wi thout  d is turbing it. The bleeding t ime was 
recorded as the time between the incision and when the 
filter paper no longer stained. 

Blood sampling and measurements. Blood for hema-  
tological measu remen t s  was t aken  by orbital  sinus 
puncture  (37), and 0.5 mL was collected in each of two 
tubes,  one conta in ing sodium ci trate (for coagulat ion 
studies), the other  e thy lenediamine te t raace t ic  acid 
(EDTA, for complete blood counts) as anticoagulant. The 
blood was thoroughly  mixed with the an t icoagulants  
and t r anspor ted  immedia te ly  for analysis.  Complete 
blood count including a platelet count and mean platelet 
volume (MPV) and differential were measured  using a 
Technicon H-2 ana lyzer  (Technicon I n s t r u m e n t  Corp., 
Tarrytown, NY). 

Lipid analyses. For lipid analyses,  about  15 mL of 
blood was obtained from the jugu la r  vein using vacu- 
tainer tubes containing EDTA. The blood was taken from 
three piglets/diet at t ime of slaughter. Whole blood was 
separated into plasma, platelets and red blood cell (RBC) 
membranes as follows: the blood was centrifuged as soon 
as possible at  150 x g for 15 min. The plasma was re- 
moved, adjusted to pH 6.5 with 1 M citric acid, and two 
drops of EDTA were added. The plasma was centrifuged 
again at 150 x g to remove traces of red and white cells, 
and then at 2500 x g for 15 min to remove the platelets. 
The plasma was stored at -70~ until analyzed for lipids. 
The platelets were suspended in 1 mL of buffer (20 mM 
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Na2HPO 4, 130 mM NaC1 and 2 mM EDTA at pH 6.5) 
containing inhibitors (10 ~L of 4 mM iodoacetamide, 20 
pL of 4 mM N-ethylmaleimide in 50% ethanol, and 10 ~L 
of aprotinin containing 10,000 units/mL) and centrifuged 
at  2500 x g for 15 rain. The platelets  were then  resus- 
pended in 1 mL of buffer  plus inhibi tors  and stored at  
-70~ For  lipid analyses,  the platelets  from the th ree  
piglets/diet were combined. The RBC membranes  were 
prepared from RBC as described (38). 

Platelets  and RBC membranes  were taken  up in chlo- 
roform/methanol /water  (1:2:0.8, by vol) and thoroughly 
mixed. More chloroform and wa te r  was then  added to 
give a final volume ratio of 2:2:1.8 for chloroform/meth- 
anol/water (39). The chloroform layer contained the total 
lipids. The total lipids from serum were extracted as de- 
scribed (40). Lipid classes were separated by thin- layer  
chromatography using silica gel H coated plates (41), and 
observed under  ultraviolet light after spraying the plates 
with 2',7'-dichlorofluorescein. Fractions were scraped off, 
methyl  heptadecanoate was added as internal  standard, 
and the lipids were t r ansmethy la t ed  in the presence of 
silica gel using anhydrous HC1/methanol (5% by wt). The 
resul t ing methyl  esters  and dimethyl  acetals were ana- 
lyzed by gas-liquid chromatography (42). 

Bone marrow examination. Sections of femoral  bone 
mar row were t aken  at  28 d in Exper imen t  II. Samples  
were fixed in formalin, embedded in paraff in and 5-~rn 
thick sections were stained with hematoxyl in  and eosin 
and examined by light microscopy. 

Statistics. Data from each age set were examined sep- 
ara te ly  using analysis of variance (ANOVA). The te rms 
in the model for the milk replacer-fed piglets were l i t ter  
and t rea tment .  The data  were reanalyzed using the 0 d 
da ta  as a covariate.  The inferences were very  s imilar  
from this analysis ,  and therefore  only the resul ts  from 
the ANOVA are presented.  To examine pa t te rns  during 
each exper iment ,  the da ta  were reana lyzed  using a re- 
peated measures  ANOVA, thereby  allowing differences 
over t ime to be eva lua ted  on a within-piglet  basis. For  
none of the parameters  analyzed was diet x age interac- 
tion significant (P > 0.05). The l i t ter  effect was not sig- 
nif icant  (P > 0.05) for the pa ramete r s  considered here,  
and, therefore, the hematological data  and the lipid and 
fat ty  acid composition data  (three piglets chosen at ran- 
dom from diet groups in Exper iment  II) were examined 
using a one-way ANOVA with  t r e a t m e n t s  as the only 
term in the model. Results were considered to be statis- 
tically significant whenever  P < 0.05. Data  presented in 
Tables 2 and 3 are least square means  because some val- 
ues are missing; mean  significant levels were based on 
the least significant difference test. 

RESULTS 

Diets and growth. The fa t ty  acid composition of the di- 
e tary  oils used in the studies is shown in Table 1. There 
were no significant differences in growth among piglets 
fed the different  artificial milk replacers ,  and, for tha t  
reason,  the resul ts  of the four diets in Expe r imen t  II 
were combined in Figure 1. The body weights of piglets 
left  nurs ing  the  sow were s ignif icant ly g rea te r  dur ing  

the first week compared to piglets fed the milk replacer 
diets, bu t  by the four th  week this was reversed.  When 
milk replacers were fed at 7% of body weight, there  were 
no significant  differences in milk consumpt ion among 
the different diets (Fig. 1). 

Bleeding times. The bleeding t imes of one-day-old 
piglets ranged from 4-6  min and increased significantly 
(P < 0.001) with age on all milk replacer  diets (Fig. 2). 
Generally,  oils conta ining 18:3n-3 (soybean oil, canola 
oil, mixture  of oils) gave longer bleeding t imes than  oils 
low in 18:3n-3 (HOAS oil) (Exper iment  II, 28 d). There  
were no significant  differences in bleeding t imes  be- 
tween canola and soybean oil-fed piglets and be tween 
the  mix tu re  of oils (s imilar  to canola oil in fa t ty  acid 
composition) and canola oil (Experiment II). 

Platelets. The platelet results from two additional un- 
publ ished studies (III and IV) are included in Table 2. 
One-day-old piglets had a re la t ively low platelet  count  
ranging from 200 to 450 x 109/L (mean 320 x 109/L). For 
nurs ing  piglets, the  pla te le t  counts  increased signifi- 
cant ly  (P < 0.01) wi th in  one week to 500-630 x 109 
counts/L and remained high thereaf ter  (Experiments  II 
and III). Canola oil caused a significant and consis tent  
two-week delay in the rise of platelet counts. The trans- 
fer of piglets to solid diets at 28 d had no effect (Experi- 
ment  III) and nei ther  did increasing the level of vi tamin 
E in the diet (Exper iment  I). To tes t  whe ther  the delay 
in platelet  counts might  be re la ted to 22:1n-9 in canola 
oil, a mix tu re  of oils was fed having  a fa t ty  acid com- 
position s imilar  to canola oil bu t  devoid of 22:1n-9 
(Table 1). Erucic acid at the level o f - 2 %  did not appear  
to affect the delay in platelet  counts, as piglets fed the 
mix tu re  of oils and canola oil had  a s imilar  pa t t e rn  in 
platelet  counts (Experiments II and IV, Table 2). On the 
other  hand,  adding sa tu ra ted  fa t ty  acids in the form of 
coconut oil to canola oil (in a 2:3 ratio) caused disappear- 
ance of the delay (Experiment III). HOAS oil also caused 
a two-week delay in the rise of platelet counts similar to 
tha t  caused by canola oil (Experiment II). 

The resul ts  with soybean oil were not consistent .  In 
Exper imen t s  I, II and IV, soybean oil showed high 
platelet  counts af ter  about one week, but  not in Experi- 
ment  III, in which there  was a one-week delay. Olive oil 
showed a similar  inconsistency. In Exper iment  III, the 
p la te le t  count  was high af ter  10 d, whereas  in Experi-  
ment  IV the platelet  count was low. 

In the one-day-old piglet, the dis tr ibut ion of platelet  
size was genera l ly  biphasic,  but  by the second week a 
more bel l -shaped dis t r ibut ion was observed.  This was 
associated with a significant reduct ion in MPV in sow- 
reared  piglets (Table 3). By the th i rd  and four th  week, 
sow-reared piglets had a signif icantly reduced  MPV 
compared  to those fed the milk replacer  diets high in 
oleic acid (HOAS, canola and mixture  of oils), but  there  
was no significant correlation of MPV to platelet counts. 

Other hematological variables. The hematological  
da ta  from Exper imen t  II are p resen ted  in Table 3. In 
general ,  the  major  changes in m an y  of the pa rame te r s  
were re la ted to the age of the piglets. These included a 
significant increase in hemoglobin (Hb), RBC counts and 
m ean  corpuscular  hemoglobin concent ra t ion  (MCHC), 
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TABLE 2 

P l a t e l e t  C o u n t  o f  P i g l e t s  L e f t  w i t h  t h e  S o w  o r  F e d  M i l k  R e p l a c e r  D i e t s  f o r  28  D a y s  ~ 

Experiment Dietary groups 0 7 

Days on diet 

14 21 28 SEM 

II 

III 

IV 

Soybean oil 38(Y 
Canola oil h 322 ~ 
Canola oil h 381 e 
Canola oil i 302 ~ 

SEM 36 
ANOVA--soy vs. canola NS 
ANOVA among canola NS 

Sow-reared 279 e 
Soybean oil 336 e 
HOAS oil 269 e 
Canola oil 339 ~ 
Mixture of oils 266 e 

SEM 25 
ANOVA all diets NS 
ANOVA among oils * 

(x 109/L) 

514b,f 540 f 830 b,g 790b,g 
403b, c,e,f 420 f 675 b,c,g 597c,g 
477b, e 415 e 660b, c,f 740b,f 
347c, e 470 f 612 c'g 611~,g 

43 60 59 37 
* N S  * ** 

NS NS NS * 

502 b'f 614 b'c'f 926 b'g 623 f 
530b,f 675b,g 719c,g 527 f 
291c, e 416d,f 567c,g 500f, g 
338 c,e 462 c'd'f 631 c'g 482 f 
396b, c,e 540b, c,d,f 682c,g 580 f 

55 61 67 67 
* * * NS 
* * NS NS 

0 10 16 28 47 

Sow-reared 325 e 
Soybean oil 382 e 
Olive oil 269 ~ 
Canola oil 313 e 
Canola/coconut oils (3:2) 368 e 

SEM 28 
ANOVA--all diets NS 
ANOVA--among oils NS 

627b~ 513c,~f 568f~ 523 c,f 
377ae 605b, c,fg 692 a 537 ~f 
541b,f 623b, c,fg 651 g 594 Cfg 
350c, ~ 414d~ 508f, g 555 ~g 
571b,f 684b,g 684 g 698 b~ 

62 44 57 40 
** ** NS ** 
** ** NS ** 

Soybean oil 483 b 
Olive oil 315 c 
Mixture of oils 316 c 

35 
ANOVA *** 

56 
31 
44 
36 

76 
45 
35 
50 
30 

36 
45 
46 
63 
43 

apiglets were one day of age when placed on experiment. Values are means of six piglets/diet. SEM, pooled standard error of the mean 
between diets (horizontal values) and within animals (vertical values). ANOVA, analysis of variance testing for effect of diet (column) 
and time on diet (row); NS, P > 0.05; *P < 0.05; **P < 0.01. See Table 1 for other abbreviations. 
b~~ within an experiment and time period (column) having different superscripts b-d, and within a diet (row) having different su- 
perscripts e-g, are significantly different (P < 0.05). 

r �9 Canola oil diets contained 22 IU vitamin E pe kg. 
~Canola oil diet contained 100 IU vitamin E per kg. 

or  an  i n c r e a s e  in m e a n  c o r p u s c u l a r  v o l u m e  fo l lowed by 
a decrease .  The  packed  cell  v o l u m e  (PCV), the  M P V  and  
m e a n  c o r p u s c u l a r  h e m o g l o b i n  (MCH)  v a l u e s  d id  no t  
c h a n g e  s i g n i f i c a n t l y  t h r o u g h o u t  t he  f o u r - w e e k  f e e d i n g  
t r i a l ,  w h i l e  t h e  w h i t e  b lood cel l  (WBC) c o u n t s  s h o w e d  
wide v a r i a t i o n  f rom one week  to another .  

In  gene ra l ,  t h e r e  w e r e  s e v e r a l  d ie t  d i f f e rences  a t  t he  
one  a n d  two  w e e k  m e a s u r e m e n t s ,  b u t  by t h e  f o u r t h  
week ,  a l l  t h e  d ie t  d i f f e r e n c e s  d i s a p p e a r e d .  T h e  v a l u e s  
for t he  soybean  oil-fed group were  s im i l a r  to sow- rea red  
piglets ,  excep t  a t  a few t i m e  per iods  in  WBC,  M C H  and  
M C H C .  On  t h e  o t h e r  h a n d ,  c o m p a r e d  to s o w - r e a r e d  
p ig le t s ,  t h e  t h r e e  m i l k  r e p l a c e r  d i e t s  h i g h  in oleic acid  
(canola  oil, H O A S  oil and  the  m i x t u r e  of  oils) showed  de- 
c r e a s e d  v a l u e s  of  PCV, Hb a n d  RBC c o u n t s  w i t h i n  t he  

f i r s t  two weeks ,  and  r e t a i n e d  h i g h e r  M P V  v a l u e s  e v e n  
a t  four  weeks  on the  diets.  

T h e  p r o t h r o m b i n  t i m e  (PT) a n d  a c t i v a t e d  p a r t i a l  
t h r o m b o p l a s t i n  t i m e  (APTT)  v a l u e s  w e r e  h i g h  a t  one  
day  of  age,  d e c r e a s e d  s i g n i f i c a n t l y  a f t e r  one  week,  a n d  
did not  change  s ign i f ican t ly  t h e r e a f t e r  (Table 3). P ig le t s  
fed s o y b e a n  oil a n d  H O A S  oil s h o w e d  s i g n i f i c a n t l y  
h i g h e r  PT  v a l u e s  a t  two  a n d  t h r e e  w e e k s ,  bu t  by the  
f o u r t h  w e e k  t h e r e  w e r e  no s i g n i f i c a n t  d i f f e r e n c e s  be- 
t w e e n  diets.  The  A P T T  va lues  in pigle ts  fed the  mi lk  re- 
p l a c e r  d i e t s  r e m a i n e d  c o n s t a n t  a f t e r  t h e  f i r s t  week ,  
w h i l e  t h e  s o w - r e a r e d  p ig l e t s  s h o w e d  some  v a r i a t i o n  
which,  however ,  was  not  s ignif icant .  

B o n e  m a r r o w .  The  bone m a r r o w  sect ions  of  all  p ig le ts  
( E x p e r i m e n t  II) were  n o r m a l  w i th  the  except ion  of  t h r ee  
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FIG.  1. B o d y  w e i g h t s  o f  p i g l e t s  l e f t  w i t h  t h e  s o w  (O) o r  f e d  
m i l k  r e p l a c e r  d i e t s  (B) (25% b y  w t  oi l )  f r o m  I to  28 d (Exper-  
i m e n t  II). F o r  e a c h  t i m e  p e r i o d ,  t h e  p o o l e d  SEM ( e r r o r  bar)  
a n d  s i g n i f i c a n c e  (no  labe l ,  P > 0.05; *P < 0.05) are  i n d i c a t e d .  
T h e  f o u r  m i l k  r e p l a c e r  d i e t s  in  E x p e r i m e n t  II are  c o m b i n e d  
b e c a u s e  t h e r e  w e r e  n o  s i g n i f i c a n t  d i f f e r e n c e s  b e t w e e n  
t h e m .  T h e  a v e r a g e  c u m u l a t i v e  m i l k  c o n s u m p t i o n  p e r  p i g l e t  
(A)  f ed  m i l k  r e p l a c e r  for  28 d i s  s h o w n  o n  t h e  r i g h t  s ide .  

piglets (two fed canola oil and one fed soybean oil) which 
showed somewhat hypercellularity in the marrows with 
increased numbers of megakaryocytes at 28 d. These 
piglets also showed a high (>600 • 109/L) platelet count. 

Blood lipid changes. There were characteristic differ- 
ences in the plasma, RBC membrane and platelet lipids, 
but no differences between diets. While plasma was rich 
in cholesteryl esters (CE; -36%), phosphatidylcholine 
(PC; -30%), sphingomyelin (SP; -15%) and triacylglyc- 
erol (TAG; -11%), the RBC membranes were composed 
mainly of cholesterol (C; -27%), phosphatidylethanol- 
amine (PE; -19%), PC (-18%), SP (-14%) and phos- 
phatidylserine (PS; - 12%). The platelet lipid profile was 
generally similar to that  of the RBC membrane lipids 
except for higher PS (-16%), TAG (-9%) and CE (-5%), 
and lower SP (- 11%) values. 

The fatty acid composition of plasma, RBC membrane 
and platelet PC (Table 4) and PE (Table 5) of Experiment 
II were selected for diet comparisons. Piglets fed soybean 
or canola oils, which contained appreciable amounts of 
18:3n-3, showed significantly higher levels of both 
18:3n-3 and its C22n-3 PUFA metabolites in all three 
blood fractions as compared to piglets fed HOAS oil 
which contained little 18:3n-3. On the other hand, piglets 
nursing the sow received preformed C22n-3 PUFA and 
little 18:3n-3 in their milk (Table 1), which was reflected 
in their relative high abundance of the n-3 PUFA and low 
18:3n-3 content in the blood fractions. The concentration 
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FIG.  2. B l e e d i n g  t i m e s  o f  p i g l e t s  l e f t  w i t h  t h e  s o w  o r  f e d  
m i l k  r e p l a c e r  d i e t s  (25% b y  w t  o i l )  f r o m  1 to  28  d. F o r  e a c h  
t i m e  p e r i o d  a n d  e x p e r i m e n t ,  t h e  p o o l e d  S E M  is  i n d i c a t e d  
a s  a n  e r r o r  b a r  a b o v e  t h e  c o l u m n .  D i f f e r e n c e s  b e t w e e n  
d i e t s  (P  < 0 .01)  a r e  i n d i c a t e d  b y  d i f f e r e n t  n u m b e r s  a b o v e  
t h e  co lumn~ .  D i f f e r e n c e s  w i t h i n  a d i e t  w i t h  t i m e  a re  s h o w n  
b y  d i f f e r e n t  c a p i t a l  l e t t e r s  w i t h i n  t h e  bars .  H i g h  o l e i c  a c i d  
s u n f l o w e r  (HOAS);  m i x t u r e  o f  o i l s ,  H O A S  o i l / s o y b e a n  
o i l / l i n s e e d  o i l  (55:31:14).  R e s u l t s  o f  E x p e r i m e n t s  I (A) a n d  
II (B).  

of 20:5n-3 in canola oil-fed piglets was significantly 
higher than in any of the other diets, including the nurs- 
ing piglets. In plasma and RBC membrane PC and PE, 
the ratio of n-6 to n-3 long-chain PUFA was lowest in 
canola oil-fed piglets, followed by soybean oil, sow- 
reared, and HOAS oil-fed piglets (Tables 4 and 5). Gen- 
erally, the n-6/n-3 ratio for each diet group was similar 
between plasma and RBC membranes within each phos- 
pholipid, and higher for PC than for PE. In platelet PC 
and PE, the ratio of n-6 to n-3 long-chain PUFA for all 
diet groups was much higher as compared to plasma and 
RBC membrane lipids. The n-6/n-3 PUFA ratios were 
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highly correlated (0.97-0.99) to the dietary n-6/n-3 ratios 
(calculations not shown). 

The relative concentration of 18:2n-6 in the PC and PE 
was proportional to tha t  present  in the diet (calculations 
not shown). The concentration of arachidonic acid (20:4n- 
6) in plasma and RBC membranes ,  but  not in platelets,  
was significantly higher  in sow-reared piglets compared 
to those fed the milk replacer diets because this acid was 
present  in sow milk. Among the milk replacer  diets, 
there  were few differences in 20:4n-6; generally, canola 
oil was on the low side and HOAS on the high side. 

The monounsa tura ted  fat ty acids generally paralleled 
those found in the diet, and the incorporation of 22:1n-9 
was minimal  (Tables 4 and 5). The re la t ive  concentra-  
tion of the sa tu ra ted  fa t ty  acids was general ly lower in 
the  canola and HOAS oil-fed piglets compared  to the  
soybean oil-fed and sow-reared piglets. The  alkenyl  
e ther  content,  measured  as dimethylacetals,  was great-  
est in platelet  PE; on the milk replacer diets their  levels 
were reduced significantly. 

DISCUSSION 

In this  study, newborn  piglets were fed milk replacers  
conta in ing  soybean or canola oils a t  25% by weight  of 
dry  m a t t e r  content  providing each piglet  with 1.5 g/d 
18:3n-3 at  3 d, 4.9 g/d at  15 d and 5.8 g/d at 28 d of age, 
or approximately  1 g/d/kg body weight (calculated from 
resul ts  in Fig. 1). This consumpt ion  of 18:3n-3 from 
canola or soybean oils by the newborn piglet is approxi- 
mately ten times greater  per kg body weight than  is pro- 
vided in adul t  h u m a n  tr ials  (in Ref. 29, canola oil was 
fed at  7.5 g/d or 0.1 g/d/kg body weight  for a 75 kg per- 
son). Based on the  increased consumpt ion  re la t ive  to 
body weights of a newborn compared to an adult,  there  
is certainly a need to test  the newborn using dietary oils 
containing 18:3n-3. Fur thermore ,  the newborn is under-  
going a rapid t rans i t ion  from oxidizing glucose (in the 
fetal state) to oxidizing fa t ty  acids as the main source of 
energy (43), and may  therefore  be more sensit ive to di- 
e tary  changes. 

The resul ts  of these  studies show tha t  the bleeding 
times increased with age over the first four weeks on all 
diets. Piglets fed about  1 g/d/kg 18:3n-3 from canola or 
soybean oil diets, or those nurs ing  the  sow, which re- 
ceived preformed long-chain n-3 PUFA, showed pro- 
longed bleeding t imes af ter  four weeks compared to 
HOAS oil feeding (Fig. 2). The increased bleeding t imes 
in the canola and soybean oil groups would appear  to be 
due to the piglet's ability to convert dietary 18:3n-3 into 
20:5n-3 and 22:6n-3, as evidenced by the higher levels of 
these n-3 PUFA in blood lipids of these piglets compared 
to those fed HOAS oil (Tables 4 and 5). The increase in 
long-chain n-3 PUFA in blood lipids in response to di- 
e ta ry  18:3n-3 has  been observed by other  invest igators  
(20,22,24,27), but  because all but  one group (24,29) did 
not measure  bleeding t imes concurrently,  the possible 
risk could not be assessed. Fur thermore ,  this is the first 
s tudy in which bleeding has been tested in the newborn. 

