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Impaired Hepatic Phosphatidylcholine 
Synthesis Leads to Cholestasis in Mice 
Challenged With a High-Fat Diet
Sereana Wan,1 Folkert Kuipers,2 Rick Havinga,2 Hiromi Ando,1 Dennis E. Vance,1 René L. Jacobs,1,3 and Jelske N. van der Veen1

Phosphatidylethanolamine N-methyltransferase (PEMT) is a hepatic integral membrane protein localized to the en-
doplasmic reticulum (ER). PEMT catalyzes approximately 30% of hepatic phosphatidylcholine (PC) biosynthesis. 
Pemt–/– mice fed a high-fat diet (HFD) develop steatohepatitis. Interestingly, portions of the ER located close to the 
canaliculus are enriched in PEMT. Phospholipid balance and asymmetrical distribution by adenosine triphosphatase 
phospholipid transporting 8B1 (ATP8B1) on the canalicular membrane is required for membrane integrity and bil-
iary processes. We hypothesized that PEMT is an important supplier of PC to the canaliculus and that PEMT 
activity is critical for the maintenance of canalicular membrane integrity and bile formation following HFD feeding 
when there is an increase in overall hepatic PC demand. Pemt+/+ and Pemt–/– mice were fed a chow diet, an HFD, 
or a choline-supplemented HFD. Plasma and hepatic indices of liver function and parameters of bile formation were 
determined. Pemt–/– mice developed cholestasis, i.e, elevated plasma bile acid (BA) concentrations and decreased bil-
iary secretion rates of BAs and PC, during HFD feeding. The maximal BA secretory rate was reduced more than 
70% in HFD-fed Pemt–/– mice. Hepatic ABCB11/bile salt export protein, responsible for BA secretion, was de-
creased in Pemt–/– mice and appeared to be retained intracellularly. Canalicular membranes of HFD-fed Pemt–/– 
mice contained fewer invaginations and displayed a smaller surface area than Pemt+/+ mice. Choline supplementation 
(CS) prevented and reversed the development of HFD-induced cholestasis. Conclusion: We propose that hepatic PC 
availability is critical for bile formation. Dietary CS might be a potential noninvasive therapy for a specific subset of 
patients with cholestasis. (H epatology Communications 2019;3:262-276).

Phosphatidylethanolamine N-methyltransferase 
(PEMT) converts phosphatidylethanolamine 
(PE) to phosphatidylcholine (PC) in the 

liver and accounts for approximately 30% of hepatic 
PC synthesis.(1) The remaining 70% of hepatic PC 
is synthesized from choline through the cytidine 
diphosphate choline pathway.(1) Our laboratory has 
previously demonstrated that Pemt–/– mice fed a 

high-fat diet (HFD) are protected from diet-induced 
obesity and insulin resistance.(2) However, HFD-fed 
Pemt–/– mice also develop nonalcoholic fatty liver dis-
ease (NAFLD), largely due to impairment in very 
low-density lipoprotein (VLDL) secretion associ-
ated with insufficient availability of PC.(2,3) PEMT 
deficiency decreases the hepatic PC:PE molar ratio, 
which impairs membrane integrity and results in 
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endoplasmic reticulum (ER) stress and liver dis-
ease.(2,4-7) Long-term HFD feeding in Pemt–/– mice 
leads to progression of hepatic steatosis into non-
alcoholic steatohepatitis (NASH) and fibrosis.(8) 
Interestingly, these effects can largely be prevented by 
dietary choline supplementation (CS).(2)

The equivalent of the entire hepatic pool of PC is 
secreted into the bile within 24 hours (approximately 
23 mg/day/20g mouse) along with bile acids (BAs) and 
cholesterol.(9,10) Biliary PC is essential for the protec-
tion of cells lining the biliary tree from the cytotoxic 
actions of high concentrations of biliary BA.(11) BAs, 
which are exclusively synthesized from cholesterol in 
the liver, are secreted into bile by the bile salt export 
protein (BSEP; also known as adenosine triphospha-
tase [ATPase] binding cassette subfamily B member 
11 [ABCB11]), PC by the flippase ABCB4/multidrug 
resistance 2 (MDR2), and cholesterol by the ABCG5/
ABCG8 heterodimer.(11,12) ATPase phospholipid 
transporting 8B1 (ATP8B1) maintains phospholipid 
asymmetry of the canalicular membrane that is essen-
tial for hepatobiliary transport. Mutations or defects 
in the above proteins can result in the development of 
cholestasis, which is an impairment in secretion of bile 
and biliary constituents. In humans, mutations in genes 
encoding ATP8B1, BSEP (ABCB11), or ABCB4 
result in progressive familial intrahepatic cholestasis 
(PFIC) types 1, 2, and 3, respectively.(9) BAs are effec-
tively maintained in the enterohepatic circulation, with 
only 5% of BAs lost per cycle in the feces, which is 

