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Metabolic disease is plaguing millions of US citizens and 
has placed a heavy financial burden on the US healthcare 
system. One such pathology is nonalcoholic fatty liver dis-
ease (NAFLD), the hepatic manifestation of metabolic syn-
drome. NAFLD is a spectrum disorder that ranges from 
simple steatosis to nonalcoholic steatohepatitis (NASH), a 
state of heightened liver inflammation, cellular injury, and 
fibrosis (1). The National Institutes of Health report that 
30–40% of US adults have NAFLD and 3–12% suffer from 
NASH, conditions which track with insulin resistance and 
increase the risk of cirrhosis, liver cancer, and cardiovascu-
lar disease. Despite its significance, the underlying molecu-
lar mechanisms that control NAFLD progression to NASH 
remain poorly understood, and there are currently no 
FDA-approved pharmacotherapies for NAFLD or NASH.
Mitochondrial dysregulation is a core feature of NAFLD. 

Recent work has implemented isotope-based flux analysis 
to probe liver mitochondrial metabolism and its linkage to 
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Western diet (WD). Hyperphagic melanocortin-4 receptor-
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summary, VitE did not limit NASH pathogenesis in geneti-
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glucose production in the pathogenesis of fatty liver disease 
(2–4). From this research, it is evident that lipid oversupply 
to the liver can increase citric acid cycle (CAC) activity and 
gluconeogenesis in vivo. A rational explanation for the lat-
ter is that products of fatty acid -oxidation support glu-
cose synthesis through enzymatic regulation of pyruvate 
carboxylation and dehydrogenation (5–10). The activation 
of CAC metabolism may be linked to abnormalities in liver 
ATP homeostasis observed in insulin resistance (11, 12) 
and NASH (13). In these conditions, increased energy de-
mand, impaired -oxidation, and/or inefficiencies in elec-
tron transport may place a greater demand on the CAC for 
NADH and flavin adenine dinucleotide hydroquinone 
(FADH2) generation (2–4).
More recently, substrate-supported and uncoupled mito-

chondrial respiration was found to be elevated in liver bi-
opsies from obese patients with and without NAFLD. In 
contrast, biopsies from patients with NASH exhibited a 
blunted mitochondrial respiratory response. The impair-
ment in respiratory capacity was associated with a reduction 
in antioxidant defenses and increased oxidative damage, 
leading the authors to conclude that certain protective 
metabolic adaptations that occur in NAFLD are subse-
quently lost in NASH (14). While these results powerfully 
characterize the state of liver mitochondrial function in 
obese NAFLD and NASH patients, they do not assess how 
liver intermediary metabolism adapts to the progression 
from NAFLD to NASH when situated in the often redun-
dant and cross-regulatory in vivo milieu. Furthermore, 
such comparisons can be confounded by the gradual loss 
of mitochondrial function that occurs due to the aging pro-
cess if the study cohorts are not age-matched.
The progression from NAFLD to NASH, along with its 

associated metabolic dysfunction, may also be sensitive to 
the composition of fatty acids supplied from exogenous 
sources (e.g., diet composition) (15). For example, intrave-
nous lipid infusions in rats cause an ER stress response in 
the liver that varies with the saturation of the lipid emul-
sion (16). In obese nondiabetic human subjects, enteral 
delivery of palm oil impairs insulin-mediated reductions in 
glucose production compared with safflower oil (17). These 
results are consistent with in vitro work demonstrating that 
palmitate administration increases glutamine anaplerosis, 
CAC activity, ER stress, and apoptosis through a Ca2+-de-
pendent mechanism (18–20), whereas coadministration of 
oleate rescues hepatocytes from palmitate-induced lipotox-
icity and associated metabolic alterations (21). In obesity, 
the ER exhibits an increase in monounsaturated lipid 
species, a decrease in polyunsaturated lipid species, dis-
rupted Ca2+ homeostasis, and increased ER stress (22). Thus, 
diet-induced perturbations to liver lipid composition may 
indirectly promote metabolic dysregulation through mech-
anisms involving loss of ER membrane function and Ca2+ 
handling, in addition to the direct effects of dietary lipids 
to supply fuel to liver mitochondria.
Overactive hepatic metabolism in response to lipid over-

load also associates with increased oxidative demand and 
accumulation of reactive oxygen species (ROS) in vitro 
(18, 19) and in vivo (2). In NASH, increased oxidative 

stress and limitations to antioxidant capacity (14) may pro-
mote liver inflammation, fibrosis, and apoptosis (23). These 
observations have led some to evaluate the efficacy of the 
antioxidant vitamin E (VitE), a lipid-soluble peroxyl-radical 
scavenger, in the treatment or prophylaxis of NAFLD/
NASH in rodents (24–26) and humans (27, 28). The PIVENS 
trial (27) concluded that VitE treatment of adults without 
diabetes resulted in a significantly higher rate of improve-
ment in NASH compared with placebo. However, VitE did 
not have similar efficacy in a recent clinical trial of patients 
with type 2 diabetes (29).
Given the uncertainties surrounding the role of dysregu-

lated hepatic oxidative metabolism in promoting the pro-
gression from NAFLD to NASH, we designed a study to 
examine the impacts of diet composition and VitE treat-
ment on fatty liver phenotypes using an obese mouse 
model that has been previously shown to rapidly and spon-
taneously develop characteristics of human NASH upon 
Western diet (WD) feeding. The studies described herein 
addressed three central metabolic questions in vivo: 1) how 
does the overconsumption of a WD high in saturated fat, 
cholesterol, and sucrose impact liver lipid composition and 
markers of NAFLD/NASH; 2) how does liver glucose and 
oxidative metabolism change in response to worsening 
steatotic liver disease; and 3) are these phenotypes resolved 
through increased dietary supply of VitE? These questions 
were tested in age-matched, hyperphagic, male mice defi-
cient in the melanocortin-4 receptor (MC4R/), which 
are reported to develop simple steatosis when fed a stan-
dard chow diet and NASH when fed a WD (30, 31). Mice 
were maintained on chow or switched to WD for 8 or 20 
weeks to amplify liver disease severity. Static characteristics 
of WD-mediated liver injury and lipid profiles were mea-
sured alongside in vivo rates of hepatic CAC, anaplerosis, 
and gluconeogenesis fluxes in all groups. This design al-
lowed us to capture the impact of WD on in vivo NASH 
pathogenesis in the presence (WD for 20 weeks) and ab-
sence (WD for 8 weeks) of gains in body weight and adipos-
ity. Additional cohorts of mice were fed the same diets 
(chow, 8 weeks WD, or 20 weeks WD) supplemented with 
VitE to examine whether NASH severity could be reduced 
through elevated dietary intake of a lipid-soluble antioxidant.