Three  s tudies wi th  adul t  h u m a n s  were repor ted  re- 
cent ly  in which diets were fo rmula ted  to contain sub- 

s tant ial  amounts  of canola oil (about 10% 18:3n-3) tha t  
provided subjects with 3 (25) and 7.4 g/d (27,29) 18:3n-3, 
or 0.04 and 0.1 g/d/kg body weight,  respectively. In two 
studies a significant increase in bleeding t ime was ob- 
served, namely  from 4.3 to 6.7 min (25) and 3.9 to 4.9 
min (29). The la t ter  group (29) did not confirm increased 
bleeding t imes  in the i r  r epea t  s tudy  (27). However,  it  
should be noted that  all these bleeding t imes are within 
the normal  range  accepted for h u m an s  (11,44). One 
would conclude from these resul ts  tha t  consumption of 
vegetable oils with about  10% 18:3n-3 as sole source of 
fat  in the diet appears  to provide a low risk of excessive 
bleeding in adul ts  (25,27,29). A similar  conclusion can 
be made from the results of the present  s tudy of feeding 
canola oil or soybean oil as sole source of fat  to newborn 
piglets. The bleeding t imes increased significantly (P < 
0.001) from about 4 to 6 min to 7 to 10 min, but  the risk 
for bleeding would appear  to be low, except possibly for 
hemophiliacs. 

Piglets  fed milk replacer  diets often showed a t ran-  
sient  delay in the normal  rise of platelet  counts  within 
the f irs t  week of life compared  to sow-reared piglets. 
This delay in the rise of platelet  counts was consis tent  
and more prolonged for canola and HOAS oil-fed piglets 
compared  to soybean oil and olive oil-fed piglets. I t  
would appear  tha t  this phenomenon was re la ted  to the 
fa t ty  acid composition of the oil in the milk replacer, as 
the delay was reproduced by mimicking the fa t ty  acid 
profile of canola oil, and e l imina ted  by the  addi t ion of 
sa tura ted  fat ty acids in the form of coconut oil to canola 
oil. A low level of dietary 16:0 was recently shown to be 
one of the factors associated with lower platelet  counts 
in piglets even in the presence of high levels of shor ter  
chain sa tura ted  fat ty  acids (20%) in the diet (28). If  the 
effects of s a tu ra t ed  fa t ty  acids on pla te le t  number  can 
be verified, it would al leviate  the concern of reduced 
platelet  counts in the newborn fed diets containing veg- 
etable oils, all of which are genera l ly  low in s a tu ra t ed  
fa t ty  acids. It  is of in teres t  to note tha t  d e  n o v o  synthe- 
sis of fa t ty  acids in piglets dur ing the first  three  weeks 
after  bir th is negligible (45,46), which coincides with the 
t ime of reduced platelet  counts. A low availability of sat- 
u ra ted  fa t ty  acids, both from the diet and d e  n o v o  syn- 
thesis, would lead to lower levels of total sa tura ted  fat ty  
acids in membrane  lipids, which was in fact observed in 
all th ree  blood components  from canola and HOAS oil- 
fed piglets (Tables 4 and 5). As cell membranes  contain 
approximate ly  40% sa tu ra ted  fa t ty  acids (47), a reduc- 
t ion in this  level could lead to a l te red  funct ion and/or  
physical characteristics. 

Diets high in 22:1n-9 have been associated with re- 
duced platelet  counts in humans  (48-50). The results of 
the  presen t  s tudy  show tha t  the delay in the rise of 
platelet  counts is associated with fat ty  acids other  t han  
22:1n-9 as a similar pa t te rn  was observed with oils and 
oil mix tu res  devoid of 22:1n-9 as with canola oil. The 
ques t ion of whe the r  22:1n-9 at  levels in excess of t ha t  
permit ted in canola oil, i.e., 2% (33), will cause a fur ther  
reduction in platelet  counts in the newborn, remains to 
be investigated. 

There  was no correlation between increased bleeding 
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a n d  d e c r e a s e d  p l a t e l e t  c o u n t s  in  t h i s  s tudy ,  a s  w a s  ob- 
s e rved  by  o t h e r s  (5,10,50). F u r t h e r m o r e ,  we o b s e r v e d  no 
i n c r e a s e  in  PT  a n d  A P T T  in  r e s p o n s e  to i n c r e a s e d  b leed-  
i ng  in  a g r e e m e n t  w i t h  s t ud i e s  w i t h  f ish  oil (5,7,14,15,16) 
a n d  22:1n-9 (50). A n u m b e r  of  h e m a t o l o g i c a l  p a r a m e t e r s  
s h o w e d  t e m p o r a r y  c h a n g e s  (PCV, H b  a n d  RBC coun t s )  
w h i c h  a p p e a r e d  to  be  r e l a t e d  to  d i e t s  h i g h  in  18:1n-9,  
b u t  t h e s e  d i f fe rences  d i s a p p e a r e d  by  the  fou r th  w e e k  on 
t h e  diet .  Mos t  h e m a t o l o g i c a l  va lue s  were  w i t h i n  t h e  nor-  
m a l  r a n g e  r e p o r t e d  for p ig le t s  (32,51). 
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T h e r e  is  a c o n s i d e r a b l e  gap in c u r r e n t  k n o w l e d g e  of  the  
l ip id  c o m p o s i t i o n  o f  sna i l s  and  s lugs ,  b o t h  o f  w h i c h  be- 
l o n g  to  the  p h y l u m  M o l l u s c a .  We h a v e  t h e r e f o r e  ana-  
l y z e d  the  s t e r o l  a n d  fa t ty  ac id  c o m p o s i t i o n s  o f  t h r e e  
s p e c i e s  o f  s lugs  and  t h r e e  s p e c i e s  o f  sna i l s .  The  s t e r o l s  
of  s lugs  i n c l u d e d  e ight  d i f ferent  s terols:  c h o l e s t e r o l  con-  
t r i b u t e d  76-85% of  t h e  t o t a l  s t e r o l s ,  b r a s s i c a s t e r o l  ac- 
c o u n t e d  for 4-13%; o ther  s tero l s  w e  ident i f i ed  w e r e  lath- 
o s t ero l ,  2 4 - m e t h y l e n e  c h o l e s t e r o l ,  c a m p e s t e r o l ,  s t i gma-  
s t ero l ,  s i t o s t e r o l  a n d  s i t o s t a n o l .  In  c o n t r a s t ,  s n a i l s  
c o n t a i n e d  t w o  a d d i t i o n a l  s t ero l s ,  d e s m o s t e r o l  and  cho-  
l e s t a n o l .  Of  t h e  p o l y u n s a t u r a t e d  fa t ty  a c i d s  in s lugs ,  
l i n o l e i c  (18:2n-6) and  a r a c h i d o n i c  a c i d s  (20:4n-6) w e r e  
t h e  m a j o r  n-6 fa t ty  ac ids ,  w h i l e  l i n o l e n i c  (18:3n-3) and  
e i c o s a p e n t a e n o i c  ac ids  (20:5n-3) w e r e  the  p r e d o m i n a n t  
n-3 fat ty  ac ids .  D o c o s a h e x a e n o i c  ac id  (22:6n-3), the  end  
p r o d u c t  in the  n-3 fat ty  ac id  s y n t h e t i c  p a t h w a y  and  an  
i m p o r t a n t  m e m b r a n e  fa t ty  a c i d  o f  m a m m a l s ,  f i sh  a n d  
birds,  w a s  absent  in both  s lugs  and snai ls .  H o w e v e r ,  the  
a n a l o g o u s  p r o d u c t  o f  n-6 fa t ty  ac id  s y n t h e s i s ,  22:5n-6, 
w a s  found  in bo th  sna i l s  and  s lugs .  This  ra i s e s  specu la -  
t i o n  a b o u t  p r e f e r e n c e  for  n-6 fa t ty  ac id  s y n t h e s i s  in 
t h e s e  spec ie s .  Our data  s h o w  the  u n i q u e  s tero l  and fat ty  
ac id  c o m p o s i t i o n s  of  s lugs  and snai ls ,  as w e l l  as s imi lar-  
i t i e s  and d i f f e r e n c e s  in s t e r o l  c o m p o s i t i o n  b e t w e e n  the  
two.  The  resu l t s  b e t w e e n  the  t w o  land m o l l u s k s  are  con-  
t r a s t e d  w i t h  t h o s e  of  m a r i n e  m o l l u s k s ,  s u c h  as o y s t e r s ,  
c l a m s  and scal lops .  
Lipids 29, 869-875 (1994). 

Mollusks as a group have a unique sterol and fatty acid 
composition. Previously, we reported that oysters, clams 
and scallops contain many other sterols besides choles- 
terol, including 24-methylene cholesterol and brassicas- 
terol (1,2). These shellfish sterols are variably absorbed 
by the human intestine (1). Shellfish also have a high 
concentration of the biologically important longer chain 
n-3 fatty acids (3). However, detailed information about 
the sterol and fatty acid composition of slugs and snails 
is lacking, especially for slugs (3-14). Both are members 
of the same phylum, Mollusca, with slugs having 
evolved from snails (15). 

In the present study, we have analyzed the sterol and 
fatty acid composition of three species of slugs and three 
species of snails. These land mollusks had quite differ- 
ent fatty acids and sterols than the mollusks of the sea 
such as clams, oysters and scallops. The nutrition of the 
marine mollusks is derived from phytoplankton, the 
plants of the sea, and zooplankton, whereas the diet of 
slugs and snails consists of land-based vegetation. In 
both species, cholesterol synthetic precursors were 
found, desmosterol in snails and lathosterol in slugs, 

*To whom correspondence should be addressed at Department of 
Medicine, L465, The Oregon Health Sciences University, 3181 S.W. 
Sam Jackson Park Road, Portland, OR 97201-3098. 
Abbreviation: TLC, thin-layer chromatography. 

and in both we observed the complete absence of the n-3 
docosahexaenoic acid. 

MATERIALS AND METHODS 

Three species of slugs were collected from local gardens 
in Portland, Oregon, between May and June of 
1992-1993, and were classified according to "Plants and 
Animals of the Pacific Northwest" (15). They included 
Prophysaon andersoni, Arion ater (coal-black phase and 
reddish-brown phase) and Limax maximus. Prophysaon 
andersoni was 5-6 cm long and weighed 0.2-0.5 g, with 
lemon-yellow color. In the coal-black phase, A. ater was 
5-7 cm, 0.8-2.1 g. In the reddish-brown phase, A. ater 
had the same length as in the coal-black phase, but was 
heavier (1.2-2.8 g). Limax maximus, a gray color, was 
the longest and heaviest among the different species of 
slugs studied (length, 8-11 cm; weight, 2.3-7.8 g). We 
also analyzed three different species of snails: one 
species of canned snail (Helix sp., from France) and two 
species of live snails collected in the local gardens (Ves- 
pericola columbiana and Hapotrema sporteUa). They 
differed in weight and color of the shell. Helix sp., the 
heaviest among them (7.2-10.0 g without the shell), had 
a light-brown shell with dark-brown strips. Vespericola 
columbiana was the lightest (0.4-0.6 g) with a nearly 
black shell. Haplotrema sportella weighed 2.0-2.9 g, 
with a brown shell color. 

The slugs and snails were killed by exposure to di- 
ethyl ether vapor. The entera and slime were removed. 
The tissues were freeze-dried and then ground. The 
lipids were extracted by a modified method of Folch 
et al. (16). The sterol composition was determined by 
saponification, extraction, digitonin precipitation and 
gas-liquid chromatography, as has been described (17). 
Briefly, slug lipids were saponified with alcoholic KOH. 
Free sterols were precipitated with digitonin (18). Digi- 
tonin precipitable sterols were then converted to 
trimethylsilyl ethers and subjected to gas-liquid chro- 
matography using cholestane as an internal standard. 
The analyses were performed by gas-liquid chromatog- 
raphy on an ins t rument  equipped with a hydrogen 
flame-ionization detector (model Sigma 3B; Perkin- 
Elmer, Norwalk, CT) and a 30-m SE-30 fused silica cap- 
illary column. Temperatures of column, detector and in- 
jection port were 260, 300 and 300~ respectively. He- 
lium was used as the carrier gas. [4-14C]Cholesterol 
(New England Nuclear, Boston, MA) was used as inter- 
nal standard to monitor any losses. The recovery varied 
between 80-90%. 

The fat ty acid compositions of slug and snail lipids 
were analyzed by methods described previously (19). 
Aliquots of lipid extracts were saponified with alcoholic 
KOH. Neutral  lipids were removed by hexane extrac- 
tion. Fatty acids were recovered by acidifying the aque- 
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ous phase, and extracting with hexane. Free fat ty acids 
were then methylated with boron trifluoride in methanol 
(20). To analyze the fat ty acid compositions of phospho- 
lipids, another  aliquot of lipid extract  was subjected 
to th in- layer  chromatography  (TLC) using the solvent 
system hexane/chloroform/diethyl  ether/acetic acid 
(80:10:10:1, by vol) (21), and lipid classes (phospholipids, 
free fatty acid, triglycerides and cholesteryl esters) were 
separated. The fat ty acids of phospholipids were trans-  
methyla ted  with boron trifluoride in methanol  as de- 
scribed. Methyl  ester  of fa t ty  acids were analyzed by 
gas-l iquid chromatography on an ins t rument  equipped 
with a hydrogen flame-ionization detector (Perkin-Elmer 
model 8500) and a 30-m SP-2330 fused silica capillary 
column. Temperatures of column, detector and injection 
port were 184, 250 and 250~ respectfully. Helium was 
used as the carr ier  gas. The retent ion time and area of 
each peak were measured  on a dedicated chromatogra-  
phy stat ion runn ing  Omega (Perkin-Elmer). A mixture 
of fatty acid standards was run daily for calibration pur- 
poses. 

RESULTS 

Sterol composition. The sterol compositions of the three 
species of slugs are given in Table 1. Eight  different 
sterols were found which contained 63 to 104 mg sterols 
per 100 g wet tissue. Cholesterol was the major  sterol 
(76-85% of total  sterols). Brassicasterol  was the next 
most  common sterol (4-13%). Three to five percent  of 
the slug sterols were plant sterols in which campesterol, 
a 28 carbon sterol, predominated. Plant  sterols included 
campesterol,  st igmasterol  and sitosterol, which are the 
three most abundant  sterols in higher plants (22). Other 
sterols, e.g., brassicasterol ,  are found in a few land 
plants  (23). The sterol compositions were similar  be- 
tween different species of slugs a l though small  differ- 
ences did exist. For example, P. andersoni had a lower 
cholesterol content than the other two species of slugs. 

The sterol compositions of the three species of snails 
are shown in Table 2. Although the sterols were similar 

among the different species, snails differed from slugs 
in containing cholestanol (1.4 to 4.1 mg/100 g wet tissue) 
and desmosterol (0.5 to 9.1 mg/100 g wet tissue), both of 
which were absent  in slugs. 24-Methylene cholesterol 
was more consis tent ly present  in the snails. On the 
other  hand,  slugs had  a h igher  brass icasterol  content  
than snails. Another sterol in the pathway of cholesterol 
biosynthesis, 7-dehydrocholesterol, was not found. 

In Table 3, the sterol composit ions of slugs are com- 
pared to those of other mollusks from the sea. Although 
the total sterol contents were similar, the sterol compo- 
sitions of slugs and snails were vast ly  different from 
those of mar ine  shellfish. In slugs and snails, near ly  
90% of the sterols were cholesterol. The other sterols in- 
cluded brassicasterol ,  campesterol ,  sitosterol, choles- 
tanol, desmosterol and small amounts  of lathosterol and 
24-methylene cholesterol. In contrast ,  the cholesterol 
only amounted  to about  40% of total  sterols in filter- 
feeding mollusks such as scallops, oysters  and clams. 
The other  sterols were a C26 sterol, 22-dehydrocholes- 
terol, brassicasterol, 24-methylene cholesterol and a C29 
sterol. Only cholesterol was present in crab, shrimp and 
lobster. 

Fatty acid composition. When the lipid classes (phos- 
pholipids, free fa t ty  acids, t r iglycerides and steryl es- 
ters) of slugs and snails were fract ionated,  only the 
phospholipid and sterol bands were clearly seen on the 
TLC plate. The phospholipid fraction contained the 
same fatty acid compositions as did the total lipid frac- 
tion (data not shown). This suggested that  the phospho- 
lipids const i tu ted the predominate  lipids in slugs and 
snails. 

The fa t ty  acid compositions of slugs and snails were 
similar  among different species (Tables 4 and 5). Slug 
lipids contained a particularly high level of polyunsatu- 
ra ted  fa t ty  acids (51-57%), but  docosahexaenoic acid, 
offer an important  membrane n-3 fatty acid, was not de- 
tected in slugs a l though its immedia te  precursor, 
22:5n-3, was present.  Slugs contained 19-24% of satu- 
ra ted  and 17-20% of monounsa tu r a t ed  fa t ty  acids. 
Palmit ic  and stearic acids were the major  sa tu ra ted  

TABLE 1 

The Sterol Content and Composi t ion of  Different  Species  of  Slugs 

Sterol Prophysaon andersoni Arion ater Limax maximus 
(mg/lO0 g wet wt) (n = 18) (n = 18) (n = 6) 

(means • SD) 

Total sterols 63.3 • 19.5 a (100) d 103.6 • 38.2 b (100) 101.1 • 19.5 b (100) 
Cholesterol 52.6 • 16.7 a (83) 91.6 • 3.6 b (88) 93.1 • 3.3 b (92) 
Brassicasterol 8.0 • 2.6 a (13) 5.9 • 2.9 b (6) 4.3 • 1.4 c (4) 
Lathosterol 0.1 • 0.1 a (<0.5) 0.3 • 0.1 b (<0.5) 0.4 _* 0.2 b (<0.5) 
24-Methylene cholesterol ND ~ 0.1 • 0.1 b (<0.5) 0.5 • 0.4 a (1) 

Total plant sterols 2.7 • 0.8 a (4) 5.5 • 1.4 b (5) 2.7 • 0.3 a (3) 
Campesterol 1.9 • 0.7 a (3) 2.7 • 1A b (3) 1.7 • 0.3 a (2) 
Stigmasterol 0.3 • 0.3 a (1) 1.1 • 0.6 b (1) ND (< 0.5) 
Sitosterol 0.5 • 0.8 a (1) 1.4 • 1.5 a (1) 0.9 • 0.4 a (1) 
Sitostanol ND 0.3 • 0.5 b (<0.5) 0.1 _* 0.1 b (<0.5) 

a'b'CValues with unlike superscripts are different at P < 0.05. 
dValues in parentheses represent percent of total sterols. 
r detected (<0.3 rag/100 g wet wt). 
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TABLE 2 

The Sterol Content  and Composi t ion of  Different Species  o f  Snai ls  

871 

Sterol Helix sp. Haplotrema sporteUa Vespericola columbiana 
(mg/100 g wet wt) (n = 5) (n = 3) (n = 2) 

Total sterols 99.3 -+ 48.8 (100) c 
Cholesterol 86.6 _+ 41.5 (86) 
Cholestanol 4.1 _+ 2.5 (5) 
Brassicasterol 1.0 _+ 1.5 (1) 
Desmosterol 0.5 • 0.6 a (1) 
Lathosterol 0.1 • (<0.5) 
24-Methylene cholesterol 0.1 • 0.0 a (<0.5) 

Total plant sterols 6.9 • 3.7 (7) 
Campesterol 2.8 _+ 2.0 (3) 
Stigmasterol 0.1 _+ 0.0 (<0.5) 
Sitosterol 3.4 • 1.7 (4) 
Sitostanol 0.5 _+ 0.4 (1) 

(means _+ SD) 

130.1 _+ 18.5 (100) 134.9 _+ 29.2 (100) 
118.4 • 14.0 (91) 116.0 -+ 21.4 (86) 

1.8 +- 0.5 (1) 1.4 _+ 1.0 (1) 
2.9 • 0.3 (2) 1.1 _+ 1.6 (1) 
2.7 • 1.9 (2) 9.1 _+ 5.7 b (6) 
0.2 • (<0.5) 
0.3 • 0.0 b (<0.5) 1.0 -+ 0.5 (1) 
3.8 • 1.7 (3) 6.3 -+ 0.9 (5) 
1.7 • 1.0 (1) 3.2 -+ 0.4 (2) 
0.1 • (<0.5) 0.5 • (<0.5) 
2.0 • 0.6 (2) 2.8 -+ 0.8 (2) 
0.1 • 0.0 (<0.5) 0.1 -+ 0.0 (<0.5) 

a'bValues with unlike superscripts are different at P < 0.05. 
Cpercentage of total sterol in parentheses. 

f a t t y  ac ids .  Ole ic  ac id  w a s  t h e  m o s t  p r e v a l e n t  m o n o u n -  
s a t u r a t e d  f a t t y  acid .  S e v e n t y - s e v e n  to  e i g h t y - o n e  pe r -  
c e n t  of  t h e  p o l y u n s a t u r a t e d  f a t t y  a c i d s  w e r e  of  t h e  n-6  
f a m i l y  a n d  1 9 - 2 3 %  w e r e  of  t h e  n-3 fami ly .  T h e  a r a c h i -  
don ic  a c i d  c o n t e n t  w a s  e s p e c i a l l y  h i g h  ( 1 3 . 5 - 1 4 . 4 % )  
a n d  w a s  h i g h e r  t h a n  t h e  c o n t e n t  of  l i no l e i c  ac id  
(11.6-15.2%).  L ino len ic  a n d  e i c o s a p e n t a e n o i c  ac ids  we re  
t h e  p r e d o m i n a n t  n-3 f a t t y  acids.  

T h e  f a t t y  a c i d  c o m p o s i t i o n s  of  s l u g  a n d  s n a i l  l i p i d s  
s h o w e d  s m a l l  b u t  s i g n i f i c a n t  d i f f e r ences .  S l u g s  h a d  a 
h i g h e r  c o n c e n t r a t i o n  of  n-3 f a t t y  a c i d s  a n d  a l o w e r  n-6  
f a t t y  ac id  c o n c e n t r a t i o n  t h a n  sna i l s .  The  m a j o r  n-3 a n d  
n-6 f a t t y  ac ids  wh ich  c o n t r i b u t e d  to th i s  d i f fe rence  were  
l i no l en i c  ac id  (18:3n-3)  a n d  a r a c h i d o n i c  ac id  (20:4n-6) .  
As  a r e su l t ,  t h e  s lug  l ip ids  h a d  a lower  n-6/n-3 r a t i o  t h a n  
s n a i l  l i p id s .  O f  i n t e r e s t  w a s  t h a t  b o t h  s p e c i e s  h a d  n -6  
f a t t y  a c i d s  w i t h  a c h a i n  l e n g t h  of  22 c a r b o n s ,  i .e. ,  
22:4n-6 a n d  22:5n-6.  

T h e  f a t t y  ac id  c o m p o s i t i o n s  of  s l u g s  a n d  s n a i l s  a r e  
c o m p a r e d  w i t h  m a r i n e  m o l l u s k s  a n d  o t h e r  s h e l l f i s h  in  
T a b l e  6 a n d  F i g u r e s  1 a n d  2. T h e  m o s t  s t r i k i n g  d i f f e r -  
ence  w a s  t h e  p r e s e n c e  of  d o c o s a h e x a e n o i c  ac id  in  a l l  of  
t h e  she l l f i sh  f rom 8 - 2 7 %  of  t o t a l  f a t t y  acids .  In  con t r a s t ,  
s l u g s  a n d  s n a i l s  c o n t a i n e d  no d o c o s a h e x a e n o i c  ac id .  

