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Lipogenic transcription factor ChREBP mediates
fructose-induced metabolic adaptations

to prevent hepatotoxicity
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regulating SREBP2-dependent cholesterol metabolism.

Introduction

Nonalcoholic fatty liver disease (NAFLD), which affects almost
one-quarter of the population in the United States (1), is a slow-
ly progressive metabolic liver disorder, ranging from simple
steatosis and steatohepatitis to fibrosis and eventual cirrho-
sis. Overconsumption of saturated fat has been considered a
major trigger for NAFLD (2). More recently, with the wide use
of high-fructose corn syrup in diets, chronic overconsumption
of fructose has been attributed to the incidence of NAFLD (2,
3). Primarily metabolized in the liver, fructose intake has been
linked to increased liver steatosis, inflammation, and mito-
chondrial dysfunction (4, 5). So far, a clear understanding of
how fructose consumption is involved in the pathogenesis of
NAFLD has been lacking. In particular, specific cellular path-
ways that protect hepatocytes from the adverse metabolic
effects of fructose are unknown.
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Epidemiologic and animal studies implicate overconsumption of fructose in the development of nonalcoholic fatty liver
disease, but the molecular mechanisms underlying fructose-induced chronic liver diseases remain largely unknown. Here,
we have presented evidence supporting the essential function of the lipogenic transcription factor carbohydrate response
element-binding protein (ChREBP) in mediating adaptive responses to fructose and protecting against fructose-induced
hepatotoxicity. In WT mice, a high-fructose diet (HFrD) activated hepatic lipogenesis in a ChREBP-dependent manner;
however, in Chrebp-KO mice, a HFrD induced steatohepatitis. In Chrebp-KO mouse livers, a HFrD reduced levels of molecular
chaperones and activated the C/EBP homologous protein-dependent (CHOP-dependent) unfolded protein response, whereas
administration of a chemical chaperone or Chop shRNA rescued liver injury. Elevated expression levels of cholesterol
biosynthesis genes in HFrD-fed Chrebp-KO livers were paralleled by an increased nuclear abundance of sterol regulatory
element-binding protein 2 (SREBP2). Atorvastatin-mediated inhibition of hepatic cholesterol biosynthesis or depletion of
hepatic Srebp2 reversed fructose-induced liver injury in Chrebp-KO mice. Mechanistically, we determined that ChREBP binds
to nuclear SREBP2 to promote its ubiquitination and destabilization in cultured cells. Therefore, our findings demonstrate
that ChREBP provides hepatoprotection against a HFrD by preventing overactivation of cholesterol biosynthesis and the
subsequent CHOP-mediated, proapoptotic unfolded protein response. Our findings also identified a role for ChREBP in

Carbohydrate response element-binding protein (ChREBP)
is a glucose-sensing transcription factor that potently acti-
vates a panel of de novo lipogenesis (DNL) genes upon glucose
excess (6, 7). Chrebp mRNA expression increases in the liver of
patients with NAFLD (8). ChREBP deficiency in diabetic mice
alleviates liver steatosis and improves glucose metabolism (9,
10). In addition, ChREBP was found to regulate ethanol metab-
olism and modulate the degree of ethanol-induced liver inju-
ry (11). These studies suggest that ChREBP may regulate liver
pathophysiology in a context-dependent manner. Whether
ChREBP can regulate genes beyond lipogenesis in response to
fructose intake has not been explored.

The endoplasmic reticulum (ER) responds to the burden of
unfolded proteins in its lumen by activating the unfolded pro-
tein response (UPR). Under normal conditions, the duration and
degree of UPRs are tightly controlled to ensure cell viability while
reducing the burden of misfolded proteins. However, prolonged or
overactivated UPRs leads to apoptosis and organ damage (12) and
has been implicated in the pathogenesis of nonalcoholic steatohep-
atitis (NASH) in rodents (13). Another important function of the ER
is to control cellular cholesterol levels by fine-tuning cholesterol
synthesis and clearance (14). Accumulation of free cholesterol in
the ER membrane can induce ER stress and hepatocyte apopto-
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Figure 1. Loss of Chrebp sensitizes mice to HFrD-induced liver injury. Eight-week-old WT and Chrebp™- mice were fed a HFrD (70% calories from free fruc-
tose) for two weeks (1 = 4 for WT, n = 6 for Chrebp™- mice). (A-C) Loss of Chrebp blocked HFrD-induced hepatic lipogenesis. After 2 weeks of HFrD feeding,
(A) a liver triglyceride (TG) assay and (B) Oil Red O staining were performed to assess lipid accumulation in the livers of Chrebp~- mice and their WT
littermates. (C) Protein levels of lipogenic enzymes were assessed by Western blotting (protein quantification is shown in Supplemental Figure 4G). (D-F)
HFrD feeding induced liver injury in Chrebp~- mice. (D) After H&E staining of livers from Chrebp- mice and their WT littermates fed either regular chow or
a HFrD, (E) liver injury was scored blindly on a scale of 0 to 2. Mallory-Denk bodies are indicated by yellow arrows. (F) Serum ALT levels were measured at
the start and end of HFrD feeding. (G and H) HFrD feeding induced apoptosis in Chrebp~- mouse livers. Apoptosis was determined by (G) TUNEL staining
and (H) Western blotting for apoptotic markers. Apoptotic cells are indicated by arrowheads. (I and J) HFrD feeding increased the expression of PUMA at
both (I) mRNA and (J) protein levels. *P < 0.05, **P < 0.01, and ***P < 0.001, by 2-tailed Student’s t test; ****P < 0.0001, by 1-way ANOVA with Tukey’s
post-hoc test. Data represent the mean + SEM. Scale bars: 100 um; original magnification, x400 (enlarged images in bottom panels of D).