MATERIALS AND METHODS

In vivo procedures in the mouse
All procedures were performed with approval from the Vander-

bilt Animal Care and Use Committee. All studies were performed 
on 28-week-old male MC4R/ mice; parental breeders were 
generously provided by the Roger D. Cone laboratory (32). Mice 
were given ad libitum access to diets and water and maintained on 
a 12:12 h light-dark cycle in a temperature- (23°C) and humidity-
stable environment. After weaning, mice were provided a stan-
dard chow diet (5L0D, 29% protein, 58% carbohydrates, 13% fat 
by caloric contribution; LabDiet, St. Louis, MO). At 8 weeks of age, 
some mice were switched to WD (D12079B, 17% protein, 43% 
carbohydrates, and 40% fat by caloric contribution; Research Diets 
Inc., New Brunswick, NJ) or WD+VitE (supplemented to 500 IU/kg 
dl--tocopherol acetate, a roughly 10-fold higher concentration 
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than in D12079B) for 20 weeks. Others were maintained on chow 
until 20 weeks of age, when they were switched to chow+VitE 
(5L0D supplemented to 500 IU/kg), WD, or WD+VitE for 8 
weeks. Overall, six groups were utilized for the studies presented 
here: chow, chow+VitE (for 8 weeks), WD for 8 weeks, WD+VitE 
for 8 weeks, WD for 20 weeks, and WD+VitE for 20 weeks (Fig. 1A). 
Dietary VitE supplementation was based on prior measurements 
of food consumption reported for MC4R/ mice (32); VitE in-
take was estimated to be 2.5 IU/mouse/day when diets were 
supplemented to 500 IU/kg. Measurements of liver -tocopherol 
concentrations produced by each diet are presented in Fig. 1B.
Indwelling catheters were surgically implanted in the jugular 

vein and carotid artery 1 week prior to experimentation for in-
fusing and sampling, respectively, as previously described (33). In 
vivo studies were performed similarly to those described in detail 
elsewhere in long-term-fasted (20 h) mice, with minor modifica-
tions (34). Briefly, mice received an intravenous primed (440 
mol/kg) continuous (4.4 mol/kg/min) infusion of [6,6-2H2]
glucose and a bolus of 2H2O to enrich body water to 4.5% (abbre-
viated collectively as 2H). Two hours later, mice received a primed 
(1.1 mmol/kg) continuous (0.055 mmol/kg/min) infusion of 
sodium [13C3]propionate (Cambridge Isotope Laboratories, 
Tewksbury, MA). Isotopes were delivered over an 4.5 h time 
course, as previously described (34), and plasma glucose samples 
were obtained from the arterial circulation roughly 2 h after the 
start of the [13C3]propionate infusion to allow isotopic labeling to 
fully equilibrate. At the close of the study, mice were euthanized 
through cervical dislocation and liver tissue was rapidly excised 
and freeze-clamped in liquid nitrogen; plasma samples and tissues 
obtained at the end of the study were stored at 80°C prior to 
analysis. Additional age-matched cohorts of mice from each 
group were maintained similarly, except without surgery or iso-
tope tracer infusions, for body composition, plasma, and tissue 
analysis following a brief (5 h) fast to assess static metrics of patho-

physiology. Mice were placed in a restrainer prior to obtaining 
plasma (isolated from blood obtained from the cut tail) and liver 
tissue.

Liver metabolic flux analysis
The metabolic model of liver metabolism, constructed using 

the INCA software tool (accessible at http://mfa.vueinnovations.
com/mfa) (35), has been described in detail previously (34) and 
was developed with consideration to previously published models 
of liver intermediary metabolism (36–38). Assumptions and limi-
tations of the flux analysis approach have been outlined in our 
prior publication (34). Plasma samples obtained 2 h after the 
start of the [13C3]propionate infusion were divided into three 
aliquots for chemical conversion of glucose to its di-O-isopropyli-
dene propionate, aldonitrile pentapropionate, and methyloxime 
pentapropionate derivatives. Following protein precipitation with 
cold acetone, plasma samples were derivatized as described in de-
tail elsewhere (39). All derivatives were dissolved in ethyl acetate, 
transferred to glass inserts, and placed in GC injection vials for 
GC-MS analysis. GC-MS analysis was performed with an Agilent 
(Agilent Technologies, Santa Clara, CA) GC and MS system, using 
the protocol detailed previously (34). Briefly, derivatized samples 
were introduced to the column in splitless injection mode using 
helium as the carrier gas. The column was held at 80°C for 1 min, 
ramped to 280°C at 20°C/min (or 10°C/min for methyloxime 
pentapropionate) and held for 4min, and further increased to 
325°C at 40°C/min. Following a 5 min solvent delay, MS data were 
collected in scan mode from m/z 300–320, m/z 100–500, and m/z 
144–260 for di-O-isopropylidene propionate, aldonitrile pen-
tapropionate, and methyloxime pentapropionate plasma glucose 
derivatives, respectively. MS peaks were integrated in MATLAB to 
yield mass isotopomer distributions (MIDs) for m/z 173–177, m/z 
259–263, m/z 284–288, m/z 370–374 (aldonitrile pentapropionate), 

Fig.  1.  Design of dietary intervention and its effects on body weight and composition. After weaning, mice were placed on a standard chow 
diet (A). At 8 weeks of age, mice were either maintained on chow or switched to WD (±VitE) for 20 weeks. One cohort of mice remained on 
chow until the end of the study; others were given chow+VitE or WD (±VitE) at 20 weeks of age for 8 weeks. All mice were 28 weeks of age 
upon completion of the study, when measurements of hepatic -tocopherol (nanomoles per gram of tissue) (B), body weight (grams) (C), 
whole-body fat mass (percent) (D), and whole-body lean mass (percent) (E) were obtained. Data are presented as mean ± SEM (n = 6–10, 
shown as white circles). *P < 0.05 versus chow, #P < 0.05 versus WD for 8 weeks, VitE effects are indicated by brackets on each graph.Q7
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m/z 301–311 (di-O-isopropylidene propionate), and m/z 145–
148 (methyloxime pentapropionate).
MIDs for these six plasma glucose fragment ions were regressed 

using INCA to estimate in vivo metabolic fluxes associated with 
CAC and glucose-producing pathways in the liver. After fixing 
citrate synthase flux (VCS) to 100, relative fluxes were estimated by 
minimizing the sum of squared residuals between simulated 
and experimentally determined MIDs. Measurement errors 
were specified to be either 0.5 mol% or the SEM, whichever was 
greater. Best-fit flux estimates were obtained through least-squares 
regression using a minimum of 25 random initial parameter sets. 
Goodness of fit was assessed by a chi-square test, and 95% confi-
dence intervals were calculated by evaluating the sensitivity of the 
best-fit sum of squared residual to variations in each flux value 
(40). Relative fluxes were converted to absolute fluxes using the 
known [6,6-2H2]glucose infusion rate and the measured weight of 
each mouse.

Plasma analyses, body composition, hepatic -tocopherol, 
and liver lipids measurements
Plasma glucose concentrations were determined using an Accu-

Chek glucometer (Roche, Risch-Rotkreuz, Switzerland). Plasma 
enzyme concentrations [alanine transaminase (ALT), aspartate 
transaminase (AST), lactate dehydrogenase (LDH),  glutamyl 
transferase (GGT)], triglycerides, and cholesterol were measured 
using a VetAxcel chemistry analyzer equipped with a holographic 
diffraction grating spectrophotometer (Alfa Wassermann Diag-
nostic Technologies LLC, West Caldwell, NJ). Immunoreactive 
insulin was measured using a double-antibody method (41). 
Plasma NEFAs were measured using HR Series NEFA-HR(2) kit 
(FUJIFILM Wako Diagnostics USA Corporation, Richmond, VA). 
Plasma -hydroxybutyrate (BHB) was measured using a BHB 
assay kit (ab83390) (Abcam, Cambridge, MA). Body composition 
was assessed using a Bruker Minispec benchtop pulsed NMR 
(7 T) system (model mq7.5) (Bruker, Billerica, MA). Hepatic -
tocopherol was measured as previously described (42). Briefly, a 
10% homogenate was prepared in ice-cold PBS. An equal volume 
of ethanol containing an internal standard was added to each 
sample. Samples were mixed and extracted twice with five volumes 
of hexane, dried under a stream of nitrogen gas, resuspended in 
ethanol, and analyzed by UPLC equipped with an Aquity BEH 
C18 column (100 mm, 1.7 m, 2.1 mm ID) and fluorescence de-
tector (Waters Corporation, Milford, MA). Liver lipids were iso-
lated in the chloroform phase obtained from Folch extraction, 
and lipid classes were separated with Silica Gel 60A plates devel-
oped in petroleum ether, diethyl ether, and acetic acid (80:20:1). 
Plates for ceramide analysis were rechromatographed in heptane, 
isopropyl ether, and acetic acid (60:40:3). Liver lipids were visual-
ized with rhodamine 6G; phospholipids, ceramides, diglycerides, 
and triglycerides were scraped from plates, transmethylated with 
BF3/methanol, and analyzed with an Agilent 7890 gas chromato-
graph (SP2380 column) and flame ionization detector (FID). 
The retention times of known standards were used to identify fatty 
acid methyl esters; quantification was achieved through a com-
parison to odd-chain fatty acids that were included as internal 
standards in the analysis.

