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Abstract Studies were performed to compare the extent of 
fatty acid incorporation into liver phosphatidylcholines (PCs) by 
acyl remodeling and by de novo synthesis. To this end, isolated 
rat livers were first perfused with palmitoleic acid (16:l) and 
[2-3H]glycerol and then with 17:l fatty acid and nonradiolabeled 
glycerol that resulted in the formation of new molecular species 
of radiolabeled PCs containing 16:l and 17:l acyl groups. The 
specific activities of newly formed molecular species of the de 
novo precursors of acylglyceride synthesis, phosphatidic acids 
(PAS) and diglycerides (DGs), and the products of synthesis, PCs 
and triglycerides (TGs), were measured at periods during both 
the labeling period of perfusion with 16:l (first 15 min) and the 
more prolonged chase period with 17:l (up to 120 min). At the 
end of the labeling period, the specific activity of all the 
161-containing PAS, DGs, and 16:l-16:1-16:1 and 16:l-161-18:2 
TGs were the same and were much higher than any molecular 
species that did not contain 16:l. The specific activities of these 
molecular species are indicative of the specific activity of 
molecular species synthesized exclusively by de novo synthesis 
(i.e., by acylation of glycerol 3-phosphate) during the labeling 
period. In contrast, the specific activity of 16:l-16:l PC was only 
% that of the other 16:l-161 glycerides, and the specific activities 
of the other 16:l-containing PCs were only about % that of the 
corresponding El-containing PAS, DGs, and 16:l-16:l TGs. Af- 
ter the labeling period and during the chase period with perfu- 
sion of 17:l and nonradiolabeled glycerol, the specific activities 
of major 16:l PCs exceeded the specific activities of their cor- 
responding PAS and DGs and remained considerably higher 
than these precursors of de novo synthesis for the duration of 
perfusions. However, during this period, the specific activities of 
major 16:l PCs were less than their corresponding molecular 
species of TGs. During the chase period, new 17:l molecular spe- 
cies of PCs were formed that were also radiolabeled. The specific 
activity of 16:l-17:l PC, the 17:l PC with the highest specific ac- 
tivity, always exceeded its corresponding PA and DG precursors. 
During the chase period, non-161 and non-17:l molecular spe- 
cies of PCs that comprised the bulk of hepatic PCs were also 
radiolabeled and the specific activities of these moleaular species 
progressively increased during this period. These results 
suggest that ?4 of the 161-163 and % pf the other 16:t-containing 
molecular species of PC were synthesized by acyl remodeling of 
pre-existing PCs, that most of the 16:l-17:l PC was synthesized 
by acyl remodeling of 16:l PCs synthesized during the labeling 
period, and that most of the PA and DG molecular species that 
did not contain a 16:l fatty acid were derived from hydrolysis of 

endogenous acyl glycerides rather than by de now synthesis.- 
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Phosphatidylcholines (PCs) in the liver, as in most 
mammalian tissues, exist in many molecular forms, and 
changes in the population of PCs may take place by new 
synthesis and by acyl group remodeling. Usually, PC syn- 
thesis has been measured by the extent of incorporation 
of exogenous isotopic precursors into PC (primarily using 
fatty acids (FAs), glycerol, phosphorus, methionine, and 
choline). However, this approach does not accurately ac- 
count for the PCs that are formed by remodeling, in 
which endogenous acylglycerides are the substrates for li- 
pases and provide the FAs, glycerol and/or (phospho)cho- 
line precursors for new molecular species of PCs. The ex- 
tent to which PC remodeling occurs, as well as the specific 
kinds of PC intermediates that are utilized for remodel- 
ing, will clearly influence the extent to which PC synthesis 
can be accurately measured by the incorporation of an ex- 
ogenous precursor. 

With the use of highly reliable HPLC methods to iso- 

Abbreviations: FA(s), fatty acid(s); DG(s), diglyceride(s); TG(s), 
triglyceridi(s); PA(s), phosphatidic acid(s); PC(s), phosphatidylcho- 
line(s): PE(s), phosphatidylethanolamine(s); HPLC, high performance 
liquid chromatography. The fatty acids are: 160, hexadecanoic acid; 
18:0, octadecanoic acid; 1 6 1 ,  cir-9-hexadecenoic acid; 173, cis-10-hepta- 
decenoic acid; 184, ck-9-octadecenoic acid and/or cis-7-octadecenoic acid; 
182, cis-9,lZ-octadecenoic acid; 20:4, &-5,8,11,14-eicosatetraenoic acid; 226, 
cis-4,7,10,13,16,19-docosahexaenoic acid. 
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late individual PC molecular species (l), it is possible to 
radiolabel and trace the turnover of individual PCs (2-8). 
In addition, with HPLC, it is possible to isolate the acyl- 
glyceride precursors of specific PC molecular species (9). 
The present studies were performed using the isolated 
perfused rat liver to trace the turnover of newly synthe- 
sized molecular species of PCs along with their acylglycer- 
ide precursors to determine the extent to which hepatic 
PC synthesis occurs by acyl group remodeling or by con- 
ventional synthetic pathways. In the liver, de novo PC 
synthesis takes place by the acylation of glycero 
3-phosphate to phosphatidic acid (PA) that is 
dephosphorylated to diglyceride (DG). In the presence of 
CDP-choline, DG is then converted to PC (10). A smaller 
amount of hepatic PC is synthesized by the N- 
methylation of phosphatidylethanolamine (PE) (11) and 
even smaller amounts by base exchange (12) or by lysoPC 
transesterification (13). The amount of PC that is actually 
synthesized by acyl group remodeling, i.e., by the utiliza- 
tion of endogenous acylglycerides for new synthesis rather 
than by the utilization of exogenous (radiolabeled) 
precursors, is largely unknown, as in previous studies 
(2-8) only the composition and turnover of the (PC) 
products of synthesis have been determined. Thus, it has 
been impossible to distinguish PCs that have been ini- 
tially synthesized by the incorporation of endogenous 
acylglycerides from PCs that have undergone a change in 
composition or in specific activity by a deacylation- 
reacylation reaction(s) after synthesis has occurred. The 
present studies were performed not only to isolate the PCs 
that were newly synthesized after perfusion of the rat liver 
with FAs and [3H]glycerol but to compare the specific ac- 
tivities of the newly synthesized PCs with the specific ac- 
tivities of acylglyceride precursors of PCs, including in- 
dividual PAS, DGs, triglycerides (TGs), and PES with the 
same acyl group composition as the newly synthesized 
PCs. The methods used provide clear evidence that re- 
utilization of endogenous acylglycerides provides the 
major source of precursors for new PCs that are synthe- 
sized in the rat liver. 

