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Two sentence summary of the manuscript:   

Plasmalogens, key structural components of the cell membrane, act as endogenous antioxidants. We  

found that increased hepatic free cholesterol in animals with NASH decreased plasmalogens, thereby  

sensitizing animals to hepatocyte injury and NASH.  
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ABSTRACT Free cholesterol (FC) accumulation in the liver is an important pathogenic mechanism  

of nonalcoholic steatohepatitis (NASH). Plasmalogens, key structural components of the cell  

membrane, act as endogenous antioxidants and are primarily synthesized in the liver. However, the  

role of hepatic plasmalogens in metabolic liver disease is unclear. In this study, we found that hepatic  

levels of docosahexaenoic acid (DHA)-containing plasmalogens, expression of glyceronephosphate  

O-acyltransferase (Gnpat, the rate-limiting enzyme in plasmalogen biosynthesis), and expression of  

Pparα were lower in mice with NASH caused by accumulation of free cholesterol (FC) in the liver.  

Cyclodextrin-induced depletion of FC transactivated ∆-6 desaturase by increasing Srebp2 expression  

in cultured hepatocytes. DHA, the major product of ∆-6 desaturase activation, activated GNPAT,  

thereby explaining the association between high hepatic FC and decreased Gnpat expression. Gnpat  

siRNA treatment significantly decreased Pparα expression in cultured hepatocytes. In addition to  

GNPAT, DHA activated PPARα and increased expression of Pparα and its target genes, suggesting  

that DHA in the DHA-containing plasmalogens contributed to activation of PPARα. Accordingly,  

administration of the plasmalogen precursor alkyl glycerol (AG) prevented hepatic steatosis and  

NASH through a PPARα-dependent increase in fatty acid oxidation. Gnpat+/- mice were more  

susceptible to hepatic lipid accumulation and less responsive to the preventive effect of fluvastatin on  

NASH development, suggesting that endogenous plasmalogens prevent hepatic steatosis and NASH.  

Conclusions: Increased hepatic FC in animals with NASH decreased plasmalogens, thereby  

sensitizing animals to hepatocyte injury and NASH. Our findings uncover a novel link between  

hepatic FC and plasmalogen homeostasis via GNPAT regulation. Further study of AG or other agents  

that increase hepatic plasmalogen levels may identify novel therapeutic strategies against NASH.   
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Plasmalogens are a special group of phospholipids (ether lipids) synthesized in peroxisomes and 

the endoplasmic reticulum and widely distributed in mammalian tissues. Plasmalogens, a key 

structural component of the cell membrane, protect cells from oxidative stress-induced damage(1,2) and 

are highly distributed in nervous tissues. Defects in plasmalogen biosynthesis are related to several 

inherited human diseases. Zellweger syndrome, the most severe disorder of peroxisomal biogenesis, is 

characterized by a lack of functional peroxisomes.(3) This neurodegenerative disorder involves tissue 

accumulation of very long-chain fatty acids and low levels of phosphatidylethanolamine (PE)-

plasmalogen and docosahexaenoic acid (DHA).(1-3) Rhizomelic chondrodysplasia punctata type 1 

(RCDP1) is caused by defects in peroxisomal biogenesis factor 7, which encodes the cytosolic 

receptor for proteins carrying the peroxisomal targeting signal 2, leading to impaired peroxisomal 

import of proteins such as alkylglycerone phosphate synthase (AGPS) and impaired plasmalogen 

biosynthesis.(4) Patients with RCDP1 are characterized by severe mental retardation and various 

degrees of skeletal dysplasia.
(5)

 RCDP type 2 and type 3 are caused by mutations in 

glyceronephosphate O-acyltransferase (GNPAT) and AGPS, respectively, the rate-limiting and first 

two enzymes of plasmalogen synthesis.(4) RCDP type 2 and 3 patients have similar clinical 

presentations to type 1 patients, indicating that the defect in plasmalogens is the main cause of the 

disease presentation.(4) In addition to neurologic diseases,(2,4,6) alterations in plasmalogen levels may 

also be related to metabolic diseases, inflammatory diseases, and cancers.(1,2,7)  

Although the liver is the primary organ involved in plasmalogen synthesis, plasmalogens are 

transported to other tissues via lipoproteins, and the actual levels of hepatic plasmalogens are 

relatively low.
(1)

 However, in Zellweger syndrome, severe hepatic dysfunction, fatty liver, and liver 

cirrhosis are commonly observed,
(8,9)

 suggesting that low plasmalogen levels contribute to liver 

disease in these patients. In addition, a lipidomic study performed in humans showed that plasma 

plasmalogen levels are significantly lower in subjects with nonalcoholic steatohepatitis (NASH).
(10)

 

We thus reasoned that impairment of plasmalogen synthesis in the liver contributes to NASH 

development. 
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In this study, we found that endogenous hepatic plasmalogens protect hepatocytes against lipid  

accumulation and lipid-induced injury. Administration of alkyl glycerol (AG),
(11)

 a precursor of  

plasmalogen, prevented hepatic steatosis and NASH and significantly increased Pparα expression.  

PPARα is a nuclear receptor that stimulates hepatic mitochondrial and peroxisomal fatty acid  

oxidation (FAO) through transcriptional regulation.
(12,13)

 Interestingly, animals with NASH, but not  

those with simple hepatic steatosis, had lower hepatic DHA-containing plasmalogen and expression of  

Gnpat and Pparα.  

Recent studies show that disturbance of hepatic free cholesterol (FC) homeostasis, and  

particularly its trafficking to mitochondria, is a major factor determining progression from simple  

steatosis to NASH.
(14-18)

 In the present study, we found that the hepatic FC level was increased in mice  

exposed to a methionine- and choline-deficient diet (MCDD) or high-fat high-cholesterol diet  

(HFHCD), and that this was associated with decreased expression of Gnpat and Pparα. Together,  

these results suggest that altered hepatic FC metabolism leads to decreased hepatic plasmalogen levels  

and subsequent induction of NASH.  
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Experimental procedures 

Details of the experimental protocols are provided in the Supporting Experimental Procedures. 

 

Animals. All animal use and experiment protocols were approved by the Institutional Animal Care 

and Use Committee of the Asan Institute for Life Sciences, Seoul, Korea. Eight-week-old male 

C57BL/6N mice were fed a normal chow diet (ND; 12% energy from fat), high fat diet (HFD; 60% 

energy from fat, Research Diets, Inc., New Brunswick, NJ), MCDD (Dyets Inc., Bethlehem, PA), or 

HFHCD (60% energy from fat containing 2.5% cholesterol, Dyets)
(19)

 for the indicated times. 

Gnpat-knockout (KO) mice were generated using the transcription activator-like effector 

nuclease method (Supporting Fig. S1).
(20)

 Because Gnpat
-/-

 mice did not survive beyond 2 weeks in 

our colony, Gnpat
+/-

 mice were used for experiments. Founder mice harboring transcription activator-

like effector nuclease-induced mutations were crossed with wild-type (WT) mice. Littermate control 

(Gnpat
+/+

) and Gnpat
+/-

 mice were fed a ND, HFD, or MCDD. To further evaluate the effect of PPARα 

activation on Gnpat
+/-

 mice, Gnpat
+/-

 mice were fed a HFD and treated with fenofibrate (0.1% or 0.5% 

wt/wt; Sigma-Aldrich, St. Louis, MO) for 8 weeks.  

In another set of experiments, fluvastatin (Sigma-Aldrich) and 1-O-octadecyl-rac-glycerol (a 

commercial form of AG; also called batyl alcohol; Sigma-Aldrich) were used to supplement the 

MCDD or HFHCD. After 8 or 12 weeks, mice were fasted for 5 h in the morning and sacrificed. The 

liver tissue was rapidly removed and kept frozen at –70°C for subsequent measurements. 

To demonstrate that the preventive effect of AG is dependent on PPARα activation, the effect of 

AG was examined in PPARα-KO mice. PPARα-KO mice (Stock number: 008154) were obtained 

from Jackson Laboratory (Bar Harbor, Maine). WT mice and PPARα-KO mice were given a MCDD 

with AG for 8 weeks. 

 

Measurement of lipid metabolites. Plasmalogen levels were determined using liquid 

chromatography with a tandem mass spectrometry (LC-MS/MS) system equipped with a 1290 HPLC 

(Agilent, Waldbronn, Germany) and QTRAP 5500 (AB Sciex, Toronto, Canada).  
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Statistical analyses. Where appropriate, results are expressed as the mean ± s.e.m. Differences  

between groups were assessed by a Student’s two-tailed t-test or one-way ANOVA followed by  

Bonferroni post-hoc test. P < 0.05 was considered statistically significant.  

  

Results  

Pparα expression and plasmalogen levels are lower in the liver of MCDD-fed mice. Rodents fed a  

HFD or MCDD are frequently used as valuable models of nonalcoholic fatty liver disease  

(NAFLD).(21,22) Administration of the HFD to C57BL/6N mice for 8 weeks caused mild hepatic  

steatosis without significant inflammation, whereas exposure to the MCDD for 8 weeks caused  

NASH and early fibrosis (Fig. 1A,B; Supporting Fig. S2A). Mice fed a HFD had significantly higher  

body weight and plasma insulin levels than those fed a ND. Conversely, mice fed a MCDD had lower  

body weight and plasma insulin levels than HFD- and ND-fed mice (Supporting Table 1).   