Liver histology
Liver tissues were fixed in 10% neutral buffered formalin, rou-

tinely processed and embedded in paraffin, and cut into 5 m 
sections for H&E and Sirius Red staining and F4/80 (NB600-404; 
Novus Biologicals LLC, Littleton, CO) immunohistochemistry. 
Microscopic evaluation and visual scoring were performed by vet-
erinary pathologist K.L.B.; histological features were graded for 
steatosis, inflammation, ballooning, and fibrosis based on the clas-
sification algorithm described elsewhere (43). The activity score 

was calculated as the sum of the hepatocyte ballooning and lobu-
lar inflammation grades.

Analysis of mRNA expression
RNA was isolated from 30–50 mg of liver using the Direct-zol 

RNA MiniPrep kit (Genesee Scientific, San Diego, CA). cDNA was 
synthesized using the iScript cDNA synthesis kit (Bio-Rad, Hercu-
les, CA). cDNA was diluted 1:2 and then used for quantitative real-
time PCR analysis on a CFX96 cycler (Bio-Rad). TaqMan probes 
were purchased from the “Assays-on-Demand” program at Ap-
plied Biosystems (Foster City, CA). Gene expression was normal-
ized to 18S using the 2Ct method.

Statistics
Unless otherwise specified, data are presented as means ± SEM. 

Differences between groups were tested using ANOVA and Tukey 
multiple comparisons post hoc analysis for WD effects. Two-tailed 
t-tests were performed to assess differences caused by VitE supple-
mentation. Analysis of histological scoring was performed using 
Kruskall-Wallis ANOVA with a Dunn’s multiple comparisons test 
for post hoc analysis; pairwise comparisons for VitE effects were 
performed using a Mann-Whitney test. Significant differences were 
defined at P < 0.05.

RESULTS

Overconsumption of WD exacerbated NASH severity
MC4R/ mice fed a chow diet were 50 g with >40% 

body fat mass (Fig. 1C, D). Several chow-fed mice exhibited 
high levels of steatosis, lobular inflammation, hepatocyte 
ballooning, and activity (Fig. 2A, D–G), indicating severe 
liver disease; a fraction of chow-fed mice also exhibited el-
evated fibrosis (Fig. 2B, H). Greater than 10% of the liver 
(by mass) was composed of triglycerides (Fig. 3A). Eight 
weeks of WD had no impact on body weight or composi-
tion (Fig. 1C–E) but significantly increased plasma triglyc-
erides, cholesterol, BHB (Table 1), and liver triglycerides 
(Fig. 3A). NASH severity was exacerbated by 8 weeks of WD 
feeding (Fig. 2A, D–G), as significant increases in patho-
logical features of liver disease were observed. Immuno
staining of F4/80+ macrophages increased significantly 
with 8 weeks of WD feeding (Fig. 2C, I), consistent with 
upregulation of F4/80 gene expression (Fig. 2J, Adgre1). 
Other markers of inflammation were also elevated (genes 
Itgax, Tnfa, IL-10, Tgfb1, and Acta2, and inflammation 
scoring) (Fig. 2E, J). Although fibrosis was not significantly 
elevated compared with chow-fed mice, fibrogenic (Timp1 
and Col1a1) and ECM degrading (MMP2) genes were in-
creased with 8 weeks of WD (Fig. 2J). These results are 
consistent with increases in plasma markers associated 
with hepatic injury/disease (ALT, AST, LDH) caused by 8 
weeks of WD feeding (Table 1). Plasma glucose concentra-
tions after a 5 h fast were significantly lower than in chow-
fed controls (Table 1), which contrasts with a prior study 
that reported no difference in blood glucose levels be-
tween MC4R/ mice on chow versus WD when fed ad li-
bitum (31).
Twenty weeks of WD feeding elicited several similar 

characteristics of whole-body and liver-specific metabolic 
dysregulation as 8 weeks of WD feeding. Twenty weeks of 
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WD resulted in significant gains in body weight and fat 
mass compared with both chow and 8 week WD groups 
(Fig. 1C, D). All mice fed WD for 20 weeks exhibited severe 
steatosis, lobular inflammation, hepatocellular ballooning, 

and overall activity (Fig. 2A, D–G); the severity of fibrosis 
was more pervasive with 20 weeks of WD feeding compared 
with 8 weeks of WD (Fig. 2B, H). Plasma biomarkers of liver 
damage (ALT, AST, LDH) and circulating triglycerides, 

Fig.  2.  Histology and gene expression in NASH development. Liver sections for 28-week-old mice fed chow, chow+VitE, WD for 8 weeks 
(±VitE), and WD for 20 weeks (±VitE) were stained with H&E (40× magnification) (A), picrosirius red (20× magnification) (B), or immuno
stained for F4/80+ cells (20× magnification) (C). Scoring of steatosis (D), lobular inflammation (E), hepatocellular ballooning (F), activity 
(G), fibrosis (H), and F4/80+ cell occupancy of the liver (I) (A scored for D–G, B for H, and C for I). mRNA expression of genes associated 
with inflammation and fibrogenesis (J). Values for each mouse (n = 7–11) are shown as white circles. *P < 0.05 versus chow, #P < 0.05 versus 
WD for 8 weeks.
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cholesterol, and BHB were similarly elevated, as observed 
in mice fed WD for 8 weeks (Table 1). Twenty weeks of WD 
feeding also increased the quantity of F4/80+ macrophages 
in the liver compared with chow-fed mice (Fig. 2C, I). With 

the exception of an increase in Cd8a expression and de-
crease in IL10 expression, 20 weeks of WD feeding led to 
similar effects on inflammatory and fibrogenic gene expres-
sion as 8 weeks of WD (Fig. 2J). Liver triglycerides (Fig. 3A) 

Fig.  3.  Absolute liver triglycerides and phospholipids, and their saturation. Hepatic lipids [triglycerides (A, B) and phospholipids (C, D)] 
were measured using GC-FID and their composition calculated as the percentage contribution of saturated, monounsaturated, and polyun-
saturated fatty acids to each lipid species. Data are presented as mean ± SEM (n = 8–11, shown as white circles). *P < 0.05 versus chow, #P < 
0.05 versus WD for 8 weeks, VitE effects are indicated by brackets on each graph.
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and plasma glucose (Table 1) were equal to or lower than 
chow-fed mice, respectively, despite the exacerbation of 
NASH severity by 20 weeks of WD feeding. Plasma NEFA 
concentrations trended higher in WD-fed mice but were 
not significantly different from the levels observed in chow-
fed mice. In summary, overconsumption of WD for 8 or 20 
weeks exacerbated liver disease severity without inducing 
proportional changes in liver triglycerides, plasma NEFAs, 
or body composition.