the major pathway for cholesterol elimination.(13) BAs 
can activate the farnesoid X receptor (FXR) in both 
the intestine and liver to maintain hepatic BA homeo-
stasis, i.e., decrease hepatic BA synthesis and uptake 
while increasing BA secretion.(14,15)

Although PEMT is present throughout the ER, 
this protein is enriched in portions of the ER that 
are in proximity to the canalicular membrane.(16) 
We previously observed no differences in bile for-
mation between Pemt+/+ and Pemt–/– mice fed a 
chow diet.(17) However, we hypothesized that HFD 
feeding, which decreases hepatic PC content and 
reduces membrane integrity in Pemt–/– mice, might 
attenuate biliary secretion processes and thereby 
induce aspects of cholestasis.(2,5) We report that, 
following HFD feeding, PEMT deficiency indeed 
leads to hallmarks of cholestasis. Dietary choline was 
able to moderately increase hepatic PC availability 
and to both treat and prevent the development of 
cholestasis in HFD-fed Pemt–/– mice. Hence, main-
taining an adequate supply of hepatic PC is critical 
for proper biliary secretion.

Materials and Methods
animals

All procedures were approved by the University 
of Alberta’s Institutional Animal Care Committee 
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in accordance with guidelines of the Canadian 
Council on Animal Care. All animals were exposed 
to a 12-hour light/dark cycle and had free access 
to drinking water. Male Pemt+/+ and Pemt–/– mice 
(backcrossed into C57Bl/6 for seven generations, 
six animals per group), were 8 to 10 weeks old at 
the start of the study. For 2 to 10 weeks, they were 
fed a standard chow diet (No. 5001; LabDiet) or a 
semisynthetic HFD (catalog No. F3282; Bio-Serv, 
Flemington, NJ) that contained 60 kcal% from lard 
and 1.3 g/kg choline chloride. Some mice were fed 
the HFD supplemented with choline chloride (4 g/kg 
diet; Sigma-Aldrich, St Louis, MO) for 10 weeks. A 
different set of Pemt+/+ and Pemt–/– mice were placed 
on the HFD for 6 weeks. At this time, half the ani-
mals were either given the choline-supplemented 
HFD (CSHFD) or continued on the HFD for an 
additional 6 weeks. Body weight was monitored 
weekly during the experiments. Gall bladders were 
cannulated, and bile was collected for 30 minutes as 
described.(18) Tauroursodeoxycholic acid (TUDCA; 
Calbiochem) infusions were performed on Pemt+/+ 
and Pemt–/– mice fed the HFD for 10 weeks as 
described.(18) In short, TUDCA was infused into the 
jugular vein with stepwise increases in infusion rates 
(0-600 nmol/minute; 30 minutes per step), during 
which bile was continuously collected. Animals were 
not fasted prior to collection of blood by cardiac 
puncture. Tissues were collected, snap-frozen in liq-
uid nitrogen, and stored at −80°C until further anal-
yses. Samples for histologic evaluation were fixed 
in formalin and subjected to anti-BSEP antibody 
(PB9414; BosterBio, Pleasanton, CA) staining. For 
electron microscopy, samples were preserved in 3% 
glutaraldehyde and 3% paraformaldehyde in 0.1 M 
sodium cacodylate buffer, stored overnight at 4°C, 
and analyzed the following morning.

analytiC pRoCeDuRes
Hepatic triacyglycerols (TGs) were measured by a 

commercially available kit from Roche Diagnostics. 
Hepatic PC and PE were isolated by thin-layer 
chromatography and quantified by the phosphorous 
assay. Plasma alanine aminotransferase (ALT) activ-
ity was measured using a commercially available kit 
from Biotron Diagnostics. For immunoblotting, liv-
ers were homogenized in buffer (100 mM Tris-HCl, 
150 mM NaCl, 1 mM ethylene diamine tetraacetic 