S l u g s  a n d  s n a i l s  h a d  3 - 4 %  e i c o s a p e n t a e n o i c  a c i d  
(20:5n-3) wh ich  was  2 0 - 3 0 %  of  t o t a l  f a t t y  ac ids  in  she l l -  
f i s h .  B o t h  s lugs  a n d  s n a i l s  h a d  a m u c h  h i g h e r  c o n t e n t  
of  l ino le ic  ac id  (18:2n-6)  a n d  a r a c h i d o n i c  ac id  (20:4n-6)  
t h a n  s h e l l f i s h  ( a b o u t  4 - 7  t i m e s  h ighe r ) .  O v e r a l l ,  s l u g s  
a n d  sna i l s  h a d  h i g h e r  levels  of  n-6 f a t t y  ac ids  a n d  lower  
l eve l s  of  n-3 f a t t y  ac ids  t h a n  she l l f i sh  (Figs .  1 a n d  2) a s  
m i g h t  be  e x p e c t e d  f rom l a n d  b a s e d  a n i m a l s  (n-6 p r e -  
d o m i n a n t )  c o m p a r e d  to s e a  a n i m a l s  w i t h  p r e d o m i n a n t  
n-3 f a t t y  acids.  

DISCUSSION 

I n  t h e  p r e s e n t  s t udy ,  we h a v e ,  for  t h e  f i r s t  t i m e ,  f u l l y  
c h a r a c t e r i z e d  t h e  s t e r o l  a n d  f a t t y  ac id  c o m p o s i t i o n s  of  
s l u g s  a n d  a d d e d  i n f o r m a t i o n  a b o u t  t h e  l i p i d s  of  sna i l s .  
S e v e r a l  u n i q u e  f e a t u r e s  of  t h e i r  l ip id  c o m p o s i t i o n  w e r e  
obse rved .  T h e  a b s e n c e  of  d o c o s a h e x a e n o i c  ac id  a n d  t h e  
p r e s e n c e  of  o t h e r  h i g h l y  p o l y u n s a t u r a t e d ,  l o n g - c h a i n  
f a t t y  ac ids  in  t he  m e m b r a n e  phospho l i p id s  were  r e m a r k -  
ab le .  A second  f i n d i n g  w a s  t h e  p r e s e n c e  of  c h o l e s t e r o l  
b io syn the t i c  p recur so r s ,  de smos t e ro l  a n d  l a thos te ro l .  

D o c o s a h e x a e n o i c  ac id  is  a n  i m p o r t a n t  c o m p o n e n t  of  
m e m b r a n e  p h o s p h o l i p i d s  of  m o s t  a n i m a l s ,  b i r d s  a n d  

TABLE 3 

The Comparison of  the Content  of  Major Sterols of  Slugs,  Snai ls  and Marine Shel l f i sh  a 

C2 6 24-Methylene C29 Other Total 
Cholesterol Sterol 22-Dehydrocholesterol Brassicasterol cholesterol Sterol sterols b sterols 

Slugs c 86.6 5.9 0.1 10.4 102.8 
Snails c 102.0 1.6 0.1 11.9 115.6 
Clams 49.0 4.4 16.0 19.0 24.3 5.0 117.6 
Oysters 59.6 6.2 12.0 42.6 35.6 5.0 160.8 
Scallops 51.8 13.9 25.6 30.4 25.6 17.4 164.6 
Crabs 99.4 99.3 
Lobsters 82.7 82.7 
Shrimp 160.3 160.3 

aInformation on different marine shellfish is from references 1 and 2. 
bSlugs and snails have other sterols, unlike shellfish, i.e., lathosterol, campesterol, etc. (see Tables 1 and 2). 
CValues are means for raw weight after evisceration. 
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T A B L E  4 

The Fatty Acid Composi t ion of  Different  Species  of  Slugs 

Prophysaon Arion Limax 
andersoni ater maximus 

F a t t y  ac ids  (n = 18) (n = 18) (n = 6) 

(pe rcen t  of t e t a l  f a t t y  acids,  m e a n  • SD) 

S a t u r a t e d  
16:0 8.0 • 1.4 a 
18:0 9.1 • 0.4 a 

Total  s a t u r a t e d  20.7 • 1.9 a 

M o n o u n s a t u r a t e d  
16:1n-7 1.3 • 0.3 a 
18: ln-9/n-7  12.1 • 0.6 a 
20:1n-9 3.9 • 1.0 a 

Total m o n o u n s a t u r a t e d  17.2 • 0.6 ~ 

n-6 
18:2n-6 12.7 • 0.4 a 
20:2n-6 8.9 • 0.8 a 
20:4n-6 14.4 • 0.5 a 
22:4n-6 3.8 • 0.8 a 
22:5n-6 1.0 • 0.1 a 

Total  n-6 43.5 • 2.3 a 

n-3 
18:3n-3 6.0 • 0.7 ~ 
20:5n-3 4.6 • 0.5 a 
22:5n-3 1.8 • 0.1 a 
22:6n-3 ND d 

Total  n-3 13.1 • 0.7 ~ 

Total  p o l y u n s a t u r a t e d  56.7 • 2.3 a 
n-6/n-3 3.3 • 0.2 ~ 

6 . 7 •  b 1 0 . 1 •  
9 . 1 •  a 1 0 . 7 •  b 

1 8 . 9 •  b 2 3 . 6 •  

1.1• a 1.1• a 
1 4 . 5 •  b 1 5 . 7 •  c 

3 . 3 •  a 3 . 4 •  a 

1 8 . 8 •  b 2 0 . 2 •  b 

1 5 . 2 •  b 
9 . 9 •  b 

1 4 . 3 •  b 
4 . 4 •  b 
1 . 0 •  

4 6 . 0 •  b 

T A B L E  5 

5 . 3 •  b 
3 . 7 •  b 
1 . 6 •  b 

ND 

1 0 . 8 •  b 

5 6 . 9 •  b 
4 . 3 •  b 

The Fatty Acid Composi t ion of  Different  Species  of  Snai ls  

Helix Haplotrema Vespericola 
sp. sportella columbiana 

F a t t y  ac ids  (n = 5) (n = 3) (n = 2) 

(pe rcen t  of to ta l  f a t t y  acids,  m e a n  • SD) 

S a t u r a t e d  
16:0 7.1 • 1.0 a 
18:0 10.4 • 0.9 

Total s a t u r a t e d  19.9 • 2.0 

M o n o u n s a t u r a t e d  
16:1n-7 1.4 • 0.4 a 
18: ln-9/n-7  14.2 • 1.1 a 
20:1n-9 2.2 • 0.2 ~ 

Total m o n o u n s a t u r a t e d  18.0 • 0.8 a 

9 . 6 •  b 8 . 0 •  
1 0 . 6 •  8 . 9 •  

2 2 . 3 •  b 1 7 . 5 •  a 

1 . 5 •  3 . 2 •  b 
1 1 . 9 •  b 1 0 . 0 •  b 
0 . 9 •  b 3 . 6 •  a 

1 4 . 8 •  b 1 6 . 8 •  

n-6 
11.6 • 0.9 ~ 18:2n-6 15.7 • 0.4 a 14.5 + 0.3 b 11.0 • 1.6 c 

7.9 • 0.6 c 20:2n-6 12.1 • 0.5 a 10.5 • 0.5 b 9.1 • 2.0 b 
13.5 • 1.0 b 20:4n-6 14.8 • 2.2 13.8 • 0.4 a 16.9 • 1.6 b 

4.3 • 0.6 a'b 22:4n-6 4.8 • 0.7 5.3 • 0.2 a 4.0 • 0.4 b 
0.9-+9.1 b 22:5n-6 0.3__.0.2 0.4 • 0.0 a 0.7 •  b 

39.8 • 1.5 c Total n-6 50.3 • 2.7 48.8 • 0.4 45.9 • 2.3 

n-3 
1.5 • 0.3 c 18:3n-3 1.8 • 0.6 a 3.2 • 1.2 4.3 • 1.0 b 
7.0 • 0.8 c 20:5n-3 2.8 • 0.1 a 1.5 • 0.3 b 5.5 • 0.9 c 
2.1 • 0.4 c 22:5n-3 1.3 • 0.4 1.7 • 0.4 2.0 • 1.0 

ND 22:6n-3 ND d ND ND 

11.4 • 1.4 b Total  n-3 6.6 • 0.7 a 7.2 • 0.6 a 11.9 _ 2.7 b 

51.2 • 1.4 c Total  p o l y u n s a t u r a t e d  57.2 • 2.3 56.4 • 0.6 58.3 • 4.3 
3.6 • 0.6 a n-6/n-3 7.8 • 1.3 6.9 • 0.6 5.2 • 2.4 

a'b'CValues w i t h  u n l i k e  s u p e r s c r i p t s  a re  d i f fe ren t  a t  P < 0.05. 
dNot de tec ted  (<0.005%). 

a'b'CValues w i t h  u n l i k e  s u p e r s c r i p t s  a re  d i f fe ren t  a t  P < 0.05. 
dNot de tec ted  (<0.005%). 

T A B L E  6 

Comparison of  Fatty Acid Composi t ions  o f  the Slugs,  Snai ls  and Marine Shel l f i sh  

Shel l f i sh  a 

F a t t y  acid S lug  Sna i l  O y s t e r  C l a m  Scal lop S h r i m p  Lobs te r  Crab  

( m e a n  pe rcen t  of to ta l  f a t ty  acids)  

S a t u r a t e d  
16:0 7.3 8.0 18.9 19.4 21.5 21.5 14.4 13.1 
18:0 9.4 10.2 3.4 8.3 7.1 3.3 8.9 5.9 

Total s a t u r a t e d  20.0 20.1 26.8 29.5 33.9 25.8 24.8 19.3 

M o n o u n s a t u r a t e d  
16:1n-7 1.1 1.8 3.4 4.1 3.6 6.2 5.4 4.9 
18: ln-9/n-7  14.3 12.6 9.4 6.7 7.3 22.7 13.2 16.6 
20:1n-9 3.4 2.1 2.9 11.9 0.6 2.2 2.0 

Total m o n o u n s a t u r a t e d  19.0 16.8 17.2 22.7 14.0 31.1 18.6 23.5 

n-6 
18:2n-6 14.4 14.4 1.6 2.2 0.8 1.2 2.0 0.7 
20:2n-6 9.4 11.0 0.1 
20:4n-6 14.1 14.9 1.4 1.9 1.6 2.7 19.8 4.1 
22:4n-6 4.3 4.8 1.5 
22:5n-6 1.0 0.4 0.6 

Total n-6 44.7 49.0 5.6 4.1 2.8 4.2 22.8 5.2 

n-3 
18:3n-3 4.9 2.7 2.2 2.4 
20:5n-3 4.2 3.0 20.6 11.0 23.5 21.1 14.1 30.2 
22:5n-3 1.7 1.6 1.0 4.4 0.4 1.3 1.4 
22:6n-3 ND b ND 11.3 25.4 27.0 14.4 7.7 13.2 

Total n-3 11.2 7.8 41.1 40.8 47.9 38.3 23.1 44.8 

a U n p u b l i s h e d  d a t a  (Lin, D.S., a nd  Connor, b W.E.). Not  de tec ted  (<0.005%). 
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~J 

18:3n-3 20:5n-3 22:5n-3 22 :6m3 Total n-3 

FIG. 1. The  n-3 fa t ty  ac ids  of  s lugs ,  sna i l s  a n d  oysters .  

45 
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0tFlm 
ol I ~ - - - - i I  i I i I I I i 

18:2n-6 20:2n-6 20:4n-6 22:4n-6 Total n-6 

FIG. 2. The  n-6 fa t ty  a c i d s  of  s lugs ,  s na i l s  a n d  oys ters .  

sea-life and is present in high concentration in organs 
such as brain, retina and sperm of the primates (19,24, 
25). The reason for the absence of docosahexaenoic acid 
in slugs and snails is not known. Long-chain n-3 polyun- 
saturated fatty acids can be synthesized from dietary 
linolenic acid (18:3n-3) through a series of desaturation 
and chain elongation steps. In slugs, the synthesis of the 
very long-chain and highly polyunsaturated fatty acids 
proceeded through 20:5n-3 and 22:5n-3, but the further 
desaturation step to 22:6n-3 did not occur. There was a 
relative block also for 22:6n-3 synthesis in the mature  
and full-term human infants fed formulas containing 
linolenic acid (18:3n-3) (26). In that  instance, too, syn- 
thesis to 22:5n-3 proceeds well, but the final step, the 
synthesis of 22:6n-3, occurs but seems to proceed very 
slowly. Even in adult humans, the feeding of flaxseed, a 
rich source of 18:3n-3, yields within a few days consid- 
erable increases in 20:45n-3 and 22:5n-3, but not in 
22:6n-3 (Connor, W.E., unpublished observations). 

In slugs there was a relatively high content of the n-6 
long-chain polyunsaturated fatty acids such as 20:4n-6, 
22:4n-6 and 22:5n-6. Slugs can synthesize linoleic acid 
from acetate (27). The presence of 22:5n-6 in slugs indi- 
cated synthesis from dietary linoleic acid (18:2n-6). 
Since linoleic and linolenic acids share a common enzy- 
matic system for desaturation and elongation, the pres- 
ence of 22:5n-6, the last elongation and desaturat ion 
product from 18:2n-6, and the absence of 22:6n-3, the 
last elongation and desaturation product from 18:3n-3, 
in the slugs suggested that the last step of desaturation 
and elongation seems to favor n-6 fatty acids synthesis. 
It is commonly accepted that  docosahexaenoic acid is 

formed from the action of a A4 desaturase on 22:5n-3, a 
precursor fatty acid found in both slugs and snails. Since 
this enzyme has not been actually identified, an alter- 
native pathway for docosahexaenoic acid synthesis was 
proposed recently by Voss et al. (28). 

The absence of docosahexaenoic acid and the presence 
of an analogous n-6 fatty acid (22:5n-6) in both slugs and 
snails is in contrast to the mammalian brain and retina 
that  show a decided preference for n-3 fatty acids of 
their cellular membranes (24). Docosahexaenoic acid is 
the most abundant polyunsaturated fatty acid in these 
nervous tissues, whereas 22:5n-6 is conspicuous by very 
low concentrations except under unusual circumstances. 
If there is a deficiency of n-3 polyunsaturated fatty acids 
in the diet (i.e., a-linolenic acid), then 22:5n-6 becomes 
the predominate fat ty acid replacing 22:6n-3 (19,24). 
The brain of the newborn rabbit also seems to show a 
preference for 22:5n-6 (29). Since neither 22:6n-3 or 
22:5n-6 is present in the diet of slugs and snails so far 
as known, clearly all of the more polyunsaturated and 
longer chain fatty acids are derived by synthesis from 
18:2n-6 and 18:3n-3, which are richly present  in the 
diet. Despite there being no deficiency of n-3 fatty acids 
in the diet, the synthetic pathway to an n-6, 22-carbon 
fatty acid is preferred and is even exclusive. In contrast 
to slugs and snails, the shellfish mollusks from the sea 
contain docosahexaenoic acid in quantity. This docosa- 
hexaenoic acid probably originated from the phyto- 
plankton of their diet which are rich in both eicosapen- 
taenoic acid and docosahexaenoic acid (30). 

Although in our analyses of the three species of slugs 
and three species of snails in the present study there 
was a consistent absence of docosahexaenoic acid, Fried 
et al. (12) did find a very small quanti ty of docosa- 
hexaenoic acid (less than 1%), in Hel isoma trivolvis .  
Furthermore,  free sterols and phospholipids were the 
two major lipid components in the snails and slugs of 
this study. Fried et al. (10,11) found free sterols and 
triglycerides were the predominant lipids in H. trivolvis 
snails and Succinea ovalis snails. Since analytical 
methodology was similar between these authors and 
ours, the difference in results must have occurred from 
the different species of snails analyzed. 

Of the eight sterols found in the slugs, cholesterol was 
the predominant sterol (76-85% of total sterols) in slugs. 
This cholesterol could come from dietary intake or 
de novo synthesis. However, slugs are vegetarians and 
do not consume cholesterol. It is not known whether  
slugs can synthesize cholesterol from acetate or from the 
other sterols present in the diet. Among the inverte- 
brates, insects and crustaceans were found unable to 
synthesize cholesterol from acetate (31). The finding of 
lathosterol in slugs, and intermediate precursor of cho- 
lesterol biosynthesis, suggests the possibility that slugs 
may be able to synthesize cholesterol. However, direct 
evidence is needed to verify this point. Interestingly, 
slug lipids contained significant amounts of brassicast- 
erol (4-13% of total sterols). A high content of brassicas- 
terol was also found in shellfish and phytoplankton. 
However, the diet of slugs provided abundant  plant 
sterols such as campesterol, sitosterol and stigmasterol 
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and could provide some other  sterols such as brassicast-  
erol. In  slug lipids, s terols  of possible p lan t  origin con- 
t r ibu ted  only 3 -5% of the  to ta l  s terols .  S t ruc tura l ly ,  
b rass icas te ro l  is s imi la r  to campes te ro l  wi th  one more  
double bond, a t  the  22 position. However ,  these  two 
sterols have  an opposite configuration a t  the 24 position. 
Brass icas terol  differs from s t igmastero l  only by hav ing  
a me thy l  group at  the  24 posi t ion ins t ead  of an  e thyl  
group. In  view of th is  s imi la r i ty  of s t ruc tu re  be tween  
brassicasterol  and the other  plant  sterols, the high con- 
ten t  ofbrass icas tero l  found in the slugs m a y  resul t  from 
dietary sources or from its conversion from dietary  plant  
sterols. In a previous study, we demonst ra ted  tha t  there  
was  dea lky la t ion  of s i tosterol  to form cholesterol  in 
Florida land crab (32). 

The resul ts  of these  analyses  provided more detai led 
informat ion about  the sterol  and  fa t ty  acid composit ion 
of the snai ls  a l though some informat ion  is avai lable  in 
the l i te ra ture  (3-12). Similar  to our results,  Furlong and 
Caulfield (9) found tha t  cholesterol is the major  sterol in 
the  snails .  They  also found desmosterol ,  campes te ro l ,  
s t i gmas te ro l  and  s i tosterol  in the  h e p a t o p a n c r e a s  of 
snails.  In  our study, we found five addi t ional  s t e r o l s - -  
cholestanol ,  b rass icas te ro l ,  la thosterol ,  24-methy lene  
cholesterol  and  s i to s t ano l - - in  snails.  The difference in 
our two studies m a y  be due to different species of snails 
analyzed or the higher  sensi t ivi ty and resolution power 
of the capi l lary gas- l iqu id  ch romatography  we used for 
our analyses.  Snails had  the same sterol composition as 
e a r t h w o r m s  ( L u m b r i c u s  terrest is)  (33). Slugs had  a 
sterol composition s imilar  to snails and ea r thworms  ex- 
cept for the absence of cholestanol and desmosterol.  The 
reason for these differences is not known. The finding of 
a h igh  conten t  of desmostero l  in snails ,  (9.1% in 
V. co lumbiana)  and in the ea r thworm (8.6%) is interest-  
ing because  usua l ly  only t race  amoun t s  of desmostero l  
are present  in tissues. Recently, we found a large quan-  
t i ty  of desmos te ro l  in the  spe rm of p r i m a t e s  (25). The 
p resence  of cons iderable  bu t  va r i ab le  quan t i t i e s  of 
desmos te ro l  in the  s terols  of snai ls  sugges t  an  act ive 
cholesterol  b iosynthes is .  While it  is t rue  t h a t  desmos-  
terol is found in a very l imited n u m b e r  of plants ,  these  
are plants  of the sea such as red algae (34). Desmosterol  
has  not been  identified in land  p lan ts  which cons t i tu te  
the diet of the snails. I t  seems likely then  tha t  snails, in 
part icular,  mus t  have  the capacity to synthesize choles- 
terol. Both slugs and snails  have  a very different sterol 
composi t ion f rom the m a r i n e  mol lusks ,  which conta in  
o ther  un ique  s terols  such as a C26 s terol  and  22-dehy- 
drocholesterol (1). I t  is l ikely tha t  these shellfish obtain 
their  sterols form their  diet of phytoplankton (35). 

In  conclusion, slugs which have  evolved f rom snai ls  
(15) have  sterol and fa t ty  acid composit ions s imi lar  but  
not ident ical  to snails.  Rela t ive ly  high am oun t s  of two 
biologically impor tan t  fa t ty  acids, arachidonic and eicos- 
apen taeno ic  acids, were  found in both  the  slugs and  
snails.  Docosahexaenoic  acid (22:6n-3) was complete ly  
absent  in both  slugs and  snails. I f  the n-3 and n-6 fa t ty  
acid share  the same enzyme sys tem for elongat ion and  
desa tura t ion ,  i t  is not clear  why there  was such a com- 
plete  preference  for the  syn thes i s  of 22:5n-6 over  

22:6n-3. The sterol content  of these two land mollusks is 
quan t i t a t i ve ly  s imi la r  to ocean shel lf ish bu t  qual i ta -  
t ively quite different .  The  presence  of cholesterol  pre-  
cursors, lathosterol  and desmosterol,  in snails and lath- 
osterol in slugs suggests  t ha t  cholesterol synthesis  may  
occur in these  mollusks.  In  view of the  unique absence 
of docosahexaenoic acid and presence of lathosterol  and  
desmosterol ,  snai ls  and  slugs offer f asc ina t ing  models  
for the  fu r t he r  s tudy  of both  f a t ty  acid and  sterol  syn- 
thesis. 
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Free  fatty ac ids  a c c u m u l a t e  in plant  m e m b r a n e s  after  ex- 
p o s u r e  of  p lan t s  to e n v i r o n m e n t a l  s t re s s ,  such  as freez-  
ing  and  d e s i c c a t i o n .  F a t t y  ac id  a c c u m u l a t i o n  has  b e e n  
l i n k e d  to v a r i o u s  b i o p h y s i c a l  c h a n g e s  and  to  the  occur-  
r e n c e  o f  l ipid perox idat ion ,  but  the  re la t ionsh ips  appear  
c o m p l e x  and incons i s tent .  The  in terac t ions  b e t w e e n  oxy- 
gen  free  radicals ,  free  fat ty  ac ids  and l ip id  p e r o x i d a t i o n  
in p lant  m e m b r a n e s  w e r e  e x a m i n e d  fur ther  by s t u d y i n g  
p e r o x i d a t i o n  r e a c t i o n s  in a m o d e l  m e m b r a n e  s y s t e m  
c o m p o s e d  of  a c o m p l e x  m i x t u r e  of  p lant  p h o s p h o l i p i d s ,  
i n c l u d i n g  v a r i o u s  f ree  fat ty  ac ids .  M u l t i l a m e l l a r  l ipo-  
s o m e s  w e r e  t rea ted  w i t h  o x y g e n  free  rad ica l s  g e n e r a t e d  
f r o m  iron  a s c o r b a t e .  I n c r e a s e d  c o n c e n t r a t i o n s  of  f ree  
pa lmi t i c  ac id  up  to 10 tool% (fatty ac id /phosphol ip id)  re- 
d u c e d  the  p r o d u c t i o n  of  a l d e h y d e s  d e t e c t e d  by the  thio- 
barbi tur ic  acid assay, but  e n h a n c e d  the  product ion  of  flu- 
o r e s c e n t  products .  By  contrast ,  increased  c o n c e n t r a t i o n s  
of  free  l ino len ic  acid i n c r e a s e d  a l d e h y d e  product ion  and 
r e d u c e d  the  f o r m a t i o n  of  f l u o r e s c e n t  product s .  The  t w o  
free fatty ac ids  both  e n h a n c e d  the  suscept ib i l i ty  of  phos-  
phol ip ids  to degradat ion  as s h o w n  by the  r e d u c e d  recov-  
ery  of  es ter i f ied  p o lyunsa tura ted  fatty ac ids  ( l inole ic  and 
l inolenic) .  The  free  radical  reac t ions  w i t h  or  w i t h o u t  free  
fat ty  ac id  add i t i ons  c a t a l y z e d  the  s e l e c t i v e  d e g r a d a t i o n  
of  phospho l ip ids  in the  order  p h o s p h a t i d y l e t h a n o l a m i n e  
> p h o s p h a t i d y l c h o l i n e  > p h o s p h a t i d y l i n o s i t o l  > phos -  
phat idy lg lycero l .  Se l ec t ive  degradat ion  of  phospho l ip ids  
is  o f ten  o b s e r v e d  af ter  p e r i o d s  of  e n v i r o n m e n t a l  s t r e s s  
or  dur ing  s e n e s c e n c e  of  plants ,  and has  b e e n  c i ted  as evi-  
d e n c e  for the  i n v o l v e m e n t  of  p h o s p h o l i p a s e s  in t h e s e  de- 
g e n e r a t i v e  p r o c e s s e s .  The  re su l t s  i n d i c a t e  that  se l ec t iv -  
i ty  is  no t  a c r i t e r i o n  for  e l i m i n a t i n g  the  i n v o l v e m e n t  o f  
o x y g e n  free  r a d i c a l s  in  t h e s e  d e g e n e r a t i v e  p r o c e s s e s .  
F u r t h e r m o r e ,  the  r e s u l t s  s u g g e s t  that  m o d i f i c a t i o n s  of  
l ipid c o m p o s i t i o n  dur ing  a plant's acc l imat ion  to adverse  
e n v i r o n m e n t s  m a y  d e t e r m i n e  the  types  of  free  radical  re- 
ac t ions  that  occur  due  to s tress .  
Lipids 29, 877-882 (1994). 