WD consumption altered liver lipid composition
Although WD effects on total liver triglyceride content 

were inconsistent between 8 and 20 weeks, WD feeding in-
duced uniform changes in the composition of liver lipids 
with increasing diet duration. Specifically, 8 weeks of WD 
feeding reduced the proportion of polyunsaturated fatty 
acids in liver triglycerides while increasing their monoun-
saturation (Fig. 3B). Both 8 and 20 weeks of WD feeding 
reduced a similar range of long and very long polyunsatu-
rated fatty acids in liver triglycerides (Table 2). Despite the 
high saturated fat content of WD (65%, primarily palmi-
tate), only a small increase in 14:0 was observed with 8 and 
20 weeks of WD feeding; in contrast, other saturated fatty 

acids (i.e., 16:0 and 18:0) either remained unchanged or 
reduced. The relative abundance of 18:17 and 16:1 mono-
unsaturated fatty acids increased while 18:19 remained 
stable. The composition of liver triglycerides following 8 and 
20 weeks of WD feeding were similar, with the exception of 
a further elevation in 18:17 with 20 weeks of WD feeding.
Both 8 and 20 weeks of WD feeding reduced liver 

phospholipids by roughly 20–25% (Fig. 3C). Phospho-
lipid saturation and polyunsaturation were reduced in favor 
of monounsaturation (Fig. 3D). The composition of all 
monounsaturated fatty acids (16:1, 18:17, and 18:19) in-
creased with 8 weeks of WD feeding (Table 3). Eight weeks 
of WD increased and reduced the proportion of 16:0 and 
18:0 in liver phospholipids, respectively. The relative abun-
dance of 18:2, 20:5, 22:53, and 22:6 polyunsaturated fatty 
acids reduced and 20:4, 22:46, and 22:56 increased com-
pared with chow-fed mice. Twenty weeks of WD feeding 
elicited similar directional changes on the fatty acid com-
position of liver phospholipids, but to a greater extent in 
many instances (Table 3). As a result, phospholipid satura-
tion and monounsaturation were higher and polyunsatura-
tion lower with 20 weeks of WD feeding compared with 8 
weeks of WD (Fig. 3D).

TABLE  1.  Circulating parameters in WD-mediated NASH and VitE treatment

VitE

Chow WD for 8 weeks WD for 20 weeks

() (+) () (+) () (+)

ALT (U/l) 83.8 ± 14.3 140.5 ± 20.1a 490.4 ± 51.8b 579.8 ± 38.3 583.0 ± 40.3b 575.2 ± 46.2
AST (U/l) 80.8 ± 12.5 113.8 ± 15.6 375.8 ± 40.0b 446.0 ± 24.4 380.4 ± 36.2b 463.4 ± 40.3
Chol (mg/dl) 142.5 ± 11.0 152.0 ± 11.4 426.0 ± 33.8b 470.9 ± 14.0 484.8 ± 14.9b 520.0 ± 15.3
TGs (mg/dl) 74.8 ± 2.6 78.5 ± 2.1 100.4 ± 3.5b 106.0 ± 4.0 97.0 ± 3.7b 87.8 ± 3.4
NEFA (mmol/l) 0.697 ± 0.079 0.784 ± 0.075 0.874 ± 0.053 0.868 ± 0.032 0.896 ± 0.021 0.836 ± 0.051
BHB (nmol/ml) 944.1 ± 87.0 1135 ± 140.4 2503 ± 132.0b 2516 ± 241.5 2347 ± 274.5b 2419 ± 86.0
GGT (U/l) 5.0 ± 0.8 5.0 ± 0.8 4.4 ± 0.4 3.1 ± 0.5 4.8 ± 0.9 4.4 ± 0.4
LDH (U/l) 336.0 ± 35.5 441.0 ± 56.3 1570.2 ± 291.6b 1752.7 ± 279.4 2280.8 ± 371.1b 2569.8 ± 219.8
Insulin (ng/ml) 7.5 ± 0.9 11.7 ± 1.6a 6.7 ± 0.8 6.1 ± 0.6 5.0 ± 0.5 4.5 ± 0.5
Glucose (mg/dl) 162.3 ± 7.8 192.1 ± 8.6a 137.3 ± 5.6b 144.3 ± 3.9 136.2 ± 4.5b 135.8 ± 4.9

Data are expressed as mean ± SEM, n = 8–11 mice. GGT,  glutamyl transferase.
aP < 0.05 versus no VitE treatment, same diet.
bP < 0.05 versus chow.

TABLE  2.  Hepatic triglyceride fatty acid composition in NASH and antioxidant treatment

VitE

Chow WD for 8 weeks WD for 20 weeks

() (+) () (+) () (+)

14:0 0.60 ± 0.08 0.68 ± 0.02 1.10 ± 0.04a  1.04 ± 0.02 1.02 ± 0.02a 0.99 ± 0.03
16:0 28.80 ± 0.27 27.95 ± 0.35 27.84 ± 0.42 27.83 ± 0.22 26.98 ± 0.29a 27.06 ± 0.23
16:1 4.24 ± 0.15 4.40 ± 0.19 6.21 ± 0.21a 6.04 ± 0.17 6.29 ± 0.14a 5.99 ± 0.22
18:0 2.04 ± 0.14 1.88 ± 0.04 1.52 ± 0.04a 1.58 ± 0.02 1.48 ± 0.03a 1.46 ± 0.03
18:19 47.01 ± 1.59 48.70 ± 1.10 49.90 ± 0.48 49.71 ± 0.27 50.19 ± 0.47 50.94 ± 0.54
18:17 6.35 ± 0.38 6.68 ± 0.33 10.68 ± 0.30a 11.04 ± 0.14 12.17 ± 0.13a,b 11.72 ± 0.30
18:2 8.13 ± 1.17 6.99 ± 0.39 2.64 ± 0.13a 2.68 ± 0.13 1.85 ± 0.02a 1.81 ± 0.05
18:33 0.0 ± 0.0 0.25 ± 0.08c 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
20:36 0.24 ± 0.06 0.26 ± 0.06 0.04 ± 0.02a 0.03 ± 0.03 0.0 ± 0.0a 0.0 ± 0.0
20:4 0.29 ± 0.08 0.27 ± 0.09 0.04 ± 0.02a 0.03 ± 0.03 0.02 ± 0.02a 0.03 ± 0.03
20:5 0.0 ± 0.0 0.11 ± 0.08 0.02 ± 0.02 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
22:46 0.0 ± 0.0 0.02 ± 0.02 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
22:53 0.56 ± 0.14 0.49 ± 0.06 0.0 ± 0.0a 0.0 ± 0.0 0.0 ± 0.0a 0.0 ± 0.0
22:6 1.74 ± 0.51 1.32 ± 0.15 0.02 ± 0.02a 0.03 ± 0.03 0.0 ± 0.0a 0.0 ± 0.0

Data are expressed as mean (percent of lipid composition) ± SEM, n = 8–11 mice.
aP < 0.05 versus chow.
bP < 0.05 versus WD for 8 weeks.
cP < 0.05 versus no VitE treatment, same diet.
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Although they comprise minor constituents of the total 
mass of cellular lipids, diglycerides and ceramides have 
been implicated as markers of incomplete fat oxidation 
that may contribute toward insulin resistance and lipotox-
icity in the context of NAFLD (44). Both 8 and 20 weeks of 
WD feeding reduced total diglyceride content in the liver 
without corresponding changes in ceramide content (Fig. 
4A, C). While the balance between saturated and unsatu-
rated species was unchanged by WD feeding (Fig. 4B, D), 
there was a redistribution of species within these groups: 
14:0 ceramides decreased while 18:0 ceramides increased 
(Table 4); 18:19 diglycerides decreased while 16:1 and 
18:17 increased (Table 5). Furthermore, the relative abun-
dance of polyunsaturated (18:2) diglyceride species sig-
nificantly decreased in response to 8 or 20 weeks of WD 

(Table 5). In summary, overconsumption of WD by geneti-
cally obese MC4R/ mice reduced liver phospholipid 
and diglyceride content and reduced the abundance of 
polyunsaturated fatty acids in triglycerides, diglycerides, 
and phospholipids.