EXPERIMENTAL PROCEDURES 

Materials 

[2-3H]glycerol (11.5 Ci/mmol) was obtained from 
DuPont New England Nuclear (Boston, MA), fatty acid 
free bovine serum albumin was from Sigma (St. Louis, 
MO), sodium taurocholic acid (A grade) was from Calbi- 
ochem (La Jolla, CA), cir-9-hexadecenoic acid and 
cir-10-heptadecenoic acid were from Nu-Chek-Prep (Ely- 
sian, MN), and di-cis-9-octadecenoyl PC was from Avanti 
Polar Lipids (Birmingham, AL). Analytical and HPLC 
grade solvents were obtained from Fisher (Medford, 
MA). 

Animals 

Male Sprague-Dawley rats (Taconic Animal Farm, 
Germantown, NY) weighing 250-300 g were fed Purina 
rat chow ad libitum. 

Liver perfusion 

Rats were anesthetized with sodium pentobarbital (50 
mg/kg, i.p.) and the livers, with the bile duct cannulated, 
were perfused in situ with Krebs-Ringer bicarbonate 
buffer (pH 7.4) containing 25 mM glucose at a flow rate 
of approximately 35 ml/min as previously described (14). 
Sodium taurocholate was infused directly into the portal 
vein cannula at a rate of 60 pmollh. After 15 min of 
equilibration, the liver was perfused in a recirculating sys- 
tem for 15 min with fresh buffer (100 ml) containing 100 
mmol of 163 FA (as the potassium salt) complexed to 3% 
albumin. A constant infusion of 163 FA (90 pmol/h) and 
[2-3H]glycerol (1.09 pmol/h, 370 pCilpmo1) was main- 
tained during this 15-min perfusion. After 15 min, the 
liver was either removed or washed for 5 min with fresh 
buffer containing 3 % FA-free albumin and nonradiola- 
beled glycerol (1.09 pmol/h). After the 5 min washout per- 
fusion, the liver was either removed or perfused in a recir- 
culating system for up to 2 h with fresh buffer containing 
17:l FA complexed to 3% albumin. A constant infusion of 
173 FA (90 pmol/h) and non-radiolabeled glycerol (1.09 
pmol/h) was maintained during this perfusion period. 
Livers were removed at 15, 30, and 120 min after the be- 
ginning of the perfusion with 17:l FA. There was one liver 
perfusion at each time point except at the end of the label- 
ing period (- 5 min) which was the average of two perfu- 
sions. At the end of each perfusion, the liver was immedi- 
ately homogenized in cold chloroform-methanol 2:l. 

Lipid analysis 

The lipid extract was partitioned with saline as 
described by Folch, Lees, and Sloane Stanley (15). The 
lower phase was separated into neutral lipids and in- 
dividual phospholipid classes by HPLC as previously 
described (16), except that the mobile phase contained 
0.01% acetic acid. In this mobile phase, PA eluted after 
phosphatidylserine and together with dimethyl-PE and an 
unidentified component. The PA was separated from 
these components by rechromatography in the same sys- 
tem except that the mobile phase contained 0.06% acetic 
acid. Under these conditions the PA coeluted with phos- 
phatidylinositol. DGs and TGs were isolated from the 
neutral lipid fraction by HPLC as previously described 
with a mobile phase of hexane-tetrahydrofuran-acetic 
acid 500:50:0.1. The DG, PA, PE, and PC fractions were 
converted to their benzoyl esters and separated into 
molecular species by reversed phase HPLC as previously 
described (1) using two 5-pm Ultrasphere ODS columns 
(2 x 250 mm) (Beckman, San Ramon, CA). As most of 
the fractions contained multiple components, the frac- 
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tions of interest were further separated by reversed phase 
chromatography using two 3-pm Spherisorb S3 ODS2 
columns (2 x 250 mm) (Phase Separations, Norwalk, 
CT) with acetonitrile as the mobile phase at a flow rate 
of 0.3 or 0.5 ml/min. The amount of each molecular spe- 
cies was determined by digital integration of peak areas 
detected at 230 nm. Known amounts of benzoylated 
dimyristate were used to determine peak area to mass ra- 
tios. The fractions of interest were collected in counting 
vials and their tritium radioactivity was determined by li- 
quid scintillation spectrometry. 

