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Abstract Sphingomyelin (SM) is a structural element of cell 
membranes and lipoproteins, and participates in signal trans- 
duction. To determine whether a choline analog (N-amino- 
N,N-dimethylaminoethanol, N-aminodeanol, NADe) can he 
substituted for choline in the SM of liver, rats (male, Sprague- 
Dawley-derived) were fed a diet that was low in choline and 
methionine, and contained 35.5 mmol of NADe/kg. After 18 
months, liver plasma membranes and microsomes contained 
48.9 ? 3.6 and 93.6 ? 6.9 nmol/mg protein of phosphatidyl- 
NADe, respectively, and 3.2 ? 0.2 and 3.5 ? 0.1 nmol/mg 
protein of ceramide phospho-NADe. The SM content of mi- 
crosomes from NADe-fed rats was about one-third lower than 
for the control, and phosphatidylcholine (PC) was reduced 
by <lo%; there was also a small decrease in PC, but not SM, 
in plasma membranes. In vitro assays of enzymes involved in 
SM metabolism found no change in PC:ceramide choline- 
phosphotransferase, but the NADe-fed animals had higher 
phosphatidy1ethanolamine:ceramide ethanolaminephospho- 
transferase activity, greater incorporation of methyl groups 
from [methyl-'HI-S-adenosyl methionine into SM, and a 
lower neutral sphingomyelinase activity.l These results show 
that NADe-fed rats form considerable amounts of ceramide 
phospho- and phosphatidyl-NADe; however, liver plasma 
membranes retain relatively normal levels of PC and SM, per- 
haps due to increases in the de novo pathway for SM synthesis 
and decreases in SM turnover.-Nikolova-Karakashian, 
M. N., R. W. Russell, R. A. Booth, D. J. Jenden, and A. H. 
Merrill, Jr. Sphingomyelin metabolism in rat liver after 
chronic dietary replacement of choline by N-aminodeanol. 
J.  Lipid RPS. 1997. 38: 1764-1770. 
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both phospholipid metabolism and in the synthesis of' 
acetylcholine. The present experiment was designed to 
study the effects of NADe on phospholipid levels and 
metabolism because large amounts of NADe have been 
found in the Folch extracts from liver, plasma, and 
cerebral cortex in rats fed an NADe-supplemented diet 
for a period of 4 months ( 3 ) .  NADe replaced 80% of 
the choline in its lipid-bound form ( 3 ) ;  however, indi- 
vidual choline-containing phospholipid classes have 
not been analyzed nor has the effect of longer term 
feeding. 

The lipid-bound forms of choline are phosphatidyl- 
choline (PC) and sphingomyelin (SM), which are im- 
portant components of cellular membranes and func- 
tion in membrane assembly, organization ( 5 ) ,  and 
signal transduction pathways for cytokines, growth fac- 
tors, and diverse agonists (6, 7). These lipids are also 
thought to provide choline for the synthesis of acetyl- 
choline in the CNS; therefore, substitution of the cho- 
line headgroup of PC and SM with NADe could contrib- 
ute to some of the physiological and behavioral effects 
of this analog. SM is synthesized from ceramide and PC 
via the enzyme PC:ceramide cholinephosphotransfer- 
ase which has been described in microsomes, Golgi, and 
plasma membranes (8-10). A de novo pathway of SM 
synthesis has also been described, which involves the 
formation of ceramide phosphoethanolamine (CPEth) 
via the transfer of phosphorylethanolamine from phos- 
phatidylethanolamine (PE) to ceramide, followed by 

Earlier research has described an experimental ~ 

model with development of a hypocholinergic state in 
rats that mimics many of the features of human progres- 
sive degenerative dementias ( 1-3). The model State is 
induced bv chronic administration of an analogue of 

Abbreviations: NADe, N-aminodeanol; SM, sphingomyelin; (:e1 
ceramide; CPNADe, ceramide phospho-NADe; CPEth, ceramide 
phosphoethanolamine; SAM, S-adenosylmethionine; SAH, S-adenc)- 
sylhomocystein; PC, phosphatidylcholine; PE, phosphatidylethanol- " 

choline, N'-aminodeanol that shares most of 
the physicochemical and biochemical characteristics 
of choline (4), but is utilized much less efficiently in 

amine; DAG, diacylgiycerd; PCho, phosphorylcholine; Ps, phospha- 
tidylserine; PI, phosphatidylinositol; PA, phosphatidic acid; l'G 
phosphafidylglycerol; DPG, diphospl,atidylglycerol, 
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Fii. 1. Structures of sphingomyelin, ceramide-phosphoethanol- 
amine, and ceramide-phospho-NADe analog (upper panel) and en- 
zymes of SM and CPEth merabolism (lower panel). a) phosphatidyl- 
choline-ceramide: cholinephosphotransferase; b) sphingomyelinase; 
c) phosphatidylethanolamine-ceramide:ethanolaminephosphotns- 
ferase; d) N-methyltransferases. Abbreviations: SAM, S-adenosylmeth- 
ionine; SAH, S-adenosylhomocystein; PC, phosphatidylcholine; PE, 
phosphatidylethanolamine, Cer, ceramide, DAG, diacylglycerol, 
PCho, phosphorylcholine, CPE, ceramjde phosphoethanolamine. 