VitE supplementation did not resolve NASH
Because oxidative stress has been implicated as a central 

feature of NAFLD, we hypothesized that dietary provision 
of VitE would attenuate many of the maladaptive features 
induced by steatotic liver disease. Although the VitE con-
tent of chow and WDs were similar (40 versus 50 IU/
kg, respectively), basal -tocopherol concentrations in the 
livers of WD-fed mice were higher than chow-fed mice (Fig. 
1B), presumably because VitE is lipid soluble and relies on 

TABLE  3.  Hepatic phospholipid fatty acid composition in NASH and antioxidant treatment

VitE

Chow WD for 8 weeks WD for 20 weeks

() (+) () (+) () (+)

16:0 18.54 ± 0.32 18.10 ± 0.26 19.58 ± 0.16a  20.43 ± 0.25b 20.71 ± 0.10a,c 20.46 ± 0.09
16:1 0.70 ± 0.14 0.76 ± 0.03 1.55 ± 0.04a 1.45 ± 0.05 1.92 ± 0.06a,c 1.93 ± 0.06
18:0 20.25 ± 0.39 19.40 ± 0.30 15.51 ± 0.23a 15.94 ± 0.21 15.29 ± 0.11a 14.97 ± 0.22
18:19 8.50 ± 0.27 9.13 ± 0.23 13.09 ± 0.19a 13.18 ± 0.19 15.14 ± 0.16a,c 14.75 ± 0.16
18:17 2.98 ± 0.19 2.97 ± 0.12 5.51 ± 0.22a 5.41 ± 0.15 6.49 ± 0.12a,c 6.28 ± 0.15
18:2 11.39 ± 0.51 11.06 ± 0.29 7.61 ± 0.29a 8.05 ± 0.17 7.03 ± 0.09a 6.80 ± 0.14
20:36 3.45 ± 0.19 3.65 ± 0.11 3.81 ± 0.10 4.00 ± 0.11 3.48 ± 0.06 3.47 ± 0.04
20:4 19.06 ± 0.53 17.29 ± 0.18b 20.86 ± 0.37a 20.07 ± 0.14 20.77 ± 0.26a 21.02 ± 0.17
20:5 0.92 ± 0.22 1.26 ± 0.08 0.17 ± 0.07a 0 ± 0b 0 ± 0a 0 ± 0
22:46 0 ± 0 0 ± 0 0.54 ± 0.07a 0.26 ± 0.08b 0.26 ± 0.11 0.72 ± 0.02b

22:56 0 ± 0 0.20 ± 0.10 1.37 ± 0.09a 1.42 ± 0.11 0.52 ± 0.22c 1.43 ± 0.03b

22:53 0.37 ± 0.12 0.75 ± 0.02b 0 ± 0a 0 ± 0 0 ± 0a 0.05 ± 0.05
22:6 13.84 ± 0.29 15.43 ± 0.28b 10.40 ± 0.21a 9.79 ± 0.10b 8.39 ± 0.23a,c 8.11 ± 0.09

Data are expressed as mean (percent of lipid composition) ± SEM, n = 8–11 mice.
aP < 0.05 versus chow.
bP < 0.05 versus no VitE treatment, same diet.
cP < 0.05 versus WD for 8 weeks.

Fig.  4.  Absolute liver diglycerides and ceramides, 
and their saturation. Hepatic lipids [diglycerides (A, B) 
and ceramides (C, D)] were measured using GC-FID 
and their composition calculated as the sum percent 
contribution of saturated and unsaturated fatty acids 
to lipid species. Data are presented as mean ± SEM 
(n = 8–11, shown as white circles). *P < 0.05 versus 
chow, #P < 0.05 versus WD for 8 weeks, VitE effects are 
shown on each graph.
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pathways of fat absorption and chylomicron-associated 
transport for efficient delivery to the liver (45). In both di-
ets, supplementation of VitE caused substantial increases 
in hepatic -tocopherol concentrations. VitE supplementa-
tion of the chow diet produced a 32-fold increase in he-
patic -tocopherol, while mice fed WD+VitE for 8 or 20 
weeks experienced an 8- or 6-fold increase in hepatic -
tocopherol content, respectively (Fig. 1B).
After 8 weeks of VitE treatment, fat mass increased and 

lean mass reduced in the chow+VitE group, with no differ-
ences in body weight (Fig. 1C–E). Contrary to our hypoth-
esis, histological analysis did not reveal any significant 
difference in NASH scoring between chow- and chow+VitE-
fed mice. Mice treated with VitE for 8 weeks exhibited 
equal steatosis, lobular inflammation, hepatocellular bal-
looning, activity, fibrosis, and F4/80+ staining as chow-fed 
controls (Fig. 2A–I). VitE supplementation elevated plasma 
ALT, insulin, and circulating glucose compared with the 
chow-fed controls (Table 1).
Supplementing WD with VitE did not lead to changes in 

body weight or composition in either 8 or 20 week cohorts 
(Fig. 1C–E). Histological assessment of the liver showed 
that VitE provision during WD-mediated NASH failed to 
mitigate inflammation, steatosis, ballooning, activity, fibro-
sis, or the presence of F4/80+ macrophages (Fig. 2A–I). 
VitE had no effect on inflammatory and fibrogenic gene 
expression in any cohort, consistent with histological de-
scriptors (Fig. 2J). All measured plasma parameters were 
similar in mice fed WD+VitE for 8 and 20 weeks compared 
with mice fed WD alone (Table 1). In summary, VitE did 
not impact histological features of NASH in either chow- or 
WD-fed mice. Only during less severe steatotic liver disease 

(chow-fed MC4R/ mice) did VitE have an effect on other 
physiological parameters (i.e., body composition, circulat-
ing markers of liver function, blood glucose, and insulin 
concentrations). This effect could be attributable to differ-
ences in disease state induced by chow versus WD, or it 
could reflect the lower basal level of -tocopherol in the 
livers of chow-fed mice and the larger fold change achieved 
after supplementing chow with VitE.

VitE supplementation exerted diet-dependent effects on 
liver phospholipid composition, but did not impact liver 
triglycerides
VitE had little effect on the quantity or composition of 

liver triglycerides when supplemented into either chow 
diet or WD (Fig. 3A, B; Table 2). Though absolute liver 
phospholipid content was similar (Fig. 3C), chow+VitE 
supplementation reduced hepatic phospholipid saturation 
(Fig. 3D). This result emanated exclusively from redistribu-
tion of polyunsaturated fatty acids (Table 3); provision of 
VitE reduced 20:4 and increased very long chain fatty acids 
22:53 and 22:6. However, VitE supplementation elicited 
inverse changes to liver phospholipids after 8 and 20 weeks 
of WD. WD+VitE for 8 weeks reduced total liver phospho-
lipids compared with WD for 8 weeks, accompanied by a 
decrease in polyunsaturation and an increase in saturation 
(Fig. 3C, D). The increase in saturation was small but spe-
cific to 16:0, whereas 20:5, 22:46, and 22:6 polyunsatu-
rated fatty acids were all reduced (Table 3). The opposite 
occurred in mice fed WD+VitE for 20 weeks. Twenty weeks 
of VitE supplementation during WD feeding increased 
polyunsaturation and decreased saturation compared with 
WD for 20 weeks (Fig. 3C, D). Specific increases in 22:4 and 

TABLE  4.  Hepatic ceramide fatty acid composition in NASH and antioxidant treatment

VitE

Chow WD for 8 weeks WD for 20 weeks

() (+) () (+) () (+)

14:0 5.01 ± 0.35 3.00 ± 0.68 2.18 ± 0.64a  4.25 ± 0.57 2.57 ± 0.52a 5.14 ± 0.82
16:0 57.10 ± 1.56 53.55 ± 1.10 54.47 ± 1.89 53.26 ± 0.98 52.54 ± 1.45 57.79 ± 0.93b

18:0 24.95 ± 1.30 29.41 ± 1.10b 29.29 ± 1.32a 28.44 ± 0.97 29.86 ± 0.66a 26.28 ± 0.84b

18:19 12.93 ± 0.81 14.04 ± 1.56 12.78 ± 1.45 13.85 ± 0.89 15.04 ± 0.90 10.79 ± 0.76b

Data are expressed as the mean (percent of lipid composition) ± SEM, n = 8–11 mice.
aP < 0.05 versus chow.
bP < 0.05 versus no VitE treatment, same diet.