In plants, increased production of oxygen free radicals and 
the accumulation of lipid peroxidation products have been 
associated with a variety of environmental types of stress 
and with various developmental processes which involve 
membrane  catabolism. For example, lethal  f reeze- thaw 
stress of winter wheat  has been shown to produce super- 
oxide in a microsomal membrane fraction, promote loss of 
microsomal lipid-P, increase free fatty acids and increase 
lipid phase transit ion tempera tures  (1,2). Similarly, ger- 
minating soybean seeds which had lost desiccation toler- 
ance showed similar physical and compositional changes 

~Present address: Department of Physiology and Biophysics, Dal- 
housie University, Halifax, NS B3H 4H7, Canada. 
*To whom correspondence should be addressed. 
Abbreviations: BHT, butylated hydroxytoluene; EDTA, ethylenedi- 
aminetetraacetic acid; MDA, malondialdehyde; PA, phosphatidic 
acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, 
phosphatidylglycerol; PI, phosphatidylinositol; PUFA, polyunsatu- 
rated fatty acids; TBA, thiobarbituric acid; TBARS, thiobarbituric 
acid reactive substances. 

in a microsomal membrane  fraction after  drying (3). 
Plants  chilled in high light produced superoxide and 
singlet oxygen which initiated lipid peroxidation reactions 
in thylakoids (4). In developmental  processes such as 
senescence, oxygen free radicals have been shown to me- 
diate degradative reactions leading to selective catabolism 
of phospholipids and for~nation of gel phase domains (5). 
The accumulation of free fatty acids in stressed plant tis- 
sue can be very high, and values of 20% relative to phos- 
pholipid have been reported in aged pollen samples (6). 

The peroxidation reactions tha t  occur in plant  mem- 
branes,  however, do not follow the classical reactions 
which have been detailed so well in model lipid systems 
(7). For example, t rea tment  of isolated microsomal mem- 
branes from winter wheat crowns, or from soybean seeds, 
with superoxide in vitro ini t iated phospholipid degrada- 
tion but  did not cause a selective degradation of polyun- 
saturated fatty acids (PUFA) (2,8,9). Under these circum- 
stances, superoxide-initiated deacylation reactions lead to 
the accumulation of free fatty acids (2,3). The tert iary car- 
bon of the glycerol backbone of phospholipids has been 
proposed to be the predominant site of free radical attack 
leading to the deacylation of the phospholipid and accu- 
mulation of free fatty acids (10). 

Alternatively, phospholipid deacylation and free fat ty  
acid accumulation may be a consequence of enhanced 
phospholipase activity. This has been the classical inter- 
pretat ion of the results  of several  studies on membrane  
catabolism during environmental  stress and senescence 
(11-13). Regardless of whether  free fa t ty  acids are pro- 
duced by oxygen-based radical reactions or by phospholi- 
pases, the accumulation of free fa t ty  acids in the mem- 
brane bilayer has been linked to a var ie ty  of biophysical 
changes, such as altered lipid microviscosity, elevated lipid 
phase t ransi t ion temperatures ,  and the formation of gel 
phase domains (14,15). Free fatty acids may also act as fu- 
sogens (16-18), promoting membrane  fusion within in- 
jured cells. Many environmental stresses involve changes 
in the water status of the plant and in the hydration level 
of the membrane;  two notable examples are desiccation 
and freezing (19). Sucrose and trehalose are effective 
membrane-stabilizing agents which prevent the formation 
of hexagonal and gel phases at low levels of hydrat ion in 
both model and biological membranes (20). However, if the 
bilayer contains even trace amounts of free palmitic acid, 
the stabilizing effect of the sugar is reduced (21). It is also 
interest ing to note tha t  per turbed or destabilized mem- 
brane bilayers, such as those containing free fat ty  acids, 
are more susceptible to further degradation (5). 

Thus, oxygen-based free radicals, phospholipid catabo- 
lism, lipid peroxidation and free fat ty acid accumulation 
seem to play a common role in membrane catabolism dur- 
ing senescence or environmental stress, and these factors 
interact  in a complex manne r  tha t  cannot  be fully ex- 
plained based on current  knowledge of free radical reac- 
tions in plant membranes. 
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In the present  study, the effects of free fat ty acids on 
both the susceptibility of plant membrane  phospholipids 
to lipid peroxidation, as well as the types of degradative 
products formed in a model membrane system have been 
investigated in an at tempt  to better  understand these in- 
teractions. Liposomes composed of soybean asolecithin, a 
complex mixture of plant phospholipids, and various free 
fa t ty  acids were exposed to free radicals generated by 
Fe 3§ ethylenediaminetetraacetic acid (EDTA) and ascor- 
bate, which is a variation on the Fenton reaction produc- 
ing hydroxyl, perferryl and superoxide radicals. 

MATERIALS AND METHODS 

Treatment of model membranes. Soybean asolecithin 
(Fluka, Buchs, Switzerland) was dissolved in chloroform 
(30 mg/mL), bound to a sep-pak silica column and sequen- 
tially eluted with 10 mL chloroform, 20 mL acetone and 
20 mL methanol.  Only the methanol  fraction containing 
the purified phospholipids was used to prepare liposomes. 
Free fatty acids (Sigma, St. Louis, MO) were added, with- 
out fur ther  purification, to the methanolic phospholipid 
fraction prior to formation of the multilamellar liposomes. 
In most experiments,  free fa t ty  acids were added to the 
phospholipids to a final concentrat ion of 0, 2.5, 5 or 
10 mol% (fatty acid/phospholipid) in chloroform. This frac- 
tion was dried under  vacuum, resuspended in 10 mM 
KH2PO 4 (pH 6.8) buffer, and vortexed to form multilamel- 
lar liposomes. 

To t rea t  the liposomes with oxygen free radicals, 2-mL 
samples of the liposomes were added to 2 mL 10 mM 
KH2PO 4 buffer, 0.5 mL 10 mM Fe2§ and 0.5 mL 
20 mM ascorbate as described previously (9). Because the 
free radical reactions proceeded so quickly, the time 0 sam- 
ples were taken  without  the addition of the free radical 
generating system, but  simply with the addition of phos- 
phate buffer. Treated samples of 0.5 mL were removed in 
most experiments at 30, 60, 90 and 120 min. The reaction 
was stopped by the immediate addition of either the chem- 
ical reagents for a specific assay or by chloroform/meth- 
anol addition. 

Lipid analysis. To analyze the lipid composition of the 
initial or the free radical-treated liposome preparations,  
liposomes were partitioned against two volumes of chloro- 
form/methanol (1:1, vol/vol). The extracted phospholipids 
were separated by thin-layer chromatography using a sol- 
vent  system consisting of chloroform/methanol/water  
(65:35:5, by vol). The phospholipids were extracted from 
the silica with chloroform/methanol (1:1, vol/vol), dried, 
and resuspended in 4 mL methanolic KOH, capped under 
nitrogen, and heated at 70~ for 15 min for transmethyla- 
tion (9). Diheptadecanoyl phosphatidylcholine was added 
prior to transmethylation to serve as an internal standard 
in phospholipid quantitation. 

To assay aldehyde reaction products, 2 mL thiobarbi- 
turic acid (TBA) reagent (0.375% TBA, 15% trichloroacetic 
acid) was added to the reaction mixture,  immediately 
heated  at 100~ for 15 min, cooled, and a glacial acetic 
acid/chloroform (1:3, vol/vol) mixture  was added to clear 
the emulsion. Absorbance of the aqueous layer was mea- 
sured at  532 nm. To quantify hydroperoxides,  the same 

procedure was followed except tha t  25 pL of i g of buty- 
lated hydroxytoluene (BHT) in 2 mL acetone was added to 
the TBA reagent  (22). Fluorescent peroxidation products 
were quantified in the reaction solutions by scanning at 
an excitation wavelength of 360 nm and an emission range 
of 370-550 nm (23). 

Experimental design and statistical analysis. Multi- 
lamellar  liposomes were formed from mixtures  of phos- 
pholipid and various free fa t ty  acids. The free fat ty  acid 
concentrations chosen were intended to span the concen- 
t ra t ions observed previously in plant microsomal mem- 
branes (1-3,5,6), but  based on the prel iminary experi- 
ments, we chose only one unsaturated (hnolenic acid) and 
one sa tura ted  (palmitic acid) fa t ty  acid. The liposomes 
were treated in aqueous solution with oxygen free radicals 
from a mixture  of iron ascorbate, and the products were 
usually measured at 2 h after the addition of the iron. 

All experiments were conducted in a randomized com- 
plete block design replicated at least three  times over 
time. The data for thiobarbituric acid reactive substances 
(TBARS) were statistically evaluated by analysis of vari- 
ance using a two-way factorial design. The data were also 
analyzed as a power regression: 

y = a x  b (a > 0) (1) 

All other experiments were statistically analyzed using a 
pooled t-test for comparison of the free fa t ty  acid t reat-  
ments to the control at 95% confidence levels. 

RESULTS 

The soybean asolecithin used in this study to prepare the 
liposomes was composed primarily of four phospholipids, 
i.e., phosphatidylcholine (PC), phosphatidylethanolamine 
(PE), phosphatidylinositol (PI) and phosphatidylglycerol 
(PG) at  concentrations of 44, 22, 18 and 11% of the total 
phospholipids, respectively (Table 1). Phosphatidic acid 
(PA) was found to be present  in quanti t ies  of 6% of the 
total phospholipid fraction. The fatty acid composition of 
each of the phospholipid classes was similar for PC, PI, PG 
and PE. Linoleic and palmitic acids were the predominant 
fat ty acids in each of these phospholipids. PA was the 
exception, with higher  levels of linolenic acid and lower 
levels of linoleic acid than  the others. The preparat ion is 
similar in composition to lipid extracts from microsomal 
membranes  of seed and cotyledon t issues (3,6,8), and 

TABLE 1 

C o m p o s i t i o n  o f  S o y b e a n  A s o l e c i t h i n  U s e d  to  P r e p a r e  
L i p o s o m e s  P r i o r  to  F r e e  R a d i c a l  T r e a t m e n t  a 

Proportion of total Fatty acid (mol%) 
Phospholipid phospholipids (%) 16:0 18:0 18:1 18:2 18:3 

PA 6 26 16 11 23 25 
PC 44 20 7 9 55 9 
PI 18 27 7 8 55 14 
PG 11 27 9 8 43 13 
PE 22 22 8 8 49 13 
apA, phosphatidic acid; PC, phosphatidylcholine; PI, phosphatidyl- 
inositol; PG, phosphatidylglycerol; PE, phosphatidylethanolamine. 
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represented a convenient means of modelling the effects 
of free fatty acids in a plant membrane. 

The addition of various free fatty acids to the soybean 
asolecithin model membrane system altered the free radi- 
cal reactions according to a number  of assays measuring 
both the products and fatty acid substrates of the peroxi- 
dation reaction. 

The TBA assay typically measures a variety of aldehyde 
products produced in lipid peroxidation (22,23). TBARS 
rapidly increased upon t reatment  of the soybean asoleci- 
thin vesicles with free radicals. Aldehyde product forma- 
tion increased rapidly in the first 30 min of the reaction 
and more slowly later. The addition of free palmitic acid to 
the soybean asolecithin vesicles significantly (P = 0.05) de- 
creased TBARS accumulation (Table 2). For example, 
after 2 h the TBARS seen in liposomes containing 10 tool% 
free palmitic acid were reduced to approximately 50% 
compared to those seen in liposomes without free fat ty 
acid addition. In contrast,  addition of free linolenic acid 
significantly (P = 0.05) increased TBARS at all reaction 
times. For example, liposomes containing 5 mol% free 
linolenic acid after 2 h free radical t reatment  had TBARS 
values of 169% relative to that  of the control (Table 3). 

The kinetics of TBARS formation in these reactions 
were fitted to the power regression equation, and all 
free fatty acid additions had r 2 values of not less than 0.98, 
with the exception of 5 mol% free linolenic acid (r 2 = 0.89). 
Therefore, there did not seem to be major changes in the 
reaction kinetics with the addition of the free fatty acids, 
indicating that  the reactions were uniformly promoted or 
inhibited at all sampling times. 

The addition of free stearic acid to the soybean asoleci- 
thin liposomes had no effect on the formation of TBARS 
as a result  of free radical t rea tment  (data not shown). 
Therefore, the addition of free fat ty acids to the soybean 
asolecithin increased, decreased or had no effect on the 
formation of aldehydes during free radical mediated per- 
oxidation, depending upon the type of free fatty acid added 
to the liposome. This phenomenon was followed in more 
detail using two of the free fatty acids which differed most 
dramatically in their effects, namely palmitic and linolenic 
acids. 

Peroxidation reactions also produce hydroperoxides, 
which can react in the TBA assay. Adding BHT to the TBA 
assay prevents hydroperoxides from contributing to the 
estimation of TBARS (22). The TBA assay measured all 

TABLE 2 

Thiobarbi tur ic  Acid  Reac t ive  S u b s t a n c e s  in Soybean  
Aso lec i th in  Liposomes  Conta in ing  Free  Palmit ic  Acid 
After  Exposure  to Free  Radica l s  a 

Time Free fatty acid additions (mol%) 
(min) 0 2.5 5 10 

0 0 0 0 0 
30 0,15 _+ 0.02 0.12 • 0.01 0.11 _+ 0.02 0.08 _+ 0.01 
60 0.21 • 0.04 0.16 • 0.01 0A5 • 0.03 0.11 _+ 0.01 
90 0.23 • 0.05 0,18 • 0.02 0~17 • 0.03 0.12 • 0.01 

120 0.25 • 0.04 0,19 • 0.02 0,18 _+ 0.05 0.12 _+ 0.02 
aValues represent the absorbance at 532 nm (_+SD) derived from 
three determinations. 

PLANT MEMBRANES 

TABLE 3 

Thiobarbi tur ic  Acid React ive  Subs tances  in Soybean  
Aso lec i th in  L iposomes  Conta in ing  Free  Lino len ic  Acid 
After  Exposure  to Free  Radica ls  a 
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Time Free fatty acid (mol%) 
(min) 0 2.5 5 

0 0 0 0 
30 0.15 • 0.02 0.15 • 0.07 0,24 • 0.08 
60 0.21 • 0.04 0.21 • 0.11 0.27 • 0.15 
90 0.23 • 0.05 0.29 +_ 0.04 0.36 • 1.09 

120 0.25 • 0.04 0.32 • 0.06 0.44 • 0.13 
aValues represent the absorbance at 532 nm (• derived from 
three determinations. 

aldehyde peroxidation products, TBA with BHT measured 
the aldehyde products excluding the hydroperoxides, and 
the difference between the two assays gave an indication 
of the amount  of hydroperoxides produced. In the lipo- 
somes without free fatty acid addition, relatively low lev- 
els of hydroperoxides were present after 2 h of reaction 
(Table 4), presumably because they were consumed in re- 
actions with Fe2+-EDTA. Increasing mol% of free palmitic 
acid in the liposomes reduced hydroperoxides, but  this 
was not statistically significant because of the low initial 
values. With addition of free linolenic acid to the soybean 
as.lecithin liposomes, greater amounts ofhydroperoxides 
were formed at increasing concentrations of free linolenic 
acid. 

Schiff-base structures, formed from the reaction of mal- 
ondialdehyde (MDA) and other aldehydes with amino 
groups, are fluorescent products of the peroxidation reac- 
tion (23). The addition of 2.5 and 5 re.l% free palmitic acid 
produced significantly (P = 0.05) greater concentrations of 
fluorescent products (Table 5), However, no significant dif- 
ferences were noted in the fluorescent intensities among 
the three different free fatty acid concentrations. With ad- 
dition of free linolenic acid to the soybean as.lecithin lipo- 
somes, lesser amounts  of fluorescent peroxidation prod- 
ucts were produced. The formation of these products in 
soybean as. leci thin liposomes increased with reaction 
time up to 2 h following the power regression with r 2 val- 

TABLE 4 

Thiobarbi tur ic  Acid React ive  S u b s t a n c e s  (TBARS) 
in Soybean  Aso lec i th in  Liposomes  Conta in ing  Free  
Palmit ic  or Lino len ic  Acids  After  Two Hours  
of  Exposure  to Free  Radica ls  a 

Free fatty 
acid mol% TBARS TBARS + BHT Hydroperoxides 

Control 0 0.23 _+ 0.04 0.17 • 0.01 0.06 _+ 0.05 

Palmitic 2.5 0.19 _+ 0.02 0.13 _+ 0.01 0.06 _+ 0.03 
5 0,18_+0.05 0.14_+0.02 0.04• 

10 0,12 _+ 0.02 0.15 _+ 0.03 0.03 • 0.05 

Linolenic 2.5 0.32 _+ 0.06 0.20 -+ 0.04 0.12 • 0.10 
5 0.44_+0.13 0.16_+0.01 0.28_+0.14 

"Values represent the absorbance at 532 nm (• derived from 
three determinations. BHT, butylated hydroxytoluene. 
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TABLE 5 100 

F l u o r e s c e n t  C o m p o u n d s  F o r m e d  in  S o y b e a n  A s o l e c i t h i n  
L i p o s o m e s  C o n t a i n i n g  F r e e  P a l m i t i c  or  L i n o l e n i c  A c i d s  
A f t e r  E x p o s u r e  to  F r e e  R a d i c a l s  a B0 

Free fatty Time of free radical exposure (min) ~_ 
acid mol% 0 30 60 90 120 

. . . .  ~ 6 0  

Control 0 4.58 7.11 8.22 9.38 10.38 o 

Palmitic 2.5 3.18 6.38 9.33 12.13 b 14.93 b >~ 4o 
5 3.35 6.68 10.385 13.79b 17.735 o 

10 2.30 5.85 9.50 b 12.305 14.14 b 
20 

Linolenic 2.5 6.53 6.35 7.49 8.25 9.15 
5 6.00 5.57 b 6.70 7.67 8.10 

10 4.08 3-475 4-60b 5-25b 5-92b o 
aValues are expressed as relative fluorescent intensity. 
5Denotes a significant difference between treatment and control at 
the 95% confidence level. 

ues of not less than  0.99, with the exception of 5% free 
linolenic acid (r 2 = 0.94). This indicates tha t  like the for- 
mation of TBARS, the reaction kinetics for the formation 
of fluorescent products were not changed with the addi- 
tion of free fat ty acids, and tha t  the reactions were uni- 
formly promoted or inhibited at all sampling times. 

The major source of substrate for the free radical-medi- 
ated peroxidation reactions is the esterified PUFA in the 
phospholipids of the soybean asolecithin liposomes. Only 
56% of all esterified fat ty acids were recovered after the 
2-h free radical exposure, indicating that  44% of the phos- 
pholipids had been degraded. The proportion of PUFA in 
the esterified fatty acid fraction decreased from 67 to 48% 
(Table 6). This seems to be the result  of the preferential 
degradation of PUFA and the proportional increase in sat- 
urated fatty acids. With the addition of either palmitic or 
linolenic acid, the degradation of all phospholipids in- 
creased (data not shown), and the selective degradation of 
PUFA increased slightly, reducing the proportion of PUFA 
to approximately 32% with the addition of 10 mol% of ei- 
ther free fatty acid. 

Without the addition of free fat ty acids, there was se- 
lective degradat ion of specific phospholipid classes dur- 

TABLE 6 

P r o p o r t i o n  (mol%) o f  the  E s t e r i f i e d  F a t t y  A c i d s  R e c o v e r e d  
as  P o l y u n s a t u r a t e d  F a t t y  A c i d s  (PUFA)  f r o m  S o y b e a n  
A s o l e c i t h i n  L i p o s o m e s  C o n t a i n i n g  F r e e  P a l m i t i c  
or  L i n o l e n i c  A c i d s  A f t e r  E x p o s u r e  to  F r e e  R a d i c a l s  a 

mol% PUFA 
mol% added Palmitic Linolenic 

0 48• 48• 
2.5 37• 43• 
5 37• 33• 

10 32• 32• 
aValues represent the means of linoleic and linolenic acids relative 
to all esterified fatty acids (• derived from three determina- 
tions. The proportion of PUFA in the liposomes prior to free radi- 
cal treatment averaged 67%. 