methylation of CPEth to SM in analogy to de novo syn- 
thesis of PC (8, 11). SM turnover involves both neutral 
and acidic sphingomyelinases (12, 13) (Fig. 1). 

Liver is one of the key organs in lipid synthesis and 
degradation, and is the primary organ of de novo cho- 
line biosynthesis (via PC and SM) for potential use by 
other organs, e.g., brain. Thus, the goal of the present 
study was to analyze the livers of animals maintained on 
NADe for 18 months to determine how the phospho- 
lipid compositions of the microsomes and plasma mem- 
branes have been affected by substitution of this analog 
for choline. Our experiments found that the NADe- 
analogs of both PC and SM are formed; however, the 
amounts of PC and SM are surprisingly well maintained. 
The possible enzymatic basis for this was explored for 
SM, and may involve an increased capacity for SM syn- 
thesis de novo and a reduced activity of the neutral 
sphingomyelinase. 

MATERIALS AND METHODS 

Materials 

The [methyL3H] -S-adenosyl methionine, [ethanol- 
amine-I4 C] phosphatidylethanolamine and [choline- 
l4 C] sphingomyelin were purchased from Amersham; 
[~holine-'~C] phosphatidylcholine was isolated by pre- 
parative thin-layer chromatography (TLC) from a mac- 
rophage cell line (J774 cells) after labeling the cells 
with ['4C]choline chloride (sp. activity of 55 mCi/ 
mmol, 0.5 pCi/ml of culture medium) for 48 h. N-ace- 
tyl-D-erythr~C20-sphinganine was synthesized as de- 
scribed previously (14). Unlabeled lipids, and most 
other biochemicals, were from Sigma. The high perfor- 
mance thin-layer chromatography (HPTLC) plates 
were purchased from Merck. 

Animals, diet, and membrane preparation 
Male rat pups (Sprague-Dawley derived) were 

weaned at the age of 29 days and fed the experimental 
and control diets ad libitum. The diets were essentially 
the same as previously described (3) :  dextrose (69%), 
casein (12%), soya oil (IO%), mineral mix (5%), 
alphacel (ground cellulose, 2%), vitamin mix (1.5%) 
and were tested to be choline free (<14 pmol/kg). Ei- 
ther choline chloride (control) or NADe chloride (ex- 
perimental) was added at a concentration at 35.5 
mmol/kg. The L-methionine content was reduced to 
the minimum recommended for weight maintenance 
(0.2370, (2)).  

The rats (six animals per group) were fed these diets 
for 18 months, then killed; the livers were removed, 
pooled together, and homogenized. These homoge- 
nates were used for microsome (15), and plasma mem- 
brane (16) isolation and the fractions were stored at 
-80°C until analysis. The purity of membrane fractions 
was checked by marker enzymes (17) and found to be 
within the parameters reported previously (18). The 
yield of plasma membranes was similar for the two dif- 
ferent dietary feedings. 

Lipid analysis 
Lipids were extracted by a Bligh and Dyer procedure 

as modified by Williams et al. (19). Individual lipids 
were separated by TLC, using chloroform-methanol- 
triethylamine-2-propanol-0.25% potassium chloride 
30:9:18:25:5 (by vol) as developing solvents. For analy- 
sis of sphingolipids, glycerophospholipids were de- 
graded by a mild alkaline hydrolysis in 0.6 N NaOH in 
methanol, for 1 h at 37°C. The phases were separated 
by adding 1 ml each of chloroform and water, and the 
organic phase was dried through an anhydrous (granu- 
lar) sodium sulfate column. The alkali-stable lipids were 
separated on HPTLC plates using chloroform-metha- 
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nol-acetic acid-water 25:15:4:2 (by vol) as the devel- 
oping solvent. Lipids were visualized under I2 and iden- 
tified by comparison with standards, and by exposing 
the HPTLC plates to Dragendorff's reagent (positive 
reaction for a choline group) and ninhydrin (positive 
reaction for primary amines). Regions of the TLC plates 
representing individual phospholipids were quantitated 
by phosphate assay (20). For further analysis, ceramide, 
SM, CPEth, and the unknown alkali-stable compound 
in the experimental group were scraped off the plate 
and the lipid material was eluted from the silica with 
chloroform-methanol 1 :2 (by vol) . The solvent was 
evaporated under reduced pressure, the lipids were 
acid hydrolyzed in 0.5 M HCl in methanol for 15 h at 
65"C, and the amounts of sphingosine and sphinganine 
were estimated by HPLC, as previously described (21), 
with correction for recovery by adding N-acetyl-Cy,- 
sphinganine as an internal standard. 