acid, 1 mM dithiothreitol, and 0.1 mM phenylmeth-
ylsulfonyl fluoride, pH 7.4) containing a protease 
inhibitor cocktail from Sigma-Aldrich (P8340). 
Proteins were transferred to a polyvinylidene diflu-
oride membrane. Membranes were probed with 
CCAAT/-enhancer-binding protein homologous 
protein (CHOP; catalog No. 2895; Cell Signaling, 
Beverly, MA), binding immunoglobulin protein 
(BiP)/78 kDa glucose-regulated protein (GRP78) 
(catalog No. 3183; Cell Signaling), BSEP (catalog 
No. PB9414; Boster), glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH; catalog No. AM4300; 
Ambion), and tubulin (catalog No. T6199; Sigma-
Aldrich). Proteins were visualized by an enhanced 
chemiluminescence system (Amersham Biosciences, 
Piscataway, NJ) and quantified using G:Box 
(Syngene, Cambridge, United Kingdom) software. 
RNA isolation, complementary DNA synthesis, and 
real-time quantitative polymerase chain reaction were 
performed as described.(2) Messenger RNA (mRNA) 
levels were normalized to cyclophilin. Secretion of 
biliary components as well as BA pool composition 
were determined by described methods.(18)

statistiCal analysis
Data were analyzed with GraphPad Prism soft-

ware (GraphPad, La Jolla, CA). All values are means 
± SEM. For comparison of groups, 2-way analysis of 
variance (ANOVA) with Fisher’s least significant dif-
ference (LSD) post hoc test was used. To compare gen-
otypes on the same feeding regimen, a Student t test 
was used. Level of significance of differences was set 
at P < 0.05. All groups were n = 6.

Results
Pemt–/– miCe FeD tHe HFD 
DeVelop nasH

After 10 weeks of HFD feeding, body weight 
was lower in Pemt–/– mice compared to Pemt+/+ mice 
(Supporting Fig. S1A). However, liver weight was 
dramatically elevated in Pemt–/– mice compared to 
Pemt+/+ mice (liver weight, 2.76 g versus 1.24 g, respec-
tively) due to increased hepatic TG accumulation 
(Fig. 1A,B). This steatosis in Pemt–/– mice occurred 
concomitantly with a reduction in the hepatic PC:PE 
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Fig. 1. Pemt–/– mice develop NASH when fed the HFD. Pemt+/+ and Pemt–/– mice were fed the chow diet or the HFD for 10 weeks.  
(A) Hepatic TG mass. (B) Representative hematoxylin and eosin staining of livers of Pemt+/+ and Pemt–/– mice fed either the chow diet 
or the HFD for 10 weeks (magnification ×20). (C) PC:PE molar ratio. (D) Mass of PC and PE. (E) Plasma ALT levels. Values are 
means ± SEM (n = 6 per group). (F) Bip and ER stress-responsive CHOP and densitometry. Values are means ± SEM (n = 4 per group). 
(G) mRNA expression of genes involved in inf lammation (Cd68), fibrosis (Col1a1), and oxidative stress (Nox2). Values are means ± 
SEM (n = 5 per group) and are expressed relative to Pemt+/+ mice fed the chow diet; 2-way ANOVA, followed by Fisher’s LSD post hoc 
test. Values that do not share a letter are significantly different (P < 0.05).
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molar ratio arising from decreased PC and increased 
PE (Fig. 1C,D). Plasma ALT, a marker for liver 
damage, was significantly elevated in Pemt–/– mice 
compared to Pemt+/+ mice (Fig. 1E). These changes 
in hepatic lipids and plasma ALT developed acutely, 
i.e., within 2 weeks of the Pemt–/– mice being fed the 
HFD (Supporting Fig. S2A-E,K).

The amount of CHOP and BiP, markers for 
ER stress, were significantly elevated in HFD-fed 
Pemt–/– mice compared to Pemt+/+ mice (Fig. 1F; 
Supporting Fig. S3). Hepatic mRNA levels of clus-
ters of differentiation (CD) 68 (CD68), collagen 
type I alpha 1 chain (Col1a1), and nicotinamide ade-
nine dinucleotide phosphate, reduced form, oxidase 
(Nox2), which are markers for inflammation, fibro-
sis, and oxidative stress, respectively, were all signifi-
cantly elevated in HFD-fed Pemt–/– mice compared 
to Pemt+/+ mice (Fig. 1G). After 2 weeks of the HFD, 
ER stress, inflammation, and fibrosis were all signifi-
cantly increased in Pemt–/– mice compared to Pemt+/+ 
mice (Supporting Figs. S2F-J and S4A-C). When 
the Pemt–/– mice were fed the chow diet, despite a 
lower hepatic PC:PE molar ratio compared to that in 
Pemt+/+ mice, there were no differences in hepatic TG 
content or liver health between genotypes (Fig. 1B).