The TG fraction w a s  separated into molecular species 
by reversed phase HPLC on a 5-pm Ultrasphere ODS 
column (4.6 x 250 mm) (Beckman, San Ramon, CA) 
with methanol as the mobile phase at a flow rate of 1 

C 

ml/min. The fractions of interest were further separated 
by reversed phase HPLC on two 3-pm Spherisorb ODS 
columns (2 x 250 mm) (Metachem, Rodondo Beach, 
CA) with acetonitrile-2-propanol 8:2 as the mobile phase 
at a flow rate of 0.3 ml/min. The separations of 
16:l-16:1-16:1, 16:l-16:1-18:2, 16:l-16:1-16:0, and the 
16:l-16:l-18:l TGs are shown in Fig. 1. The TG fractions 
were collected and 18:l-18:l PC was added as an internal 
standard. An aliquot was taken for liquid scintillation 
spectrometry and the remainder was transesterified with 
sodium methoxide. The purity of the TG fractions was 
confirmed and the amount of the TG molecular species 
was quantitated by capillary gas chromatography of the 
FA methyl esters on an SP2330 column (Supelco, 
Bellefonte, PA) as previously described (17). 
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Fig. 1. Separation of TG molecular species by reversed-phase HPLC. Liver TGs were separated into molecular species on a 5-pm Ultrasphere ODS 
column (4.6 x 250 mm) with methanol as the mobile phase (upper panel). The flow rate was 1 ml/min and the effluent was monitored at 205 nm. 
In order to further purify the major 16:l-16:l T G s  and 17:l-17:l-17:l TG, the peaks marked A, B, C, and D in the upper panel that contained 
16:l-16:l-16:1, 16:l-16:l-18:2, 163-16:l-18:l + 16:l-16:1-16:0, and 17:l-17:1-17:1, respectively, were collected and rechromatographed on two 3-pm 
Spherisorb S3 ODS2 columns (2 x 250 mm) with acetonitrile-2-propanol 8:2 as the mobile phase. The flow rate was 0.3 ml/min and the effluent 
was monitored at 205 nm. 
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RESULTS 6o 1 

Isolated rat livers were perfused for 15 min with 
[2-3H]glycerol and 16:l FA and then, during a washout 
period, perfused for an additional 5 min with FA-free al- 
bumin and nonradiolabeled glycerol. At that point, ap- 
proximately two-thirds (68.7 %) of the [3H]glycerol incor- 
porated into liver lipids was in the neutral lipid fraction 
and 90% of the 3H in the neutral lipid fraction was in TG. 
Most of the remainder (9%) was in DG. Of the one-third 
(31.2%) of the [3H]glycerol incorporated into the phos- 
pholipids, more than three-quarters (77.8%) was in PC. 
Appreciable [3H]glycerol was also incorporated into PE 
and to a lesser extent phosphatidylinositol (Le., 17.8% and 
3.6% of the [3H]glycerol incorporated into the phos- 
pholipids, respectively). There was essentially no incorpo- 
ration of [3H]glycerol into phosphatidylserine (0.02%) or 
diphosphatidylglycerol (0.03 %). 

After the 15-min labeling period and 5-min washout 
period, livers were subsequently perfused with nonradi- 
olabeled glycerol and 17:l FA for up to 2 h. During this 
chase period, there was a progressive decrease in the 
proportion of radiolabel in TG and DG and, with the ex- 
ception of PA, there was an increase in the proportion of 
radiolabel in the phospholipid fractions (Fig. 2). 

Most of the radiolabeled glycerides contained a 16:l FA. 
In the case of TG, at the end of the washout period, 63.1% 
of the [3H]glycerol was incorporated into four molecular 

7 
- TG - DG - PE 
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Time (min) 

Fig. 2. Distribution of [2-3H]glycerol radioactivity incorporated into 
liver acylglycerides. Livers were perfused with 16:l FA and 
[2-3H]glycerol for 15 min, washed free of FA and glycerol for 5 min, and 
then chased for up to 2 h with 17:l FA and nonradiolabeled glycerol as 
described in Methods. Zero time represents the end of the washout 
period. Results are expressed as the percentage of the total radioactivity 
recovered in the indicated lipid class at each individual time point. At 
0 time, PA contained 0.24% of the radioactivity, but less than 0.1% 
thereafter (not shown). Diphosphatidylglycerol and phosphatidylserine 
each contained less than 0.1% and phosphatidylinositol contained be- 
tween l %  (0 time) and 2% (120 min) of the radioactivity (not shown). 
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Fig. 3. Distribution of radioactivity among the major radiolabeled 
molecular species of TG. Experimental details are described in the 
legend to Fig. 2. TG molecular species were isolated as described in the 
legend to Fig. 1. Results are expressed as the percentage of total radioac- 
tivity in the TG fraction. 

species, Le., 16:l-16:l-163, 16:1-16:1-18:2, 16:l-16:1-16:0, and 
16:1-16:1-18:1* (Fig. 3). Likewise, at the end of the labeling 
period, approximately 90% of the [3H]glycerol incorpo- 
rated into PC was in a molecular species that contained 
a 16:l FA (Le., 16:l-16:1, 16:l-182, 16:O-16:1, 16:l-18:1), even 
though these four molecular species accounted for only 
3.2% of the PCs in the liver. These same four molecular 
species also accounted for 38.7% of the radiolabeled PES 
although these molecular species comprised only 0.67 % 
of the PES in the liver. During the chase with 17:l FA and 
unlabeled glycerol, the proportion of 3H in the 16:l-containing 
molecular species decreased and there was an increase in 
the proportion of radioactivity in both the 173-containing 
molecular species and in those molecular species that con- 
tain neither a 16:l nor a 17:l FA (data not shown). 