Changes in several metabolic pathways can lead to the development of hepatic steatosis.
(23)

 In the  

present study, the MCDD significantly decreased mRNA expression of enzymes involved in  

mitochondrial and peroxisomal FAO, such as carnitine palmitoyl transferase-1 (Cpt1α), very long- 

chain acyl-CoA dehydrogenase (Vlcad), acyl-CoA oxidase-1 (Acox1), and D-bifunctional protein  

(Dbp1) (Fig. 1C). The MCDD also significantly decreased the expression of Pparα, a nuclear receptor  

that stimulates hepatic mitochondrial and peroxisomal FAO through transcriptional regulation
(12,13)

  

(Fig. 1C). Conversely, HFD feeding increased the expression of sterol regulatory element-binding  

protein-1c (Srebp1c), a key transcription factor for lipogenesis,(23) but did not change the expression of  

Pparα or FAO enzymes (Fig. 1C). These results are in line with previous suggestions that decreased  

Pparα expression and FAO may be important contributors to the development of NASH.(12,13)   

We next measured the expression levels of the plasmalogen biosynthetic enzymes and hepatic  

plasmalogen contents in mice administered the MCDD or HFD. The MCDD significantly decreased  

mRNA expression of Gnpat and Agps (Fig. 1D), whereas HFD feeding did not change expression of  

Gnpat or Agps (Fig. 1D).  
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Most plasmalogens have ethanolamine (PE-plasmalogens) or choline (PC-plasmalogens) in the  

polar head group and are enriched with n-3 or n-6 polyunsaturated fatty acids (PUFAs), such as DHA  

(22:6n-3) or arachidonic acid (AA, 20:4n-6), in the sn-2 position. Representative peaks of DHA- 

containing PC- and PE-plasmalogens in LC-MS/MS are shown in Supporting Fig. S3. MCDD feeding  

increased AA-containing PC-plasmalogen levels but decreased DHA-containing PC- and PE- 

plasmalogens (Fig. 1E). HFD feeding did not affect hepatic plasmalogen levels (Fig. 1E).  

Increased hepatic FC is a major contributor to the development of NASH.
(14-18)

 Indeed, the  

hepatic FC level was significantly increased in MCDD-fed mice, but not in HFD-fed mice (Fig. 1F)  

SREBP-2 is a major transcription factor that promotes cholesterol synthesis and is inhibited by  

intracellular cholesterol.
(24)

 Accordingly, the MCDD, but not HFD, significantly decreased mRNA  

expression of Srebp2 in the liver (Fig. 1C).  

  

Administration of the HFHCD decreases hepatic plasmalogen levels and ∆-6 desaturase  

expression. We next investigated possible reasons for decreased plasmalogen levels and Gnpat  

expression in MCDD-fed but not HFD-fed mice. We hypothesized that increased hepatic FC in  

animals with NASH decreases hepatic plasmalogen levels. To test this hypothesis, we examined  

hepatic plasmalogen levels in mice fed a high-cholesterol diet. In agreement with a recent study,(19)  

administration of a HFHCD containing 2.5% cholesterol for 12 weeks induced NASH in C57BL/6N  

mice (Supporting Fig. S2B and S4). HFHCD-fed mice did not have a greater gain in body weight but  

had significantly higher plasma glucose and insulin levels (Supporting Table 2). Expression of Pparα  

was significantly lower in HFHCD-fed mice and was associated with decreased mitochondrial and  

peroxisomal FAO (Fig. 2A). HFHCD feeding did not increase total cholesterol in plasma but  

significantly increased the hepatic FC level, and decreased mRNA expression of Srebp2 (Fig. 2B).   

Regarding plasmalogen biosynthesis, HFHCD feeding significantly decreased mRNA expression  

of Gnpat but did not change Agps (Fig. 2C). The HFHCD significantly decreased the levels of DHA- 

containing PC- and PE-plasmalogens as well as AA-containing PC-plasmalogens (Fig. 2C).  

An earlier study showed that a high-cholesterol diet decreased the activity of liver ∆-5 and ∆-6  
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desaturases (encoded by Fads1 and Fads2, respectively), which was associated with a decrease in the  

percentages of AA and DHA in total and microsomal liver lipids.
(25)

 Because PUFA composition in  

plasmalogens can be influenced by the activity of ∆-5 and ∆-6 desaturases,(26) we measured the  

expression of these enzymes. As expected, expression of Fads1 and Fads2 was significantly  

decreased in HFHCD-fed mice (Fig. 2D).   

To gain further insight into the molecular hierarchy among ∆-5 and ∆-6 desaturases, GNPAT, and  

PPARα, we tested the effects of siRNAs against ∆-5 and ∆-6 desaturases on the expression of the  

other molecules in AML12 hepatocytes. Interestingly, treatment with siRNA against Fads2, but not  

Fads1, significantly decreased the mRNA expression of Gnpat and Pparα (Fig. 2E). Unlike ∆-5  

desaturase, ∆-6 desaturase is required for DHA synthesis from eicosapentaenoic acid (EPA, 20:5n-3)  

(Supporting Fig. S5).(27) We thus hypothesized that DHA regulates GNPAT. Indeed, DHA increased  

Gnpat expression in cultured hepatocytes in a dose-dependent manner and restored Gnpat expression  

in si-Fads2-treated hepatocytes (Fig. 2F). In addition, DHA increased the promoter activity of Gnpat  

(Fig. 2F). Collectively, these data indicated that DHA transcriptionally activates Gnpat.  

  

Molecular link between higher hepatic FC level and lower Gnpat expression in NASH. We next  

examined the molecular mechanism linking higher hepatic FC and lower Gnpat expression in animals  

with NASH. We observed that the promoter region of Fads2 contained a Srebp2-binding site  

(Supporting Fig. S6). Cyclodextrin, a detergent that depletes cellular cholesterol content by binding  

and extracting cholesterol,(28) significantly increased expression of Srebp2 and Fads2 in cultured  

hepatocytes (Fig. 3A). Cyclodextrin also significantly increased promoter activity of Fads2, and  

siRNA against Srebp2 inhibited the cyclodextrin-mediated increase in the promoter activity of Fads2  

(Fig. 3B). Together, our findings indicated that higher hepatic FC level in animals with NASH  

decreased Srebp2 expression and thereby Fads2 expression, leading to decreased production of DHA  

to decrease GNPAT transcription (Fig. 3C).   

  

GNPAT is upstream of PPARα. Because GNPAT is localized in peroxisomes,
(1)

 we reasoned that  
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Gnpat expression may also be regulated by PPARα. Contrary to our expectations, Pparα siRNA 

(siPparα) treatment did not affect Gnpat gene expression in AML12 hepatocytes (Fig. 4A). Similarly, 

fenofibrate, a PPARα ligand, did not change Gnpat gene expression (Supporting Fig. S7), although it 

significantly increased expression of PPARα target genes. Conversely, Gnpat siRNA (siGnpat) 

treatment significantly decreased Pparα expression (Fig. 4A), and siRNA against Gnpat and Pparα 

significantly decreased expression of Cpt1α, Vlcad, Acox1, and Dbp1 (Fig. 4A). The siGnpat also 

decreased mitochondrial and peroxisomal FAO and significantly increased cell apoptosis (Fig. 4B), 

suggesting that changes in GNPAT are upstream of changes in PPARα signaling. 

 

DHA activates PPARα in hepatocytes. We next examined the mechanism by which changes in 

GNPAT affect PPARα signaling. DHA can be selectively targeted to plasmalogens, and this targeting 

occurs during de novo synthesis of plasmalogens.(29) Because DHA-containing plasmalogens were 

decreased in the liver of animals with NASH (Fig. 1E, Fig. 2C), we reasoned that plasmalogens or 

DHA in DHA-containing plasmalogens may activate PPARα. Therefore, we examined the effect of 

the plasmalogen precursor AG or DHA on the expression and transcriptional activity of PPARα in 

cultured hepatocytes.  

HEPG2 cells were transfected with human PPARα expression plasmid along with PPRE-Luc 

(kindly provided by Dr. S.H. Um, Sungkyunkwan University School of Medicine, Suwon, Korea) and 

PPARα promoter-Luc to assess the effect of DHA on PPARα transcriptional and promoter activity, 

respectively.  

Interestingly, DHA dose-dependently increased mRNA expression of Pparα and its target genes in 

HEPG2 cells (Fig. 4C). DHA also significantly increased both transcriptional and promoter activity of 

PPARα, suggesting regulation of PPARα transcription by PPARα itself.(30) Conversely, AG did not 

change transcriptional and promoter activity of PPARα (Supporting Fig. S8). 

 

Changes in hepatic metabolism in Gnpat-KO mice. We next examined hepatic metabolism of 

Gnpat-KO mice (Supporting Fig. S1). Because homozygous KO animals in our colony did not 
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survive beyond 2 weeks, we examined the metabolic phenotype in Gnpat
+/-

 (heterozygous KO) mice.  

Changes in body weight were similar between Gnpat
+/-

 and WT (Gnpat
+/+

 littermate) mice, but the  

Gnpat+/- mice showed higher levels of plasma glucose and insulin (Supporting Fig. S9), increased  

susceptibility to HFD-induced systemic insulin resistance and adipose tissue inflammation (Ko MS et  

al., unpublished data).   

Gnpat expression in the liver of Gnpat+/- mice was ~50% that of WT mice (Fig. 5A).  

Interestingly, HFD-fed Gnpat
+/-

 mice showed significantly higher lipid accumulation in the liver than  

WT mice (Fig 5B, Supporting Fig. S2C), even though there was no difference in hepatic inflammation.  

On the other hand, no significant differences were noted between WT and Gnpat+/- mice fed the  

MCDD (Fig. 5B).   

Gnpat and Pparα expression differed in WT mice fed HFD or MCDD and was significantly lower  

in the Gnpat+/- mice fed the HFD but not MCDD (Fig 5C, 5D). Hepatic DHA-containing plasmalogen  

levels were significantly lower in HFD-fed Gnpat
+/-

 mice than in WT mice, whereas they were not  

significantly different between MCDD-fed Gnpat+/- and WT mice (Fig. 5C,D).   

Plasmalogens are important for intracellular cholesterol and membrane trafficking.(31,32)  

Therefore, reduced mitochondrial function in Gnpat
+/-

 mice may be due to disruption of the  

mitochondrial network rather than a specific defect in PPARα signaling. We thus examined the  

morphology of mitochondria in the liver of Gnpat+/- mice by electron microscopy, but did not find  

alterations in mitochondrial structure (Supporting Fig. S10).   