Assay of microsomal N-methyi transferases 

N-methyltransferase activity was assayed by the 
method of Ridgway and Vance (15), developed for mea- 
suring the methylation of PE. The incubation mixture 
contained 125 mM Tris-HC1, (pH 9.2, at 22.5"C), 5 mM 
dithiothreitol, and 1.0 mM Triton X-100 in a final vol- 
ume of 0.15 ml. After the addition of 25 pg of mem- 
brane protein, the mixture was placed on ice for 10 min. 
[Meth~l-~HI-S-adenosyl methionine (sp act of 33 mCi/ 
mmol) was added to a final concentration of 200 p ~ ,  
and the mixture was incubated at 37°C for 30 min. The 
reaction was stopped with chloroform-methanol 2: 1 
(by vol.) and the amount of radiolabel in the chloro- 
form phase was measured by scintillation counting with 
correction for quenching. The amount of radiolabel in 
SM was quantitated after separation of the SM from the 
other lipids by TLC. Approximately 25 pg of unlabeled 
SM was used as a carrier during the extraction proce- 
dure and chromatographic analysis. 

Assay of SM synthase, CPEth synthase, and neutral 
sphingomyeliiase activities 

SM synthase and CPEth synthase were assayed ac- 
cording to the procedure described by Malgat, Maurice 
and Baraud (11). The reaction medium contained 132 
nmol of dioleoylphosphatidyl [ l 4  Clethanolamine (sp 
act of 0.5 mCi/mmol) or 100 nmol of ['4C]choline- 
labeled phosphatidylcholine (sp. activity of 0.5 mCi/ 
mmol), 50 mM Tris-HC1, (pH 7.4), 0.25 M sucrose, 0.15 
mM KCl, Triton X-100 (20 pg/ml), and 0.25 mg of 
membrane protein in a total volume of 0.35 mi. When 
PE was used as a precursor, 5 mM P-hydroxyethylhydra- 
zine (14) was added to prevent methylation of PE or 
CPEth. After incubation in a shaking water bath for 3 
h at 37"C, the reactions were stopped by addition of 2 

ml of chloroform-methanol 2:l (by vol). The labeletl 
glycerolipid substrates were cleaved by mild alkaline h? - 
drolysis as described above, then the sphingolipid prod- 
ucts were extracted with chloroform and quantitated 
with a scintillation counter, 

Neutral sphingomyelinase activity was assayed ac - 
cording to the procedure of Hostetler and Yasaki (22). 
The reaction mixture contained 267 nmol of [methyl- 
"C]-labeled SM as a substrate (sp. activity of 0.5 mCi/ 
mmol), 2.5 mg/ml Triton X-100,40 mM MgC12, 0.2 mg 
of plasma membrane protein and 10 mM Tris-HC1, pH 
7.2, in a total volume of 0.2 ml. After incubation for 1 
h at 37"C, the reaction was stopped by 0.1 ml of 100 
mM EDTA, the lipids were extracted with chloroform- 
methanol 2:l (by vol), and the aqueous phase, which 
contained the liberated phosphoryl[methyl-"C] cho- 
line, was counted. 

RESULTS 

Overall effects of NADe feeding 

The animals on NADe gained significantly less weight 
than controls; after 18 months the mean weights (2 
SD) were 814 ? 33 g and 955 2 30 g, respectively ( P  
< 0.001); liver weights (23.4 2 2.8 g and 27.5 2 2.5 g) 
were also significantly ( P  < 0.05) lower, but not on a g 
liver per 100 g body weight basis. Otherwise, there were 
few grossly observable differences between animals on 
the choline and NADe diets. These observations are 
consistent with those previously reported for animals 
fed NADe (2, 23). The NADe replacement of choline 
in the diet did not cause apparent tumor formation in 
the liver, as has been reported in rats fed a choline- 
deficient diet (24). 