0 2.5 5 10 

mol% free fatty acid 

FIG. 1. R e c o v e r y  o f  i n d i v i d u a l  p h o s p h o l i p i d s  a f ter  F e - a s c o r -  
b a t e  t r e a t m e n t  o f  m u l t i l a m e l l a r  l i p o s o m e s  c o n t a i n i n g  vary -  
i n g  a m o u n t s  o f  f r e e  p a l m i t i c  ac id .  P e r c e n t  r e c o v e r y  m e a -  
s u r e s  t h e  q u a n t i t y  o f  a p h o s p h o l i p i d  a f t e r  t r e a t m e n t  (t = 
2 h)  r e l a t i v e  to  t h e  q u a n t i t y  b e f o r e  t r e a t m e n t  (t = 0 h) .  ND,  
n o t  d e t e c t e d .  PC,  p h o s p h a t i d y l c h o l i n e ;  PI ,  p h o s p h a t i d y l -  
i n o s i t o l ;  PG,  p h o s p h a t i d y l g l y c e r o l ;  PE,  p h o s p h a t i d y l -  
e t h a n o l a m i n e .  

ing the free radical-mediated peroxidation reactions. 
After 2 h incubation, 30% of PE, 38% of PC, 78% of PI and 
88% of PG were recovered. The addition of free palmitic 
acid or free linolenic acid enhanced the degradation of PC, 
PG and PI, but  had relatively little effect on PE (Figs. 1 
and 2). 

The recovery of esterified PUFA in each phospholipid 
class followed a similar pattern. After 2 h of free radical 
exposure, 77% of the PUFA from PE and 60% from PC 
were degraded, but  the PUFA in PI  and PG were rela- 

100 

80  

i 
! I 

0 
2.5 5 

mol% free fatty acid 
1 0  

FIG. 2. R e c o v e r y  o f  i n d i v i d u a l  p h o s p h o l i p i d s  a f t er  F e - a s c o r -  
b a t e  t r e a t m e n t  o f  m u l t i l a m e l l a r  l i p o s o m e s  c o n t a i n i n g  vary -  
i n g  a m o u n t s  o f  f r e e  l i n o l e n i c  ac id .  P e r c e n t  r e c o v e r y  m e a -  
s u r e s  t h e  q u a n t i t y  o f  a p h o s p h o l i p i d  a f t e r  t r e a t m e n t  (t = 
2 h)  r e l a t i v e  to  t h e  q u a n t i t y  b e f o r e  t r e a t m e n t  (t = 0 h) .  
A b b r e v i a t i o n s  as  in  F i g u r e  1. 
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TABLE 7 

Recovery of  Esterified Polyunsaturated Fatty Acids 
of the Four Major Phosphol ipid Classes of Soybean 
Asoleci thin After Two Hours of  Treatment 
with Free Radicals  a 

Free fatty % Recovery 
acid mol% PE PC PI PG 

Control 

Palmitic 

Linolenic 

0 23 40 73 100 

2.5 19 18 27 43 
5 21 14 54 35 

10 15 13 ND 30 

2.5 20 37 44 80 
5 28 15 43 39 

10 22 8 25 29 
aValues represent nmol PUFA recovered after free radical treat- 
ment/nmol PUFA without free radical treatment x 100%. Abbrevi- 
ations as in Tables 1 and 6. 

tively more res is tant  to degradation (Table 7). All concen- 
t ra t ions  of free palmit ic  acid and free linolenic acid sig- 
nificantly amplified the loss in esterified PUFA. 

DISCUSSION 

In the model membrane  system of soybean asolecithin li- 
posomes, addition of free fat ty  acids increased the suscep- 
tibility of the lipids to free radical-mediated degradat ion 
as shown by reduced recovery of PUFA and phospholipid. 
However, the type of free fa t ty  acid presen t  affected the 
types of peroxidation products formed. Increasing concen- 
t ra t ions  of free palmit ic  acid in the l iposomes increased 
format ion  of f luorescent  peroxidat ion products,  bu t  re- 
duced hydroperoxides and TBARS. In contrast ,  increas- 
ing concentrat ions of free linolenic acid in the liposomes 
caused no change to the amount  of fluorescent peroxida- 
tion products, and increased hydroperoxides and TBARS. 

These differences in the type of peroxidat ion product  
formed as a resul t  of the inclusion of different free fa t ty  
acids in the liposome may  indicate tha t  the free fat ty  acid 
was acting either chemically as a substra te  in the peroxi- 
dation reactions,  or physically as a per tu rb ing  agent  al- 
ter ing the packing, fluidity, and/or physical a r rangement  
of the phospholipids in the mul t i lamel lar  liposome. Free 
linolenic acid containing three double bonds is highly sus- 
ceptible to free radical at tack.  Thus,  18:3 is likely a sub- 
s t ra te  in the peroxidation reactions resul t ing in the for- 
mation of TBARS and hydroperoxides from the direct per- 
oxidation of the free fa t ty  acid itself. On the other hand,  
free palmitic acid containing no double bond is not an im- 
mediate  substrate  in peroxidation reactions. 

The l iposomes used in this s tudy were mul t i lamel lar ,  
and the radicals were generated in the aqueous compart-  
m e n t  outside the liposome. Un i l ame l l a r  vesicles have  
been shown to react  to this free radical t r ea tmen t  differ- 
ently t han  mul t i lamel la r  vesicles (9). I t  is therefore con- 
ceivable tha t  the presence of the free fa t ty  acids a l tered 
fluidity (14), thereby changing the susceptibility of lipids 
to the free radical  reactions. These changes are perhaps  

associated with  the  closer apposi t ion of the  fa t ty  acid 
chains imposed by the presence of free palmitic acid. 

Fu r the rmore ,  compounds  such as d ihydropyr idines  
may  be formed by reaction of MDA with amines,  such as 
e thanolamine,  producing fluorescent s t ruc tures  (23). Of  
the individual classes of phospholipids, PE was most  sen- 
sitive to the peroxidat ion react ion,  especial ly in the ab- 
sence of free fat ty  acids. Therefore, it is likely tha t  a con- 
siderable proportion of the fluorescent peroxidation prod- 
ucts was Schiff-base s t ructures  formed by reaction of the 
amine group of PE with aldehyde peroxidation products. 
However, as more free palmitic acid was added, the pro- 
duction of f luorescent produc~s increased but  the extent  
of PE degradation did not. In this instance, the rise in flu- 
orescent intensi ty noted may  be solely due to the produc- 
tion of fluorescent aldehyde polymers. 

The selective degrada t ion  of specific phospholipid 
classes has  been observed in several  sys tems undergoing 
m e m b r a n e  catabolism, and has  since been a t t r ibu ted  to 
the selectivity of the phospholipase degradat ion (11-13). 
In the soybean asolecithin liposomes, sensitivity to degra- 
dat ion by the  free radical  react ions  followed the  order  
PE > PC > PI > PG. The differences in susceptibil i ty are 
not due to differences in the proportion of PUFA present  
in each phospholipid class because  the i r  init ial  PUFA 
composition ranged from only 69 to 56% and followed the 
order PI > PC > PE > PG. The involvement  of PE in the 
format ion  of Schiff-base s t ruc tu res  m a y  explain its 
grea ter  sensitivity to degradation. Differences in molecu- 
lar  species and  the relat ive la te ra l  d is t r ibut ion of the  
phospholipids in the liposome may  influence exposure of 
the individual PUFA to the free radical reactions. The se- 
lective loss of PC has  been seen in t i ssues  of nonhardy  
plants  exposed to freezing t e m p e r a t u r e s  (11), as well as 
in plants during senescence (12,13). In both cases, degra- 
dat ion was a t t r ibu ted  to increased phosphol ipase activ- 
ity. In  the model m e m b r a n e s  used in this study, no pro- 
teins or enzymes were present,  simply lipid, Fe and ascor- 
bate. Therefore, the selective degradation of phospholipid 
can be a t t r ibu ted  solely to free radical  reactions. Conse- 
quently, selective degrada t ion  of phospholipid is not a 
good criterion for phospholipase and other hydrolytic en- 
zyme activities, especially in plant  cells under  conditions 
which are  known to highly favor  free radical  react ions 
such as freezing (2) and senescence (5). 

In summary,  the presence of free fat ty acids in a model 
m e m b r a n e  increased lipid degrada t ion  and a l te red  the 
format ion of peroxidation products.  Therefore,  the accu- 
mulat ion of free fa t ty  acids in plant  cell membranes  dur- 
ing periods of environmental  stress, whether  the result  of 
phospholipase activity or free radical media ted  deacyla- 
tion, would be expected to have  a n u m b e r  of deleterious 
consequences, but  the effect on the membrane  will differ 
depending on the type of free fat ty acid tha t  accumulates.  
Therefore,  the in i t ia l  fatty  acid composition of the mem-  
brane  is very impor tan t  in de termining  the membrane ' s  
response,  not only because it will influence its suscepti-  
bility to free radical attack, but  also because it will deter- 
mine  the type of free fa t ty  acid l iberated by deacylat ion 
reactions. Fur thermore ,  the phospholipid headgroup ap- 
pears to play a significant role in determining a phospho- 
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l ip id ' s  s u s c e p t i b i l i t y  to free r a d i c a l  a t t a ck .  D u r i n g  accli-  
m a t i o n  to e n v i r o n m e n t a l  s t r e s s ,  p l a n t s  a l t e r  t h e  l i p id  
c o m p o s i t i o n  of  t h e i r  m e m b r a n e s  (24). Th i s  h a s  been  in-  
t e r p r e t e d  a lmos t  exc lus ive ly  in  t e r m s  of  m e m b r a n e  fluid- 
i ty  a n d  l ip id  p h a s e  changes  (24). Acc l ima t ion  also causes  
t he  m e m b r a n e s  a n d  p l a n t s  to become i n c r e a s i n g l y  res i s -  
t a n t  to f ree  r a d i c a l  a t t a c k  (2,25). T h e  d e g r e e  to w h i c h  
c h a n g e s  in  f a t t y  ac id  u n s a t u r a t i o n  a n d  in  p h o s p h o l i p i d  
c lass  a r e  r e spons ib l e  for th i s  d i f ference  in r e s i s t a n c e  h a s  
ye t  to be de t e rmined .  
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Reactions of Diazomethane with Glycerolipids 
in the Presence of Serum or Inorganic Salts 1 
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D i a z o m e t h a n e  is  w i d e l y  u s e d  for  the  s e l e c t i v e  m e t h y l a -  
t i o n  of  n o n e s t e r i f l e d  fatty  ac ids  in  the  p r e s e n c e  o f  o ther  
l ipids.  However ,  w h e n  the  react ion  is  carried out  d irect ly  
w i t h  p l a s m a  or serum,  subs tant ia l  m e t h a n o l y s i s  o f  phos- 
p h o l i p i d  acy l  groups  occurs .  B e c a u s e  of  the  i m p o r t a n c e  
of  r igorous  s e l e c t i v i t y  in  the  a s s a y  o f  u n e s t e r i f i e d  fat ty  
ac ids  w h i c h  are  p r e s e n t  o n l y  in  trace  a m o u n t s  in  ce l l s  
and  body  f luids,  we  h a v e  i n v e s t i g a t e d  the  d i a z o m e t h a n e  
p r o c e d u r e  in  de ta i l  a nd  r e a c h e d  t h e  f o l l o w i n g  conc lu -  
s ions:  (i) W h e n  d i a z o m e t h a n e  reacts  w i t h  l ip id  ex trac t s  
in  organic  so lvent ,  no  es ter  h y d r o l y s i s  occurs .  (ii) In the  
p r e s e n c e  of  s e r u m  or p lasma,  d i a z o m e t h a n e  reacts  w i t h  
water  and inorganic  salts,  c a u s i n g  the  so lu t ion  to b e c o m e  
bas ic  (CH2N 2 + NaCI + HOH --~ CH3CI + Na  § + OH- + N2); 
m e t h o x i d e  i o n s  are  f o r m e d  from m e t h a n o l  (CH3OH + 
OH- -~ CH30-§ HOH) c a u s i n g  e x t e n s i v e  m e t h a n o l y s i s  
(CH30- + RO-CO-R' -~ CH30-CO-R' + ROD. An  ana logous  
r e a c t i o n  t a k e s  p lace  w i t h  e thano l .  Al l  e s ters  of  g l y c e r o l  
are transester i f ied  in a que o us  salt so lu t ion  by  th is  mech-  
anism.  It is therefore  e s sent ia l  to  prepare  a l ip id  extract  
prior  to the  as say  of  u n e s t e r i f i e d  fatty  ac ids  w h e n  u s i n g  
the  d i a z o m e t h a n e  procedure .  
Lipids 29, 883-887 (1994). 

Diazomethane is an extremely versati le reagent  tha t  has  
been used in synthetic organic chemistry for more than  a 
century (1-3). In the lipid field, diazomethane is employed 
for the selective methylat ion of unesterified fat ty acids (4) 
in the presence of other lipids. We have used this method 
extensively over the past  15 years (5-9). In the usual  pro- 
cedure, a dilute solution of diazomethane in diethyl e ther  
is added to a lipid extract dissolved in diethyl ether/meth- 
anol (9:1, vol/vol). I t  has been shown tha t  under these con- 
ditions the methyl  group of the fat ty  acid methyl  ester  is 
derived from diazomethane (see Equation 1). The metha-  
nol in the solvent does not part icipate in the reaction (4). 
Experiments  with 1so-labeled fatty acids have shown that  
both fa t ty  acid oxygens are re ta ined in the methyl  es ter  
(6). 

R-COOH + CH2N 2 --~ R-COOCH 3 + N 2 [1] 

In a method developed for the rapid estimation of unes- 
terified fa t ty  acids in h u m a n  blood p lasma  through "ex- 
tractive methylation," Pace-Asciak (10) added ethereal di- 

1We dedicate this paper to Dr. Hermann Schlenk on the occasion 
of his 80th birthday. 
*To whom correspondence should be addressed at The Hormel In- 
stitute, University of Minnesota, 801 16th Avenue NE, Austin, MN 
55912. 
Abbreviations: BSA, bovine serum albumin; CE, cholesteryl ester 
(cholesteryl oleate); DMPC, dimyristoyl phosphatidylcholine; 
DPPE, dipalmitoyl phosphatidylethanolamine; GC, gas chro- 
matography; HEPES, N-2-hydroxyethylpiperazine-N'-2-ethanesul- 
fonic acid; LPC, lysophosphatidylcholine (1-palmitoyl lysophos- 
phatidylcholine); SOPC, 1-stearoyl-2-oleoyl phosphatidylcholine; 
TAG, triacylglycerol (tripentadecanoylglycerol); TLC, thin-layer 
chromatography. 

azomethane  directly to a 1:1 (vol/vol) mix ture  of p l a sma  
and methanol.  However, Lin et al. (11) later  reported tha t  
diazomethane caused extensive methanolysis  of phospho- 
lipid acyl groups under  the conditions described by Pace- 
Asciak (10), and they quest ioned the selectivity of fa t ty  
acid methylat ion by diazomethane in the presence of other 
lipids. Unfortunately, Lin et al. (11) did not offer a hypoth- 
esis regarding the mechanism of the reaction and certain 
ambigui t ies  in the reported exper imenta l  details could 
lead to confusion about the selectivity of the diazomethane 
reaction in organic solvent as well. Because of the impor- 
tance of such selectivity for the methyla t ion  of unester i-  
fled fa t ty  acids, which are often present  only in trace 
amounts ,  and because we have  never  observed (5-9) 
transesterification or hydrolysis of ester bonds induced by 
diazomethane, we investigated possible causes for the re- 
sults reported by Lin et al. (11). 

The da ta  presented here confirm the conclusions of 
Schlenk and Gel le rman  (4) tha t  d iazomethane  does not 
react with lipid ester bonds in organic solvents. However, 
we found tha t  diazomethane in the presence of water, in- 
organic salts and methanol  causes extensive methanoly-  
sis of glycerolipids. The same sequence of reactions occurs 
if p lasma is substi tuted for the inorganic salt solution. 

MATERIALS AND METHODS 

Diazald TM (N-methyl-N-nitroso-p-toluenesulfonamide), di- 
palmitoyl  phospha t idy le thanolamine  (DPPE) and di- 
myristoyl phosphatidylcholine (DMPC) were from Sigma 
Chemical Company (St. Louis, MO). 1-Palmitoyl lysophos- 
phatidylcholine and 1-stearoyl-2-oleoyl phosphatidylcho- 
line (SOPC) were from Avanti Polar Lipids (Birmingham, 
AL). Heptadecanoic acid, methyl  heptadecanoate,  arachi- 
donic acid, cholesteryl oleate (CE) and tr ipentadecanoyl-  
glycerol (TAG) were from Nu-Chek-Prep (Elysian, MN). 

Diazomethane  was prepared  from Diazald essential ly 
as described by Schlenk and Gel le rman (4) and as used 
routinely in our laboratory (5-9). The diazomethane pro- 
duced from one gram of Diazald was recovered in approxi- 
mate ly  30 mL of diethyl e ther  to give a solution with an 
es t imated  concentration of less than  150 mM. This solu- 
tion was stored in tubes with Teflon-lined screw caps a t  
-20~ for up to three weeks. All operations tha t  necessi- 
tated opening a vessel containing diazomethane were con- 
ducted in a fume hood. Diethyl ether, containing ethanol 
as a preservative, was freshly distilled in an all-glass sys- 
tem before use. Citrated plasma was prepared from blood 
drawn from a healthy, nonfasting volunteer. 

Methanolysis/methylation in plasma. 2 In the procedure 
described by Pace-Asciak (10), 0.2 mL of p lasma is mixed 

'~Methylation is defined as the addition of a methyl group from di- 
azomethane to an unesterified fatty acid; methanolysis (or trans- 
esterification) means alcoholysis with methanol, in which methox- 
ide ion reacts with a glycerol ester to form a methyl ester. 
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with 0.2 mL of methanol, 12 pg of pentadecanoic acid and 
1 mL of ethereal diazomethane (derived from about 0.1 g 
of Diazald). After 10 min at room temperature, an 800 ~L 
aliquot of the upper (diethyl ether) phase is transferred to 
another  tube, taken to dryness and the residue is dis- 
solved in hexane for analysis by gas chromatography (10). 

We used 10 ~g of heptadecanoic acid as internal  stan- 
dard. In order to conserve reagents, our standard reaction 
mixture usually consisted of 0.1 mL of plasma (or salt so- 
lution), 0.1 mL of methanol  and 0.5 mL of ethereal  dia- 
zomethane. Samples were vortexed and then reacted for 
10 min at room temperature in open tubes in a fume hood. 
The diethyl ether and residual diazomethane were quickly 
removed under  a stream of nitrogen, and the methyl  es- 
ters were extracted from the aqueous phase into 5 mL of 
hexane/diethyl ether (4:1, vol/vol) or into 2 mL of chloro- 
form/methanol (2:1, vol/vol). 

In later experiments the volume of methanol  was in- 
creased to 0.3 mL to form a single phase with the ether 
and water. 

Lipid extraction before methylation. Plasma aliquots of 
0.1 mL were mixed with 10 ~g of heptadecanoic acid as in- 
ternal standard, extracted with 4 mL of chloroform/meth- 
anol (2:1, vol/vol) and partitioned with 1 mL of 2.5% NaC1 
in small, screw-cap test tubes (12). The tubes were cen- 
trifuged, the organic layer was removed and blown to dry- 
ness under nitrogen. The lipids were redissolved in 1 mL 
of diethyl ether/methanol (9:1, vol/vol), and 0.5 mL of dia- 
zomethane was added. After 10 min at room temperature, 
the diethyl ether and diazomethane were removed under 
a stream of nitrogen. 

Purification of methyl esters. When diazomethane was 
added to a lipid mixture, the methyl esters were usually 
purified before gas chromatography (GC). After reaction 
with diazomethane, the lipids were dissolved in 1 mL of 
hexane and applied to a small column of silicic acid (about 
1 g) in a disposable glass t ransfer  pipette. The test tube 
was rinsed with an additional 2 mL of hexane tha t  was 
also applied to the column. Methyl esters were eluted with 
4 mL of hexane/diethyl ether (9:1, vol/vol). Cholesterol and 
polar lipids remained on the column. The ehition scheme 
was checked for recovery of methyl esters by analyzing one 
of the samples by GC before and after purification. 

GC of methyl esters. GC was performed with a Packard 
Model 428 GC equipped with dual flame-ionization detec- 
tors and a Spectra-Physics 4270 integrator. Methyl esters 
were separated on a 12 ft • 1/8 in. a luminum column 
packed with 10% SP-2330 on 100/120 Chromosorb W AW 
(Supelco, Bellefonte, PA), with the temperature  pro- 
grammed from 180 to 230~ at a rate of 3~ per min. 

RESULTS 

Unesterified fatty acids in human plasma. In a direct com- 
parison of the two methods, aliquots of fresh citrated 
plasma were treated following the procedure of Pace-As- 
ciak (10), or the plasma lipids were extracted before reac- 
tion with diazomethane. Each group of assays included six 
replicates. The results of the GC analyses of methyl esters 
are given in Table 1. As expected (11), the Pace-Asciak 
procedure (10) yielded a concentration of methyl esters ten 

TABLE 1 

C o m p a r i s o n  o f  P l a s m a  U n e s t e r i f i e d  F a t t y  A c i d s  
D e t e r m i n e d  b y  th e  P a c e - A s c i a k  P r o c e d u r e  
(Ref.  10) a n d  Af ter  E x t r a c t i o n  a 

Pace-Asciak (Ref. 10) Extract 
(Methyl esters recovered) 

Fatty acid I~g/mL wt% ~g/mL wt% 

16:0 76.8 (_+22.7) 28.5 7.5 (-+0.9) 
16:1 3.7 (_+1.5) 1.4 0.6 (-+0.2) 
18:0 38.8 (_+12.2) 14.4 3.4 (_-*0.4) 
18:1 50.5 (_+12.4) 18.8 12.1 (_+1.2) 
18:2n-6 57.7 (_+18.4) 21.4 5.0 (_+1.0) 
20:3n-6 5.45 (_+2.05) 2.0 n.d. 
20:4n-6 23.8 (_+8.45) 8.8 n.d. 
22:5n-3 1.45 (_+0.70) 0.5 n.d. 
22:6n-3 11.0 (_+2.95) 4.1 n.d. 

Totalpg/mL 269.0 (_+80.6) 28.6 (_+3.6) 
pM 960 100 

26.2 
2.2 

11.9 
42.3 
17.4 

aAliquots of fresh citrated plasma from a nonfasting volunteer 
were mixed with methanol and diazomethane/diethyl ether (Ref. 
10) or were extracted with chloroform/methanol (2:1, vol/vol) and 
the lipid extracts were treated with diazomethane (Extract). 
Methyl esters were quantitated by gas chromatography using an 
internal standard (heptadecanoic acid, added before extraction or 
before treatment with diazomethane) as described in the Materi- 
als and Methods section. Values are mean _+ SD of six replicates in 
each group, n.d., Not detected. 

times the amount  detected after lipid extraction, with a 
large s tandard  deviation. There was also a difference in 
the composition of the methyl esters. Long-chain polyun- 
saturated fatty acid comprised more than 15% of the fatty 
acid methyl esters obtained by the Pace-Asciak procedure 
(10) but were not present in the methyl esters recovered 
from the lipid extracts. The extracts contained a higher  
percentage of methyl oleate. 

Because we found only traces of unesterified arachi- 
donic acid in the lipid extracts, whereas it is reported to 
be a prominent  component in other assays (11,13), we 
checked its recovery by adding known amounts of arachi- 
donic acid to serum before lipid extraction and analysis. 
As little as 0.7 ~g added to 0.1 mL of serum before extrac- 
tion could be measured with complete recovery (data not 
shown). 