TABLE  5.  Hepatic diglyceride fatty acid composition in NASH and antioxidant treatment

VitE

Chow WD for 8 weeks WD for 20 weeks

() (+) () (+) () (+)

14:0 0.88 ± 0.08 0.88 ± 0.21 1.22 ± 0.04a  1.51 ± 0.13b 1.08 ± 0.06 1.07 ± 0.05
16:0 35.84 ± 1.18 36.20 ± 1.77 39.34 ± 0.58a 39.87 ± 0.79 35.06 ± 0.80c 35.40 ± 0.95
16:1 3.56 ± 0.20 3.80 ± 0.16 4.98 ± 0.15a 4.66 ± 0.23 5.08 ± 0.17a 4.62 ± 0.16
18:0 5.53 ± 0.52 9.58 ± 0.90b 5.03 ± 0.41 7.55 ± 1.02b 5.10 ± 0.91 4.58 ± 0.26
18:19 44.57 ± 1.63 40.02 ± 2.36 37.57 ± 0.67a 35.38 ± 1.13 39.57 ± 1.09a 42.67 ± 1.37
18:17 5.35 ± 0.56 5.56 ± 0.13 10.57 ± 0.24a 9.10 ± 0.81 12.65 ± 0.41a,c 10.84 ± 0.27b

18:2 4.28 ± 0.50 3.96 ± 0.40 1.28 ± 0.06a 1.93 ± 0.60 1.08 ± 0.27a 0.81 ± 0.10

Data are means (% of lipid composition) ± SEM, n = 8–11 mice.
aP < 0.05 versus chow.
bP < 0.05 versus no VitE treatment, same diet.
cP < 0.05 versus WD for 8 weeks.
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22:56 fatty acids were induced by the provision of VitE 
(Table 3). In summary, supplementation of dietary VitE 
had discordant effects on phospholipid composition that 
were dependent on the composition of the diet (chow ver-
sus Western) and the duration of WD feeding.

Supplementation of WD with VitE increased liver 
ceramide content and saturation
Supplementation of chow diet with VitE reduced liver 

diglyceride content (Fig. 4A) and increased the relative 
abundance of 18:0 species in both ceramides (Table 4) 
and diglycerides (Table 5), but without significantly per-
turbing their overall extent of saturation (Fig. 4B, D). In 
contrast, VitE supplementation of WD for 8 or 20 weeks 
induced significant elevations in liver ceramides (Fig. 3C), 
and 20 weeks of WD+VitE increased the saturation of liver 
ceramides in comparison to WD alone (Fig. 3D, Table 4). 
Although an increase in diglyceride saturation was observed 
by supplementing WD with VitE for 8 weeks, this effect was 
not seen in the 20 week WD groups (Fig. 4B, Table 5). In 
summary, VitE supplementation of WD increased the con-
tent of total liver ceramides and the relative abundance of 
some saturated diglyceride and ceramide species.

WD altered liver energy metabolism and glucose 
production
Simultaneous infusion of 2H- and 13C-enriched iso-

topes followed by model-based analysis of glucose enrich-
ment enabled assessment of metabolic fluxes in conscious, 
unstressed mice. Endogenous glucose production (VEndoRa) 
emanated predominantly from gluconeogenesis derived 
from CAC intermediates [gluconeogenesis from the citric 
acid cycle (VEnol)] in chow-fed mice following an 20 h 
fast (Fig. 5A, D). Greater than 50% of the anaplerotic flux 
through pyruvate carboxylase (VPC) and VPCK reactions was 
condensed into glucose (VEnol), with the remainder recy-
cled through VPK+ME (Fig. 5D–G). Total anaplerosis was 2-
fold the rate of the CAC (VCS) (Fig. 5E, I). The increase in 
liver disease severity with 8 weeks of WD corresponded to 
accelerated flux through anaplerotic reactions (VPC and 
VPCK) (Fig. 5E, F). The increment in total anaplerotic fluxes 
did not result in an increase in glucose production or gluco-
neogenesis. Rather, the increment was balanced by an in-
crease in the recycling of PEP to pyruvate (VPK+ME) (Fig. 5G). 
It is noteworthy that NASH severity was exacerbated by 8 
weeks of WD feeding, yet CAC activity (VCS), glucose pro-
duction, and body composition were not different from 
chow controls (Fig. 5I).
Twenty weeks of WD feeding increased glucose produc-

tion above mice fed chow or WD for 8 weeks (Fig. 5A). The 
increase in glucose production resulted from an increase 
in glycogenolysis (VPYGL) and VEnol (Fig. 5B, D). Net (VLDH) 
and total (VPCK) anaplerosis were elevated above mice fed 
chow and WD for 8 weeks (Fig. 5E, H). Pyruvate cycling was 
further elevated by extending the duration of WD from 8 
weeks to 20 weeks (Fig. 5E–G). In contrast to chow and 8 
week WD groups, the rate of the CAC (VCS) was also accel-
erated by 20 weeks of WD feeding (Fig. 5I). The ratio of 
gluconeogenesis to CAC activity (VEnol/VCS) remained 1 
in mice fed chow, WD for 8 weeks, or WD for 20 weeks. In 

summary, a diet high in sucrose, cholesterol, and saturated 
fat accelerated oxidative and glucose-producing metabolic 
fluxes in NASH; these features were intensified by extend-
ing the duration of WD feeding (Fig. 6).

VitE supplementation exacerbated WD-mediated effects 
on liver energy metabolism and glucose production
Mitochondrial metabolism is a major source of ROS; we 

hypothesized that the provision of VitE might limit the se-
verity of steatotic liver disease and its associated metabolic 
phenotypes. In chow-fed mice, VitE supplementation re-
duced the rate of the CAC (VCS) (Fig. 5I). No effects were 
observed on other glucose-producing or oxidative fluxes 
(Fig. 5A–H). The supplementation of VitE with WD feed-
ing for 8 weeks accelerated VEnol (Fig. 5D) and VEndoRa (Fig. 
5A). Glucose-producing fluxes were amplified alongside 
anaplerotic (VPCK, VPC, VLDH), pyruvate cycling (VPK+ME), 
and CAC (VCS) fluxes (Fig. 5E–I). The trends in metabo-
lism observed in mice fed WD+VitE for 8 weeks mirrored 
those of mice fed WD alone for 20 weeks. Supplementation 
of WD with VitE for 20 weeks failed to correct or exacer-
bate any WD-induced changes in liver metabolic fluxes 
(Figs. 5A–I, 6). Thus, metabolic phenotypes induced by 
WD feeding were not corrected by dietary supplementa-
tion of VitE; rather, VitE accelerated WD-induced meta-
bolic dysregulation in the liver (Fig. 6).