Amounts of phospholipids in liver microsomes and 
plasma membranes 

NADe caused a significant elevation of the total phos- 
pholipid content (nmol/mg protein) in both micro- 
somes and plasma membranes (Table 1 ) .  This agrees 
with the previous finding of an elevation in the total 
lipids in liver homogenates (3). The major difference 
in phospholipid amounts was due to the presence of a 
number of new species that were presumed to reflect 
the NADe analogs of PC and SM based on their K,and 
alkaline lability or stability, respectively. When the 
amounts of these "NADe-containing" phospholipids 
were subtracted from the total, the amounts of the re- 
maining phospholipids were similar for the NADe-fed 
rats and the controls. Therefore, the difference in total 
phospholipid content is due mainly to the generation 
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TABLE 1. Phospholipid composition of microsomal and plasma membranes from livers of rats fed diets 
containing choline or N-aminodeanol 

Plasma Membranes 

Lipid R, Choline NADe 

Lyso-PC 
SM 
PC 

PtdNADe 
CPNADe 

PS 
PI + PA 

PE 
PG 

DPG 

Total phospholipids 
Total phospholipids 

minus NADe- 
containing lipids 

0.05 24.2 t 1.8 
0.07 22.9 f 2.0 
0.10 65.4 2 2.3 
0.15 - 

0.19 20.9 t 2.1 
18.0 f 2.0 

0.33 34.6 2 3.1 
0.49 12.0 t 2.8 
0.55 11.0 2 1.8 

226 f 13 

- 

23.9 2 2.2 
24.1 f 0.8 
56.8 2 2.8“ 
48.9 t 3.6 
(3.2 f 0.2)‘ 
23.7 t 2.2 
14.8 f 1.2 
36.6 t 5.5 
22.9 2 2.7b 
14.3 f 2.6 

297 -+ 27” 

245 t 27 

Microsomes 

Choline NADe 

5.6 % 0.4 
16.9 2 3.4 

166.8 t 5.6 

8.4 f 0.9’ 
9.9 t 3.1“ 

152.9 t 4.9” 
- 93.6 t 6.9 

8.0 2 0 . 4  
45.1 t 2.0 
64.1 2 9.2 
11.2 t 1.4 
4.1 f 1.0 

395 f 1.6‘ 

- (3.5 f 0 . l ) d  
10.4 2 0.9 
46.2 t 1.3 
76.7 2 9.6 
10.3 2 2.0 
3.3 f 0.2 

339 2 0.4 

297 k 7.1‘’ 

The total lipids were extracted from microsomal or plasma membrane fractions. The amounts of individual 
lipids were determined by TLC and phosphate analysis. The abbreviations represent: NADe, N-aminodeanol; 
PC, phosphatidylcholine; SM, sphingomyelin; PtdNADe, phosphatidyl-NADe; CPNADe, ceramidephosphc- 
NADe; PS, phosphatidylserine; PI, phosphatidylinositol; PA, phosphatidic acid; PE, phosphatidylethanolamine; 
PG, phosphatidylglycerol; DPG, diphosphatidylglycerol. Data are presented a nmol/ mg of protein and are 
mean t SD, (n = 3, where n are replicates for the TLC analysis. 

“ P  < 0.05; bP < 0.01; ‘P < 0.001, groups that are significantly different from the controls. 
“See Table 2 for an explanation of the analysis of the CPNADe. 

of new phospholipid species in the experimental group. 
Most of the other phospholipids were not affected by 
the NADe feeding, with the exception of phosphatidyl- 
glycerol in plasma membrane. 

Change in the amounts of sphingolipids 
To characterize the putative NADe analog of SM (and 

to quantitate SM and CPEth with less interference from 
glycerophospholipids) , the lipid extracts were subjected 
to mild alkaline hydrolysis (Table 2). As predicted, base 
hydrolysis fully cleaved the presumed NADe analog of 
PC but did not affect the ceramide-phospho-NADe. 

To confirm that these compounds are sphingolipids, 
they were recovered from the HPTLC plate and acid 
hydrolyzed to liberate the long-chain base backbone ( s )  , 
which were analyzed by HPLC (Table 3).  These analyses 
proved that the compound identified as “ceramide- 
phospho-NADe” contained comparable amounts of 
sphingosine (i.e., 3.2 nmol/mg protein, Table 3) and 
phosphate (i.e., 3.5 nmol/mg protein, Table 2) .  The 
presence of a small amount of sphingosine (0.24 nmol/ 
mg protein) in the respective samples from the choline- 
fed controls could be a result of “spill over” from 
CPEth and/or SM on the TLC plate. As further con- 
firmation that this new compound was the NADe analog 
of SM, the HPTLC plates were analyzed with Dragen- 
dorff’s reagent, which gave a positive response for the 
choline group of PC and SM and no response for cera- 
mide phospho-NADe. This compound was also ninhy- 

drin positive, that could be expected because of the pri- 
mary amino group. 

The data shown in both Tables 2 and 3 indicate that 
the NADe analog constitutes about 25% of the phos- 
phosphingolipids in microsomes and 15% in the 
plasma membranes. It is also evident that there are 
small decreases in the amounts of SM in the NADe-fed 
rats, especially in microsomes. Furthermore, there was 
statistically significant elevation in CPEth when quanti- 
tated by HPLC analyses of the backbone (Table 3) .  