At the end of the 15-min labeling period, nearly 40% 
of the PA and DG molecular species contained a 16:l FA 
(Fig. 4 and Fig. 5). During the washout period and the 
beginning of the chase period, the proportion of 
16:l-containing molecular species of both PA and DG 
decreased rapidly, i.e., by a third during the 5-min 
washout period and by two-thirds at 15 min into the chase 
period. The proportion of 16:l-containing molecular spe- 
cies of PA and DG continued to decrease slowly until, at 
the end of the chase period, the 16:l-containing molecular 
species accounted for only about 10% of the total PA and 
DG molecular species. Conversely, after 15 min of the 
chase with 17:l FA, 17:l-containing molecular species ac- 
counted for about a third and a quarter of the total 
molecular species of PA and DG, respectively, and the 

2This notation is only intended to indicate the fatty acid composition 
of the molecular species and is not intended to indicate the position of 
the fatty acid on the glycerol. 
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proportion of 17:l-containing molecular species did not 
increase appreciably thereafter. Although the proportion 
of molecular species of PA and DG that did not contain 
a 161 or 17:l FA varied during the course of the experi- 
ment, the ratio of these molecular species to each other 
did not show any consistent variation. In contrast to PA 
and DG, the proportion of 16:l-containing molecular spe- 
cies of PC remained relatively constant but did increase 
slightly during the chase period (Fig. S), rising most 
rapidly at first as the proportion of 16:l-containing 
molecular species of PA and DG decreased most rapidly. 
The ratio of the individual 16:l-containing molecular spe- 
cies of PE was highly variable but in aggregate, the total 
proportion of 16:l-containing molecular species of PE was 
essentially constant at about 0.7% (data not shown). 

At the end of the labeling period, the specific activities 
of the 16:l-containing molecular species of PA and DG 
were all similar and were much higher than the specific 
activity of any molecular species that did not contain a 
16:l FA (Fig. 7). The specific activity of all the radiola- 
beled molecular species of PA decreased rapidly during 
the 5 min washout period and the beginning of the chase 

- 16:1-16:1 - 16:1-18:2 
15 - 16:0-16:1 201A\ 

.- 
UJ -20 0 20 40 60 80 100 120 
0 e - 2olB 15 

- 16:1-17:1 - 17:1-18:2 - 16:0-17:1 - 18:1-17:1 

-20 0 20 40 60 80 100 120 
Time (min) 

Fig. 4. The composition of the 16:l- and 17:l-containing molecular 
species of liver PAS. Livers were perfused for 15 min with 16:l FA and 
[2-3H]glycerol, washed for 5 min, and then chased with nonradiolabeled 
glycerol and 17:l FA for up to 2 h as described in Methods. The minus 
5 min time (-5) is at the end of the labeling period and the 0 min time 
is the end of the 5-min washout period. The PAS, isolated by normal 
phase HPLC, were converted to the benzoyl DGs and the benzoyl DGs 
were separated into individual molecular species by a two-step HPLC 
procedure described in Methods. Individual molecular species were 
quantitated by integration of the peak areas detected at 230 nm. Results 
are expressed as the percentage of total PA molecular species. A: 
16:l-containing molecular species; B: 17:l-containing molecular species. 
The 16:l-18:i and 17:l-17:l molecular species could not be separated from 
each other at 15, 30, and 120 min and are not shown. 

- 16:1-16:1 - 16:l-18:2 
-t 16:0-16:1 

15 - 16:1-18:1 
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I 16:1-17:1 - 17:l-1812 - 16:0-17:1 
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-20 0 20 40 60 80 100 120 

Time (min) 
Fig. 5.  The composition of the 16:l- and 173-containing molecular 
species of liver DGs. Experimental details are given in the legend to Fig. 
4. DGs were isolated from the neutral lipid fraction by normal phase 
HPLC as described in Methods and converted to the benzoyl DGs. In- 
dividual benzoyl DG molecular species were separated and quantitated 
as described in the legend to Fig. 4. Results are expressed as the percen- 
tage of total DG molecular species. A: 16:l-containing molecular species; 
B: 17:l-containing molecular species. 

period (i.e., by 15 min) and continued to decrease slowly 
thereafter. A similar pattern was observed for the DGs 
(Fig. 8) although the decrease in the specific activity of 
the radiolabeled DG molecular species did not proceed to 
the same extent as the corresponding PA molecular species. 

In contrast to the PAS and DGs, at the end of the label- 
ing period the specific activities of the 16:l-containing 
molecular species of PC (Fig. 9) were not all the same and 
they all had a specific activity considerably lower than the 
specific activity of the corresponding PA and DG molecu- 
lar species (compare Figs. 7 and 8 with Fig. 9). In particu- 
lar, the specific activity of 16:l-16:l PC was about two- 
thirds that of 16:l-16:l PA and DG, and of 16:l-16:l-16:l 
TG (Fig. lo). The specific activities of the other 
16:l-containing molecular species of PC (16:l-18:2, 
16:O-16:l and 16:l-18:l) were approximately half that of 
16:l-16:l PC and a third that of the corresponding PA and 
DG molecular species. During the washout period, the 
specific activity of all the 16:l-containing PCs increased 
slightly, except for 16:l-16:l PC which decreased slightly. 
During the chase period, the specific activities of all the 
16:l-containing molecular species3 of PC decreased, and 

'After the introduction of 173 FA, the specific activity of the 16:l-18:l 
molecular species could not be determined because 16:l-18:l could not be 
separated from the 17:l-17:l molecular species. 
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Fig. 6. The composition of the 16:l- and 173-containing molecular 
species of liver PCs. Experimental details are given in the legend to Fig. 
4. PCs were isolated by normal phase HPLC and converted to the ben- 
zoyl DGs. The benzoyl DGs were separated into individual molecular 
species and quantitated as described in the legend to Fig. 4. Results are 
expressed as the percentage of total PC molecular species. A: 
16:l-containing molecular species; B: 17:l-containing molecular species. 

at the end of the chase period (120 min) the specific activi- 
ties of all the 16:l-containing molecular species were about 
half of what they were at the end of the labeling period. 
The specific activity of 16:l-16:l-163 TG and 16:l-16:l-18:2 
TG declined in parallel with the 16:l-containing molecu- 
lar species of PC and at the end of the experiment were 
also half of what they were at the end of the labeling period. 