We next examined the effect of PPARα activation on hepatic steatosis in HFD-fed Gnpat+/- mice.  

Fenofibrate treatment significantly attenuated hepatic steatosis in HFD-fed Gnpat
+/-

 mice (Fig. 5E,F,  

Supporting Fig. S2C). Taken together, these results suggested that decreased PPARα signaling led to  

hepatic steatosis in HFD-fed Gnpat+/- mice independent of the mitochondrial dysfunction.  

  

Administration of AG prevents NASH. We next examined the effect of the plasmalogen precursor  

AG, which enters the ether lipid synthetic pathway downstream of the peroxisomal pathway and acts  

as a plasmalogen precursor independent of peroxisomal function (Supporting Fig. S11).
(11)

 Treatment  
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with AG in MCDD-fed mice did not change body weight or plasma insulin levels (Supporting Table 

1), but did prevent hepatic steatosis and inflammation (Fig. 6A, Supporting Fig. S12A,B). Relative to 

their untreated counterparts, MCDD-fed mice treated with AG also had significantly higher 

plasmalogen levels (Fig. 6B) and restoration of hepatic mitochondrial and peroxisomal FAO, as well 

as Pparα and target gene expression (Fig. 6C). Interestingly, the preventive effect of AG on hepatic 

steatosis and inflammation was abolished in PPARα-KO mice (Fig. 6D, Supporting Fig. S2D), 

indicating that the preventive effect of plasmalogen on the development of NASH is dependent on 

PPARα activation.  

AG treatment also ameliorated NASH development in HFHCD-fed mice (Supporting Fig. S12C), 

restored mRNA expression of Pparα and enzymes involved in mitochondrial and peroxisomal FAO 

(Supporting Fig. S12D, E) and significantly increased the peroxisomes as estimated by the 

immunofluorescence detection of peroxisomal proteins catalase and PEX14 as described previously 

(Supporting Fig. S13).
(33,34)

 These results are in accordance with a recent study that showed that 

PPARα activation increases peroxisomal biogenesis.(35)  

We next examined several possibilities other than PPARα activation by which AG treatment 

prevents development of NASH. The conversion of cholesterol to bile acids is the predominant 

pathway for cholesterol catabolism.(36) One of the prime functions of peroxisomes is bile acid 

synthesis,(37) and defective bile acid synthesis may cause cholesterol accumulation in hepatocytes. 

Indeed, livers of HFHCD-fed mice contained significantly lower amounts of several bile acid 

subspecies compared to control mice (Supporting Fig. S14A). HFHCD feeding also profoundly 

decreased the expression of cholesterol 7α-hydroxylase (Cyp7a1), the rate-limiting enzyme of bile 

acid synthesis (Supporting Fig. S14B),
(36)

 suggesting that this mechanism may contribute to the 

increased FC levels in these mice. However, AG did not significantly increase bile acids or Cyp7a1 

expression (Supporting Fig. S14). As increased cellular plasmalogen level has been reported to reduce 

cholesterol biosynthesis,
(38)

 we tested whether AG reduces hepatic FC level. However, AG did not 

change the hepatic FC level in MCDD-fed mice (Fig. 6E). Taken together, the data suggest that 

plasmalogens do not protect hepatocytes from injury by increasing bile acid synthesis or decreasing 
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the intracellular FC level. 

Free fatty acids (FFAs) are involved in hepatic inflammation.
(39)

 Because FAO is decreased in the 

liver of MCDD-fed mice, we hypothesized that hepatic FFA levels would be higher in these mice. 

However, hepatic FFA levels were not increased in animals with NASH (Supporting Table 3), in 

agreement with a previous study.
(12) 

Moreover, the level of hepatic ceramide, another important 

lipotoxic metabolite,(39) and the expression of serine palmitoyl transferase-2 (Spt2), the rate-limiting 

enzyme of ceramide biosynthesis, were significantly higher in MCDD-fed mice (Supporting Fig. S15), 

suggesting that increased ceramide levels may be involved in the development of NASH.(39) 

Interestingly, administration of AG did not affect hepatic ceramide levels or Spt2 expression 

(Supporting Fig. S15), suggesting that the effect of plasmalogen is independent of alterations in 

ceramide metabolism. Collectively, these results suggest that AG prevents NASH through activation 

of PPARα signaling. 

 

The preventive effect of fluvastatin on NASH is partially abrogated in GNPAT
+/-

 mice. 

Statins are widely used lipid-lowering drugs that competitively inhibit 3-hydroxy-3-methylglutaryl-

coenzyme A reductase, the rate-limiting enzyme in cholesterol synthesis. Previous studies in animals 

found that statins reversed hepatic FC accumulation and prevented NASH development.(40,41) 

Administration of fluvastatin abolished NASH in MCDD- and HFHCD-fed mice (Fig. 7A-C, 

Supporting Fig. S16). As expected, the increased hepatic FC level in MCDD-fed mice was 

significantly decreased by fluvastatin treatment (Fig. 7D). Fluvastatin significantly increased gene 

expression levels of ∆-6 desaturase, Gnpat, and Pparα, as well as the plasmalogen levels in the liver 

(Fig. 7E,F).  

To further establish the role of endogenous plasmalogens in mediating the effects of fluvastatin, 

we examined the effect of fluvastatin in Gnpat
+/-

 mice fed the MCDD. Even though hepatic FC level 

was decreased by fluvastatin treatment (Fig. 7D), the preventive effect of fluvastatin on the 

development of NASH was partially abrogated in MCDD-fed Gnapt+/- mice (Fig. 7A-C; Supporting 
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Fig. S2E). Moreover, the fluvastatin-induced increases in the plasmalogen levels and expression of  

Gnpat and Pparα were ameliorated in Gnapt+/- mice fed MCDD (Fig. 7E,F).  

  

Discussion  

This study is the first to show the importance of plasmalogens in common hepatic disorders. We  

found that plasmalogens play an important role in fatty acid metabolism in the liver. Administration of  

AG almost completely prevented hepatic steatosis and NASH, and this was associated with  

restoration of the plasmalogen level, Pparα expression, and hepatic mitochondrial and peroxisomal  

FAO. Furthermore, the preventive effect of AG on hepatic steatosis and NASH was abolished in  

PPARα-KO mice, suggesting that hepatic plasmalogens protect against hepatic steatosis and NASH  

through PPARα-dependent activation of FAO (Fig. 8).   

We found distinct changes in the levels of plasmalogen subspecies and Gnpat and Agps  

expression in response to different diets. While DHA-containing PC- and PE-plasmalogen levels were  

decreased by MCDD and HFHCD feeding, the AA-containing PC-plasmalogen level was increased  

by MCDD and decreased by HFHCD. Similarly, MCDD feeding decreased expression of Gnpat and  

Agps, whereas HFHCD feeding decreased Gnpat but not Agps expression. The cause of this  

variability in plasmalogen subspecies and plasmalogen synthetic enzyme levels in response to  

different diets is presently unknown. However, the decrease in Gnpat expression and DHA-containing  

plasmalogen levels in both the MCDD- and HFHCD-fed mice suggests that these molecules  

contribute to the pathogenesis of NASH.   

Mammals have three distinct desaturases: stearoyl CoA desaturase-1 (SCD-1; also called ∆-9  

desaturase) and ∆-5 and ∆-6 desaturases. SCD-1 catalyzes the synthesis of monounsaturated fatty  

acids from saturated fatty acids, whereas ∆-5 and ∆-6 desaturases are required for the synthesis of n-3  

or n-6 PUFA (Supporting Fig. S5).(27) In the present study, siRNA-mediated inhibition of ∆-6  

desaturase decreased Gnpat expression in cultured hepatocytes. However, siRNA-mediated inhibition  

of ∆-5 desaturase did not decrease Gnpat expression. Unlike ∆-5 desaturase, ∆-6 desaturase is  

required for DHA synthesis from EPA (20:5n-3) (Supporting Fig. S5).
(27)

 These findings suggested  
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that DHA regulates Gnpat expression. Indeed, DHA increased Gnpat expression and transcriptionally  

activated GNPAT in cultured hepatocytes.  

Of importance in the present study was that the increased hepatic FC level in animals with  

NASH was associated with decreased Gnpat expression and DHA-containing plasmalogen levels.  

Regarding the molecular mechanism linking higher hepatic FC level and lower Gnpat expression in  

animals with NASH, we found that depletion of cellular cholesterol by cyclodextrin(28) significantly  

increased expression of Srebp2 and Fads2 in cultured hepatocytes. Cyclodextrin also increased  

promoter activity of FADS2 (∆-6 desaturases), and siRNA against Srebp2 inhibited the cyclodextrin- 

mediated increase in the promoter activity of ∆-6 desaturases. Along with the increase of GNPAT  

promoter activity by DHA, higher hepatic FC may decrease Srebp2 expression and thereby Fads2  

expression, which leads to decreased production of DHA and reduced GNPAT transcription.   

Long-chain fatty acids regulate energy metabolism as ligands of PPARs.(42) DHA increases  

hepatic FAO by regulating PPARα
(43)

 and prevents development of NASH in low-density lipoprotein  

receptor (Ldlr)-/- mice.(44) We also found that DHA activated PPARα and increased expression of  

Pparα and its target genes. However, the meaning of this finding in the context of the present study  

needs further consideration (see below).  

Treatment with siGnpat significantly decreased expression of Pparα and its target genes. GNPAT  

does not synthesize DHA or other PUFAs, but previous studies show that DHA can be selectively  

targeted to plasmalogens during their de novo synthesis.
(29)

 Thus DHA in the DHA-containing  

plasmalogens may activate PPARα. We examined the effect of the plasmalogen precursor AG and  

DHA on PPARα activity and found that DHA, but not AG, significantly increased PPARα activity and  

its transcription, suggesting that DHA in the DHA-containing plasmalogens may be presented by a  

lipase reaction to activate PPARα. Indeed, a previous study showed that arachidonic acid is released  

from ethanolamine plasmalogens in macrophages by calcium-independent phospholipase A(2).
(45)

  

However, the role of specific lipases in the release of DHA from DHA-containing plasmalogens in the  

liver is presently unknown.  