TABLE 2. Amounts of sphingolipids in microsomal and plasma 
membranes from livers of rats fed diets containing choline 

or N-aminodeanol 

Plasma Membranes Microsomes 

Lipid R, Choline “ e  Choline NADe 

SM 0.15 18.8 t 0.9 17.3 t 1.3 11.5 t 1.5 7.9 2 0.8“ 
CPNADe 0.33 - 3.2 f 0.2 - 3.5 f 0.1 
CPEth 0.38 2.6 f 0.9 4.1 2 0.6 2.6 2 0.4 3.3 i 0.8 
Ceramide 0.90 7.3 t 1.7 6.3 t 0.9 5.8 f 0.1 6.0 2 0.6 

The total lipids were extracted from microsomal or plasma mem- 
brane fractions and glycerophospholipids were hydrolyzed by mild 
alkaline hydrolysis. The alkali-stable lipids were analyzed by TLC and 
quantitated by phosphate analysis except for ceramide, which was 
quantitated by HPLC as described in the text. Data are presented as 
nmol/mg of protein and are means f SD, (n = 3, where n are repli- 
cates for the TLC analysis. Abbreviations: NADe, N-aminodeanol; SM, 
sphingomyelin; CPNADe, ceramidephospho-NADe; CPEth, cera- 
mide-phosphoethanolamine. 

“ P  < 0.05, NADe groups that were significantly different from 
the corresponding control. 
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TABLE 3. Sphingosine released after acid hydrolysis of 
microsomal sphingophospholipids from livers of rats fed diets 

containing choline or N-aminodeanol 

Diet Components 

Lioid R Choline NADe 

nmol/mg prolein 
SM 0.15 10.35 ? 0.31 9.15 ? 0.15" 
CPNADe 0.33 0.24 2 0.13 3.15 5 1.25" 
CPEth 0.38 1.21 ? 0.04 2.30 ? O.Ogb 

The total lipids were extracted from microsomal or plasma mem- 
brane fractions and glycerophospholipids were hydrolyzed by mild 
alkaline hydrolysis. The alkali-stable lipids were analyzed by TLC and 
the sphingolipids were quantitated by HPLC as described in the Mate- 
rials and Methods. The data are presented as means ? SD (n = 3, 
where n are replicates for the TLC analysis. Abbreviations: NADe, N- 
aminodeanol; SM, sphingomyelin; CPNADe, ceramidephospho- 
NADe; CPEth, ceramide-phosphoethanolamine. 

"P< 0.01; bP< 0.001, groups that are significantly different from 
controls. 

Synthesis and hydrolysii of SM 
The lack of a more significant reduction in SM is 

somewhat surprising given the large amount of phos- 
phatidyl(a1)NADe that was made. To determine 
whether this might involve changes in the activities of 
the enzymes that are thought to participate in SM ho- 
meostasis, we assayed SM synthase(s) and the neutral 
sphingomyelinase in vitro. The neutral sphingomye- 
linase activity was lower (by 60%) in plasma mem- 
branes from animals fed choline-replaced diet, as com- 
pared to that in membranes from control rats (Fig. 2). 
Therefore, it is possible that SM turnover at the plasma 
membranes is reduced in the NADe-fed rats, which 
could preserve the SM. The activity of PC: ceramide 
cholinephosphotransferase did not differ between con- 
trol and NADe-fed rats (data not shown), however, the 
microsomal phosphatidylethanolamine: ceramide-etha- 
nolaminephosphotransferase was elevated about 150% 
in the rats fed NADe (Fig. 2). Significant changes were 
also found in the microsomal PE and CPEth N-methyl- 
transferase activity (Fig. 3). The incorporation of 
methyl groups from S-adenosyl methionine to total l ip  
ids (Fig. 3, light bars), or specifically into SM (Fig. 3, 
dark bars) was augmented in the NADe-fed animals. 

DISCUSSION 

This study has confirmed that replacing dietary cho- 
line with the choline analog NADe for 18 months results 
in significant accumulation of lipid-bound NADe. This 
study analyzes the classes of NADe-containing lipids 
formed as a result of this diet and shows that ceramide 