Conditions that affect the methanolysis of complex 
lipids. Figure 1 shows that  the amounts of methyl esters 
formed by "extractive methylation" (10) increased with 
time and with increasing concentrations of diazomethane. 

In order to determine which components of the mixture 
are necessary for methanolysis  of plasma lipids, 0.1 mL 
aliquots of plasma were incubated with methanol,  
methanol plus diethyl ether or ethanol plus diethyl ether 
for 20 min before lipid extraction. The yield of methyl es- 
ters was the same as after extraction alone (Table 2). 

Because the reaction was catalyzed by an interaction 
between diazomethane and one or more of the plasma 
components, plasma lipids were extracted from 0.1 mL 
aliquots, redissolved in 0.1 mL methanol and mixed with 
0.1 mL of solutions of bovine serum albumin (BSA), BSA 
in 1 M NaC1 or 1 M NaC1. Upon t rea tment  with dia- 
zomethane, methanolysis was extensive in the solutions 
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FIG. 1. P l a s m a  (0.1 mL),  m e t h a n o l  (0.1 mL) a n d  e t h e r e a l  dia-  
z o m e t h a n e  (0.5 mL) w e r e  i n c u b a t e d  for  d i f f e r e n t  p e r i o d s  o f  
t i m e  (A) a n d  for  10 m i n  w i t h  d i f f e r e n t  a m o u n t s  o f  d ia -  
z o m e t h a n e  (B).  M e t h y l  e s t e r s  w e r e  a n a l y z e d  as  d e s c r i b e d  
in  the  M a t e r i a l s  a n d  M e t h o d s  s e c t i o n .  

containing NaC1 and did not increase when protein was 
present. Protein in the absence of NaC1 did not cause 
methanolysis, nor did water alone. NaC1 in the absence of 
diazomethane had no effect (Table 3). 

Methanolysis of different lipid classes. In order to quan- 
tify the reaction of various lipid classes, we used mixtures 
of synthetic lipids containing different fatty acids, i.e., CE, 
TAG, DMPC, 1-palmitoyl lysophosphatidylcholine (LPC), 

TABLE 2 

P r e i n c u b a t i o n  o f  P l a s m a  B e f o r e  E x t r a c t i o n  a 

Treatment Total methyl esters 
(0.1 mL plasma) (~g/mL plasma) 

Methanol (0.1 mL, 20 min) 
Methanol (0.1 mL) and 

diethyl ether (0.5 mL, 20 min) 
Ethanol (0.1 mL) and 

diethyl ether (0.5 mL, 20 min) 
No additions 
Methanol (0.1 mL) and 

ethereal diazomethane (0.5 mL) 

30.3 

29.0 

28.4 
24.8 

139.1 
aPlasma was incubated with the indicated additions, followed by 
extraction with chloroform/methanol (2:1, vol/vol) and reaction 
with diazomethane as described in the Materials and Methods sec- 
tion. Methyl esters were quantitated by gas chromatography in the 
presence of an internal standard. 

TABLE 3 

M e t h a n o l y s i s  o f  L i p i d s  E x t r a c t e d  f r o m  0.1 mL P l a s m a  
a n d  M i x e d  w i t h  P r o t e i n  S o l u t i o n s  P l u s  M e t h a n o l  
a n d  E t h e r e a l  D i a z o m e t h a n e  a 

Addition (0.1 mL) Methyl esters (~tg) 

Albumin in 1 M NaC1 50.4 
1 M NaC1 69.7 
Plasma 34.2 
Albumin, no NaC1 7.3 
No additions (extracted control) 4.6 
1 M NaC1, no diazomethane (extracted) 5.3 
aBovine serum albumin was dissolved in 1 M NaCI or in water at a 
concentration of 70 mg/mL. These solutions were added to the lipid 
extracts (from 0.1 mL plasma) dissolved in 0.1 mL of methanol. 
Ethereal diazomethane (0.5 mL) was added and after 10 min the 
methyl esters were extracted and quantitated by gas chromatogra- 
phy as described in the Materials and Methods section. 

SOPC and DPPE. GC analysis of methyl  esters in the 
presence of an internal standard was used to quantify the 
degree of methanolysis  of each lipid class. Mixtures did 
not include more than one palmitate-containing lipid. 

A lipid mixture (CE, TAG, DMPC and LPC) was incu- 
bated with diazomethane and several different salt solu- 
tions (CaC12, NaBr, KC1, Na2SO 4) in N-2-hydroxyethyl-  
piperazine-N'-2-ethanesulfonic acid (HEPES) at pH 7.4. 
All salts tested were equally effective in promoting the 
methanolysis of DMPC and LPC, but CE and TAG were 
not affected. Twenty-five mM HEPES also caused some 
methanolysis, but  water alone did not. There was no dif- 
ference in the rate of methanolysis between the sn-1 and 
sn-2 position of SOPC when incubated with 1 M NaC1. 
DPPE reacted at about the same rate as DMPC and SOPC 
(data not shown). 

When a mixture of PC, LPC and TAG was reacted with 
increasing concentrations of NaC1, LPC was preferentially 
hydrolyzed, DMPC reacted at a slower rate, and TAG was 
not affected (Fig. 2A). Under these conditions, the reac- 
tants formed a two-phase system. However, when the vol- 
ume of methanol was increased to 0.3 mL, a single phase 
was formed and all lipids tested, with the exception of cho- 
lesteryl esters, were substrates for the reaction (Fig. 2B). 
The data  were explained by considering that  in the two- 
phase system, LPC readily partit ions into the aque- 
ous/methanol phase, DMPC parti t ions less readily, and 
TAG remains in the ether phase, with the reaction taking 
place in the aqueous/methanol phase. 

In the one-phase system of 0.3 mL methanol,  0.1 mL 
aqueous NaC1 and 0.5 mL ethereal diazomethane, as lit- 
tle as 1 mM NaC1 was sufficient to cause measurable 
methanolysis (data not shown). At 1 M NaC1, methanoly- 
sis of DMPC, LPC and TAG was complete. 

When ethanol replaced methanol, ethyl esters were pro- 
duced, proving that the mechanism involves transesterifi- 
cation or alcoholysis and that diazomethane is not directly 
involved in the methylation. Subst i tut ing isopropranol 
did not result in the production of isopropyl esters, proba- 
bly for steric reasons, but led to a slight increase in the re- 
covery of methyl  esters. Presumably, in this case acyl 
groups were hydrolyzed due to the increase in pH and the 
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FIG. 2. Mixtures  o f  1-palmitoyl  l y s o p h o s p h a t i d y l c h o l i n e  
(LPC) (O), d imyr i s toy l  p h o s p h a t i d y l c h o l i n e  (DMPC) (�9 
tr ipentadecanoylg lycero l  (TAG) (A) and cholesteryl  oleate 
(CE) (D) were  incubated  for 10 min  w i t h  0.5 mL of  ethereal  
d iazomethane  and 0.1 mL of  the indicated solutions of  NaCI. 
Panel  A, 0.1 mL methanol;  Panel  B, 0.3 mL m e t h a n o l  Methyl 
esters  w e r e  a n a l y z e d  as descr ibed  in  the  Materials  and 
Methods section. 

resulting fat ty acids were methylated with diazomethane 
(data not shown). 

DISCUSSION 

The mechan i sm for the observed hydrolysis  of lipid acyl 
groups by mix tures  of d iazomethane  and aqueous inor- 
ganic salts is based on the observat ion by Kuhn  and Ru- 
elius (14), la ter  reviewed by Huisgen  (15), t ha t  dia- 
zomethane  can methy la te  the anion of an inorganic salt, 
freeing the cation and thereby causing the aqueous solu- 
tion to become basic (Equation 2): 

CH2N 2 + NaC1 + HOH -~ CH3C1 + Na § + OH- + N 2 [2] 

In the presence of methanol,  this is sufficient to cause the 
format ion of methoxide ion (Equation 3), a nucleophile 
tha t  at tacks the carbonyl carbon atom of the ester bond in 
a classic transesterification reaction (Equation 4): 

CH3OH + O H  --~ CH30- + HOH [3] 

CH30- + RO-CO-R" ~ CH30-CO-R' + RO [4~ 

It  has been shown that  methanolysis occurs faster than  
hydrolysis in methanol/water  mixtures (16). Therefore, re- 
action in aqueous sal t  solutions, including p l a sma  (10), 
will result in transesterification as described here. Higher 
salt  concentrat ions probably s t imula te  the reaction 
through p r ima ry  or secondary sal t  effects. Because free 
fat ty acids are not esterified in basic medium by methox- 
ide ions (17), it appears  tha t  in plasma the free fatty acids 
and the in terna l  s t andard  are me thy la t ed  by dia- 
zomethane in the usual way and lipid acyl groups undergo 
methanolys is  as outl ined above, with the extent  of reac- 
tion depending on specific conditions. When the Pace- 
Asciak procedure (10) was followed, the reaction occurred 
substant ia l ly  fas ter  with lysophosphatidylcholine t han  
with other  lipids, most  likely because lysophosphatidyl-  
choline partitions more readily into the aqueous/methanol 
phase .When sufficient methanol  was present  to effect a 
single phase,  all lipids except cholesteryl  es ters  were 
transesterified. In the two-phase system, triacylglycerols 
were not t ransesterif ied to any major  extent, as was also 
reported by Linet  al. (11), but TAG participated readily in 
the reaction in single phase. 

Trace amounts  of unesterif ied fa t ty  acids are found in 
serum, plasma,  t issues and cells in the presence of over- 
whelming amounts of other lipids. Therefore a method for 
their analysis mus t  be absolutely specific. Even a reaction 
of less than  1% of the bulk of the complex lipids would in- 
troduce significant errors. No mat te r  how carefully condi- 
tions are controlled, use of a reagent  such as me tha -  
nol/acetyl chloride (13), t ha t  also t ranses ter i f ies  acyl 
groups (18), leads to overes t imat ion of unesterif ied fa t ty  
acids accompanied by errors in their composition (19). 

Some of the problems of nonspecificity of reagents such 
as methanol /acetyl  chloride and methanol/HC1 can be 
overcome by first  isolating the unester i f ied fa t ty  acids 
from the lipid extract, preferably by thin-layer chromatog- 
raphy (TLC). However, this is a time-consuming procedure 
and such small amounts  of lipid are difficult to accurately 
localize on and to quanti tat ively isolate from a TLC plate. 
I f  the unesterified fatty acid fraction is contaminated with 
other trace lipids, such as diacylglycerols, there will be a 
corresponding overest imation due to methanolysis.  Also, 
care mus t  be t aken  to prevent  oxidation of polyunsatu-  
ra ted  fa t ty  acids dur ing chromatography.  In contrast ,  
methylat ion with diazomethane assures tha t  the assay is 
specific for unester i f ied fa t ty  acids. After  methylat ion,  
small columns of silicic acid or commercial solid-phase ex- 
t ract ion car tr idges can be used to remove complex lipids 
tha t  can cause problems if they are injected into the gas 
chromatograph. 

Because of its somewhat  basic character, diazomethane 
can also react with methanol  to form methoxide, and can 
catalyze methanolys is  of aceta tes  in concentrated solu- 
tions at  extended reaction t imes (48 h; Ref. 20). We have 
found no evidence tha t  this reaction occurs at the concen- 
t ra t ions and t imes employed for the methyla t ion  of fat ty  
acids in lipid mixtures. Reaction of unsatura ted  fatty acids 
with e thereal  d iazomethane  in the absence of methanol  
will lead to the generat ion of side products  (21). Thus it 

LIPIDS, Vol. 29, no. 12 (1994) 



METHOD 

was shown tha t  a ,~-unsaturated fat ty acids and (z-keto 
acids, compounds unlikely to be encountered in usual lipid 
analyses, react with diazomethane not only at the car- 
boxyl group but also at the double bond and the oxo group 
(22). 

Our present data clearly show that diazomethane, when 
used as originally described (4), selectively methylates un- 
esterified fatty acids and does not cause any transesterifi- 
cation of acyl groups. It  is advisable to follow the proce- 
dure exactly, i.e., to use a reaction medium of diethyl 
ether/methanol (9:1, vol/vol) (4), or to carefully confirm 
that  modifications to the method do not alter the results. 

Although diazomethane is toxic and can explode under 
certain conditions, when in dilute solution and used in a 
functioning fume hood, it presents no greater  hazard  or 
inconvenience than  do many  other reagents tha t  are in 
routine use in the laboratory. In our experience, dia- 
zomethane in diethyl ether/methanol solution is the only 
reagent  that  specifically methylates  unesterified fat ty 
acids and should therefore be used for the assay of free 
fatty acids in the presence of other lipids. 
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Ultrasound in Fatty Acid Chemistry: Synthesis of a 1-Pyrroline 
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I 

A novel  1-pyrrol ine  fa t ty  acid e s t e r  i s o m e r  [viz. 8-(5- 
hexyl - l -pyrro l in-2-yl )oc tanoate]  has  been  s y n t h e s i z e d  
f rom methy l  r i c ino lea te  by  two rou te s  wi th  an  overa l l  
y i e l d  of 42 and  30%, respect ively .  Most of  the  r eac t ions  
are  ca r r i ed  out  u n d e r  concomi t an t  u l t r a son ic  i r rad ia -  
t ion (20 KHz, ca. 53 watts/cm2). Under  such  a r eac t i on  
condit ion,  the  reac t ion  t ime is cons iderab ly  shor tened,  
and  produc t  yields are  high.  Dehydrobromina t ion  under  
concomi t an t  u l t rason ic  i r r ad i a t i on  of  m e t h y l  9,10-di- 
bromo-12-hydroxyoctadecanoate  with KOH in EtOH fur- 
n ishes  m e t h y l  12-hydroxy-9-octadecynoate  (66%) with- 
in 15 min.  H y d r a t i o n  of the  l a t t e r  u n d e r  u l t r a sound  
wi th  m e r c u r y ( I I ) a c e t a t e  in aqueous  t e t r a h y d r o f u r a n  
yields exclusively methyl  12-hydroxy-9-oxo-octadecano- 
ate  (95%) in 30 min. The hydroxy  group in the  la t ter  com- 
pound  is t r a n s f o r m e d  to the  azido func t ion  via the  me- 
sylate,  and  t r e a t m e n t  of  the  a z i d o - o x o  i n t e r m e d i a t e  
( m e t h y l  12-azido-9-oxooctadecanoate) wi th  Ph3P u n d e r  
ultrasonic i r radia t ion furnishes the requisi te  1-pyrroline 
fa t ty  acid es te r  (77%). The same azido-oxo i n t e r m e d i a t e  
has  also been  ob ta ined  by  the  oxida t ion  of me thy l  12- 
azido-9-cis-octadecenoate us ing benzoquinone and  a cat- 
alyt ic  amoun t  of  Pd(I I )ch lor ide  in aqueous  t e t r ahydro-  
furan  under  concomitant  ul t rasonic  i r radia t ion  (90 min) 
to give the product  in 45% yield. The la t ter  react ion  does 
not  t ake  p lace  even  u n d e r  p ro longed  s i lent  s t i r r ing  of 
the  react ion  mixture.  
Lipids 29, 889-892 (1994). 

2,5-Dialkyl pyrrolines and pyrrolidines have been identi- 
fied in the venom of the fire an t  (Solenopsis punctaticeps) 
(1,2) and have  been shown to possess necrotizing and 
hemolyzing proper t ies  (3,4). A n u m b e r  of synthet ic  pro- 
cedures have been reported for the preparat ion of dialkyl 
pyrrolines with emphasis  on the subsequent production of 
2,5-disubst i tuted pyrrol idines for entomological studies 
(5-9). 

We have reported earl ier  the synthesis  and propert ies  
of a long-chain fat ty ester derivative [methyl 8-(5-hexyl-2- 
pyrrol in- l -yl)octanoate ,  1] containing a 1-pyrroline nu- 
cleus in the alkyl chain from methy l  iso-ricinoleate 

N ~  R , 

(I), R = CH3(CH2)5; R' = (CH2)7COOCH 3 

(2), R = (CH2)TCOOCH3; R' = CH3(CH2) 5 

SCHEME 1 

*To whom correspondence should be addressed at Department of 
Chemistry, The University ofHong Kong, Pokfulam Road, Hong 
Kong. 
Abbreviations: ECL, equivalent chain length; GLC, gas-liquid 
chromatography; IR, infrared; MS, mass spectrometry; NMR, nu- 
clear magnetic resonance spectroscopy; Rp retardation factor; THF, 
tetrahydrofuran; TLC, thin-layer chromatography. 

(methyl 9-hydroxy-12-cis-octadecenoate) (10). In the pres- 
ent paper  we describe the t ransformation of the very read- 
ily available methyl  ricinoleato (methyl 12-hydroxy-9-cis- 
octadecenoate) from castor  oil to a novel 1-pyrroline iso- 
mer  [methyl 8-(5-hexyl-l-pyrrolin-2-yl)octanoate, 2] with 
the imine bond (C=N) of the pyrrol ine nucleus linked to 
the C-9 position ins tead of to C-12 (see Scheme 1). The 
requisi te  1-pyrroline fa t ty  es ter  i somer  (2) was synthe-  
sized by two different approaches from methyl  ricinoleato. 
Both approaches make  use of ul t rasound irradiation dur- 
ing the various synthetic stops to accelerate the formation 
of key intermediates.  The synthetic routes are i l lustrated 
in Figure 1. 

MATERIALS AND METHODS 

Ricinoleic acid was obtained from castor  oil by the  part i-  
tion method described by Gunstone (11). Petroleum ether  
refers to the fraction with b.p. 40-60~ Thin-layer  chro- 
matographic (TLC) analysis was done on microscope glass 
plates  coated with silica gel (type 60, silica gel GF254, 
0.1 m m  layer; Merck, Darms tad t ,  Germany) .  Column 
chromatographic  separa t ion  was achieved on silica gel 
(type 60, 70-230 mesh; Merck) by gradient  elution using 
mix tures  of  pe t ro leum ether/diethyl  e the r  ranging  from 

/ ~ . ~  (ii) ~ ~ O H  (iii) 

R r v XR' R- - -R'  R R' 

4 ( IfK)c/r ) 5 (66G-) 6 (95~Y~) 

'l(i) ]<iv) 
OH 

R: v "R' 
3 7 (9(W,) 

l (iv) 1 (v) 

OMs N3 (viii) • N2 /._.~ " 
R ~ R ,  ( v )  R ~ R ,  R. v - R' 

10 11 8 (96(/,) 

(vi) 

C H 3 C ~ / ~  .(vii) ~ R '  
R: v x R , 

9 2 ( 77'/, ) 

R = CH3(CH2)s; R' = (CH2)TCOOCH 3 

FIG. 1. Synthes i s  of  1-pyrroline fat ty ester.  Reagents  and 
conditions: (i) Br 2, Et20, 20~ 15 min; (ii) KOH, EtOH, ultra- 
sound, 30 rain; (iii) Hg (OAc) 2, tetrahydrofuran (THF), H2.O , 
ul trasound,  25 min; (iv) MsC1, Et3N, CH2C12, -5~ 30 mln; 
(v) NAN3, DMF, 80~ 2 h; (vi) PPh3, TI-IF, ultrasound, 30 min; 
(vii) Ae20, 90~ 1 h; (viii) PdCI2, benzoquinone, THF, H20 , 
ultrasound, 90 min. 
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1:0 to 2:3, vol/vol, depending on the polarity of the prod- 
uct. Gas-liquid chromatographic (GLC) analysis was car- 
ried out on a Hewlett-Packard model 5970 gas chromato- 
graph (Hewlett-Packard, Palo Alto, CA) fitted with a mi- 
crobore SE-30 (0.53 mm diameter, 2.65 pm film thickness, 
10 m length) or SPB1 column (0.20 mm diameter, 0.20 pm 
film thickness, 30 m length) (Supelco, Bellefonte, PA) 
using nitrogen (20 mL/min) as the carrier gas at a column 
temperature of 190~ with the flame-ionization detector 
set at 210~ External standards of methyl myristate, 
palmitate and stearate were used as reference compounds, 
and equivalent chain length (ECL) values were calculated 
for each component (12). Infrared (IR) spectra were ob- 
tained on liquid films on a Shimadzu model IR-470 photo- 
spectrometer (Shimadzu Corp., Kyoto, Japan). Nuclear 
magnetic resonance (NMR) spectra (in CDC13) were ob- 
tained on a JEOL FX90Q (90 MHz) or JEOL GSX-270 
(270 MHz) instrument (JEOL Ltd., Tokyo, Japan). Ultra- 
sonication was carried out using a 20 KHz (ca. 53 W/cm 2) 
ultrasound horn (Undatim Ultrasonic S.A., Louvain-la- 
Neuve, Belgium) with the reaction mixture contained in a 
water-jacketed cell. Low-resolution mass spectra were 
recorded using a Hewlett-Packard gas chromatograph fit- 
ted with a Mass Selective Detector TM. High-resolution 
mass spectra were recorded on a Finnigan Mat 95 mass 
spectrometer (Firmegan Mat Corp., San Jose, CA). 

Methyl 9,10-dibromo-12-hydroxyoctadecanoate (4). 
Bromine (5.6 g, 3.5 mmol) was added to a solution of 
methyl ricinoleate (3, 2.0 g, 6.4 mmol) in diethyl ether 
(30 mL) and stirred for 15 min. The reaction mixture was 
successively washed with aqueous sodium thiosulfate so- 
lution (5%, 10 mL), water (20 mL), and dried over anhy- 
drous sodium sulfate. The ethereal mixture was filtered 
and the filtrate evaporated to give crude methyl 9,10- 
dibromo-12-hydroxyoctadecanoate (4, 3.0 g, 100%) as a 
viscous liquid (13,14). TLC, retardation factor (R r) 0.6 (pe- 
troleum ether/diethyl ether, 7:3, vol/vol); IR (cm-]): 3450 
(br), 1740(s), 840(m), 760(m) and 720 (s); 1H NMR (CDC13, 
5): 0.88(t, 3H, CH3) , 1.2-1.8(m, 20H, CH2), 1.9-2.1(m, 4H, 
CH2), 2.2(s, 1H, CH-OH), 2.3(t, 2H, 2-H), 3.6(s, 3H, 
COOCH3), 3.8(m, 1H, CH-OH), 4.6(m, 2H, CH-Br). 