The specific activity of 163-16:l PE (Fig. 11) at the end 
of the labeling period was higher than 16:l-16:l PC but 
less than 16:l-16:l PA and DG. On the other hand, the 
specific activities of the 16:l-182, 16:O-16:1, and 16:l-18:l 
PE were all about the same and were similar to the cor- 
responding PC molecular species. During the washout 
and chase periods, the specific activity of 16:O-16:l and 
16:l-182 PE decreased in parallel with the corresponding 
molecular species of PC. O n  the other hand, the specific 
activity of 16:l-16:l PE decreased more rapidly than 
16:l-16:l PC and at 30 min had a lower specific activity 
than 16:l-16:l PC. The specific activities of those molecu- 
lar species of PE that were radiolabeled but did not con- 
tain a 16:l FA were generally similar to the corresponding 
PC molecular species. In contrast to PA and DG, the 
specific activity of the molecular species of PC and PE 
that contained neither a 16:l nor a 17:l FA continued to 
rise throughout the chase period and, in general, at 120 

min they had a specific activity higher than the cor- 
responding PA or DG molecular species. 

At 15 min of the chase period, the specific activity of the 
17:l-containing molecular species of PA and DG were vir- 
tually all the same, were very low and remained low 
throughout the experiment. At 15 min the specific activi- 
ties of 17:l-18:2, 16:O-17:1, and 18:l-17:l PC (13-19 
dpmhmol) were similar to the corresponding PA (12-21 
dpmhmol) and DG (18-23 dpmhmol) molecular species, 
and decreased slowly thereafter. The specific activity of 

10001 - 16:1-16:1 - 16:l-18:2 - 16:O-16:l 
_I 16:1-18:1 
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C g 800 
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Time (min) 
Fig. 7. The specific activity of individual molecular species of liver 
PAS. The experimental design and the isolation and quantitation of in- 
dividual molecular species of PA are presented in the legend to Fig. 4. 
Radioactivity was determined by liquid scintillation spectrometry of 
fractions collected from the second revened phase HPLC system. A: 
16:l-containing molecular species; B: 17:l-containing molecular species; 
C: the major 16:O-containing molecular species. There was no radioac- 
tivity in the major 18:O molecular species (18:O-22:6, 18:Q-20:4, or 
18:O-18:2). The insert in panel B shows the same data replotted on an ex- 
panded scale. 

1216 Journal of Lipid Research Volume 35, 1994 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


- 16:1-16:1 - 16:1-18:2 - 16:0-16:1 - 16:1-18:1 

1000 

600 

0 200- 
.c 
0 

400\ 200 

0 60 120 

1000- 

800 - 
600 - 
400- \ 

- 16:0-22:6 - 16:O-1812 - 16:O-1811 - 18:O-18:2 

2 200- r 

2oo& 0 

0 60 120 

-20 0 20 40 60 80 100 120 
Time (min) 

Fig. 8. The specific activity of the 16:1-, 17:l-, and major 16:O- and 
18:O-containing molecular species of liver DGs. The experimental design 
and the procedures for the isolation and quantitation of the individual 
molecular species are presented in the legend to Fig. 4. A: 
16:l-containing molecular species; B: 17:l-containing molecular species; 
C: major 16:O- and 18:O-containing molecular species (16:O-20:4, 
18:O-22:6, and 18:O-20:4 contained little or no radioactivity). The insert 
in panel B shows the same data replotted on an expanded scale. 

1OOo- 

800- 

600 - 
400 - 
200 - 17:l-17:l-17:l TG (47 dpmhmol) at 15 min of the chase 

period was higher than the 17:l-containing molecular spe- 
cies of PA, DG, or PC at that time. The specific activity 
of 17:l-17:l-17:l TG subsequently decreased by about half. 
As was the case with the 16:l-containing molecular species 
of PE, the proportion of 17:l-containing molecular species 
of PE was very small and they all had a low specific ac- 
tivity. Generally, the 17:l-containing molecular species of 
PE did not contain sufficient radioactivity for a reliable 
determination of their specific activity. 

The specific activities of 16:l-17:l PA and DG were simi- 

20 

10 

0 

lar to each other and to the other 17:l-containing molecu- 
lar species. However, the specific activity of 16:l-17:l PC 
after 15 min of the chase period was twice that of the other 
17:l-containing molecular species of PC and 3 times that 
of 16:l-17:l PA or DG, and was comparable to the specific 
activity of 17:l-17:l-17:l TG. By 30 min into the chase 
period the specific activity of 169-17:l PC actually in- 
creased, and was higher than any other 17:l-containing 
glyceride. Although the specific activity of 16:l-17:l PC 
subsequently decreased, at 120 min the specific activity of 
16:l-17:l PC was still twice that of any other 17:l-containing 
glyceride, including 17:l-17:l-17:l TG. 
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Fig. 9. The specific activity of the 16:l-, 17:l-, and the major 16:O- and 
18:O-containing molecular species of liver PCs. The experimental design 
and the procedures for the isolation and quantitation of the individual 
molecular species are presented in the legend to Fig. 4. A: 
16:l-containing molecular species; B: 17:l-containing molecular species; 
C: 16:O- and 18:O-containing molecular species. The inserts in panels B 
and C show the same data replotted on an expanded scale. 
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Fig. 10. The specific activity of 16:l-16:l-16:1, 16:l-16:1-18:2, and 
17:l-17:l-17:l molecular species of liver TGs. The experimental design is 
given in the legend to Fig. 4, and procedures for the purification of the 
TG molecular species are given in the legend to Fig. 1. TG molecular 
species were quantitated by gas chromatography of their FA methyl es- 
ters with 18:l-18:l PC as the internal standard. 