Decreased FAO increases intracellular oxidative stress,
(46)

 and decreased Pparα expression may  
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be an important contributor to development of NASH.
(12,13)

 Thus, decreased plasmalogen levels in the  

liver of animals with NASH may decrease PPARα-dependent FAO. In particular, increased hepatic FC  

levels in MCDD- or HFHCD-fed animals may suppress plasmalogen synthesis to limit FAO and  

increase susceptibility to hepatocyte injury. However, plasmalogens can act as endogenous  

antioxidants,
(1,2)

 and additional mechanisms independent of lipid metabolism may also protect  

hepatocytes from injury.  

In this study, administration of fluvastatin ameliorated MCDD- or HFHCD-induced NASH. This  

is in line with previous studies showing that statins decrease the progression of steatohepatitis in  

HFHCD-fed mice,(40) although this has not been proven in human subjects.(47) The reduction in hepatic  

FC level by fluvastatin was associated with increased plasmalogen levels and increased expression of  

Pparα and its target genes in the liver. The fluvastatin-induced increase in the expression of Pparα  

and its target genes was partially abrogated in the Gnpat+/- mice, suggesting that a fluvastatin- 

mediated increase in hepatic plasmalogen ameliorates the development of NASH by activating  

PPARα signaling. However, statins prevent synthesis of isoprenoid intermediates as well as  

cholesterol.(48) In particular, statins cross-talk with PPARα via the isoprenoid pathway.(49) Therefore,  

although fluvastatin treatment clearly decreased hepatic FC levels in the present study, fluvastatin  

may exert its protective role though changes in other metabolites, including isoprenoids. The findings  

that fluvastatin ameliorated NASH in HFHCD-fed mice also suggest that the pleiotropic effect may be  

more important than the cholesterol lowering effect of statins in prevention of NASH. Finally, a recent  

study showed that Pparα expression in human liver decreased with progression of NASH.(50) Future  

studies are warranted to examine whether Gnpat expression is similarly decreased in human subjects  

with NASH.  

 In summary, our results highlight a novel role for plasmalogens in protection against hepatic  

steatosis and NASH via a PPARα-dependent mechanism. AG or other molecules with similar  

properties that increase hepatic plasmalogen levels may serve as scaffolds for the development of new  

therapeutic agents and strategies against NAFLD.  
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Figure legends 

FIG. 1. Pparα expression and the plasmalogen levels in the liver of animal models of nonalcoholic 

fatty liver disease (NAFLD). (A) Representative hematoxylin & eosin (H&E) (top) and Masson’s 

Trichrome (MT) staining (bottom) of livers of mice fed the normal diet (ND), high-fat diet (HFD), 

and methionine- and choline-deficient diet (MCDD) for 8 weeks. Scale bars, 50 µm. (B) Plasma 

alanine aminotransferase (ALT) level. (C) Relative mRNA expression levels of genes responsible for 

inflammation and fibrosis, specifically, Tnfα, Ccl2, Il6, Tgfβ, and α-Sma (encoded by Acta2). (C) 

Relative mRNA expression levels of Pparα and genes involved in mitochondrial and peroxisomal 

FAO, and Srebp1c and Srebp2. (D) Relative mRNA expression levels of Gnpat and Agps. (E) Levels 

of hepatic phosphatidylcholine (PC)- and ethanolamine (PE)-plasmalogens in ND-, HFD-, and 

MCDD-fed mice. (F) Free cholesterol (FC) levels in the liver of mice fed the ND, HFD and MCDD. n 

= 8 each. Data are shown as the mean ± s.e.m. *P < 0.05 versus ND-fed mice; #P < 0.05 versus HFD-

fed mice.  

 

FIG. 2. HFHCD feeding decreases hepatic plasmalogen levels and ∆-6 desaturase (Fads2) gene 

expression. (A) Relative Pparα mRNA expression and FAO in mitochondria and peroxisomes. (B) 

Plasma total cholesterol and hepatic FC levels, and relative mRNA expression of Srebp2. (C) Relative 

gene expression levels of Gnpat and Agps, and hepatic plasmalogen contents. (D) Relative mRNA 

expression levels of Fads1 and Fads2 in HFHCD-fed mice (n = 8 each). Data are shown as the mean 

± s.e.m. *P < 0.05 versus ND-fed mice (E) Relative gene expression levels of Fads1, Fads2, Gnpat, 

and Pparα in siFads1- or siFads2-transfected AML12 hepatocytes (n = 6). (F) DHA restores Gnpat 

expression in siFads2-transfected AML12 hepatocytes, and increases promoter activity of Gnpat (n = 

5). Data are shown as the mean ± s.e.m. *P < 0.05 versus control, #P < 0.05 versus control siRNA 

(siCON), §P < 0.05 versus Fads2 siRNA.  

 

FIG. 3. Molecular link between higher hepatic FC level and lower Gnpat expression in NASH. (A) 
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Effect of cholesterol depletion by cyclodextrin (CDX) on Srebp2 and Fads2 mRNA expression in  

AML12 cells. (B) Cyclodextrin increased FADS2 promoter activity, and knockdown of Srebp2 by  

siRNA inhibited cyclodextrin-induced Fads2 transcription activity. Data are shown as the mean ±  

s.e.m. n = 5 each. 
*
P < 0.05 versus vehicle, 

#
P < 0.05 versus siCON. (C) Schematic flow that explains  

how cholesterol depletion increases GNPAT transcription activity.   

  

FIG. 4. GNPAT regulates Pparα expression. (A) Effects of siRNA-mediated knockdown of Pparα  

(siPparα) and Gnpat (siGnpat) versus control (siCON) in AML12 cells. Relative Pparα and Gnpat  

mRNA expression and FAO-related gene expression. (B) Mitochondrial and peroxisomal FAO  

measured by 
14

C-palmitate oxidation and total cell death in siGnpat-treated cells (n = 6 each). Data  

are shown as the mean ± s.e.m. *P < 0.05 versus siCON. (C) DHA increases Pparα and its target  

genes expression. Data are shown as the mean ± s.e.m. *P < 0.05 versus vehicle. (D) DHA increases  

PPARα transcription activity and promoter activity. Data are shown as the mean ± s.e.m. n = 5 each.  

*P < 0.05 versus vehicle, #P < 0.05 versus vehicle-treated PPARα expression plasmid.   

  

FIG. 5. Changes in hepatic metabolism in Gnpat-knockout (KO) mice. (A) Relative Gnpat mRNA  

expression of whole liver tissue in wild-type (WT; Gnpat+/+ littermates) and Gnpat+/- mice (n = 8). (B)  

Representative H&E staining of the livers of WT and Gnpat+/- mice fed the high-fat diet (HFD, top) or  

methionine- and choline-deficient diet (MCDD, bottom) for 8 weeks. Scale bars, 50 µm. (C,D)  

Relative Gnpat and Pparα mRNA expression (left) and hepatic plasmalogen levels (middle and right)  

in HFD-fed (C) and MCDD-fed (D) WT and Gnpat
+/-

 mice (n = 8 each). Data are shown as the mean  

± s.e.m. 
*
P < 0.05 versus ND-fed WT mice; 

#
P < 0.05 HFD-fed WT versus Gnpat

+/-
 mice. (E)  

Fenofibrate treatment prevented hepatic steatosis in HFD-fed Gnpat+/- mice. WT and Gnpat+/- mice  

were fed a HFD supplemented without or with 0.1% or 0.5% (wt/wt) fenofibrate for 8 weeks (n = 5).  

(F) Fenofibrate treatment increases hepatic mRNA expression of Pparα target genes. *P < 0.05 versus  

HFD-fed WT mice, #P < 0.05 HFD-fed Gnpat+/- mice without Fenofibrate treatment.   
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FIG. 6. Administration of AG prevents steatosis and NASH in MCDD-fed mice. (A) H&E and MT 

staining of the livers of MCDD-fed mice with or without AG supplementation (100 mg/kg/day) for 8 

weeks. Scale bars, 50 µm. (B) Plasmalogen contents in the liver of ND- and MCDD-fed mice with or 

without AG treatment. (C) Mitochondrial and peroxisomal FAO, and relative expression of Pparα and 

its target genes involved in FAO (n = 8). Data are shown as the mean ± s.e.m. *P < 0.05 versus ND-

fed mice; #P < 0.05 versus MCDD-fed mice. (D) Abolishment of the preventive effect of AG on 

hepatic steatosis and inflammation in Pparα-KO mice (n = 5). (E) Hepatic FC is not decreased by AG 

treatment in MCDD-fed mice. Data are shown as the mean ± s.e.m. 
*
P < 0.05 versus ND-fed mice.  

 

FIG. 7. The preventive effect of fluvastatin on NASH is partially abrogated in Gnpat+/- mice. (A) 

Representative H&E and MT staining of the livers of WT mice fed the MCDD, and WT and Gnpat
+/-

 

mice fed MCDD with fluvastatin (15 mg/kg/day), for 8 weeks. Scale bars, 50 µm. (B) Plasma ALT 

levels of WT and Gnpat+/- mice fed the ND and MCDD with or without fluvastatin. (C) Relative Tnfα 

and Ccl2 mRNA expression levels. (D) Liver free cholesterol. (E) Gnpat and Pparα and mRNA 

expression levels. (F) Hepatic plasmalogen levels in each experimental group (n = 8 each). Data are 

shown as the mean ± s.e.m. *P < 0.05 versus ND-fed mice, #P < 0.05 versus MCDD-fed mice, §P < 

0.05 WT versus Gnpat
+/-

 mice.  