Methyl 12-hydroxy-9-octadecynoate (5). A mixture of 
compound 4 (3.0 g, 6.3 mmol), ethanol (95%, 30 mL) and 
KOH (5.3 g, 9.5 mmol) was sonicated for 30 min using a 
20 KHz ultrasound horn at 20~ The reaction mixture 
was acidified with HC1 (6M, 20 mL) and extracted with di- 
ethyl ether (3 x 30 mL). The ethereal extract was washed 
with water (30 mL) and dried over anhydrous sodium sul- 
fate. The solvent was evaporated, and the residue was re- 
fluxed with borontrifluoride/methanol (14%, w/w, 5 mL) in 
absolute methanol (30 mL) for 10 min. Water (50 mL) was 
added and the reaction mixture was extracted with diethyl 
ether (2 • 50 mL). The solvent was evaporated, and silica 
column chromatographic purification of the residue using 
a mixture of petroleum ether and diethyl ether (85:15, 
vol/vol) as eluent gave pure methyl 12-hydroxy-9-octade- 
cynoate (5, 1.3 g, 66%). TLC, R$ 0.5 (petroleum ether/di- 
ethyl ether, 7:3, vol/vol); IR (cm-l): 3450 (br), 1740 (s), 1460 
(m), 1435 (m), 1360 (m) and l170(m). ]H NMR (CDC13, 8): 
0.88 (t, 3H, CH3) , 1.2-1.6 (m, 20H, CH2), 2.04 (s, 1H, 
CH-OH), 2.2 (m, 4H, 8-H and ll-H), 2.3 (t, 2H, 2-H), 3.66 

(s, 3H, COOCH 3) and 3.69 (m, 1H, CHOH); 13C NMR 
(CDC13, ppm): 14.1 (C-18), 18.7 (C-8), 22.6 (C-17), 24.9 
(C-3), 25.2 (C-14), 27.7 (C-11), 28.6 (C-7), 28.9, 29.3, 31.8 
(C-16), 33.9 (C-2), 36.2 (C-13), 51.4 (COOCH3), 70.3 (C-12), 
76.2 (C-10), 83.1 (C-9) and 174.3 (C-l). 

Methyl 12-hydroxy-9-oxooctadecanoate (6). A mixture of 
compound 5 (2.0 g, 6.4 mmol), tetrahydrofuran (30 mL), 
water (30 mL) and mercury(II)acetate (4.1 g, 12.8 mmol) 
was sonicated for 25 rain at 20~ The reaction mixture 
was acidified with dilute HC1 (2M, 20 mL) and extracted 
with diethyl ether (2 • 50 mL). The ethereal extract was 
washed with water (2 • 20 mL) and dried over anhydrous 
sodium sulfate. The solvent was evaporated and silica col- 
umn chromatography afforded pure methyl 12-hydroxy-9- 
oxo-octadecanoate (6, 2.0 g, 95%). TLC, Rf 0.4 (petroleum 
ether/diethyl ether, 7:3, vol/vol); IR (cm-1): 3500 (br), 1740 
(s), 1700 (s), 1460 (m), 1380 (m); 1H NMR (CDC13, 5): 0.88 
(t, 3H, CH3), 1.2-1.6 (m, 22H, CH2) , 2.10 (s, 1H, CH-OH), 
2.30 (t, 2H, 2-H), 2.5 (t, 4H, 8-H, 10-H), 3.4-3.6 (m, 1H, 
CH-OH) and 3.6 (s, COOCH~); 13C NMR (CDCI 3, ppm): 
14.03 (C-18), 22.59 (C-17), 23.83 (C-7), 24.86 (C-3), 25.67 
(C-14), 28.98, 29.30, 30.98 (C-11), 31.85 (C-16), 34.07 (C-2), 
37.80 (C-13), 39.10 (C-10), 42.89 (C-8), 51.40 (COOCH3), 
71.48 (C-12), 174.22 (C-l) and 212.00 (C-9). 

Methyl 12-mesyloxy-9-oxooctadecanoate (7). A mixture 
of compound 6 (1.0 g, 3.0 mmol), methanesulfonyl chloride 
(0.8 g, 7.0 mmol), triethylamine (1.0 mL) and dichloro- 
methane (10 mL) was stirred at 0-5~ for 30 min. The re- 
action mixture was diluted with dichloromethane (50 mL) 
and successively washed with dilute HC1 (2M, 4 mL), 
water (20 mL), and dried over anhydrous sodium sulfate. 
The mixture was filtered and the filtrate evaporated to 
give crude methyl 12-mesyloxy-9-oxooctadecanoate (7, 
1.1 g, 90%) as a viscous oil. TLC, Rf 0.4 (petroleum ether/ 
diethyl ether, 1:1, vol/vol), IR (cm-1): 2960, 2850, 1740, 
1710, 1355, 1180, 970, 900, 760, 740 and 700; 1H NMR 
(CDC1, 5): 0.9 (t, 3H, CH3), 1.2-1.4 (m, 18H, CH2), 2.0 (m, 
4H, 11-H, 13-H), 2.3 (t, 2H, 2-H), 2.45 (t, 4H, 8-H, 10-H), 
2.90 (s, 3H, CH 3 of OMs), 3.6 (s, 3H, COOCH 3) and 4.70 
(quintet, 1H, CH-OMs); 13C NMR (CDC13, ppm): 14.03 
(C-18), 22.53 (C-17), 23.67 (C-7), 24.54 (C-14), 24.92 (C-3), 
28.22, 29.03, 29.36, 29.68 (C-11), 31.74 (C-16), 34.02 (C-2), 
34.86 (C-13), 37.74 (C-10), 38.62 (CH 3 of OMs), 42.74 (C-8), 
51.30 (COOCH3), 82.94 (C-12), 174.06 (C-1) and 209.65 
(C-9). 

Methyl 12-azido-9-oxooctadecanoate (8). A mixture of 
compound 7 (1.1 g, 2.7 mmol), sodium azide (0.4 g, 6 mmol) 
and dimethylformamide (10 mL) was stirred at 80~ for 
2 h. Water (20 mL) was added, and the reaction mixture 
was extracted with diethyl ether (2 • 40 mL). The ethereal 
extract was washed with water (30 mL) and dried over an- 
hydrous sodium sulfate. The solvent was evaporated, and 
silica column chromatographic purification gave methyl 
12-azido-9-oxooctadecanoate (8, 0.8 g, 96%). TLC, Rf 0.4 
(petroleum ether/diethyl ether, 4:1, vol/vol); GLC, ECL 
19.6 (SPB1), IR (cm-1): 2930, 2857, 2098, 1741, 1714; 1H 
NMR (CDC13, 5): 0.88 (t, 3H, CH3), 1.2-1.5 (m, 14H, CH2) , 
1.6-1.8 (m, 6H, CH2), 1.9 (m, 2H, ll-H), 2.30 (t, 2H, 2-H), 
2.41 (t, J = 7.0 Hz, 2H, 8-H), 2.54 (t, d = 7.0 Hz, 2H, 10-H), 
3.25 (m, 1H, 12-H), 3.60 (s, 3H, COOCH3); 13C NMR 
(CDC13, ppm): 14.03 (C-18), 22.57 (C-17), 23.76 (C-7), 
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24.88 (C-3), 26.04 (C-14), 28.18, 28.94, 29.03, 29.08, 29.31 
(C-11), 31.69 (C-16), 34.04 (C-2), 34.53 (C-13), 38.90 (C-10), 
42.95 (C-8), 51.46 (COOCH3) , 62.36 (C-12), 174.25 (C-l) 
and 210.20 (C-9). 

Compound 8 was also obtained from methyl 12-azido-9- 
cis-octadecenoate (U) as follows. A mixture of methyl 12- 
azido-9-cis-octadecenoate (1L 0.4 g, 1.2 mmol), benzo- 
quinone (0.19 g), palladium(II)chloride (59% Pd content, 
0.018 g), tetrahydrofuran (20 mL) and water (5 mL) was 
sonicated at 20~ for 90 min. Dilute HC1 (2M, 50 mL) was 
added, and the reaction mixture was extracted with di- 
ethyl ether (2 • 40 mL). The ethereal extract was succes- 
sively washed with dilute NaOH (0.5 M, 15 mL), water 
(30 mL), and brine (20 mL), and dried over sodium sulfate. 
The ethereal mixture was filtered, and the solvent of the 
filtrate was evaporated. The residue was purified by silica 
column chromatography to yield compound 8 (0.2 g, 45%). 

Methyl 8-(5-hexyl-l-pyrrolin-2-yl)octanoate (2). A mix- 
ture of compound 8 (0.8 g, 2.3 mmol), triphenylphosphine 
(0.8 g, 3.0 mmol), and anhydrous tetrahydrofuran (20 mL) 
was sonicated at 80~ for 30 min. Water (40 mL) was 
added, and the reaction mixture was extracted with di- 
ethyl ether (2 x 30 mL). The ethereal extract was washed 
with water (30 mL) and dried over anhydrous sodium sul- 
fate. The solvent was evaporated, and silica column chro- 
matographic purification of the residue using a mixture of 
petroleum ether and diethyl ether (2:3, vol/vol) as the elu- 
ent furnished the 1-pyrroline derivative 2 (0.5 g, 77%). 
TLC, Rf 0.5 (petroleum ether/diethyl ether, 3:2, vol/vol); 
GLC, ECL 18.6 (SPB1); IR (cml): 2926, 2854, 1741, 1644 
(C=N, cyclic), 1463, 1197 and 1171; 1H NMR (CDC13, 5): 
0.89 (t, 3H, CH3) , 1.20-1.50 (m, 14H, CH2) , 1.50-1.80 (m, 
6H, CH2), 2.02 (m, 2H, ring CH2, ll-H), 2.30 (t, 4H, 2-H, 
8-H), 2.45 (t, J = 7.0 Hz, 2H, 10-H), 3.65 (s, 3H, COOCH 3) 
and 3.90 (m, br, 1H, N-CH, 12-H); 13C NMR (CDCI3, ppm): 
14.09 (C-18), 22.64 (C-17), 24.92 (C-3), 26.65 (C-7, C-14), 
28.66 (C-11), 29.04, 31.91 (C-16), 33.90 (C-8), 34.08 (C-2), 
36.73 (C-13), 37.00 (C-10), 51.36 (COOCH3) , 72.59 (C-12), 
174.17 (C-l) and 176.88 (C-9); mass spectrometry (MS) 
[m/z (relative intensity)]: M § 309.2664 (calc. 309.2667); 
309 (4), 280 (19), 278 (25), 236 (14), 236 (14), 224 (12), 180 
(56), 168 (12), 167 (100), 166 (14), 152 (11), 110 (13), 97 
(12), 96 (31), 83 (27), 82 (66) and 55 (15). 

Methyl 12-acetamido-9-oxooctadecanoate (9). A mixture 
of compound 2 (0.34 g, 1.1 mmol) and acetic anhydride 
(3.5 mL) was stirred at 90~ for 1 h. The reaction mixture 
was cooled and ice-water (15 mL) was added. The precipi- 
tate was collected by suction filtration, washed with cold 
water (5 x 10 mL) and recrystallized from a mixture of di- 
ethyl ether and ethyl acetate (1:3, vol/vol) to give com- 
pound 9. TLC, Rf = 0.5 (hexane/diethyl ether/methanol, 
1:3:1 by vol); 1H NMR (CDCI3, 5): 0.89 (t, 3H, CH3) , 
1.20-1.50 (m, 14H, CH2) , 1.5-1.8 (m, 8H, CH2), 1.95 (s, 
3H, CH3CONH) , 2.30 (t, 2H, 2-H), 2.4 (t, J = 7.0 Hz, 2H, 
8-H), 2.5 (t, J = 7.0 Hz, 2H, 10-H), 3.6 (s, 3H, COOCH3) , 
3.9 (m, 1H, CH-NHCOCH3) and 5.3 (d, J = 9.0 Hz, 1H, 
NHCOCH3); 13C NMR CDC13, 14.07 (C-18), 22,58 (C-17), 
23.5 (NHCOCH3) , 23.76 (C-7), 24.86 (C-3), 25.85 (C-14), 
28.9 (C-11), 29.02, 31.76 (C-16), 34.04 (C-2), 35.81 (C-13), 
39.59 (C-10), 42.95 (C-8), 49.48 (C-12), 51.48 (COOCH3) , 
169.82 (NHCOCH3) , 174.28 (C-l) and 211.49 (C-9); MS 

[m/z (relative intensity)]: 69 (11), 99 (19), 114 (95), 128 (40), 
156 (66), 157 (21), 168 (18), 170 (100), 185 (16), 242 (22), 
266 (17), 278 (21), 284 (29), 296 (22), 310 (52), 326 (41), 338 
(11), 339 (2), 369 (3). 

RESULTS AND DISCUSSION 

In our first reported synthesis of a 1-pyrroline fatty acid 
ester derivative, iso-ricinoleic acid (9-hydroxy-12-cis-oc- 
tadecenoic acid, isolated from the seeds of Wrightia tincto- 
ria) was used as the starting substrate (10). The presence 
of two methylene groups between the unsaturated center 
and the hydroxy function in the alkyl chain of this natural, 
unsaturated hydroxy fatty acid provided the suitable ret- 
rosynthetic steps for obtaining the target molecule (1) 
through a key intermediate (a 1,4-azido-oxo derivative). 
The 1-pyrroline fatty acid ester (1) synthesized was shown 
to have the C=N of the pyrroline nucleus attached to the 
C-12 of the alkyl chain of the substrate (iso-ricinoleic acid). 
As W. tinctoria seed oil is not readily available as com- 
pared to castor oil (a ready source of ricinoleic acid, 12- 
hydroxy-9-cis-octadecenoic acid), the focus of this project 
was therefore to obtain 1-pyrroline fatty acid derivatives 
from ricinoleic acid. The key intermediate in this synthe- 
sis plan was to obtain a similar 1,4-azido-oxo intermedi- 
ate. Cyclization of the latter would therefore lead to the 
requisite 1-pyrroline fatty acid derivative. However, 
employing ricinoleic acid as the starting substrate, the 
position of the azido and oxo function are in the reversed 
order as compared with the 1,4-azido-oxo intermediate de- 
rived from iso-ricinoleic acid. Hence, the 1-pyrroline fatty 
acid product (2) is anticipated to have the C=N bond at- 
tached to C-9 of the alkyl chain of the fatty acid instead of 
the C-12. 

Two synthetic routes leading to the target molecule (2) 
were envisaged. The first route involved the bromination 
of methyl ricinoleate (3) to give the corresponding dibromo 
derivative (4), which under concomitant ultrasound treat- 
ment (30 min) with KOH in ethanol furnished methyl 12- 
hydroxy-9-octadecynoate (5) in 66% yield. Hydration of 
compound 5 with mercury(II)acetate in aqueous tetrahy- 
drofuran (THF) was also carried out under ultrasonic ir- 
radiation for 25 min to yield exclusively methyl 12-hy- 
droxy-9-oxooctadecanoate (6) in almost quantitative yield 
(95%). The above debromination and hydration experi- 
ments normally required 6 h of reflux and 4 d of stirring 
at room temperature, respectively, for the reactions to be 
complete. Conversion of the hydroxy fimction in compound 
6 to the azido group was achieved via the mesylate (7) to 
give the key intermediate 8 (methyl 12-azido-9-oxooctade- 
canoate). Subsequent cyclization according to the method 
described by Lambert et al. (15) of compound 8 with PPh 3 
but under concomitant ultrasonic irradiation (30 rain) fur- 
nished the requisite 1-pyrroline derivative (2) in 92% 
yield. 

The second route leading to the target molecule (2) fol- 
lowed a similar approach as that reported for methyl 8-(5- 
hexyl-2-pyrrolin-l-yl)octanoate (compound 1) from methyl 
iso-ricinoleate (10). Methyl ricinoleate was first trans- 
formed to the mesylate (10) and then converted to methyl 
12-azido-9-cis-octadecenoate (U). The latter was then oxi- 
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dized with benzoquinone in the presence of palla-  
dium(II)chloride in aqueous THF under  concomitant  ul- 
t rasonic t r e a t m e n t  (90 min) to yield exclusively the re- 
quired key intermediate 8. When this reaction was carried 
out by s t i r r ing a t  room t e m p e r a t u r e  for 7 d, a very low 
yield of compound 8 (12%) was obtained. Increas ing  the 
t empera tu re  of the reaction caused large amounts  of side 
products to be formed due to overoxidation. The use of ul- 
t rasound at  room tempera ture  provided not only the opti- 
m u m  condition for this chemical t ransformation,  but  also 
allowed for regiospecific oxidation. Reaction of compound 
8 with Ph3P gave the requisi te  1-pyrroline der ivat ive  2. 
Both routes made use of ultrasound where reactions were 
expected to require long reaction times. 

The final product (compound 2) was characterized by a 
combination of physical methods,  and the position of the 
imine (C=N) bond in the ring sys tem was establ ished by 
ring opening reaction of compound 2 to the acetamido de- 
rivative followed by mass  spectral analysis. 

From the IR spectral analysis of compound 2, the strong 
absorpt ion bands  a t  1644 and 1741 cm -1 indicated the 
presence of the imine (C=N) and es ter  (C=O) function, 
respectively. The presence of the 1-pyrroline ring system 
was further  supported by the signals at 5 2.02 and 2.45 for 
the methy lene  protons of the r ing and the character is t i -  
cally broad mul t ip le t  at  6 3.90 for the pyrroline ring CH 
proton adjacent to the nitrogen atom. Confirmation of the 
1-pyrroline nucleus was fur ther  obtained from the 13C 
NMR spect rum of compound 2. The chemical shift of the 
imino (C=N) carbon a tom of the 1-pyrroline sys tem ap- 
peared at  176.88 (C-9) and the ring methine carbon atom 
at  72.59 (C-12) ppm. The C=N bond of the pyrroline sys- 
tom caused deshielding of the adjacent methylene carbon 
a toms with signals appear ing  at  33.90 and 36.73 for the 
C-8 and  C-13 carbon atom, respectively. The shift  of the 
remain ing  methylene carbon a tom of the f ive-membered 
heterocyclic sys tem appeared  at  28.66 (C-11) ppm. The 
shielding 7-effect of the nitrogen atom of the pyrroline ring 
caused the shifts of the C-7 and C-14 carbon atoms to ap- 
pear  at  26.65 ppm. 

The 1H and 13C NMR spectra of compound 2 were very 
s imilar  to those obtained on compound 1 (10). The mass  
spectral  analysis  of compound 2 fur ther  confirmed the 
presence of the pyrroline nucleus from the peak at  m/z 82 
(Scheme 2, ion a, 66%), and the position of the pyrroline 
r ing sys tem between C-9 and C-12 was implied by the 
peaks at  m/z 167 (b, 100) and 180 (c, 56). The only remain- 
ing doubt was the position of the imine bond. To determine 

H•CH2 CH3(CH2)5~H CH2 C H 3 ( C H 2 ) 5 ~  

a. m/z = 82 b. m[z = 167 c. m/z = 180 

SCHEME 2 

+. c.,co% 
CH3(CH2) 5" .ix/ ~ N(CH2)7COOCH3 + J  "~ M+ = 369 + 

H~ "CH3CO + H" C H 3 C O H N . ,  / 

CH3(CH2)5 ~ CH3(CH2) (CH2)TCOOCH3 

f ,  m/z  = 114 e, m/z  = 156 d, m/z  = 185 

SCHEME 3 

the position of the C=N linkage, compound 2 was con- 
verted to the corresponding acetamido-oxo derivative (9) 
by reaction with acetic anhydride.  The mass  spectral  
analysis of compound 9 confirmed the oxo function at  the 
C-9 position from the peak  at  m/z 185 (Scheme 3, ion d, 
16%). The l inkage of the acetamido group was confirmed 
from the peak  at  m/z 156 (e, 66%) and the subsequent  
cleavage of the CH3C-O + moiety from this ion f ragment  to 
give the character is t ic  ion f ragment  a t  m/z 114 (f, 95%) 
(16). These results confirmed the linkage of the imine bond 
(C=N) at  the C-9 carbon atom. In the case of compound 1, 
the mass  spec t rum of the acetamido der ivat ive did not 
give an ion f ragment  at  m/z 114, as the acetamido group 
was linked to the C-9 carbon atom (10). 
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Along the Hydrocarbon Chain in Cyclic Fatty Acid Monomers 1 
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This  s t u d y  r e p o r t s  the  s t r u c t u r a l  e l u c i d a t i o n  of  d iun-  
s a t u r a t e d  5- or  6 - m e m b e r e d  r ing  cyc l i c  fat ty  ac id  m o n o -  
m e r s  (CFAM) i so la ted  f rom h e a t e d  f laxseed  oil  by  comple-  
m e n t a r y  gas  c h r o m a t o g r a p h y  ( G C ) - m a s s  s p e c t r o m e t r y  
(MS) and  G C - m a t r i x  i s o l a t i o n - F o u r i e r  t r a n s f o r m  infra- 
red  s p e c t r o s c o p y  (MI-FTIR).  In frared  m e a s u r e m e n t s  of  
CFAM w e r e  c a r r i e d  o u t  on  m e t h y l  e s t e r  d e r i v a t i v e s  as  
w e l l - r e s o l v e d  c h r o m a t o g r a m s  w e r e  o b t a i n e d  on  a po lar  
100% c y a n o p r o p y l  p o l y s i l o x a n e  capi l lary  GC co lumn.  By  
contras t ,  e l e c t r o n  i o n i z a t i o n  MS o f  m e t h y l  e s t e r  der iva-  
t i ves  w a s  of  l imi t ed  va lue  b e c a u s e  of  double  bond  migra-  
t ion  dur ing  the  i on i za t ion  proces s  in the  m a s s  spec trom-  
eter. This  c o m m u n i c a t i o n  reports  def in i t ive  MS fragmen-  
ta t ion  pat terns  that  can  conf irm r ing  pos i t ion  and double  
b o n d  p o s i t i o n  a l o n g  the  fat ty  ac id  c h a i n  in 1,2-disub- 
s t i t u t e d  CFAM d e t e r m i n e d  as 2 -a lkeny l -4 ,4 -d imethy l -  
o x a z o l i n e  d e r i v a t i v e s .  D o u b l e  b o n d  c o n f i g u r a t i o n  (cis, 
trans, or c o n j u g a t e d  cis, cis) in CFAM w a s  c o n f i r m e d  by  
GC-MI-FTIR.  The  p r e s e n c e  of  CFAM, d e g r a d a t i o n  prod-  
uc t s  found in u s e d  fry ing  oils ,  is  a po ten t ia l  s o u r c e  of  di- 
e tary  toxicity.  
Lipids 29, 893-896 (1994). 

Several  decades ago, it  was suspected tha t  unsa tu ra ted  
cyclic fa t ty  acid monomers (CFAM) are formed in frying 
oils. Consequently, several a t tempts  were made to eluci- 
date their  s t ructures  by various analytical  techniques 
(1-10). CFAM, which are reported to be potentially toxic 
(6,11-13) and are readily absorbed by the digestive sys- 
tem (14,15), were found at levels up to 0.5% in frying oils 
collected from restaurants  in the United States (16). 