HFD-FeD Pemt–/– miCe DeVelop 
CHolestasis

Previous studies have shown that bile flow and 
biliary secretion of BAs, PC, and cholesterol are not 
different between Pemt+/+ mice and Pemt–/– mice fed a 
chow diet.(19) Yet, under HFD-fed conditions, Pemt–/– 
mice had a markedly lower rate of bile flow as well 
as lower biliary secretion rates of BA and PC than 
Pemt+/+ mice (Fig. 2A,B). This impairment in bili-
ary secretion in Pemt–/– mice resulted in a significant 
increase in plasma BA concentrations, indicative of 
cholestasis (Fig. 2C). The impairment in biliary BA 
and PC secretion was not associated with reduced 
biliary cholesterol secretion in Pemt–/– mice (Fig. 2B). 
Although biliary cholesterol secretion is usually cou-
pled to BA and PC secretion, there are conditions 
under which it can be uncoupled.(20-22) Plasma total 
bilirubin, a marker for the onset of cholestasis, was 
significantly higher in Pemt–/– mice than in Pemt+/+ 
mice (Fig. 2D).(23) Pemt–/– mice fed the chow diet or 
the HFD for 2 weeks did not exhibit a reduced bil-
iary BA secretion rate or an elevation in plasma BA 

concentration (Fig. 2A-C; Supporting Fig. S5A-E). 
However, plasma total bilirubin was increased in Pemt–

/– mice after 2 weeks of HFD feeding (Supporting 
Fig. S5F). This indicates an early impairment in bili-
ary elimination of bilirubin, which may suggest early 
signs of the development of cholestasis.

To determine the maximal secretory rates of BA, 
we infused increasing amounts of TUDCA into the 
jugular vein of gallbladder-cannulated Pemt+/+ and 
Pemt–/– mice fed the HFD for 10 weeks. As expected, 
the secretion rates of BAs, PC, and cholesterol were 
increased following TUDCA infusion in Pemt+/+ 
mice. However, these increases were much less pro-
nounced in the Pemt–/– mice (Fig. 2E). Consequently, 
Pemt–/– mice were not able to tolerate the highest rate 
of TUDCA infusion and perished (Fig. 2E).

DeCReaseD HyDRopHoBiCity 
oF tHe Ba pool in 
CHolestatiC Pemt–/– miCe

We also determined the composition of the BA 
pool in Pemt+/+ and Pemt–/– mice fed the HFD for 10 
weeks. The relative plasma concentrations of tauro-β 
muricholic acid, β-muricholic acid, taurocholic acid, 
and TUDCA were higher in Pemt–/– mice than in 
Pemt+/+ mice, whereas the relative amounts of cholic 
acid and ursodeoxycholic acid were lower (Supporting 
Table S1; Supporting Fig. S6). These changes resulted 
in a significant decrease in the hydrophobicity of the 
plasma BA pool in Pemt–/– mice compared to Pemt+/+ 
mice (Fig. 2F). Consequently, this shifted the BA 
pool to a less toxic nature by reducing its detergent 
potency. These changes may represent a compensa-
tory mechanism to reduce BA-induced cytotoxicity in 
Pemt–/– mice.(24,25)

DisRuption oF genes 
inVolVeD in Ba Homeostasis 
in Pemt–/– miCe

When fed a chow diet, the only difference in the 
expression of genes involved in BA homeostasis was 
a slightly higher level of multidrug resistance-associ-
ated protein 2 (Mrp2) mRNA in Pemt–/– mice com-
pared to Pemt+/+ mice (Fig. 3A). After 10 weeks of 
HFD feeding, mRNA levels of hepatic genes related 
to BA synthesis (cytochrome P450 family 8 sub-
family B member 1 [Cyp8b1], Cyp27a1, biliary BA 
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secretion (Abcb11), PC secretion (Abcb4), and BA 
import from the circulation (sodium-taurocholate 
cotransporting polypeptide [Ntcp], organic anion 
cotransporting polypeptide [Oatp1]) were all signifi-
cantly lower in Pemt–/– mice than in Pemt+/+ mice 
(Fig. 3B). mRNA levels of Fxr, the “master regulator” 
of BA homeostasis, and its effector, small heterodi-
mer partner (Shp), were also lower in Pemt–/– mice 
than in Pemt+/+ mice (Fig. 3B).(26) mRNA levels of 
zinc finger protein 36 like 1 (Zfp36l1), an RNA-
binding protein that induces degradation of Cyp7a1 
mRNA, Cyp7a1, and Atp8b1, were not different 
between genotypes (Fig. 3B).(27) Mrp2, Mrp3, and 
Mrp4 encode proteins that mediate alternative path-
ways for the secretion of BA metabolites into bile 