T 

Choline NADe 

Compound fed 

Fig. 2. Effect of dietary choline replacement by NADe on the activity 
of rat liver plasma membrane sphingomyelinase (dark bars) and mi- 
crosomal phosphatidylethano1amine:ceramide ethanolaminephos- 
photransferase (light bars). CPEth synthase were assayed in micro- 
somes from control and NADe-fed animals using 132 nmol of 
dioleoylphosphatidyl ["Clethanolamine (sp act of 0.5 mCi/mmol) 
in 50 mM Tris-HCI, (pH 7.4), 0.25 M sucrose, 0.15 mM KCI, Triton 
X-100 (20 pg/ml), 50 p~ P-hydroxyethylhydmine, and 0.25 mg of 
membrane protein in a total volume of 0.35 ml. The reaction was 
stopped with chloroform-methanol2:l (by vol) and, after mild alka- 
line hydrolysis, the labeled product was recovered and counted in the 
organic phase. Neutral sphingomyelinase activity was assayed in the 
plasma membrane fraction using 10 mM Tris-HCI, 2.5 mg/ml Triton 
X-100,40 mM MgC12, 0.2 mg of plasma membrane protein, and in a 
total volume of 0.2 ml. [Methyl-"C]-labeled SM (267 nmol) was used 
as a substrate (sp act of 0.5 mCi/mmol). The release of phospho- 
ryl[methyl-"Clcholine was measured in the aqueous phase after stan- 
dard extraction. The activities are presented as the means 5 SD, n 
= 5, where n is the number of replicates for the enzyme assay. 

phospho-NADe has been formed as well as phosphati- 
dyl(a1)NADe (in the latter case, however, this is only 
presumed based on its chromatographic mobility and 
base lability). Even though substantial amounts of these 
SM and PC analogs were formed, there were only small 
changes in the amounts of choline-containing SM and 
PC. This was somewhat unexpected because a previous 
study (3) observed that after 4 months of feeding, 80% 
of the total lipid-bound choline was replaced by NADe. 
It is possible that the animals in this much longer term 
study have partially compensated for the deficiency of 
choline. 

Under conditions of limiting choline and methio- 
nine, there are three main sources for choline that 
might contribute to such compensation: I) the choline 
that was already present when the diet started (at the 
29th day after birth), which might be conserved by shifts 
in the utilization of choline by choline kinase and cho- 
line dehydrogenase (25,26), and reduction in the pro- 
duction of betaine (27); 2) the choline that is made de 
novo by methylation of PE and CPEth with S-adenosyl 
methionine, which might increase; and 3) choline 
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*. 
A T  

Choline NADe 

Compound fed 

Fig. 3. Effect of dietary choline replacement by NADe on the incor- 
poration of methyl groups from S-adenosyl-(3H-methyl)-methionine 
into total lipids (light bars) and sphingomyelin (dark bars). N-methyl 
transferase activity was assayed in the microsomes from control and 
NADe-fed animals. The incubation mixture contained 125 mM Tris- 
HCI, (pH 9.2, at 22.5OC), 5 mM dithiothreitol, and 1.0 mM Triton X- 
100,25 pg of membrane protein, and 200 p~ [methyl-sH]-S-adenosyl 
methionine (sp. act of 33 mCi/mmol) in a final volume of 0.15 ml. 
The reaction was conducted for 30 min and stopped with chloro- 
form-methanol 2:l (by vol). The amount of radiolabel in the total 
chloroform phase or in SM (after separation by TLC) was measured 
by scintillation counting with correction for quenching. The data are 
means 2 SD, n = 5, where n is the number of replicates for the en- 
zyme assay. 

might be synthesized by methylation of free ethanol- 
amine (28) using methyl groups donated from NADe 
because it has been shown in feeding studies with rats 
that deuterated methyl groups from dietary NADe a p  
pear in choline (23). 

The changes in the enzyme activities involved in SM 
metabolism additionally suggest that the liver may adapt 
to the dietary choline deficiency by reducing SM turn- 
over and, perhaps, by increasing synthesis of CPEth and 
conversion of CPEth to SM (thereby, reducing the re- 
quirement for choline from other sources). This study 
found an increased incorporation of ['Hlmethyl 
groups into SM in vitro, however, it is not possible to 
identify the step that is elevated as this could arise from 
direct methylation of CPEth to SM or incorporation of 
methyl groups into PC, then SM. Nonetheless, under 
the incubation conditions used (i.e., pH 9.2) PC: cera- 
mide cholinephosphotransferase activity is strongly in- 
hibited) (8); therefore, it is most likely that SM was 
made from CPEth, a reaction that was first noted in 
crude fractions from rat liver (29) and has been demon- 
strated in isolated plasma membranes and microsomes 
(1 1). Enhanced SM synthesis from the CPEth pathway 
during choline deficiency is supported by the observa- 
tions that: PE:ceramide ethanolaminephosphotransfer- 

ase is more active in microsomes from the NADe-fed 
rats than from the controls; there are higher amounts 
of CPEth in microsomes from NADe-fed rats; and, the 
incorporation of [3H]methyl groups into SM is higher 
(as noted above). 