Electron ionization (EI) mass spectrometry (MS) is of 
limited value in identifying unsa tura t ion  sites in CFAM 
methyl  esters because in the EI mode double bonds tend 
to migrate along the aliphatic hydrocarbon chain (17,18). 
Hence, EI mass spectra of methyl  esters cannot distin- 
guish between closely related CFAM structures, and more 
suitable derivatives had to be found. Recent developments 

1This work was presented in part at the 84th American Oil 
Chemists' Society Annual Meeting held in Anaheim, CA, in April 
1993. 
*To whom correspondence should be addressed at the Food and 
Drug Administration (HFS-717), Center for Food Safety and Ap- 
plied Nutrition, Washington, DC 20204. 
2physical sciences aide, 1991-1992; currently a medical student at 
the University of Maryland, Baltimore, MD. 
Abbreviations: AMP, 2-amino-2-methyl-l-propanol; CFAM, cyclic 
fatty acid monomers; EI, electron ionization; FAME, fatty acid 
methyl esters; FTIR, Fourier transform infrared spectroscopy; GC, 
gas chromatography; MI, matrix isolation; MS, mass spectrome- 
try; PFK, perfluorokerosene. 

in the identification of CFAM isolated from seed oils (19) 
and heated sunflower oil (20) have been reported. The na- 
ture  of the cyclic monoenoic fa t ty  acids formed from 
linoleic acid in sunflower oil hea ted  to 275~ was deter- 
mined by gas chromatography-mass  spectrometry 
(GC-MS) of the picolinyl ester derivatives following isola- 
tion by silver ion high-performance liquid chromatogra- 
phy (20). Compared to CFAM methyl ester derivatives, pi- 
colinyl ester derivatives inevitably suffer some loss of res- 
olution during GC separation (20), and it is rarely possible 
to interpret mass spectra from mixtures satisfactorily (20). 
Although several derivatives have been proposed for lo- 
cating double bonds (21), 2-alkenyl-4,4-dimethyloxazoline 
was selected because it has been successfully used to char- 
acterize unsa tu ra t ed  fat ty  acids with a terminal  (mono- 
substituted) 5-membered ring (22). Moreover, in contrast  
to picolinyl ester  derivatives, the resolution obtained in 
the GC separation of CFAM oxazoline derivatives was as 
good as tha t  of methyl  esters under  identical GC condi- 
tions. 

In the present  study, a complex mixture  of diunsatu-  
ra ted CFAM methyl  esters was successfully converted to 
2-alkenyl-4,4-dimethyloxazoline derivatives (21,22). The 
result ing CFAM oxazolines exhibited definitive EI mass 
spectra with distinctive fragmentations; thus the location 
of double bonds along the fat ty  acid chain of all compo- 
nents  of the CFAM mixture could be determined. Matrix 
isolat ion-Fourier  t ransform infrared spectroscopy 
(MI-FTIR) (23,24) offered equally unequivocal and com- 
plementary information on double bond configuration. 

By using capillary GC-EIMS and GC-MI-FTIR, it was 
possible to rapidly establish the location of double bonds 
along the hydrocarbon chains in cyclic dienoic fa t ty  acid 
monomers, the double bond configuration, the molecular 
weight, the location of the ring along the fatty acid chain, 
the ring size and the degree of unsaturat ion of diunsatu- 
rated ClS CFAM in complex mixtures isolated from heated 
flaxseed (linseed) oil. 

MATERIALS AND METHODS 

Materials  were obtained from the following sources: re- 
fined linseed oil from Cargill (Riverside, ND); silica gel 
from Mallinckrodt (St. Louis, MO); u rea  from Interna-  
tional Biotechnologies, Inc. (New Haven, CT); solvents 
(reagent grade) from Fisher (Pittsburgh, PA); Wilkinson's 
catalyst [tris(phenylphosphine)rhodium(I) chloride] from 
Strem Chemical Co. (Newburyport,  MA); and deuter ium 
from Alpha Products (Ward Hill, MA). 

Copyright �9 1994 by AOCS Press LIPIDS, Vol. 29, no. 12 (1994) 
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A test portion ofoil was heated at  275~ under  nitrogen 
for 12 h as previously described (25). 

Refined linseed oil was saponified with potass ium hy- 
droxide, and the unsaponifiables were removed as detailed 
in the Amer ican  Oil Chemis ts '  Society official method 
Ca 6a 40 (26). The fat ty acids recovered were converted to 
methyl  esters as described previously (27). Published pro- 
cedures (25) were followed for the separat ion of fat ty  acid 
methyl  esters (FAME) from polar lipids by silicic acid col- 
u m n  chromatography  and for the isolation of CFAM 
methyl  esters by urea  fractionation of the nonpolar FAME 
fraction. The urea  fractionation step was carried out twice, 
and the opt imum ratio of urea  to FAME was 3:1. 

A port ion of the isolated mix ture  of CFAM methyl  es- 
ters  was catalytically hydrogenated  over p la t inum oxide 
by using a microhydrogenator  (Supelco, Inc., Bellefonte, 
PA) as described ear l ier  (9). U n s a t u r a t e d  FAME were 
deuterated by the method of Rakoff and Emken  (28). 

The method of Fay  and  Richly (21) for der ivat iz ing 
FAME to oxazolines was modified as follows. About 150 ~tL 
2-amino-2-methyl- l-propanol  (AMP) was added to 24 mg 
of neat  methyl  esters in a 2-mL reaction vial. The vial was 
suspended in a wax ba th  held at  175~ for 6 h. The con- 
ten t  of the vial was cooled and t rans fe r red  with  5 m L  
methylene  chloride to a 250-mL separa to ry  funnel  con- 
ta in ing 40 m L  pe t ro leum ether. The funnel content  was 
shaken,  and the petroleum ether  layer  was washed with 
40 mL deionized wa te r  and then  dried with sodium sul- 
fate. The solution was evapora ted  under  a s t r e am of 
argon, and the residue was dissolved in isooctane. 

Low resolution GC-EIMS analyses were obtained using 
a Hewlet t-Packard (Avondale, PA) 5890 series II  gas chro- 
matograph coupled to a Fissons VG (Wytheshawe, United 
Kingdom) Autospec Q mass  spectrometer and OPUS 2000 
da ta  system. Version 1.6C software was used for the 
GC-MS system. The capillary GC column used (CP-Sil-88; 
Chrompack, Inc., Bridgewater, NJ), 50 m x 0.22 m m  (i.d.), 
was coated with 0.19-~tm stat ionary phase film. Adjusting 
the capillary GC column head pressure to 10 psi gave chro- 
matographic profiles comparable to those obtained with a 
flame-ionization detector. GC-MS conditions were as fol- 
lows: splitless injection with helium sweep restored 1 min 
af ter  injection; injector and t ransfer  lines held at  230~ 
oven tempera ture  program, 75~ for 2 rain after injection, 
20~ to 185~ hold for 15 min, 4~ to 225~ 
hold for 5 min. The mass  spectrometer was tuned to a res- 
olution of 1000 (5% valley) by observing m/z 305 in the EI  
mass  spec t rum of perf luorokerosene (PFK). The mass  
scale was calibrated with PFK for magnet  scans from 440 
to 44 daltons at  1 s/decade. Fi lament  emission was 200 gA 
at  70 eV. Ion source tempera ture  was 250~ 

Gas-chromatographic separations with MI -F TI R  detec- 
tion were performed on a Hewlett-Packard Model 5890 in- 
strument.  A Mattson Cryolect MI -FTIR  system (Madison, 
WI) was used as detailed earlier (29). 

RESULTS AND DISCUSSION 

The total  ion ch romatogram obtained for the mix tu re  of 
CFAM is shown in Figure  1. The oxazoline mass  spectra  
confirmed the molecular  weight  of unsa tu r a t ed  Cts 

CFAM, the ring size, the degree of unsaturation,  the posi- 
tion of the ring, and the location of double bonds along the 
chain. The CFAM oxazoline EI  mass  spect ra  consisted 
main ly  of an even-mass  homologous series in which the 
most  in tense  peak  in each cluster  was a t  m/z 126 + 14n 
(n = 0, 1, 2, etc.). The pat tern  of peaks 14 mass  units apart ,  
occurring as a result  of the cleavage of methylene groups 
(22), was in te r rup ted  when a double bond and/or a r ing 
was present  along the hydrocarbon chain. A double bond 
between carbons n and n+ l  in a given hydrocarbon chain 
was indicated by an interruption of 12 mass  units between 
fragments  with n and n-1  carbon atoms (30). Rings caused 
large gaps of 68 (cyclopentyl), 82 (cyclohexyl), 66 (cy- 
clopentenyl) or 80 (cyclohexenyl) mass  units. 

Typical examples  of mass  spectra  for d iunsa tu ra ted  
CFAM extracted from the heated  flaxseed oil include two 
spectra of compounds tha t  have  a cyclopentenyl ring and 
either a trans double bond in the oxazoline 2-alkenyl sub- 
s t i tuent  (Fig. 2A) or a cis double bond in the hydrocarbon 
(n-butene) subs t i tuen t  (Fig. 2B). The signal a t  m/z 113 
arises from a McLafferty rear rangement  involving the di- 
methyl  oxazoline ring (30), whereas  m/z 126 is reportedly 
formed v/a a cyclization displacement reaction induced by 
the nucleophilic center  (30). The double bond configura- 
tion for these compounds was assigned on the basis of the 
position of inf rared  bands.  Specifically, a cyclopentenyl 
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FIG. 1. Total ion chromatogram for the mixture  o f  diunsat-  
urated  C m cyc l ic  fatty  ac id  m o n o m e r s  (CFAM) oxazo l ines  
i so lated from heated  f laxseed (l inseed) oil.  CFAM hav ing  a 
cyc lopenteny l  r ing (peaks 1-4, 6 and 7) e luted  before those 
w i t h  a s i x -membered  r ing (peaks 8-13) on a 100% cyano-  
propyl polys i loxane capil lary gas chromatography (GC) col- 
umn.  P e a k  5 is due  to the o x a z o l i n e  der iva t ive  o f  l ino le i c  
acid.  The s tructures  that  gave rise to peaks  14 and 15 are 
b e i n g  inves t iga ted  further.  The  ident i t i e s  o f  the  a lkeny l  
subst i tuents  at C-2 in 2-alkenyl-4,4-dimethyloxazol ines that 
gave rise to the  d i f ferent  GC peaks  are as fo l lows:  1, 8-(2- 
but-trans.l.enyl-cyclopentenyl)octyl; 2 and 4, 9-(2-propyl- 
cyclopentenyi)non-trans-8-enyl; 3, 9-(2-propyl-cyclopen-  
tenyl)non-cis-7-enyl; 3' and 6, 8-(2-but-cis- l -enyl-cyclopen- 
tenyl)octyl ;  7, 9.(2.propyl-cyclopentenyl)non-cis-8-enyl; 8 
and 9, 8.(2.propyl-cyclohex-cis-4-enyi)oct-trans-7-enyl; 10 
and 11, 8.(prop-trans-l-enyl-cyclohex-cis-4-enyl; 12 and 13, 
8.(2-propyl.cyclohexa-cis, cis-3,5-dienyl)octyl. It is noted  
that the number ing  of  carbon atoms n and n+l  in the origi- 
nal  fatty ac id  cha in  corresponds  to carbons  n-1  and n, re- 
spectively, along the 2-alkenyl chain  of  the oxazol ine  deriv- 
ative. 
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r i n g  cis doub le  b o n d  gave  r i s e  to b a n d s  n e a r  3061 cm -~ 
( = C - H  s t r e t ch )  a n d  716 cm -~ ( = C - H  de fo rma t ion )  (8,31). 
A trans u n s a t u r a t i o n  s i te  in  a hydroca rbon  chain  p roduced  
w e a k  f e a t u r e s  n e a r  3035 a n d  3003 cm -1 ( s t r e t ch )  a n d  a 
r e l a t ive ly  s t rong  b a n d  a t  970 cm -1 (deformat ion)  (32); a cis 
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FIG. 2. A. E l e c t r o n  i o n i z a t i o n  (EI) m a s s  s p e c t r u m  for  2-[9- 
(2-propyl-cyclopentenyl)nonotrans-8.enyl]-4,4-dimethyloxa- 
z o l i n e  i n d i c a t i n g  t h e  l o c a t i o n  a n d  d e g r e e  o f  u n s a t u r a t i o n  
in t h e  r i n g  a n d  t h e  p o s i t i o n  of  t h e  d o u b l e  b o n d  in  t h e  cha in .  
T h e  l o c a t i o n  o f  t h e  cis d o u b l e  b o n d  in  a 1 , 2 - d i s u b s t i t u t e d  
f i v e - m e m b e r e d  r i n g  c o u l d  be  e i the r  b e t w e e n  C-3 a n d  C-4, or  
b e t w e e n  C-4 a n d  C-5, B. EI m a s s  s p e c t r u m  for  2-[8-(2-but-  
cis-l-enyl-cyclopentenyl)octyi]-4,4-dimethyloxazoline. C. EI 
m a s s  s p e c t r u m  for  2-[8-(2-propyl-cyclohexocis-4-enyl)oct- 
trans.7.enyl]-4,4-dimethyloxazoline. D. EI m a s s  s p e c t r u m  
for  2-[8-(2opropyl-cyclohexa-cis, cis-3,5-dienyl)octyl]-4,4-di- 
m e t h y l o x a z o l i n e .  C o n j u g a t i o n  w a s  d e d u c e d  f r o m  F o u r i e r  
t r a n s f o r m  i n f r a r e d  d a t a  (see  text ) .  E. EI m a s s  s p e c t r u m  for  
t h e  s a t u r a t e d  CFAM 2- [8- (2-propyl -cyc lohexyl )octy l ] -4 ,4 -d i -  
m e t h y l o x a z o l i n e .  See  F igur e  I for o t h e r  abbr e v ia t i on .  

double  bond  in a cha in  p roduced  a b a n d  of  m e d i u m  in ten-  
s i ty  n e a r  3006 cm -1 ( s t re tch)  (32). The  s y n t h e s i s  of  s t an -  
d a r d  C18 mono-  or  d i u n s a t u r a t e d  CFAM wi th  a cyclohex- 
eny l  r i n g  was  r e p o r t e d  (4,33,34), b u t  C F A M  w i t h  a cy- 
c lopentenyl  r i ng  (wi th  two cis hydrogen  a toms  on the  r ing  
doub le  bond)  h a v e  y e t  to  be  p r e p a r e d  (10). T h e  r i n g  1,2- 
d i subs t i t u t i on  p a t t e r n  was  p rev ious ly  e s t a b l i s h e d  for sev- 
e r a l  cyc lopen t eny l  (3,10) a n d  cyc lohexeny l  (1,2,4,6,7) 
CFAM i so la ted  f rom h e a t e d  l i n seed  oil by  a n a l y z i n g  t h e i r  
oxida t ion  products .  

Mass  spec t ra  for a mono- and  a d i t m s a t u r a t e d  s ix-mem-  
be red  r ing  CFAM are  shown in F igu re s  2C a n d  2D, respec-  
tively. The  odd-mass  p e a k  a t  m/z 277 (M-54), p robab ly  due  
to a r e t ro  Die ls -Alder  react ion ,  was  not  obse rved  aider hy-  
d rogena t ion  (Fig. 2E). The  compounds  exh ib i ted  two s h a r p  
in f r a red  bands  of i n t e r e s t  a t  3032 (s t re tch)  a n d  664 (defor- 
mat ion)  cm -1 t h a t  a re  cha rac te r i s t i c  o f a  c/s double  bond in 
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a s ix -membered  r ing  (1,2,8); the  l a t t e r  species (Fig. 2D) 
gave rise to an  addit ional  fea ture  a t  723 cm "1 which  indi- 
cated t h a t  two conjugated  cis double bonds  were  presen t  
in the  cyclohexadienyl  ring. A similar  pai r  of  bands  (near  
655 and 740 cm -1) was  reported (31) for a 1,3-cyclohexadi- 
ene s t a n d a r d  in the  condensed  phase  a t  room t empera -  
ture.  I t  is no ted  t h a t  for a re t ro  Diels-Alder  reac t ion  to 
occur (m/z 277) for this  cyclohexadiene  CFAM (Fig. 2D), 
isomerizat ion of  the r ing double bonds would have to take  
place. 

The  combina t ion  of  G C - E I M S  a nd  G C - M I - F T I R  
proved to be a powerful  me thod  for the  rapid  elucidat ion 
of  the structure,  and part icular ly for determining the dou- 
ble bond  conf igura t ion  and  posi t ion a long the  fa t ty  acid 
chain in mixtures  of  d iunsa tura ted  CFAM. 
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Tissue  P h o s p h o l i p i d  Fatty  Acid C o m p o s i t i o n  in 
Genetical ly  Lean (Fa/-) or Obese (fa/fa) Zucker Fe- 
male  Rats on the Same Diet  
Ph. Guesnet ,  J.-M. Bourre ,  M. Guerre-Millo,  G. Pascal  
and G. Durand  
Lipids 25, 517-522 (1990) 

In this  paper,  in Table 4, the  values  for 20:3n-6 for kid- 
ney should read  1.0 _+ 0.2 for lean ra ts  and 1.3 _+ 0.25 for 
obese r a t s  ( r a the r  t han  0.5 + 0.2 and 0.3 +_ 0.1), and for 
hea r t  0.3 _+ 0.1 for lean ra ts  and 0.7 -+ 0.2 c for obese ra ts  
( ra ther  t han  0.7 _+ 0.2 and 0.5 +_ 0.1). 

In  Table 6, the  obese/ lean ra t ios  for b ra in  for the  A6- 
desa tu rase  index should be 1.25 (and not 0.80), and for 
the A5-desaturase index 0.75 (and not 1.32). 

Study on the Lipid Compos i t ion  of  Aging Fisher-  
344 Rat Lymphoid Cells: Effect  of  Long-Term Calo- 
rie Restr ict ion 
Serge Laganiere  and Gabriel  Fernandes  
Lipicls 26, 472-478 (1991) 

In Table 2 of this paper, the value for 20:4 for long-term 
calorie res t r i c ted  ra t s  (LCR) a t  12 m on t hs  should be 
17.98 _+ 0.61 ( ra ther  t han  7.98 _+ 0.61). Similar ly  in Fig- 
ure 3, upper  r ight  panel,  the shaded LCR bar  at  12 m for 
20:4 should extend to 17.98 _+ 0.61 ( ra ther  than  to 7.98 _+ 
0.61). 

Effec ts  o f  bis Homoal ly l i c  and Homoal ly l i c  Hy- 
droxyl Subst i tut ion on the Olefinic 13C Resonance  
Shifts in Fatty Acid Methyl Esters 
Philip E. Pfeffer, Phil ip E. Sonnet,  Daniel  P. Schwartz ,  
Stanley F. Osman  and David Weisleder 
Lipids 27, 285-288 (1992) 

Because  of the  recent  u n a m b i g u o u s  a s s i g n m e n t  of  the  
C-9 and  C-10 carbon-13 signals ofcis- and trans-12-hy- 

droxy-9-octadecenoic acids (Nat. Prod. Lett. 3, 65-69,  
1993), the  au tho r s  wish to m a k e  the  following correc- 
tions: 

In  Table 3 (p. 287), co lumn 5 (cis Ia)  should be ex- 
changed with  column 6 (cis Ib), and column 7 (trans Ia) 
should be exchanged with column 8 (trans Ib). 

On page 288, equa t ion  [3] should be exchanged wi th  
equat ion [4]. 

Reference 8 should read: 
8. Lie Ken Jie,  M.S.F., and  Cheng, A.K.L. (1993) Nat. 

Prod. Lett. 3, 65-69. 

Effects  o f  So d i um Butyrate  on the  Transfer  o f  
Arach idon ic  Acid to P h o s p h a t i d y l c h o l i n e  in a 
Clonal Ol igodendrocyte  Cell Line (CB-II) 
Synthia  H. Sun, Kuo-Chi Chen and Yue-Wen Chen 
Lipids 29, 467-474 (1994) 

In this paper,  in Table 2, the s t andard  error  for t h e  las t  
en t ry  was inadver tent ly  deleted. The value for to ta l  dpm 
in the  presence  of sodium b u t y r a t e  should be 113201 _+ 
10825. 

Thermal  Adaptat ion  Affects  the  Fatty  Acid Com- 
pos i t ion of  Plasma Phosphol ip ids  in Trout 
Charlot te  Wallaert  and Pat r ick  J. Babin 
Lipids 29, 373-376 (1994) 

In this paper, the first  footnote to Table 1, line 9, should 
read  "22~  - and  8~ t rout"  
( ins tead  of "2~  - and  8~  
trout"). 

In  addition Figures  1 and 2 were inadver tent ly  t rans-  
posed. The i l lustrat ion a t  the r ight  is Figure 1; the illus- 
t ra t ion a t  the left is Figure 2. 

LIPIDS, Vol. 29, no. 12 (1994) 



Editorial 

When I decided to step down as Editor-in-Chief of Lipids by the end of this year, it was 
gratifying to know tha t  I would leave the helm of a journal  tha t  is strong and heal thy and 
tha t  has earned  the respect  of the scientific community.  The past  ten years  as Lipids 
Editor  have been both challenging and rewarding.  Looking back, I believe, we can be 
proud of what  we accomplished. 

To produce a qual i ty  scientific journa l  each mon th  requires  the  special efforts of  
many, as well as cooperation and mutual  trust .  Authors,  referees, editors, and production 
staff  must  work together and pool their  efforts to assure success. 

I wish to thank,  first of all, our authors  who have shown thei r  confidence in our peer 
review and have submitted some of thei r  most interest ing work to our journal.  Given an 
opportunity to fur ther  improve their  papers after  review, most authors  have cooperated 
conscientiously and enthusiastically, and most were not even deterred by green ink. 

It is with a deep sense of grat i tude tha t  I wish to specifically acknowledge the input  
and efforts of the many who served Lipids as referees over the years.  A first-class journal  
is dependent  on first-class reviewers. We have been fortunate,  indeed, as we could count 
on the cooperation and advice of our many  loyal referees, including some of the world's 
foremost experts  in thei r  respective fields. My special thanks  to each and every one of 
them for volunteering their  precious t ime and for lett ing us benefit from thei r  knowledge 
and insights. 

I also wish to express  my apprecia t ion to our Associate Edi tors  for the i r  t i reless  
efforts and their  help in keeping manuscripts  moving along in the review process, and to 
the members  of the Lipids Editorial Advisory Board for thei r  encouragement  and advice. I 
would also like to specifically thank  my colleague and friend, Dr. Barbara  Malewicz, who 
has served as Assistant  to the Editor-in-Chief and as Index Editor.  She kept  the lines 
open to authors,  referees and associate editors, and she did it efficiently and with grace. 
My cordial thanks  to Barbara  for her  dedication, unparalleled hard  work, encouragement,  
and support. She also kept  our research program vigorous, thus allowing me to a t tend to 
my philanthropic editorial pursuits.  

With the exception of the first volume of Lipids, which was edited by our Founding 
Editor, A. Richard Baldwin, all volumes of Lipids published since 1967 were edited at The 
Hormel  Insti tute.  With my stepping down as Editor-in-Chief, this 28-year t radi t ion will 
come to an end. It  is thus  most appropriate to thank  The Hormel Inst i tute and its Board 
of Directors for making a home for Lipids throughout  these years and for generously sup- 
porting its Lipids editors and the journal.  

Looking back over the past  ten years  as Lipids Editor, I must  say tha t  I thoroughly 
enjoyed my daily excursions into the many  areas of basic lipid science. I also very much 
cherished my personal contacts with authors,  referees and associate editors from around 
the globe, many  of whom I th ink of now as good friends. Serving as Editor-in-Chief of 
Lipids has been a special privilege, and it has been a most memorable and most  reward- 
ing experience. I am looking back with grat i tude and pride. I t rus t  I served the scientific 
community well. 

Wolfgang J. Baumann  
Editor-in-Chief 
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