 

FIG. 8. Conceptual model for the role of hepatic FC and DHA-plasmalogens in the pathogenesis of 

NASH. (A) HFD increases TG synthesis to induce hepatic steatosis. However, NASH does not 

develop in this model if hepatic FC, plasmalogen levels, and Pparα expression are unaltered. (B) 

MCDD and HFHCD increase hepatic FC, which decreases Srebp2 expression to decrease Fads2 

expression and DHA synthesis. DHA transcriptionally activates GNPAT and PPARα to increase 

plasmalogen synthesis and FAO, respectively. DHA is selectively targeted to plasmalogens during de 

novo synthesis of plasmalogens, and DHA liberated from DHA-containing plasmalogens may be 

responsible for increased PPARα-dependent FAO. Collectively, MCDD and HFHCD increase hepatic 
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FC, which is responsible for decreased hepatic DHA-containing plasmalogens and development of 

NASH. (C) AG treatment increases DHA-plasmalogen levels to activate PPARα-dependent FAO. In 

addition, plasmalogens can act as endogenous antioxidants. Taken together, these mechanisms result 

in the prevention of NASH development.  
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FIG. 1. Pparα expression and the plasmalogen levels in the liver of animal models of nonalcoholic fatty liver 
disease (NAFLD). (A) Representative hematoxylin & eosin (H&E) (top) and Masson’s Trichrome (MT) staining 

(bottom) of livers of mice fed the normal diet (ND), high-fat diet (HFD), and methionine- and choline-

deficient diet (MCDD) for 8 weeks. Scale bars, 50 µm. (B) Plasma alanine aminotransferase (ALT) level. (C) 
Relative mRNA expression levels of genes responsible for inflammation and fibrosis, specifically, Tnfα, Ccl2, 
Il6, Tgfβ, and α-Sma (encoded by Acta2). (C) Relative mRNA expression levels of Pparα and genes involved 

in mitochondrial and peroxisomal FAO, and Srebp1c and Srebp2. (D) Relative mRNA expression levels of 
Gnpat and Agps. (E) Levels of hepatic phosphatidylcholine (PC)- and ethanolamine (PE)-plasmalogens in 
ND-, HFD-, and MCDD-fed mice. (F) Free cholesterol (FC) levels in the liver of mice fed the ND, HFD and 

MCDD. n = 8 each. Data are shown as the mean ± s.e.m. *P < 0.05 versus ND-fed mice; #P < 0.05 versus 
HFD-fed mice.  
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FIG. 2. HFHCD feeding decreases hepatic plasmalogen levels and ∆-6 desaturase (Fads2) gene expression. 
(A) Relative Pparα mRNA expression and FAO in mitochondria and peroxisomes. (B) Plasma total cholesterol 
and hepatic FC levels, and relative mRNA expression of Srebp2. (C) Relative gene expression levels of Gnpat 

and Agps, and hepatic plasmalogen contents. (D) Relative mRNA expression levels of Fads1 and Fads2 in 
HFHCD-fed mice (n = 8 each). Data are shown as the mean ± s.e.m. *P < 0.05 versus ND-fed mice (E) 

Relative gene expression levels of Fads1, Fads2, Gnpat, and Pparα in siFads1- or siFads2-transfected AML12 
hepatocytes (n = 6). (F) DHA restores Gnpat expression in siFads2-transfected AML12 hepatocytes, and 
increases promoter activity of Gnpat (n = 5). Data are shown as the mean ± s.e.m. *P < 0.05 versus 

control, #P < 0.05 versus control siRNA (siCON), §P < 0.05 versus Fads2 siRNA.  
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FIG. 3. Molecular link between higher hepatic FC level and lower Gnpat expression in NASH. (A) Effect of 
cholesterol depletion by cyclodextrin (CDX) on Srebp2 and Fads2 mRNA expression in AML12 cells. (B) 

Cyclodextrin increased FADS2 promoter activity, and knockdown of Srebp2 by siRNA inhibited cyclodextrin-

induced Fads2 transcription activity. Data are shown as the mean ± s.e.m. n = 5 each. *P < 0.05 versus 
vehicle, #P < 0.05 versus siCON. (C) Schematic flow that explains how cholesterol depletion increases 

GNPAT transcription activity.  
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FIG. 4. GNPAT regulates Pparα expression. (A) Effects of siRNA-mediated knockdown of Pparα (siPparα) and 
Gnpat (siGnpat) versus control (siCON) in AML12 cells. Relative Pparα and Gnpat mRNA expression and 

FAO-related gene expression. (B) Mitochondrial and peroxisomal FAO measured by 14C-palmitate oxidation 

and total cell death in siGnpat-treated cells (n = 6 each). Data are shown as the mean ± s.e.m. *P < 0.05 
versus siCON. (C) DHA increases Pparα and its target genes expression. Data are shown as the mean ± 

s.e.m. *P < 0.05 versus vehicle. (D) DHA increases PPARα transcription activity and promoter activity. Data 
are shown as the mean ± s.e.m. n = 5 each. *P < 0.05 versus vehicle, #P < 0.05 versus vehicle-treated 

PPARα expression plasmid.  
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FIG. 5. Changes in hepatic metabolism in Gnpat-knockout (KO) mice. (A) Relative Gnpat mRNA expression 
of whole liver tissue in wild-type (WT; Gnpat+/+ littermates) and Gnpat+/- mice (n = 8). (B) 

Representative H&E staining of the livers of WT and Gnpat+/- mice fed the high-fat diet (HFD, top) or 

methionine- and choline-deficient diet (MCDD, bottom) for 8 weeks. Scale bars, 50 µm. (C,D) Relative Gnpat 
and Pparα mRNA expression (left) and hepatic plasmalogen levels (middle and right) in HFD-fed (C) and 

MCDD-fed (D) WT and Gnpat+/- mice (n = 8 each). Data are shown as the mean ± s.e.m. *P < 0.05 versus 
ND-fed WT mice; #P < 0.05 HFD-fed WT versus Gnpat+/- mice. (E) Fenofibrate treatment prevented 

hepatic steatosis in HFD-fed Gnpat+/- mice. WT and Gnpat+/- mice were fed a HFD supplemented without 
or with 0.1% or 0.5% (wt/wt) fenofibrate for 8 weeks (n = 5). (F) Fenofibrate treatment increases hepatic 
mRNA expression of Pparα target genes. *P < 0.05 versus HFD-fed WT mice, #P < 0.05 HFD-fed Gnpat+/- 

mice without Fenofibrate treatment.  
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FIG. 6. Administration of AG prevents steatosis and NASH in MCDD-fed mice. (A) H&E and MT staining of the 
livers of MCDD-fed mice with or without AG supplementation (100 mg/kg/day) for 8 weeks. Scale bars, 50 
µm. (B) Plasmalogen contents in the liver of ND- and MCDD-fed mice with or without AG treatment. (C) 

Mitochondrial and peroxisomal FAO, and relative expression of Pparα and its target genes involved in FAO (n 
= 8). Data are shown as the mean ± s.e.m. *P < 0.05 versus ND-fed mice; #P < 0.05 versus MCDD-fed 
mice. (D) Abolishment of the preventive effect of AG on hepatic steatosis and inflammation in Pparα-KO 

mice (n = 5). (E) Hepatic FC is not decreased by AG treatment in MCDD-fed mice. Data are shown as the 
mean ± s.e.m. *P < 0.05 versus ND-fed mice.  
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FIG. 7. The preventive effect of fluvastatin on NASH is partially abrogated in Gnpat+/- mice. (A) 
Representative H&E and MT staining of the livers of WT mice fed the MCDD, and WT and Gnpat+/- mice fed 
MCDD with fluvastatin (15 mg/kg/day), for 8 weeks. Scale bars, 50 µm. (B) Plasma ALT levels of WT and 

Gnpat+/- mice fed the ND and MCDD with or without fluvastatin. (C) Relative Tnfα and Ccl2 mRNA 
expression levels. (D) Liver free cholesterol. (E) Gnpat and Pparα and mRNA expression levels. (F) Hepatic 
plasmalogen levels in each experimental group (n = 8 each). Data are shown as the mean ± s.e.m. *P < 

0.05 versus ND-fed mice, #P < 0.05 versus MCDD-fed mice, §P < 0.05 WT versus Gnpat+/- mice.  
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SUPPORTING INFORMATION  

   

Materials and methods  

  

Animals and blood sample. Mice were housed at ambient temperature (22 ± 1°C) with 12:12 h light- 

dark cycles and free access to water and food. After indicated time of diet feeding, mice were fasted  

for 5 h in the morning before they were euthanized. Blood samples were collected for biochemical  

analysis, and stored at −80°C.   

  

Glucose Tolerance Test. Mice were fasted overnight and then administered 1 g/kg glucose  

intraperitoneally (i.p.). Blood was collected before injection and at 15, 30, 60, 90, and 120 min post- 

injection for blood glucose level measurements.  

  

Plasma and liver tissue biochemical assays. Plasma glucose levels were determined using a glucose  

and lactate analyzer (YSI2300; Yellow Springs Instruments, Yellow Springs, OH). Plasma insulin  

levels were measured using radioimmunoassay kits (Linco Research, St. Charles, MO). Plasma ALT  

levels were measured using the IDTox™ Alanine Transaminase Endpoint Assay kit (ID Labs™ Inc.,  

ON, Canada). Plasma total cholesterol (#K603-100; Biovision, CA) and hepatic FC levels (#E1016;  

Applygen, Beijing, China) were measured by enzymatic methods according to the manufacturer’s  

instructions.  

  

Generation of Gnpat-knockout mice. Gnpat-specific TALEN mRNAs (50 ng/µl) were injected into  

the cytoplasm of C57BL/6N mouse eggs and transferred into the oviducts of pseudopregnant foster  

mothers. To evaluate non-specific effects of TALEN, potential off-target sites were predicted as  

previously described,1 and T7E1 assays were performed using genomic DNA samples from F0 mutant  

mice. For routine PCR genotyping of F1 progeny from selected F0 founder mice, the following primer  

pair was designed to amplify a 133 bp PCR product from wild-type (WT) mice and TALEN-induced  
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mutant alleles: forward 5'-TCCTTCTTCA CAGAAAGACC TCA-3' and reverse 5'-GCAGGGAGTG  

ATCCCCCTAT-3' (Supporting Fig. S1A–D).  