sis (15). In patients with NASH, elevated levels of free cholester-
ol instead of saturated fatty acids have been reported in the liver
(16-18). Hepatocytes overloaded with free cholesterol are highly
susceptible to TNF-o or FAS-induced apoptosis (19). SREBP2 (ste-
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rol regulatory element-binding protein) is the major transcription
activator of liver cholesterol biosynthesis (14). SREBP2-dependent
function is abnormally elevated in NAFLD and may contribute to
excessive cholesterol overload and trigger hepatocyte death (17,
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20). Therefore, SREBP2-mediated free cholesterol accumulation
and ER stress create a forward feedback loop to promote the pro-
gression toward NASH. How this feedback loop is involved in fruc-
tose-associated NAFLD has not been examined.

Here, we sought to determine how Chrebp deficiency sen-
sitizes fructose-rich diet-induced liver steatosis and injury. We
uncovered an intricate pathway through which ChREBP activates
de novo lipogenesis but suppresses the UPR and cholesterol bio-
synthesis in fructose-overloaded hepatocytes. Collectively, our
study highlights a metabolic adaptation pathway mainly driven by
ChREBP to protect the liver in response to a fructose-rich diet.

Results

A short-term high-fructose diet activates ChREBP-dependent hepat-
ic lipogenesis. Given the prevalence of fructose-rich diets in many
countries, we investigated the metabolic response to a short-term
high-fructose diet (HFrD) (OpenSource Diets; 20% calories pro-
vided by protein, 10% by fat, 70% by free fructose) in WT mice.
Compared with regular chow (26.8% calories provided by protein,
16.7% by fat, 56.4% by starch), HFrD feeding did not induce obe-
sity, hyperglycemia, or systemic insulin resistance (Supplemental
Figure 1, A-D; supplemental material available online with this
article; https://doi.org/10.1172/JC189934DS1). However, HFrD-
fed mice displayed elevated serum triglycerides, hepatomegaly
(Supplemental Figure 1, E and F), and increased liver triglyceride
content (Supplemental Figure 2A). Oil Red O staining revealed
neutral lipid accumulation and the formation of lipid droplets
within hepatocytes (Supplemental Figure 2B). Liver histology
analysis showed normal liver structure without evident injury
(Supplemental Figure 2B), indicating that WT mice develop sim-
ple liver steatosis in response to a HFrD.

To investigate the primary cause of liver steatosis upon short-
term fructose intake, we analyzed the expression profile of the
major lipid metabolic pathways that could contribute to liver ste-
atosis (Supplemental Figure 2, C and D) (21). Both mRNA and
protein expression levels of the major lipogenic enzymes (fatty
acid synthase [FASN], stearoyl-coenzyme A desaturase 1 [SCD1],
and glucokinase [GCK]) were markedly induced by a HFrD, along
with the induction of the lipogenic transcription factor ChREBP
(2.7-fold increase in mRNA levels and 2.2-fold increase in protein
levels) (Supplemental Figure 2, D and E), pointing to ChREBP-
dependent lipogenesis as an early metabolic adaptation to acute
fructose intake. Of note, we did not observe a similar induction of
SREBPIc protein, although the mRNA level of SrebpIc increased
(Supplemental Figure 2, D and E), indicating that hepatocytes
selectively activate the ChREBP-dependent lipogenic pathway
upon fructose intake.

Since hepatocytes are the major cell type capable of metabo-
lizing fructose, we investigated whether hepatocytes from HFrD-
fed mice have increased levels of lipogenesis when cultured ex
vivo. We isolated primary hepatocytes from mice fed regular chow
or a HFrD for 1 week and 2 weeks and then measured the mRNA
and protein levels of major DNL factors and the rate of DNL. The
induction of FASN, SCD1, and ChREBP in hepatocytes was detect-
ed as early as 1 week after a HFrD and further increased after 2
weeks of a HFrD (Supplemental Figure 3, A and B). Acetylation
of ChREBP is known to increase ChREBP transcriptional activity
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(22). Indeed, we detected increased ChREBP acetylation in prima-
ry hepatocytes isolated from HFrD-fed mice in comparison with
regular chow-fed mice (Supplemental Figure 3C), suggesting that
fructose feeding also enhances the ChREBP function. Further-
more, using *H-acetate as a substrate for DNL, we detected a 2-fold
increase in the rate of DNL in primary hepatocytes from mice after
1 week of HFrD feeding (Supplemental Figure 3D). Thus, these
results support a cell-autonomous activation of ChREBP-promot-
ed DNL in mouse hepatocytes following HFrD feeding.