DISCUSSION

Liver mitochondria coordinate substrate catabolism with 
anabolism to sustain the nutrient demands of extrahepatic 
tissues. In fasting, for example, the supply of acetyl-CoA for 
ketogenesis and CAC metabolism is sustained through -
oxidation and inhibition of de novo lipogenesis, which, in 
turn, support liver gluconeogenesis. Conditions that over-
load the liver with lipid, through overnutrition, exogenous 
infusion, ectopic redistribution, and/or de novo synthesis, 
distort mitochondrial morphology (46), function (2, 14, 
47), and oxidative metabolic activity (2–4, 44). For these 
reasons, mitochondrial metabolism has been the focal 
point of recent investigations of NAFLD and NASH (2–4, 
14, 44, 48). Satapati et al. (2) have rigorously delineated a 
time course for the development of NAFLD after 8, 16, and 
32 weeks of high-fat feeding (HFF) in mice. Although 8 
weeks of HFF increased liver triglycerides and decreased 
hepatic insulin sensitivity, acceleration of CAC metabolism 
and gluconeogenesis did not occur until 16 and 32 weeks. 
At 32 weeks, ketone turnover was blunted during fasting 
and less responsive to insulin; additionally, fatty acid-sup-
ported mitochondrial respiration was elevated. Some simi-
larities in mitochondrial metabolism and function have 
been observed in obese humans with and without NAFLD 
(3, 14). In patients with NASH, however, the upregulation 
of respiration was lost and inefficiencies in ATP generation 
emerged (14).
Our work commenced at the intersection of the afore-

mentioned studies. We assessed hepatic oxidative and 
glucose metabolism in a mouse model that recapitulates 



Liver metabolism in NASH and treatment with vitamin E 717

several important characteristics of human NASH evoked by 
a diet high in saturated fat, sucrose, and cholesterol (30, 31). 
Chow-fed controls exhibited a baseline phenotype of ele-
vated hepatic steatosis, ballooning, macrophage infiltration, 
and mild fibrosis. Even against this backdrop of steatotic 
liver disease, WD feeding for 8 or 20 weeks augmented 
NAFLD severity. The data presented by Koliaki et al. (14) 
imply that in vivo liver CAC activity may decrease during 
the progression to NASH. When situated in the murine in 
vivo milieu studied here, however, mitochondrial CAC me-
tabolism exhibited flux adaptations similar to those ob-

served during the progressive development of NAFLD (2) 
and high fructose trans-fat-induced NASH (44). Eight 
weeks of WD feeding accelerated anaplerosis and cataple-
rosis without altering gluconeogenesis or CAC activity, 
while 20 weeks of WD feeding further enhanced pyruvate 
cycling and accelerated glucose production, gluconeogen-
esis, and CAC activity. A progressive loss of coupling be-
tween substrate oxidation and respiratory ATP production 
may be responsible for the upward trend in CAC flux ob-
served with increasing duration of WD feeding. An exami-
nation of liver mitochondrial function in the model applied 

Fig.  5.  In vivo glucose and mitochondrial oxidative metabolism in WD-mediated NASH and the effects of VitE treatment. Rates for enzyme-
catalyzed reactions of the CAC, anaplerosis, cataplerosis, and glucose production (A–I) were estimated using metabolic flux analysis in 20 
h-fasted mice fed chow, chow+VitE, WD for 8 weeks, WD+VitE for 8 weeks, WD for 20 weeks, and WD+VitE for 20 weeks. Individual fluxes 
were regressed using the enrichment of mass isotopomers of plasma glucose obtained from the artery of conscious, unstressed mice during 
the isotopic steady state. Data are presented as mean ± SEM (n = 8–10, shown as white circles). *P < 0.05 versus chow, #P < 0.05 versus WD 
for 8 weeks, VitE effects are indicated by brackets on each graph. VGK, gluconeogenesis from glycerol.
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here would be useful for elucidating dichotomies in oxida-
tive metabolism between ex vivo and in vivo settings.
The acceleration of hepatic glucose and oxidative me-

tabolism in NASH observed here did not correlate directly 
with increased liver triglycerides. For example, absolute 
liver triglycerides were identical between chow-fed controls 
and mice fed WD for 20 weeks; yet, most liver glucose-pro-
ducing and oxidative metabolic fluxes were heightened by 
20 weeks of WD feeding. In contrast, liver triglycerides 
were elevated after 8 weeks of WD feeding when only pyru-
vate cycle fluxes increased. Perhaps the increased storage 
of lipid as triglycerides after 8 weeks of WD feeding pro-
tected against the augmentation of liver metabolism that 
occurred by extending WD to 20 weeks. WD feeding also 
significantly reduced liver phospholipids while increasing 
and decreasing their mono- and polyunsaturation, respec-
tively. Liver phospholipid changes observed here are gen-
erally consistent with those previously observed in the ER 
of obese mice (22), where aberrant lipid metabolism has 
been shown to disrupt Ca2+ homeostasis and induce ER 
stress (22, 49). Significant changes to liver lipid saturation 
have also been reported in human NAFLD and NASH (50–
53). Furthermore, recent research provides evidence for 
hormonal regulation of gluconeogenesis by ER Ca2+-stimu-
lated anaplerosis (54). Though speculative, it is plausible 
that liver lipid oversupply in NAFLD/NASH stimulates mi-
tochondrial oxidative metabolism, anaplerosis, and gluco-
neogenesis through ER Ca2+-dependent mechanisms that 
are responsive to changes in phospholipid composition. It 
would be informative to test the hypothesis that WD feed-
ing impaired ER Ca2+ reuptake, which has been previously 
shown to promote apoptosis and CAC activity in hepatic 
cells exposed to excess palmitate (18–20).
Besides triglycerides and phospholipids, we also mea-

sured bioactive liver lipids relevant to the study of NAFLD/
NASH [i.e., ceramides (44, 55, 56) and diglycerides (44, 57)]. 
In contrast to recent reports in another mouse model (44), 
no increases in total ceramides or diglycerides were observed 
in response to progressive worsening of diet-induced NASH. 
Several experimental differences may account for this 
apparent inconsistency. Ceramide and diglyceride measure-

ments here were normalized to tissue weight, as opposed to 
protein content (44). There were also significant differences 
in experimental design and mouse models. Simple steatosis 
and NASH were evoked previously using a high-trans-fat and 
high-fructose diet (TFD) (44). Wild-type mice were started 
on TFD or a control diet between 6 and 8 weeks of age and 
were maintained on the diet for 8 or 24 weeks; thus, com-
parisons were made between TFD-fed mice separated in age 
by 16 weeks (44). Mice studied here were age-matched, 
genetically obese (hyperphagic), and exhibited greater liver 
inflammation and fibrosis when fed a WD. To our knowl-
edge, this study is the first to enable direct comparisons of in 
vivo liver metabolism across age-matched obese mice with 
differing grades of NASH severity.
In addition to quantifying the adaptive response of he-

patic metabolism during WD-mediated NASH progression, 
we also examined the effects of VitE supplementation on 
fatty liver phenotypes. VitE is thought to suppress the ef-
fects of oxidative stress by interrupting peroxyl radical 
propagation across polyunsaturated fatty acids (23), and, 
thus, the effects of VitE supplementation in chow and WD 
feeding were antithetical to our hypotheses. We expected 
that increasing VitE content in all diet conditions would 
reduce the effects of oxidative stress and, thereby, lower 
inflammation and fibrosis. In mice fed a WD, VitE failed to 
reduce circulating ALT, AST, and LDH concentrations. 
Furthermore, descriptive features of WD-mediated steatosis, 
fibrosis, and inflammation were completely unaffected by 
VitE treatment in either 8 or 20 week groups. In fact, some 
indicators of metabolic dysfunction increased in mice fed a 
diet supplemented with VitE. Chow+VitE increased whole-
body adiposity, reduced lean mass, and increased plasma 
ALT, blood glucose, and insulin concentrations compared 
with chow diet alone. Twenty weeks of WD+VitE increased 
the abundance and saturation of liver ceramides and 8 weeks 
of WD+VitE exacerbated metabolic flux dysregulation com-
pared with WD alone. Prior studies have reported weight 
gain, increased plasma glucose, insulin, liver weight, and 
lipid content in mice gavaged biweekly with 150 mg VitE 
during 14 weeks of HFF (58). VitE supplementation also 
increased retroperitoneal adipocyte (rpWAT) hypertrophy 