  

Measurement of FAO. Liver homogenates (50 μl) were added to reaction media containing 0.2 mM  

palmitate (14C-palmitate at 0.5 μCi/ml). After a 30 min incubation at 30°C, the reaction was quenched  

by the addition of 50 μl of 4 N sulfuric acid. The CO2 produced during the 30 min incubation was  

trapped with 200 μl of 1 N sodium hydroxide. The trapped 14CO2 was determined by liquid  

scintillation counting, and the rate of FAO was normalized to the protein content of each tissue sample.  

The rate of FAO was measured as the rate of 14CO2 generation from 14C palmitate as previously  

described.2 Peroxisomal FAO was determined in the presence of inhibitors of mitochondrial oxidation,  

namely, antimycin A and rotenone (final concentrations, 100 and 12.5 µM, respectively).3  

  

Lipid extraction. Lipids were extracted from 10–20 mg samples of mouse liver using the Folch  

method.4 Internal standards (16:0 D31-18:1 phosphatidylethanolamine for PE-plasmalogens, 18:0  

D70-18:0 phosphatidylcholine for PC-plasmalogens, and heneicosanoic acid for fatty acids) were  

added to the samples before extraction. After lipid extraction, samples were dried using a vacuum  

centrifuge and stored at –20°C until gas chromatography/mass spectroscopy (GC/MS) or liquid  

chromatography with a tandem mass spectrometry (LC-MS/MS) analysis. For plasmalogen analysis,  

dried samples were reconstituted with MeOH and injected into the LC-MS/MS system. Fatty acids  

were derivatized for GC/MS analysis. Fatty acids were methyl-esterified via reaction with BCl3- 

MeOH at 60°C for 30 min.  

  

Measurement of plasmalogen metabolites. Plasmalogen levels were determined using a LC-MS/MS  

system equipped with 1290 HPLC (Agilent, Waldbronn, Germany) and QTRAP 5500 (AB Sciex,  

Toronto, Canada). A reverse-phase column (Zorbax Eclipse C18, 150 × 2.1 mm) was used with  

mobile phase A [10 mM ammonium acetate in MeOH/isopropanol/H2O (900/50/50)] and mobile  

phase B [10 mM ammonium acetate in MeOH/isopropanol/H2O (940/50/10)]. The LC was run at 400  
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µl/min and 35°C with an isocratic condition of 50% B. Multiple reaction monitoring was performed in  

the positive ion mode, and the extracted ion chromatogram corresponding to the specific transition for  

each plasmalogen was used for quantification. The calibration range for each plasmalogen was 0.1– 

1000 nM (r2 ≥ 0.99). Fatty acid methyl esters were analyzed with an Agilent 7890/5975 GCMSD  

system and a HP-5 MS 30 m × 250 μm × 0.25 μm column (Agilent 19091S-433). The initial  

temperature was 50°C and was increased to 120°C at a rate of 10°C/min after a 2 min hold time. The  

temperature was then increased to 250°C at 10°C/min and maintained for 15 min. Finally, a  

temperature of 300°C was used to clean the GC column. A solvent delay of 5 min and scan mode were  

applied. The extracted ion chromatogram corresponding to the specific fatty acid was used for  

quantification.  

  

Measurement of bile acids. Tissue Lyser (Qiagen, Valencia, CA) was used to homogenize ~20 mg of  

mouse liver after adding ~100 μl of 50% MeOH (methanol). Internal standards (20 μl of 1 μM cholic  

acid-d4) and 400 μl of 5% NH4OH in acetonitrile (ACN) were added to the sample. The sample  

solution was incubated for 1 h while shaking, and the supernatant was removed after centrifugation.  

This process was repeated with 200 μl of cold ACN for the remaining pellet. The supernatants were  

combined and dried using a vacuum centrifuge. The dried matter was stored at –20°C until LC- 

MS/MS analysis. Bile acid standards and the internal standard were purchased from Sigma-Aldrich  

and CDN Isotopes.  

Bile acids were determined using a LC-MS/MS system equipped with a 1290 HPLC (Agilent,  

Waldbronn, Germany) and QTRAP5500 (ABSciex, Toronto, Canada). A reverse-phase column  

(Pursuit 5 C18, 150 × 2.1 mm) was used with mobile phase A (7.5 mM ammonium acetate, pH 4,  

using 10 M acetic acid) and mobile phase B (5% ACN in MeOH). The LC was run at 200 µl/min and  

24°C with the following gradient condition: 60–80% B for 0–20 min, 80–90% B for 5 min, 90% B for  

5 min, 90–60% B for 5.1 min, and 60% B for 4.9 min. MRM was performed in the negative ion mode,  

and the extracted ion chromatogram corresponding to the specific transition for each bile acid was  

used for quantification. The calibration range for each plasmalogen was 0.1–10000 nM (r2 ≥ 0.99).   
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Measurement of ceramide Mouse liver (10–20 mg) was homogenized using a TissueLyzer  

instrument (Qiagen), and lipids were extracted using the Folch method. Internal standards [C17  

ceramide, DAG d5-(19:0/0:0/19:0), and 18:1 PC d70] were added before extraction. Samples were  

dried by vacuum centrifugation after lipid extraction and reconstituted with methanol for lipid  

analysis. All lipid standards, including the internal standards, were purchased from Avanti-Polar  

Lipids and Sigma-Aldrich. A LC-MS/MS system equipped with 1290 HPLC (Agilent), Qtrap 5500  

(ABSciex), and a reverse-phase column (Pursuit 5 C18 150 × 2.0 mm) was used. The separation  

gradient for sphingolipids used mobile phase A (5 mM ammonium formate/MeOH/tetrahydrofuran;  

500/200/300) and mobile phase B (5 mM ammonium formate/MeOH/tetrahydrofuran; 100/200/700)  

and proceeded at 200 µl/min and 35°C as follows: 50% of A for 0 min, 50% of A for 5 min, 30% of A  

for 8 min, 30% of A for 15 min, 10% of A for 22 min, 10% of A for 25 min, 50% of A for 25.1 min,  

and 50% of A for 30 min. The selected reaction monitoring mode was used in positive ion mode, and  

the extracted ion chromatogram corresponding to the specific transition for each lipid was used for  

quantification. The calibration range for ceramide was 0.1-1000 nM (r2 ≥ 0.99).   

  

Histological analysis. Liver tissue samples were fixed with 10% neutral buffered formalin and  

embedded in paraffin. Serial sections (5 µm thick) were stained with hematoxylin and eosin (H&E)  

and Masson’s Trichrome (MT). The severities of the hepatic histological changes were assessed and  

scored in a blind manner by experienced pathologists using the NASH-Clinical Research Network  

(CRN) scoring system.5 The steatosis grade was scored according to the degree of parenchymal  

involvement as follows: 0, <5%; 1, 5–33%; 2, 33–66%; and 3, >66%. The steatosis location was  

scored as follows: 0, zone 3 predominant; 1, zone 1 predominant; 2, azonal; and 3, panacinar. The  

lobular inflammation grade was scored according to the number of inflammation foci in the area of a  

×200 microscopic field as follows: 0, no foci; 1, <2 foci; 2, 2–4 foci; and 3, >4 foci. The fibrosis stage  

was scored by the location and density of the fibrosis as follows: 0, none; 1, perisinusoidal or  

periportal fibrosis; 2, perisinusoidal and periportal fibrosis; 3, bridging fibrosis; and 4, cirrhosis.  
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Cell culture. A mouse hepatocyte cell line, AML12, was cultured in Modified Eagle’s  

Medium/Nutrient Mixture F-12 1:1 (Gibco, Grand Island, NY) supplemented with 10% fetal bovine  

serum (Gibco), 5 µg/ml insulin , 5 µg/ml transferrin, 5 ng/ml selenium and 40 ng/ml dexamethasone  

at 37°C in a humidified atmosphere of 5% CO2 and 95% air. Human hepatoma cell line, HEPG2, was  

cultured at 5% CO2/95% air at 37 °C in MEM (Gibco) supplemented with 10% fetal bovine serum  

(FBS, Gibco) and 1 % Penicillin Streptomycin mixtures (Gibco).   

  

Assay for cell apoptosis. Apoptosis was measured using a cell death ELISA plus kit (Roche, IN) that  

measures cytoplasmic histone-associated DNA fragmentation.  

  

Gene expression analysis. Total RNA isolated from each sample was reverse-transcribed, and target  

cDNA levels were quantified by real-time PCR analysis using gene-specific primers (Supporting  

Table S4). The relative expression levels of each gene were normalized to that of 18S rRNA.  

  

siRNA transfection. Transient knockdown assays were performed using DharrmaFECT 1  

(Dharmacon, Lafayette, CO), according to the manufacturer's manual. Gnpat or Pparα. Fads1 (#M- 

064722-00-0005), Fads2 (#M-049816-00-0005), Gnpat (#L-040695-01-0005), Pparα (#M-040740- 

01-0005) and Control (D-001206-13) siRNAs were purchased from Dharmacon, and Srebp2 siRNA  

(#284042) was purchased from Ambion (Carlsbad, CA).  

  

Promoter assay. The mouse Fads2 promoter (#MPRM25216-LvPG04) and mouse Gnpat promoter  

(#MPRM22918-LvPG04) were purchased from Genecopoeia (Maryland, MD). To generate stable  

transfectants, AML12 cells were grown and handled as described above for transient transfection.  

After 96 hours of transfection, the cells were cultured with 2 ug/ml puromycin-containing medium  

and replenished daily initially, then less frequently as non-resistant cells were cleared from the culture.  