(Mrp2) and blood (Mrp3, Mrp4). Mrp2 and Mrp3 
mRNA levels were significantly lower, whereas those 
of Mrp4 were massively induced in Pemt–/– mice 
compared to Pemt+/+ mice (Fig. 3B).(28) In contrast, 
the mRNA levels of BA homeostatic genes were not 
different between Pemt–/– and Pemt+/+ mice fed the 
HFD for 2 weeks, except for Oatp1 mRNA, which 
was lower in Pemt–/– mice (Supporting Fig. S7).

alteReD Bile CanaliCulus in 
Pemt–/– miCe on tHe HFD

In agreement with Abcb11 mRNA levels, protein 
expression of BSEP was significantly lower in Pemt–/– 
mice after 10 weeks (Fig. 4A; Supporting Fig. S3D,E) 

Fig. 2. Pemt–/– mice develop diet-induced cholestasis. Pemt+/+ and Pemt–/– mice were fed the chow diet or the HFD for 10 weeks. 
(A) Basal biliary bile f low and (B) secretion of BAs, (C) phospholipids, and (D) cholesterol. (E) Plasma BAs and (F) total bilirubin 
concentration. (G) Maximal biliary secretion of BAs, phospholipids, and cholesterol after TUDCA infusion in mice fed the HFD for 
10 weeks. (H) Hydrophobicity of the BA pool after 10 weeks of the HFD. Values are means ± SEM (n = 6 per group); 2-way ANOVA, 
followed by Fisher’s LSD post hoc test. Values that do not share a letter are significantly different (P < 0.05).
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but not 2 weeks of the HFD (Supporting Figs. S4D,E 
and S8). Representative immunohistochemistry slides 
confirmed that the canaliculus of Pemt–/– mice contained 
smaller amounts of BSEP compared to those of Pemt+/+ 
mice (Fig. 4B). Interestingly, visualization of the canalic-
ular membrane, through transmission electron micros-
copy, revealed a marked loss of canalicular structure and 
surface area and widening of the lumen of the HFD-fed 
Pemt–/– mice compared to the Pemt+/+ mice (Fig. 4C).

Cs pReVents tHe 
DeVelopment oF CHolestasis 
in Pemt–/– miCe

Dietary CS has been shown to normalize hepatic 
PC concentrations in Pemt–/– mice to those in wild-
type mice.(29) Pemt–/– mice that were fed the CSHFD 
(3 times normal choline) for 10 weeks did not develop 
hepatic steatosis, and there was no difference between 

hepatic PC levels or body weight between geno-
types fed the same diet (Supporting Figs. S1B and 
S9A,B,G). However, hepatic PE levels were higher, 
and thus the PC:PE ratio was lower in Pemt–/– mice 
than in Pemt+/+ mice (Supporting Fig. S9C,D). 
The CSHFD was also unable to normalize plasma 
ALT levels in Pemt–/– mice to those in Pemt+/+ mice 
(Supporting Fig. S9E). However, CHOP and Bip lev-
els as well as mRNA levels of Cd68, Col1a1, and Nox2 
in Pemt–/– mice were normalized by the CSHFD 
(Supporting Figs. S10A-C and S11A-C).

Dietary supplementation of Pemt–/– mice with cho-
line for 10 weeks normalized plasma BA concentra-
tions, the rate of bile flow, and the amounts of biliary 
components secreted into bile (Fig. 5A-C). Prevention 
of cholestasis occurred concomitant to a normalization 
of hepatic Bsep protein levels (Fig. 5D; Supporting 
Fig. S11D,E). When fed the CSHFD, mRNA lev-
els of BA homeostatic genes were also not different 