DISCUSSION 

A large number of previous studies have been per- 
formed using radiolabeled precursors to trace the synthe- 
sis of liver glycerolipids. Specifically, with exogenous radi- 
olabeled monounsaturated FA (18:l) and/or glycerol, it 
has been demonstrated that most of the precursor is incor- 
porated into E s  with the remainder largely being incor- 
porated into PCs (18-20). The present study was per- 
formed with the infusion of radiolabeled glycerol and 
large amounts of FAs that are ordinarily not present in 
liver PCs (i.e., 16:l and 17:l FAs) to define, by isolating in- 
dividual molecular species of newly formed (and largely 
unique) PCs and their precursors, the pathways of synthe- 
sis of new PCs. In previous studies, when 16:l glycerides 
were fed to rats, 16:l FA was incorporated into intestinal 
PCs (21) and these PCs were secreted in intestinal lymph 
lipoproteins to the same extent as 18:l (21), 18:2 (22), or 
18:3 (21) FA. The major 16:l-containing PC in lymph 
lipoproteins after administration of 16:l glycerides was 
16:l-16:l PC. A number of studies have been performed 
comparing the metabolism of model lipoproteins pre- 
pared with various pure PCs including 16:l-163 PC. 
These studies demonstrated that in vivo the fractional 
clearance rate of cholesteryl ester, cholesterol, and TG 
from emulsion particles prepared with 16:l-16:l PC was 
not significantly different than from emulsions prepared 
with a more usual PC, 16:O-18:2 PC (23). Likewise, the 
uptake by the liver both in vivo (24) and in vitro (25) of 
cholesteryl ester from reconstituted HDL prepared with 
16:l-16:l PC was the same as from reconstituted HDL 
prepared with 16:O-18:2 or 18:O-18:2 PC. 

Previous studies have also shown that a wide variety of 
exogenous FAs including 16:l FA are taken up by the per- 
fused rat liver at essentially the same rate (14, 26). In one 

study (14), we demonstrated that, after the infusion of 16:l 
and 17:l FAs, the increase in the amount of 16:l and 17:l 
FAs in liver PCs was similar to the increase of 183 and 
18:2 FAs in liver PCs after the infusion of 18:l and 18:2 FAs. 
Moreover, these 16:l and 17:l PCs are secreted into bile 
at a rate comparable to 18:2 PCs, the major unsaturated 
FA in bile. In that same study (14), we also observed that 
there was an identical increase of 16:1, 17:1, and 18:l FAs 
in liver TGs after the infusion of the corresponding FA 
(data not published). Similar results had previously been 
reported by others for perfused rat livers (27) and for cul- 
tured hepatocytes (28) incubated with various FAs. In 
those studies, 16:l FA was incorporated into both TG and 
phospholipids at rates comparable to 16:O and 18:l FAs 
and the resulting TGs (and phospholipids) were also 
secreted in lipoproteins at rates similar to 18:l and 18:2 
(perfused liver) or 16:O and 18:l (hepatocytes). In the one 
previous study (19) in which the turnover of molecular 
species of PC was determined after incubation of hepato- 
cytes with exogenous FAs and radiolabeled glycerol (using 
a pulse chase protocol), the turnover of 16:O-16:0 PC and 
of 18:2-18:2 PC was comparable to that observed in the 
present study for glycerol labeled 16:l-16:l PC. 

Because there were no 16:l-16:l molecular species or 
other 16:l-containing molecular species (except for a small 
amount of 16:O-16:l) in the liver prior to the simultaneous 
infusion of 16:l FA and [3H]glycerol, and because 16:l-16:l 
PA, DG, and 16:l-16:l-16:l TG all had nearly the same 
specific activity at the end of the 15-min labeling period, 
it is likely that the specific activity of these molecular spe- 
cies represents the specific activity of those molecular spe- 
cies synthesized exclusively by de novo synthesis from 
glycerol 3-phosphate. If that assumption is correct, then 
the extent to which a 16:l-containing molecular species 
had a lower specific activity than 16:l-16:l PA and DG, 
and 16:l-16:l-16:l TG at the end of the labeling period is 
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E 

600- 
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Q 

.- ti 400- 

c 2004 
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Fig. 11. The specific activity of the 16:l-containing molecular species 
of liver PES. The experimental design and the procedures for the 
purification and quantitation of the molecular species are given in the 
legend to Fig. 4. The specific activity of the PES was not determined at 
120 min. 
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a measure of the extent to which that molecular species 
arose by a mechanism other than de novo synthesis from 
glycerol 3-phosphate. For instance, all the molecular spe- 
cies of PA that contained a single 16:l FA were very highly 
labeled but on average had a specific activity that was only 
85% of the specific activity of the 16:l-16:l molecular spe- 
cies. This difference in specific activities indicates that 
molecular species with a single 16:l FA were formed in 
part by a pathway other than acylation of glycerol 
3-phosphate. Among the possibilities are the acylation of 
lyso-PA arising from nonradiolabeled (pre-existing) 
lysophospholipids; by deacylation of PA and reacylation 
with 16:l FA; or by the recycling of these molecular species 
from the corresponding PC or PE molecular species 
(which have a lower specific activity) through the action 
of a phospholipase D. If the recycling explanation is cor- 
rect, then at the end of the labeling period, about a third 
of the 16:l-18:2, 16:O-16:1, and 16:l-18:l PA arose by recy- 
cling of existing phospholipid molecular species, Le., a 
third had a specific activity of approximately 300 
dpmhmol (weighted average of the corresponding PC 
and PE molecular species) and two-thirds had a specific 
activity of approximately 950 (the specific activity of the 
de novo synthesized molecular species 16:l-16:l PA). 