The levels of SM may also be maintained by a reduc- 
tion in turnover because there is a reduction in the ac- 
tivity of the neutral sphingomyelinase in plasma mem- 
branes of NADe-fed animals. There was no change in 
the level of endogenous ceramide; however, this inter- 
mediate is involved in other metabolic reactions (such 
as incorporation into more complex sphingolipids or 
degradation to sphingosine) and, given the important 
roles of ceramides in cell regulation, it is sensible that 
the cells would have mechanism(s) to maintain the lev- 
els at as near normal as possible. It is intriguing to spec- 
ulate that the NADe analog of SM might serve as an 
inhibitor of SMase activity, thereby helping to sustain 
the levels of SM. If so, chronic inhibition of the brain 
SMase during NADe-feeding might impair the produc- 
tion of ceramide in response to key agonists (such as 
nerve growth factor) (30). This certainly warrants fur- 
ther study given the importance of SM in cell regulation 
and, for brain, its suggested role in membrane aging 
(31) and regulation of neuron growth (32). Future re- 
search to test this possibility might help to advance our 
knowledge about the mechanism(s) underlying 
changes in cognitive behavior during progressive de- 
generative dementia.I 

We thank Drs. David Menaldino and Dennis Liotta for prepar- 
ing the D-erythr&C2,,-sphinganine. This work was supported by 
grants MH17691 (to D.J.J. and R.W.R.) and NIH GM46368 
(to A.H.M.). 
Manuscrip received 27 Janualy 1997 and in raked f i  29 AW.11997. 

REFERENCES 

1 .  Knusel, B., D. Jenden, D. Lauretz, R. Booth, K. Rice, M. 
Roch, and J. Waite. 1990. Global in vivo replacement of 
choline by N-aminodeanol. Testing a hypothesis about 
progressive degenerative dementia: I. Dynamics of chc- 
line replacement. Phamacol. Biochem. Behnu. 37: 799-809. 

2. Russell, R. W., D. J. Jenden, R. A. Booth, S. D. Lauretz, 
M. Roch, and K. Rice. 1990. Global in vivo replacement 
of choline by N-aminodeanol. Testing a hypothesis about 
progressive degenerative dementia: 11. Physiological and 
behavioral effects. Phamacol. Biocha. Behau. 37: 81 1-  
820. 

3. Russell, R. W., R. A. Booth, D. J. Jenden, A. S. Chang, 
K. M. Rice, M. Roch, and S. D. Lauretz. 1992. Incomplete 
reversibility of an experimentally induced hypocholiner- 
gic state: biochemical and physiological, but not behav- 
ioral, recovery. Phamacol. Biochem. Behau. 41: 433-444. 

4. Newton, M., B. Ringdahl, and D. Jenden. 1982. Metabo- 

Nikolooa-Karakashian et nl. Sphingomyelin metabolism during dietary choline replacement 1769 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


lisin of new choline analog by rat striatal synaptosome and 
diaphragm preparations. Fed. Proc. 41: 1323. 

5. Barenholz, Y., and T. Thompson. 1980. Sphingomyelin in 
bilayers and biomembranes. Biochim. Biophy . Acta. 604: 
129-158. 

6. Exton, J. H. 1994. Phosphatidylcholine breakdown and 
signal transduction. Biochim. Riophys. Acta. 1212: 26-42. 

7. Hannun, Y. A. 1996. Functions of ceramide in coordi- 
nating cellular responses to stress. SciPncr. 274: 1855- 
1859. 

8. Ullman, D., and N. Radin. 1974. The enzymatic formation 
of sphingomyelin from ceramide and lecithin in  mouse 
liver. J. Biol. Chem. 247: 1506-1512. 

9. Voelker, D., and E. Kennedy. 1982. Cellular and enzy- 
matic synthesis of sphingomyelin. Biochemz~st~. 21: 2753- 
2759. 

10. Marggraf, W., R. Zertany, F. Anderer, andJ. Kanfer. 1982. 
The role of endogenous phosphatidylcholine and cera- 
mide in mouse fibroblasts. Biochim. 1hphy.s. A c t a .  716: 

11. Malgat, M., A. Maurice, and J. Baraud. 1986. Sphingomye- 
lin and ceramide-phosphoethanolamine synthesis by mi- 
crosomes and plasma membrane from rat liver and brain. 
J. Lipid f i s .  27: 251-260. 

12. Merrill, A. H., Jr., and D. D. Jones. 1990. An update of 
the enzymology and regulation of sphingomyelin metabo- 
lism. Riochim. Biophys. Actu. 1044: 1-12. 

13. Spence, M. W. 1993. Sphingomyelinases. Ad71. Lipid f i . 5 .  

14. Nimkar, S., D. Menaldino, A. H. Merrill, Jr., and D. Liotta. 
1988. A stereoselective synthesis of sphingosine, a protein 
kinase C inhibitor. Tetrahedron Lett. 29: 3037-3040. 