Fig. 3. Dysregulation of expression of hepatic genes involved in BA homeostasis in Pemt–/– mice. Hepatic mRNA levels of genes 
involved in BA synthesis, biliary secretion and basolateral import of BAs, biliary secretion of phospholipids, regulators of BA synthesis, 
BA homeostasis, and the alternative pathway of BA secretion into bile and circulation were determined in Pemt+/+ and Pemt–/– mice fed 
(A) chow or (B) the HFD and normalized to cyclophilin mRNA levels. Values are expressed relative to Pemt+/+ mice on the same diet. 
Values are means ± SEM (n = 5 per group). Student t test; *P < 0.05.
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Fig. 4. Loss of canalicular structure and BSEP deficiency in Pemt–/– mice. (A) Representative immunoblot of hepatic BSEP protein 
and quantification in Pemt+/+ and Pemt–/– mice fed the chow diet or the HFD for 10 weeks. Values are means ± SEM (n = 6 per group); 
2-way ANOVA followed by Fisher’s LSD post hoc test. Values that do not share a letter are significantly different (P < 0.05). (B) 
Representative immunohistochemistry (above, magnification ×20; below, magnification ×40) for BSEP. (C) Electron microscopy of 
the canalicular membrane (magnification ×6,000) in livers of Pemt+/+ and Pemt–/– mice fed the HFD for 10 weeks. Arrows outline the 
edge of the canaliculus.
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between genotypes (Supporting Fig. S10D), which 
is likely related to improved liver health (Supporting 
Figs. S9 and S10).

Cs ResolVes CHolestasis 
inDuCeD By tHe HFD in Pemt–/– 
miCe

Because CS was able to prevent cholestasis, we 
hypothesized that it might also treat cholestasis induced 
by the HFD in Pemt–/– mice. Therefore, we fed Pemt+/+ 
and Pemt–/– mice the HFD for 6 weeks. After 6 weeks 
on the HFD, mice of each genotype were split into two 
groups and either continued on the HFD for another 6 
weeks or fed the CSHFD for 6 weeks. As anticipated, 
after 6 and 12 weeks of the HFD, plasma BA concen-
trations were dramatically higher in the Pemt–/– mice 
compared to the Pemt+/+ mice (Fig. 6A). However, sup-
plementation of the HFD with choline after 6 weeks 

of the HFD normalized plasma BA concentrations in 
Pemt–/– mice (Fig. 6A). Concomitant to resolution of 
cholestasis was a marked improvement in liver health in 
Pemt–/– mice. Pemt–/– mice fed the HFD for 12 weeks 
developed hepatic steatosis, which was improved by 
CS (Fig. 6B). mRNA levels of Cd68 and Col1a1 were 
reduced in Pemt–/– mice with CS, and levels of Nox2 
were normalized to Pemt+/+ levels in mice with CS  
(Fig. 6F-H). There were no significant changes in 
hepatic concentrations of PC, PE, or the PC:PE molar 
ratio between the different dietary regimens, although 
the PC:PE molar ratio trended to be modestly increased 
following CS (Fig. 6C-E). Despite the lack of changes in 
steady-state levels of hepatic phospholipids, CS restored 
hepatic BSEP and reduced CHOP levels in Pemt–/– 
mice (Fig. 6I; Supporting Fig. S12A,C,D). Surprisingly, 
Bip levels, another marker of ER stress, were not differ-
ent between genotypes under any dietary condition in 
this experiment (Fig. 6I; Supporting Fig. S12B,D).

Fig. 5. CS prevents cholestasis in Pemt–/– mice. Pemt+/+ and Pemt–/– mice were fed the CSHFD for 10 weeks. (A) Plasma BA 
concentration. (B) Basal biliary bile f low and (C) BA, phospholipid, and cholesterol secretion. (D) Hepatic BSEP protein and 
quantification relative to the amount of tubulin. Values are means ± SEM (n = 6 per group); 2-way ANOVA followed by Fisher’s LSD 
post hoc test. Values that do not share a letter are significantly different (P < 0.05).
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Discussion
Pemt–/– mice that are fed the HFD are protected 

from diet-induced obesity but develop NAFLD, 
which can progress to NASH.(2,4,8) We now show 
that Pemt–/– mice also develop cholestasis when fed 

the HFD. This cholestasis can be both prevented and 
treated by CS. It is interesting to note that the maximal 
biliary secretory rate is approximately 10-fold higher 
than physiologic BA secretion in mice, demonstrating 
an impressive mechanism to prevent BA accumula-
tion. However, decreasing PC availability or altering 