To evaluate the effect of SREBP2 on FADS2 promoter activity, Srebp2 or control siRNA was co- 

transfected using DharmaFECT1. After 24 hours of transfection, cells were treated with vehicle or  
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cyclodextrin. To evaluate the effect of DHA on Gnpat promoter activity, Gnpat promoter transfectants 

were treated with vehicle or DHA. After 24 hours, culture media were harvested and analyzed with 

Secrete-Pair™ Gaussia Luciferase Dual Luminescence Assay kits (Genecopoeia), using VICTOR X2 

luminescence luminometer (PerkinElmer, Waltham, MA), according to the manufacturer's instructions. 

Human PPARα expression plasmid, PPAR responsive element (PPRE) binding luciferase plasmid 

(PPRE-Luc) and PPARα promoter plasmid (PPARα-Luc) were kindly provided by Dr. S.H. Um 

(Sungkyunkwan University School of Medicine, Suwon, Korea). For PPRE promoter assay, HepG2 

cells were transfected with PPARα expression plasmids along with PPRE-Luc plasmid and CMV-b-

galactosidase plasmid using Geneporter transfection reagent (Genlantis, San Diego, CA). For PPARα 

promoter assay, HEPG2 cells were transfected with PPARα-Luc plasmid. After 24 hours of 

transfection, cells were treated with vehicle or DHA. After 24 hours of treatment, cells were lysed 

with passive lysis buffer (Promega, Madison, WI). The lysates were analyzed with luciferase activity 

kit (Promega). Data are presented as the mean of at least three independent experiments. 

 

DHA treatment in vitro. DHA (Sigma-Aldrich) was dissolved in ethanol as a 25 mg/ml stock 

solution. BSA (2%) was added to SF media and filtered through a filter unit, and 1% FBS was added 

to the filtered media. A fresh stock of DHA was mixed with media to make the indicated 

concentrations, and the cells were incubated with the DHA-containing media for 24 h.  

 

Transmission electron microscopy. Immediately after removal of the liver from the dissected mice, 

tissues were diced into proper size (1 mm3) and fixed with 2.5% glutaraldehyde and 2% 

paraformaldehyde in sodium cacodylate buffer (pH 7.2) at 4°C. Tissue specimens were then fixed in 1% 

osmium tetroxide (OsO4) for 30 min at 4°C. Dehydration of the fixed tissue was performed using an 

ethanol series (50%, 60%, 70%, 80%, 90%, and 100%) every 20 min, and the tissues were 

subsequently transferred to Spurr medium (Electron Microscopy Science, Hatfield, PA). After 

impregnation with the pure resin, tissue specimens were embedded in the same resin mixture. 

Samples were sectioned (60–70 nm) with an ultramicrotome (Leica UltracutUCT GmbH, Austria) and 
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double-stained with 2% uranyl acetate for 20 min and lead citrate for 10 min. The sections were 

viewed under transmission electron microscopes (JEOL 1200, Japan) at 60 kV. 

 

Immunofluorescence. Phosphate-buffered saline (PBS) was perfused through the left ventricle for 10 

min at room temperature. The fixative consisted of 4% paraformaldehyde. Fresh tissue was 

immediately snap-frozen in isopentane mixed with dry ice and stored at –70°C. The tissue was 

embedded completely in optimal cutting temperature (OCT) compound (Leica Microsystems, 

Bannockburn,) prior to cryostat sectioning. Next, the sections were washed in PBS solution and 

blocked with 2% BSA for 30 min. Afterwards, the sections were incubated with anti-catalase antibody 

(Santa Cruz Biotechnology; Santa Cruz, CA) or anti-PEX14 antibody (GeneTex, Irvine, CA) and 

washed three times (5 min each) in PBS solution. The sections were incubated with anti-goat Alexa 

Flour 555 (Invitrogen Carlsbad, CA) or anti-rabbit Alexa Flour 488 (Invitrogen) conjugated antibody 

in PBS at room temperature in a dark room. After washing in PBS, the slides were incubated with 

DAPI solution for 15 min at room temperature, and the slides were mounted with DAKO mounting 

medium. The slides were analyzed using Carl Zeiss Confocal microscopy (LSM 780). 
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Supporting Table 1. Effect of HFD and MCDD on body weight, liver weight, and plasma 

biochemistry. Mice were given ND, HFD or MCDD for 8 weeks. 

 ND HFD MCDD MCDD + AG 

Body weight (g) 27.1 ± 0.9 41.8 ± 1.2* 17.2 ± 0.4*, # 18.2 ± 0.3*, # 

Liver weight 

/Body weight ratio (%) 
0.035 ± 0.009 0.023 ± 0.009  0.046 ± 0.01*, # 0.036 ± 0.01 

Plasma glucose (mg/dl) 113.5 ± 9.6 178.7 ± 18.7* 70.2 ± 11.6*, # 79.2 ± 11.1*, # 

Plasma insulin (ng/ml) 0.46 ± 0.03 1.45 ± 0.21** 0.27 ± 0.01*, # 0.25 ± 0.03*, # 

Data are represented as the mean ± SEM of n = 8 mice per group. *P < 0.05, **P < 0.01, versus ND-

fed mice; #P < 0.05 versus HFD-fed mice. 
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Supporting Table 2. Effect of a HFHCD on body weight, liver weight, and plasma biochemistry. 

Mice were given ND or HFHCD for 12 weeks. 

 ND HFHCD 

Body weight (g) 29.8 ± 2.2 26.8 ± 1.5 

Liver weight/Body weight 

ratio (%) 
0.038 ± 0.01 0.106 ± 0.01*  

Plasma glucose (mg/dl) 69.5 ± 9.6 298.7 ± 18.7* 

Plasma insulin (ng/ml) 0.21± 0.07 2.48 ± 0.41* 

Data are represented as the mean ± SEM of n = 8 mice per group. *P < 0.05 versus ND-fed mice. 
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Supporting Table 3. Hepatic FFA composition in mice fed a MCDD with or without AG 

treatment. There were no significant differences in the levels of each FFA subspecies among ND, 

MCDD, and MCDD + AG groups. 

FFA composition ND MCDD MCDD + AG  

C14:0 0.07 ± 0.01 0.09 ± 0.01 0.08 ± 0.00 

C16:1 0.15 ± 0.03 0.12 ± 0.00 0.10 ± 0.01 

C16:0 1.04 ± 0.08 1.11 ± 0.05 1.02 ± 0.09 

C18:2n6c 0.83 ± 0.10 1.13 ± 0.07 1.07 ± 0.15 

C18:1n9c 0.52 ± 0.07 0.93 ± 0.03 0.86 ± 0.13 

C18:0 0.56 ± 0.02 0.73 ± 0.03 0.67 ± 0.03 

C20:4n6 0.40 ± 0.02 0.57 ± 0.03 0.48 ± 0.03 

C20:5n3 0.04 ± 0.00 0.04 ± 0.00 0.04 ± 0.00 

C21:0  0.04 ± 0.00 0.04 ± 0.00 0.04 ± 0.00 

C22:6n3 0.33 ± 0.02 0.38 ± 0.04 0.39 ± 0.04 
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Supporting Table 4. Primer pairs used for real-time PCR analysis.  

Gene Mouse primer sequences 

Tnfα 
Forward 5'-AGCCCCCAGTCTGTATCCTT-3' 

Reverse 5'-CTCCCTTTGCAGAACTCAGG-3' 

Ccl2 
Forward 5'-GCATCCACGTGTTGGCTCAG-3' 

Reverse 5'-TGGACCCATTCCTTCTTGGG-3' 

Il6 
Forward 5'-ACTCCAGAAGACCAGAGGAAAT-3' 

Reverse 5'-CCAGAGATACAAAGAAATGATGG-3' 

Tgfβ 
Forward 5'-TATAGCAACAATTCCTGGCG-3' 

Reverse 5'-CCTGTATTCCGTCTCCTTG-3' 

Acta2 

(α-SMA) 

Forward 5'-ACTGGGACGACATGGAAAAG-3' 

Reverse 5'-GTTCAGTGGTGCCTCTGTCA-3' 

Cpt1α 
Forward 5'-TGGCCGCATGTCAAGCCAGA-3' 

Reverse 5'-AGGAGAGCAGCACCTTCAGCGA-3' 

Vlcad 
Forward TGCTCTGTGATAGCTGGTGC 

Reverse GGCCTTGGAGATGCTTCTGA 

Acox1 
Forward 5'-CACGCACATCTTGGATGGTAGTCCG-3' 

Reverse 5'-ACGCTGGCTTCGAGTGAGGAAGTTA-3' 

Dbp1 
Forward 5'-ACGCCCTGGCGTTTGCAGAA-3' 

Reverse 5'-TGGCCACTGCTTTTCCGCCT-3' 

Pparα 
Forward 5'-AGAGCCCCATCTGTCCTCTC-3' 

Reverse 5'-ACTGGTAGTCTGCAAAACCAAA-3' 

Srebp1c 
Forward 5'-CTGGGGGTGAGACAGGGGAC-3' 

Reverse 5'-GATGGTGGAGGGGACAAGGG-3' 

Gnpat 
Forward 5'-CGGGTTCCTGCTTTGGCCTG-3' 

Reverse 5'-CCGTTGACCACTTGTGACCT-3' 

Agps Forward 5'-AGGGGAGTTCAGTTCGCACC-3' 
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Reverse 5'-CTCTCTAGCAGCTGCCTCAG-3' 

Fads1 

(Δ5-desaturase) 

Forward 5'-CATCAGCCACTACGCGGGTC-3' 

Reverse 5'-CGGAGCCAGCTCTCCAATCA-3' 

Fads2 

(Δ6-desaturase) 

Forward 5'-CAATGACTGGTTCAGCGGGC-3' 

Reverse 5'-TCAGCAACGGCTTCTCCTGG-3' 

Spt2 Forward 5'-AGCTTCGGTGCTTCAGGAGG-3' 

 Reverse 5'- TCCATCACAGGCGGTGACAT-3' 