15. Ridgway, N., and D. Vance. 1987. Purification of phospha- 
tidylethanolamine N-methyl transferase from rat liver. ,/. 
Bid .  Chem. 262: 17231-17239. 

16. Wisher, M., and W. Evance. 1975. Functional polarity of 
rat liver hepatocyte surface membrane. Riochem. J. 146: 
375-388. 

17. Petkova, D. H., M. N. Nikolova, A. B. Momchilova-Pan 
kova, and K. S. Koumanov. 1990. Insulin effect on  the 
phospholipid organization and some enzyme activities of 
rat liver membranes. Comp. Riochem. Physiol. 95B: 685- 
689. 

18. Nikolova-Karakashian, M. N., N. J .  Gavrilova, D. H. Pet- 
kova, and M. s. Setchenska. 1992. Sphingomyelin-metab- 
olizing enzymes of rats fed with cholesterol-supple- 
mented diet. Biochem. Cell Rid.  70: 613-616. 

19. Williams, R. D., E. Wang, and A. H. Merrill, Jr. 1984. Enxy- 
mology of long-chain base synthesis by liver: characteriza- 

314-323. 

26: 3-23. 

tion of serinc-palniitoylti-ansli.rase i n  rat l i w  mi(:r-c , -  
somes. Arch. Biochmi. Bi@ys. 228: 282-29 I .  

20. Anies, H. H. 1966. Simple method for phosphate. mrasurcv 
mmt. M ~ l h o d s  1:'nzqmnl. 8: 1 15- I 18. 

21. Merrill. A. H., Jr., E. Wang, K. E:. Mulliris, M:.Jamison, S .  
Nimkai-, and D. Liotta. 1988. Quantitation of tree sphin- 
gosine in  liver by high-performance liquid chl-omatogra- 
phy. A n d .  Riochrm. 171: 337-381. 

22. Hostetlrr, K., and P. Yazaki. 1979. The subcellular local- 
ization of neutral sphingomyelinase in rat liver ./. / $ i d  
RP,S. 20: 456-463. 

23. Newton, M. W., K. D. Crosland, and D. J. Jenden. 1YX5. 
I n  \.ivo metabolism of a cholinergic false precursor after 
dietary administration to ra1s.J Phnrmacol. Ex$. Thm. 235: 

24. da Costa, K.-A,, E. Cochary, J. I(. Blusztain, S.  C. Garner, 
and S. H. Zeisrl, 1993. Accumulation of 1,2-sn-diradyl- 
glycerol with increased membrane-associated protein ki- 
nase C may be the mechanism fbr spontaneous hepatocar- 
citiogenesis i n  choline-deficient rats. ,/. Riol. (,'hrm. 268: 
2 100-2 105. 

25. Zeisel, S., and R. Wurtman. 1981. Developmental changes 
in ratbloodcholine concentration. Biochem.]. 198: 565-570. 

26. Tsnge, H., N. Sato, T. Koshiba, Y. Ohashi, Y. Narita, K. 
Takahashi, and K. Ohashi. 1986. Changes in  choline me- 
tabolism in  rat liver on chronic ethionine-feeding. Hi(> 
(him. Biophys. A&. 881: 141-147. 

27. Thompson, W., G. MacDonald, and S. Mookejea. 1969. 
Metabolism of' phosphorylcholine and lecithin in normal 
and choline deficient rats. Rinchim. Riophys. Acln .  176: 
306-31.5. 

, J. N. Kanfer, H. 1)reyfiis 
arid R. Massarelli. l98Y. Conversion of ethanolamine, nio- 
nomethylethanolaniine and dimethylethanolamine 10 
cholinc-contairiing rompounds by neurons i n  culture 
and by the rat brain. Uiochem. J.  264 555-562. 

29. Muehlenberg, B., M. Sribney, and M. Duffe. 1972. Occur- 
rence and biosynthesis of ceramide-phosphoethanol- 
amine in  chicken and rat liver. ( h i .  J /3iochem. 50: 116- 
17.3. 

30. Dobrowsky, K. T., M. H. Werner, A. M. Castellano, M. V. 
Chao, and Y. Hannun. 1994. Activation of sphingomyelin 
cycle through low-affinity neurotrophin receptor. Scirnw. 

31. Schroeder, F. 1984. Kole of membrane lipid asymmetry 
in  aging. Neurobiology of Ageing. 5: 323-333. 

32. Schwarz, A,, E. Rapaport, F. K. Hirschberg, and A. Futer- 
man. 1995. A regulatory role of sphingolipid in neuronal 
growth. ,/. Hiol. (;hem. 270: 10990-10998. 

157-161. 

28. Andriainampandry, C., L. Fre 

265 15Y6-1599. 

1770 Journal of Lipid Research Volume 38, 1997 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