Fig. 6. CS improves liver health and treats cholestasis in Pemt–/– mice. Pemt+/+ and Pemt–/– mice were fed the HFD for 6 weeks and 
either continued on the HFD or the CSHFD for an additional 6 weeks. (A) Plasma BA concentration. (B) Hepatic TG, (C) PC, (D) 
PE, and (E) PC:PE ratio. Values are means ± SEM (n = 6 per group). mRNA expression of hepatic genes involved in (F) inf lammation, 
(G) fibrosis, and (H) oxidative stress. Values are means ± SEM (n = 5 per group). (I) Hepatic BSEP, CHOP, and Bip and quantification 
relative to the amount of GAPDH. Values are means ± SEM (n = 6 per group); two-way ANOVA followed by Fisher’s LSD post-hoc 
test. Values that do not share a letter are significantly different (P < 0.05).
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the membrane phospholipid ratio leads to a reduction 
of the BA secretory capacity and leads to accumula-
tion of BAs in plasma and hepatocytes, which might 
activate hepatic stellate cells, eventually resulting in 
fibrosis.(30)

CHolestasis in Pemt–/– miCe 
mimiCs pFiC1 anD/oR pFiC2

In humans, mutations in the genes encoding 
BSEP or ATP8B1 can result in PFIC2 and PFIC1, 
respectively.(9) Mutations in either gene can also lead 
to the development of benign recurrent intrahepatic 
cholestasis (BRIC) types 1 and 2.(31) Patients with 
BRIC develop bouts of cholestasis with similar symp-
toms to their respective PFIC type but are symptom-
atically normal between recurrences.(31) Clinically, 
patients with PFIC1/2 present with elevated levels of 
plasma BA and ALT as well as severely diminished 
biliary BA secretion and increased portal fibrosis.(9) 
Atp8b1–/– and Bsep–/– mice have altered canalicular 
structure, cholestasis, and elevated plasma BA lev-
els.(32-34) Similar to the Bsep–/– and Atp8b1–/– mice, 
prolonged HFD feeding of Pemt–/– mice leads to 
dramatic elevations in plasma BA concentration and 
impairment of biliary BA secretion, likely due to the 
75% decrease in hepatic BSEP protein as well as the 
loss of canalicular surface area. ATP8B1 is required 
for maintaining lipid asymmetry and the PC:PE ratio 
on the canalicular membrane by flipping PE to the 
inner leaflet of the canalicular membrane. Although 
the mechanism by which the lack of ATP8B1 induces 
cholestasis has not been fully elucidated, it has been 
suggested that loss of lipid asymmetry and PC/PE 
distribution, similar to HFD-fed Pemt–/– mice, reduces 
BA transport across the canalicular membrane and 
leads to the loss of canalicular structure. Our results 
suggest that Pemt–/– mice fed the HFD represent a 
novel model for diet-induced cholestasis that mimics 
aspects of both PFIC2/BRIC2 and PFIC1/BRIC1.

DysRegulation oF genes 
ContRolleD By FXR

Genes involved in BA homeostasis are tightly 
regulated by the nuclear receptor FXR in both the 
liver and the intestine. Under normal conditions, 
high intrahepatic concentrations of BAs activate 
FXR, thereby increasing mRNA levels of Shp; 

decreasing mRNA levels of Cyp7a1, Cyp8b, Ntcp, 
and Oatp1; and increasing that of Abcb11.(15,36) FXR 
activation in the intestine also reduces BA synthe-
sis through the secretion of fibroblast growth factor 
19.(14) FXR activation also increases the mRNA lev-
els of Zfp36l1, thereby inducing degradation of the 
Cyp7a1 transcript.(28) A working model of hepatic 
physiology in Pemt+/+ mice is illustrated in Fig. 7A. 
In contrast, Pemt–/– mice fed the HFD for 10 weeks 
are unable to appropriately regulate the expression 
of genes responsible for BA synthesis and export. 
mRNA levels of Abcb11, Shp, and Fxr are lower and 
Zfp36l1 is unchanged in Pemt–/– mice compared to 
Pemt+/+ mice, indicating an impairment in FXR sig-
naling (Fig. 3B). In agreement, liver-specific FXR-
deficient mice have constitutively lower mRNA 
levels of Abcb11 than wild-type mice, and these lev-
els are not normalized by treatment with an FXR 
agonist.(28,35) In addition, ER stress and oxidative 
stress, both of which are evident in Pemt–/– mice, 
can negatively impact hepatic FXR signaling.(37-40) 
Decreased intestinal BA appearance and elevated 
levels of muricholic acid species, which are known 
to be antagonists for FXR, may also repress FXR 
activation.(41) Besides the reduction in BA trans-
porters, we also observed a reduction in the phos-
pholipid transporter (Abcb4) in Pemt–/– mice after 10 
weeks of the HFD. This could be a mechanism for 
preventing a further decrease in the hepatic PC:PE 
molar ratio to less than 1.0, below which liver fail-
ure rapidly occurs.(5)