Fig.  6.  The metabolic response of the liver to WD 
and VitE supplementation in NASH pathogenesis. 
The graphical representation summarizes the meta-
bolic flux response of the liver to increasing WD-medi-
ated liver disease. As NASH severity increased with WD 
duration (left to right, top rectangle), hepatic glucose 
and oxidative fluxes accelerated. Eight weeks of VitE 
treatment decreased CAC activity in mice fed chow 
(bottom rectangle). In contrast, 8 weeks of WD+VitE 
feeding accelerated glucose production and oxidative 
metabolism compared with 8 weeks of WD. Lastly, liver 
metabolic fluxes were identical in mice fed WD or 
WD+VitE for 20 weeks. These collective results illus-
trate the context-dependent response of liver interme-
diary metabolism to VitE treatment.
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but lowered rpWAT weight and ROS markers (58). The 
authors suggested that VitE blunted adipocyte differentia-
tion by reducing ROS during 14 weeks of HFF, which exac-
erbated the ectopic accumulation of lipids in the liver (58). 
After extending the regimen of VitE and HFF to 28 weeks, 
however, they found that VitE reduced liver lipid content, 
circulating insulin, triglycerides, and the HOMA index 
(59). The evidence presented here and elsewhere (27, 29, 
58, 59) indicate that VitE may provide a benefit or a detri-
ment during steatotic liver disease, depending on the con-
text (i.e., the duration or severity of overnutrition and the 
dose or frequency of VitE administration).
Liver CAC oxidizes acetyl-CoA derived from substrate ca-

tabolism (60) to maintain the supply of NADH and flavin 
adenine dinucleotide hydroquinone (FADH2) for the re-
spiratory coupling of ATP production to oxygen consump-
tion. Both energy-producing and -consuming fluxes were 
altered by VitE supplementation. In chow-fed mice, VitE 
lowered CAC flux, indicating an increase in cofactor reduc-
tion through alternative pathways (e.g., -oxidation), lower 
ATP demands, and/or an increase in the efficiency of ATP-
coupled respiration. In contrast, VitE supplementation for 
8 weeks in the context of WD feeding accelerated CAC ac-
tivity, pyruvate cycle fluxes, and hepatic glucose production 
from gluconeogenesis. These results indicate that antioxi-
dant provision during NASH development may actually 
exacerbate the effects of insulin resistance on gluconeo-
genesis and increase the burden on the CAC for production 
of reduced cofactors. It is notable that liver phospholipid 
saturation was elevated and polyunsaturation reduced in 
mice fed WD+VitE for 8 weeks, without significant differ-
ences in body weight, composition, or liver triglycerides. 
Opposite effects on overall phospholipid saturation were 
observed with VitE supplementation of chow diet. The ap-
parent correlation between VitE effects on phospholipid 
saturation and CAC flux provides further support for the 
hypothesis that changes in the composition of subcellular 
membranes may contribute to liver metabolic flux altera-
tions during lipid overload (19, 61).
One limitation of our study design is that it did not at-

tempt to directly assess the rate of synthesis or turnover of 
ketone bodies. Production of ketone bodies provides an 
alternative fate for mitochondrial acetyl-CoA derived from 
-oxidation in the liver, and ketogenesis often increases dur-
ing fasting or insulin resistance as a compensatory mecha-
nism when the CAC has saturated the respiratory demand 
for NADH (2). We found that plasma BHB concentrations 
were significantly elevated in both 8 and 20 week WD-fed 
mice, but BHB levels were not impacted by VitE supple-
mentation. Although we cannot rigorously assess whether 
the elevation in plasma BHB was due to increased ketogene-
sis or decreased clearance by peripheral tissues, prior stud-
ies have shown that increases in circulating ketone bodies in 
response to HFF are indicative of elevated turnover rates 
(2). Prior studies have also shown that fasting plasma 
ketones tend to eventually fall (relative to chow controls) 
after long-term HFF (2, 44), and this impairment of fasting 
ketogenesis may further exacerbate mitochondrial dys-
function in NASH. However, we did not observe a signifi-

cant drop in fasting plasma BHB levels from 8 to 20 weeks 
of WD, suggesting that progression of NASH was not 
directly linked to impairment of fasting ketogenesis in our 
study. This inconsistency may reflect a number of differ-
ences in study design, including differences in animal 
models, age, diet composition, and fast duration. Neverthe-
less, assessing rates of ketone and fatty acid turnover would 
provide additional resolution for determining the fate of 
liver acetyl-CoA in NASH.
Another complication is that comparisons between 

chow-fed and WD-fed MCR4/ mice may be confounded 
by metabolic discordance, rather than progression, of the 
NASH disease state under these two dietary regimes. It is 
possible that de novo lipogenesis, either in the liver or fat 
tissue, is a greater contributor to liver steatosis and whole-
body adiposity in chow- versus WD-fed mice. We did not 
measure de novo lipogenesis or attempt to quantify its con-
tribution to liver lipid content, so we could not assess 
whether hepatic lipid accumulation was derived from dis-
tinct sources under the two diets. Liver steatosis and whole-
body adiposity were prevalent in both chow- and WD-fed 
animals, but the two diets had substantially different com-
positions based on caloric content (chow: 29% protein, 
13% fat, 58% carbohydrate; WD: 17% protein, 40% fat, 
43% carbohydrate). Furthermore, the manifestations of 
NASH observed in our studies may not be representative of 
the human condition and may be incongruent with other 
obese mouse models. For example, Chung et al. (62) 
achieved elevations in hepatic VitE concentrations that 
were similar to our study but reported protection against 
oxidative stress and inflammation in the livers of ob/ob mice 
with lipopolysaccharide-induced NASH. Our findings re-
lated to the nonprotective and, for certain indices, worsen-
ing effects of VitE treatment could be further bolstered by 
testing the same hypotheses in additional NASH models. It 
is likely that the duration and severity of NASH, the method 
of NASH induction, as well as the dose and frequency of 
VitE administration will impact the treatment response.
Overall, this study provided a quantitative assessment of 

in vivo liver metabolism in the progressive pathogenesis of 
diet-induced NASH and its treatment/prophylaxis with 
VitE. The success of some VitE therapies in patients with 
NAFLD and NASH offers hope for a facile solution to pro-
gressive steatotic liver disease (27). VitE is reported to not 
only reduce steatosis but also improve NASH in prior clini-
cal studies (27). However, the most potent effects of VitE 
may involve modulation of inflammation and lipid storage 
in adipose tissue (58, 59), and its effectiveness in treating 
NAFLD could vary depending on the stage of disease pro-
gression (27, 29). Furthermore, our results suggest that the 
efficiency of VitE delivery to the liver may be strongly influ-
enced by diet composition; this should be considered when 
comparing the effects of VitE provided with different diets, 
methods of administration, or dosing frequency. For ex-
ample, Alcala et al. (58) provided comparatively larger 
quantities of VitE by oral gavage yet only observed 3-fold 
changes in hepatic VitE concentration. At a minimum, the 
data presented in this study highlight the critical context-
dependent nature of VitE supplementation. Numerous 
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dissimilarities between the human condition and murine 
models constrain the breadth of our conclusions. Never-
theless, our results suggest that use of VitE to treat NAFLD/
NASH should be examined in a broader range of human 
patients and animal models to rigorously assess whether 
the proposed benefits outweigh the associated risks.
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