Srebp2 Forward 5'-GCAGCAACGGGACCATTCT-3' 

 Reverse 5'-CCCCATGACTAAGTCCTTCAACT-3' 

Cyp7a1 Forward 5'-GGGATTGCTGTGGTAGTGAGC-3' 

 Reverse 5'-GGTATGGAATCAACCCGTTGTC-3' 

Fabp1 Forward 5'-ATGAACTTCTCCGGCAAGTACC-3' 

                     Reverse 5'-CTGACACCCCCTTGATGTCC-3' 

               

Gene Human primer sequences 

Acox1 Forward     5'-TGGCATCGCTGACCCTGATG-3' 

                   Reverse     5'-TGGTGAAGCAAGGTGGGCAG-3' 

Cpt1α Forward     5'-TATGGTGCCTCTTCGGTGGC-3' 

                     Reverse     5'-GCTCCAGTGGATCCCGCTCT-3' 

Ppar α Forward     5'-TCACCACAGTAGCTTGGAGC-3' 

                     Reverse     5'-GGAACTCTTCAGATAACGGGCT-3' 
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Supporting figure legends  

Supporting Figure 1. Generation of Gnpat mutant mice using TALEN. (A) The target region of  

TALEN in the mouse Gnpat locus. The colored sequence indicates Gnpat TALEN-binding sites. (B)  

DNA sequences of the Gnpat locus from selected F0 mice were identified by PCR analysis. “-”  

denotes a deleted nucleotide. (C) Germ-line transmission of TALEN-induced Gnpat mutant alleles. (D)  

Off-target cleavage was not detected in selected founder mice. Founder mice harboring TALEN- 

induced mutations were crossed with WT mice, and the genotypes of their F1 progeny were  

determined by PCR genotyping. M, marker DNA.  

  

Supporting Figure 2. Severity scores of hepatic steatosis, inflammation, and fibrosis according to the  

NASH-Clinical Research Network (CRN) scoring system. (A) HFD vs. MCDD. *P < 0.05 versus  

HFD-fed mice. (B) HFHCD. (C) HFD-fed Gnpat+/- mice with or without Fenofibrate treatment. *P <  

0.05 versus HFD-fed WT mice; #P < 0.05 versus HFD-fed Gnpat+/- mice without Fenofibrate  

treatment. (D) MCDD-fed WT and PPARα-KO given AG. *P < 0.05 versus ND-fed mice. (E) WT  

and MCDD-fed Gnpat+/- mice given Fluvastatin. #P < 0.05 versus MCDD-fed mice; §P < 0.05 WT  

versus Gnpat+/- mice. Data are shown as the mean ± s.e.m. (n = 5-8).  

  

Supporting Figure 3. Tandem mass spectra of plasmalogens. (A,B) Tandem mass spectra of  

18:0_22:6 phosphatidylcholine (PC)-plasmalogen (A) and 18:0_22:6 phosphatidylethanolamine (PE)- 

plasmalogen (B). The molecular ion and its diagnostic fragment ion specific for each plasmalogen are  

shown with their chemical structures. Extracted ion chromatogram of hepatic plasmalogens measured  

by liquid chromatography with tandem mass spectroscopy (LC-MS/MS). The numbers 818.3 > 184.0  

and 776.4 > 385.1 indicate a molecular ion and its diagnostic fragment ion for 18:0_22:6 PC- and  

18:0_22:6 PE-plasmalogens, respectively. The shaded area is specific to each plasmalogen, when  

considering the LC retention time and multiple reaction monitoring transition, and was used for  

quantification.  
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Supporting Figure 4. HFHCD feeding induces NASH in mice. (A) Representative H&E and MT  

staining of the livers of mice fed the normal diet (ND) or HFHCD for 12 weeks. Scale bars, 50 μm. (B)  

Relative mRNA expression levels of genes responsible for inflammation and fibrosis, (C) Liver TG  

levels, and (D) Plasma ALT levels. Data are shown as the mean ± s.e.m. *P < 0.05 versus ND-fed  

mice (n = 8).  

  

Supporting Figure 5. Schematic diagram of the synthetic pathway of n-6 and n-3 PUFAs. AA,  

arachidonic acid; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid.   

  

Supporting Figure 6. SREBP2-binding site on the Δ-6-desaturase promoter. Sequence analysis of  

−466 to −377 bp region of Δ-6-desaturase promoter by the MatInspector program (Genomatrix,  

Munich, Germany) identified candidate transcription factor binding sites, including SREBP-binding  

sequences.   

  

Supporting Figure 7. Expression of Gnpat, and PPARα target genes in fenofibrate-treated  

AML12 cells. AML12 hepatocytes were treated with fenofibrate for 2 h at the indicated doses. (A)  

mRNA expression of Gnpat (A) and Pparα target genes (B). Data are shown as the mean ± s.e.m. *P <  

0.05 versus vehicle (n = 5).   

  

Supporting Figure 8. AG does not increase Pparα transcriptional and promoter activity. HEPG2  

cells were transfected with human PPARα expression plasmid along with PPRE-Luc (left panel).  

HEPG2 cells were transfected with PPARα promoter-Luc (right panel). After 24 hours of transfection,  

cells were treated with vehicle or AG for 24 hours.  

  

Supporting Figure 9. Deficiency of Gnpat exacerbates HFD-induced systemic insulin resistance  

in mice. (A) Body weight gain of Gnpat+/- mice fed a ND or a HFD for 8 weeks was comparable with  

that of WT mice. (B-C) Plasma glucose, insulin, and intraperitoneal glucose tolerance test (IPGTT).  
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*P < 0.05 versus ND; #P < 0.05 versus WT fed a HFD (n = 6).  

  

Supporting Figure 10. Electron microscopy of mitochondrial morphology in Gnpat+/- mice. N:  

nucleus, black arrow: peroxisome, size bar: 1 µM.   

  

Supporting Figure 11. Schematic diagram of the biosynthetic pathway of plasmalogens. DHAP,  

dihydroxyacetone phosphate; G3P, glycerol-3-phosphate.   

  

Supporting Figure 12. Administration of AG prevents steatosis and NASH in MCDD- and  

HFHCD-fed mice. (A) Liver triglyceride levels, plasma ALT levels. (B) Relative mRNA expression  

of genes responsible for inflammation and fibrosis in mice given MCDD and AG. (C-D) AG  

treatment prevents NASH in HFHCD-fed mice. *P < 0.05 versus normal diet (ND), #P < 0.05 versus  

MCDD or HFHCD (n = 6 each).  

  

Supporting Figure 13. AG treatment reverses depletion of peroxisomes in HFHCD-fed mice.  

Livers were fixed, permeabilized with PBS containing 0.5% Triton X-100, and examined using  

immunofluorescence staining with antibodies to catalase or PEX14. X 400.  

  

Supporting Figure 14. Hepatic bile acid levels are decreased in HFHCD-fed mice, but AG  

treatment fail to recover them. (A) deoxycholic acid (DCA), hyodeoxycholic acid (HDCA),  

chenodeoxycholic acid (CDCA), ursodeoxycholic acid (UDCA), taurocholic acid (TCA), cholic acid  

(CA), and muricholic acid (Ώ/α- and β-MCA). (B) mRNA expression of Cyp7a1 in the liver. *P <  

0.05 versus ND-fed mice (n = 6 each).   

  

Supporting Figure 15. Effect of MCDD and AG treatment on hepatic ceramide levels and the  

expression of Spt2. (A) Liver ceramide levels as determined by liquid chromatography with  

LC/MS/MS. (B) Expression of mRNAs encoding Spt2. Data are shown as the mean ± s.e.m. *P <  
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0.05 versus ND-fed mice (n = 6 each). 

 

Supporting Figure 16. Fluvastatin prevents HFHCD-induced hepatic steatosis and inflammation. 

Fluvastatin (7.5 mg/kg) was administrated with a HFHCD for 12 weeks. (A) H&E and MT staining. 

(B) mRNA expression of genes responsible for inflammation and fibrosis, specifically Tnfα, Ccl2, Il6, 

Tgfβ, and α-SMA (encoded by Acta2). (C) mRNA expression of Pparα and its target genes. Data are 

shown as the mean ± s.e.m. *P < 0.05 versus ND-fed mice; #P < 0.05 versus HFHCD-fed mice (n = 6). 

 

 

Page 55 of 69

Hepatology

Hepatology

This article is protected by copyright. All rights reserved.



Page 56 of 69

Hepatology

Hepatology

This article is protected by copyright. All rights reserved.



Page 57 of 69

Hepatology

Hepatology

This article is protected by copyright. All rights reserved.



Page 58 of 69

Hepatology

Hepatology

This article is protected by copyright. All rights reserved.



Page 59 of 69

Hepatology

Hepatology

This article is protected by copyright. All rights reserved.



Page 60 of 69

Hepatology

Hepatology

This article is protected by copyright. All rights reserved.



Page 61 of 69

Hepatology

Hepatology

This article is protected by copyright. All rights reserved.



Page 62 of 69

Hepatology

Hepatology

This article is protected by copyright. All rights reserved.



Page 63 of 69

Hepatology

Hepatology

This article is protected by copyright. All rights reserved.



Page 64 of 69

Hepatology

Hepatology

This article is protected by copyright. All rights reserved.



Page 65 of 69

Hepatology

Hepatology

This article is protected by copyright. All rights reserved.



Page 66 of 69

Hepatology

Hepatology

This article is protected by copyright. All rights reserved.



Page 67 of 69

Hepatology

Hepatology

This article is protected by copyright. All rights reserved.



Page 68 of 69

Hepatology

Hepatology

This article is protected by copyright. All rights reserved.



Page 69 of 69

Hepatology

Hepatology

This article is protected by copyright. All rights reserved.



Page 70 of 69

Hepatology

Hepatology

This article is protected by copyright. All rights reserved.



Page 71 of 69

Hepatology

Hepatology

This article is protected by copyright. All rights reserved.