HepatiC CHanges 
ContRiButing to 
CHolestasis anD Bsep 
DeFiCienCy

One of the features that is well characterized in 
HFD-fed Pemt–/– mice is the lower hepatic PC:PE 
molar ratio compared to that in Pemt+/+ mice.(2,5,8) 
Alterations in the PC:PE ratio are known to 
negatively impact membrane integrity and liver 
health.(5,7) Pemt–/– mice fed a chow diet have a mild 
reduction in the hepatic PC:PE molar ratio but 
do not develop NAFLD or liver damage (Fig. 1). 
However, after Pemt–/– mice had been fed the HFD 
for 2 weeks, the hepatic PC:PE ratio dropped dra-
matically to approximately 1.05 (approximately 2 in 



Hepatology CommuniCations, Vol. 3, no. 2, 2019 Wan et al.

273

Pemt+/+ mice), and the plasma concentration of ALT, 
a marker of liver damage, increased 7-fold compared 
to that in Pemt+/+ mice (Supporting Fig. S3B,E). This 
dramatic decrease in the hepatic PC:PE molar ratio 
results in a loss of membrane integrity and leads to 
ER stress, which may initiate the onset of cholestasis 
after 2 weeks of HFD feeding. Cholestasis and ER 
stress can both aggravate inflammation, fibrosis, and 
oxidative stress, leading to a further dysregulation 
of FXR-controlled genes. Increased BA levels can 
activate hepatic stellate cells, thereby aggravating 
fibrosis.(30) These changes can promote the severe 

cholestatic phenotype observed when Pemt–/– mice 
were fed the HFD for 10 weeks.

Moreover, we hypothesize that PEMT, which local-
izes close to the canaliculus, is required to maintain 
the canalicular PC:PE molar ratio and PC availability 
(Fig. 7B).(16) PEMT may remove PE, which is flipped 
to the inner canalicular membrane by ATP8B1, to 
offset the continuous loss of PC into bile and also 
produce PC locally for direct delivery to the canalic-
ular membrane. Recent literature reports that Pemt is 
a BA-responsive gene and suggests that PEMT plays 
an important role in maintenance of biliary secretion 
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capacity.(42) Thus, ultimately the decreased PC:PE 
ratio is likely responsible for the loss of canalicular 
structure and contributes to hepatic BSEP deficiency 
in Pemt–/– mice.

DietaRy Cs pReVents anD 
tReats CHolestasis

Interestingly, dietary CS prevented the develop-
ment of cholestasis in the HFD-fed Pemt–/– mice. 
Although CS did not normalize the hepatic PC:PE 
ratio to Pemt+/+ levels, the PC:PE ratios were increased 
to approximately 1.4 after CS compared to approxi-
mately 1.1 after the HFD, which may have been suf-
ficient to improve hepatic membrane integrity and 
function (Fig. 7C). Strikingly, we were also able to 
effectively treat Pemt–/– mice that developed cholesta-
sis on an HFD with dietary CS (Fig. 6A). Although 
it was not significant, treatment with dietary choline 
also increased the PC:PE ratio to approximately 1.4, 
which was sufficient to restore hepatic BSEP protein 
levels and improve liver health. This suggests that 
the canalicular membrane, a major site for phospho-
lipid export, may be sensitive to minute changes in 
the PC:PE balance. Recently, 4-phenylbutyric acid, 
a drug known to alleviate ER stress, has success-
fully treated a case of BRIC2.(43) Interestingly, CS 
reduced ER stress in Pemt–/– mice, which may be an 
additional mechanism by which cholestasis is allevi-
ated. Phospholipid imbalance is the major underlying 
cause in patients with PFIC1 and BRIC1. Because 

there are limited therapies for cholestasis, CS might 
prove to be effective as a potential addition to ther-
apy for these patients with cholestasis.

In conclusion, we have established that PEMT is 
a critical modulator of biliary secretion processes and 
“canalicular health” in mice fed an HFD by main-
taining PC availability. Moreover, the experiments 
revealed that dietary CS might be a novel adjuvant 
therapy for the subset of patients with cholestasis 
who have phospholipid imbalance and/or decreased 
hepatic PC availability.
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