With the exception of 16:O-20:4, the 16:O-containing 
molecular species of PA were also labeled to an apprecia- 
ble extent. However, their specific activities were much 
less than the 16:l-containing molecular species. Thus, by 
reasoning analogous to that for the 16:l-containing 
molecular species of PA, because only a third, a fifth, and 
an eighth of the 16:O-18:1, 16:O-18:2, and 16:O-22:6 PA, 
respectively, appear to have arisen by acylation of glycerol 
3-phosphate, the majority of these molecular species of PA 
were also probably formed by the action of a phospholi- 
pase D on pre-existing phospholipids. That there is ap- 
preciable de novo synthesis of these molecular species 
even in the presence of an overwhelming supply of ex- 
ogenous 16:l FA indicates that there was also considerable 
turnover of 16:0, 18:1, 18:2, and 22:6 molecular species 
through the action of a phospholipase A or by the action 
of a TG lipase(s). During the chase period, the specific ac- 
tivity of these PA molecular species decreased and eventu- 
ally reached a specific activity comparable to that of the 
corresponding PC or PE molecular species. This is what 
would be expected if these PA molecular species were 
formed largely by the action of a phospholipase D on pre- 
existent PC (and PE). Because there was virtually no 
radiolabel in the 18:O molecular species of PA, no defini- 
tive conclusion can be drawn about the metabolism of the 
18:O-containing molecular species, except that there was 
virtually no acylation of glycerol 3-phosphate with 18:O 
FA, at least under the conditions of this study. 

The pool of PA in the liver was very small (36 nmol/g 
wet weight liver), and based upon the amount of 

[3H]glycerol incorporated into liver lipids, the flux 
through PA was very large. Therefore, when the infusion 
of 16:l FA was discontinued, and the liver was washed free 
of this FA with fatty acid-free albumin, and a second FA 
(17:l) was infused, the proportion of 16:l-containing 
molecular species of PA, especially 16:l-16:l PA, was ex- 
pected to decline very rapidly. Indeed this is what was ob- 
served. The proportion of 16:l-16:l PA quickly decreased 
to about a tenth of what it was at the end of the 16:l FA 
perfusion and remained at that level (about 2% of total 
PA molecular species) for the duration of the perfusion. 
This residual 16:l-16:l PA could be expected to reflect the 
recycling of 16:l-16:l phospholipids by phospholipase D. If 
so, then the specific activity of 16:l-16:l PA should have 
rapidly approached the specific activity of the 16:l-16:l PC 
(and PE) as did the 16:O-containing PAS. However, the 
specific activity of 16:l-16:l PA declined to about a third 
of the specific activity of the 16:l-16:l phospholipids. This 
suggests that there was ongoing synthesis of 16:l-163 PA 
from 16:l FA and nonradiolabeled glycerol 3-phosphate. 
The extent of this new synthesis was surprising because, 
with the infusion of 17:l FA, it would be expected that the 
major 16:l-containing molecular species of PA would be 
16:l-17:l. However, the proportion of 16:l-17:l PA was at 
most only twice that of 16:l-16:l PA and at 120 min was 
only slightly greater than 16:l-16:l PA. Moreover, the 
specific activity of the 16:l-17:l PA that was synthesized 
was very low (15 dpmhmol at 15 min) and dropped to 
zero by 120 min indicating that 16:l-17:l PA was being 
synthesized de novo from nonradiolabeled glycerol 
3-phosphate. The ongoing synthesis of 16:l-16:l PA at a 
rate comparable to 16:l-17:l in the presence of a large 
amount of exogenous 17:l FA suggests that much of the 
16:l FA incorporated into PA during the chase period was 
sequestered either in a location or in a chemical form that 
did not allow it to equilibrate with the exogenous FA pool. 
In this regard, the behavior of 16:l-16:l-16:l TG was par- 
ticularly interesting. As has been mentioned above, at the 
end of the labeling period, 16:1-16:1-containing TGs had 
the same specific activity as 16:l-16:l DG. Moreover, the 
fact that 16:l-16:l-18:2 and 16:l-16:l-16:l TG had the same 
specific activity suggests that acyl remodeling was not a 
significant pathway of 16:l FA incorporation into TG. 
However, like the other 16:l-16:l glycerides including PC 
and PE, the specific activity of 16:l-16:l-16:l TG decreased 
over time and at a rate similar to PC. This implies that 
there was ongoing synthesis of 16:l-16:l-16:l TG from 
16:l-16:l DG even though large amounts of 17:l FA were 
being administered. This strongly supports the notion 
that there was recycling of 16:l FA and that the recycling 
process was sequestered in some manner. 

Although there is much more DG than PA (about 
30-fold), the amount of DG in the liver was also very low. 
In general, however, the DG molecular species responded 
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essentially identically to the corresponding PA molecular 
species throughout the course of this experiment except 
that the DGs consistently had a slightly higher specific ac- 
tivity than the corresponding PA molecular species (com- 
pare Fig. 7 with Fig. 8). This is what would be expected 
for a larger, more slowly turning over pool. Like the PAS, 
at the end of the labeling period the specific activities of 
those molecular species of DG that contained a single 16:l 
FA were about 85% of the specific activity of 16:l-16:l DG. 
During the chase period, the specific activity of all the 
molecular species declined rapidly and the specific ac- 
tivity of the 16:l DGs dropped below that of the cor- 
responding PC or PE molecular species. Unfortunately, 
because neither the magnitude of the flux through PA of 
recycled 16:l FA nor the extent to which glyceride from 
TG is recycled into DG are known, it is impossible to esti- 
mate the extent to which phospholipids are recycled into 
DG via phospholipase C. However, because the DG 
molecular species paralleled the behavior of PA so closely, 
it does not appear that phospholipase C hydrolysis of 
phospholipids made a major contribution to DG synthesis 
under the condition of this experiment. 

If the specific activity of 16:l-16:l DG and of 
16:l-16:l-16:l 'E at the end of the labeling period is in- 
dicative of the specific activity of glycerides synthesized de 
novo, then because the specific activities of the PC 
molecular species with a single 16:l FA were only about 
a third of what would be expected if they were synthesized 
de novo, it is clear that the vast majority of these newly 
formed 16:l-containing PCs arose by mechanisms other 
than de novo synthesis from DGs. Presumably these 
molecules arose primarily by remodeling of pre-existing 
PCs by deacylation and reacylation with 16:l FA. This 
even includes 16:l-16:l PC which had a specific activity 
only two-thirds of what would be expected for a de novo 
synthesized PC. 

Our studies also provide additional evidence for PC 
formation by remodeling. In particular, the specific ac- 
tivity of 16:O-18:1, 16:O-18:2, and 16:O-22:6 PC increased 
slowly throughout the chase period. Because there was 
not enough of these molecular species of PA and DG at 
the end of the labeling period to sustain the observed in- 
crease of radiolabel in these molecular species of PC (and 
PE), it is likely that some of the increase in [3H]glycerol 
in these molecular species of PC and PE was due to 
remodeling of high specific activity 16:l-containing 
molecular species of PC and PE. Likewise, because there 
is virtually no radiolabel in the 18:O-containing PA and 
DG at the end of the labeling period, the increase in the 
specific activity of the 18:O-containing molecular species 
of PC and PE was almost certainly due to remodeling of 
radiolabled 16:O and 16:l-containing PC and PE. Evi- 
dence of PC remodeling can also be seen by looking at the 
specific activity of the 16:l-17:l molecular species. At the 
earliest time examined (15 min after the beginning of the 

perfusion of 17:l FA), the specific activity of 16:l-17:l PA 
was about the same as the specific activity of the other 
17:l-containing molecular species and was comparable to 
the specific activity of 16:l-17:l DG (and the other 
17:l-containing DGs). At that point the specific activity of 
16:l-17:l PC was about the same as would be expected for 
a de novo synthesized PC, Le., it had a specific activity 
similar to 17:l-17:l-17:l TG. By 30 min, however, when the 
specific activity of the other 17:l-containing molecular 
species of PC had decreased, the specific activity of 
16:l-17:l PC increased and its specific activity at that point 
was 50% higher than any other 17:l-containing glyceride 
including 17:l-17:l-17:l TG. While the specific activity of 
16:l-17:l PC declined over the next 90 min, at the end of 
the experiment (120 min) it still had a specific activity 
twice that of the de novo synthesized 17:l-containing 
glycerides (17:l-17:l-17:l TG). Moreover, the specific ac- 
tivities of 16:l-17:l PA and DG were always much less than 
that of 16:l-17:l PC. The 16:l-17:l PA and DG would have 
had a specific activity comparable to 16:l-17:l PC if the 
16:l-17:l PC was synthesized by recycling of high specific 
activity 16:l-containing TGs or PCs. This clearly indi- 
cates that much of the 16:l-17:l PC was formed by 
remodeling of radiolabeled 16:l-containing PCs. 

It has been suggested that newly synthesized PE is 
preferentially converted to PC (8). The results of this ex- 
periment are consistent with that proposition. At the end 
of the labeling period, the specific activity of 16:l-16:l PE 
was intermediate between the specific activity of the 
16:l-16:l DG and PC molecular species, During the chase 
period, as the specific activity of 16:l-16:l DG rapidly 
decreased, the specific activity of 16:l-16:l PE also 
decreased more rapidly than 16:l-16:l PC. This is exactly 
the pattern that would be expected if 16:l-16:l DG was be- 
ing converted to PE and then that newly synthesized PE 
was preferentially being converted into PC. However, 
from this experiment it was not possible to determine the 
extent to which 16:l-16:l PC arises by direct conversion of 
16:l-16:l DG to 16:l-16:l PC and how much by the conver- 
sion of 16:l-16:l DG to 16:l-16:l PE followed by the conver- 
sion of that PE to PC. The specific activities of the other 
16:l-containing molecular species of PE were similar to 
that of the corresponding PC molecular species, indicat- 
ing that there is also substantial remodeling of PE, i.e., 
about two-thirds of the 16:l fatty acid incorporated into 
these molecular species was through remodeling of pre- 
existing PES. 

On the basis of this study, it appears that the major 
pathway for the incorporation of 16:l and 17:l FA into PC 
and PE is remodeling of pre-existing PCs and PES. On 
the other hand, there is no evidence for acyl group 
remodeling of TGs. Moreover, the vast majority of the 
precursors of de novo phospholipid synthesis, appear to 
derive from endogenous sources as opposed to acylation 
of glycerol 3-phosphate. It also appears that there is exten- 
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sive preferential reutilization of previously esterified 
glyceride FA for de novo glycerolipid synthesis. Le., the 
163 FA incorporated into glycerides during the 15-min 
labeling period were reutilized for the acylation of non- 
radiolabeled glycerol 3-phosphate without extensive mix- 
ing with exogenous 17:l FA. I 
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