So far, one striking similarity in both liver and primary mouse
hepatocytes following fructose intake is the upregulation of
ChREBP protein, ChREBP acetylation, and its lipogenic targets,
including Fasn, pyruvate kinase liver and red blood cell (Pkir),
and Scdl, along with a slight increase in Srebplc mRNA levels. We
therefore hypothesized that ChREBP is required for acute activa-
tion of hepatic lipogenesis upon HFrD feeding. To test this hypoth-
esis, Chrebp”~ mice from the Uyeda group (6) and with their WT
littermates were fed a HFrD for 2 weeks. Notably, Chrebp”- mice
lost approximately 20% of their BW, whereas the WT mice main-
tained their BW (Supplemental Figure 4A). Interestingly, while WT
and Chrebp”~ mice consumed similar amounts of regular chow,
Chrebp”- mice consumed only about 62% of the HFrD compared
with WT mice 72 hours after switching to a HFrD (Supplemental
Figure 4, B and C), suggesting that Chrebp~- mice become intol-
erant to a fructose-rich diet and tend to avoid fructose. The livers
of Chrebp”- mice weighed 39% less (Supplemental Figure 4D)
and displayed a higher glycogen content, an observation that was
similarly found in chow-fed and starch-fed Chrebp~- mice (6) (Sup-
plemental Figure 4E). However, Chrebp”- mice showed lower tri-
glyceride accumulation in the liver (Figure 1, A and B). The protein
and mRNA levels of major lipogenic genes including Fasn, Scdl, and
acetyl-CoA carboxylase 1 (Accl) were also significantly reduced in
the livers of Chrebp~- mice following HFrD feeding (Figure 1C and
Supplemental Figure 4, F and G). These data confirmed the essen-
tial role of ChREBP in the activation of the lipogenic pathway and
lipid accumulation in the liver upon fructose influx.

Chrebp”~ mice show severe liver injury following HFrD feeding.
As shown in Figure 1D (top panels), the liver histology of regular
chow-fed Chrebp”- mice was indistinguishable from that of WT
liver. However, upon fructose diet challenge, the liver histology
of Chrebp”- mice showed characteristics of liver injury including
loss of nuclei, hepatocyte ballooning, and the formation of Mallo-
ry-Denk bodies (Figure 1D, bottom panels). When blindly scored in
terms of NASH grade, the livers of Chrebp”~ mice showed a signifi-
cantly higher degree of liver injury (Figure 1E). Furthermore, fruc-
tose-challenged Chrebp”- mice showed a 3-fold increase in serum
alanine aminotransferase (ALT) (Figure 1F). Fructose feeding also
augmented apoptosis in the livers of Chrebp” mice, as determined
by TUNEL staining (Figure 1G), and increased the levels of cleaved
caspase 3 and keratin 18 (Figure 1H), without significantly increas-
ing the levels of serum fibroblast growth factor 21, a biomarker of
NAFLD and NASH (23, 24) (Supplemental Figure 5).

To test whether Chrebp”- mice mount a maladaptive response
to intermediate levels of free fructose, we fed Chrebp”~ mice and
their WT littermates a 34% fructose diet (20% calories from pro-
tein, 10% from fat, and 34% from free fructose) for 4 weeks. Com-
pared with WT mice on a 34% fructose diet, Chrebp”~ mice con-
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Figure 2. Restoring Chrebp expression rescues liver injury in HFrD-fed Chrebp~'- mice. Eight-week-old male Chrebp~- mice were injected with either
Chrebp-expressing adenovirus (Ad-Flag-Chrebp, n = 9) or GFP-expressing control adenovirus (Ad-GFP, n = 7). Three mice from each group were dissected
three days after adenovirus injection, and Chrebp overexpression was confirmed by (A) Western blotting with anti-Flag and (B) RT-gPCR for Fasn and
Pklr. The remaining mice were fed a 70% HFrD for 2 weeks before dissection. (C) Effects of restoring ChREBP on liver triglyceride levels. Liver injury was
assessed by (D) H&E staining, (E) TUNEL staining (apoptotic cells are indicated by arrowheads), (F) ALT assay, and (G) Western blotting for apoptotic
markers. *P < 0.05, by 2-tailed Student’s t test. Data represent the mean + SEM. Scale bars: 100 um.

sistently developed elevated levels of serum ALT and hepatocyte
apoptosis (Supplemental Figure 6), a phenotype similar to that of
Chrebp”- mice fed a 70% fructose diet. These results suggest that
Chrebp deficiency renders mice intolerant to fructose feeding.

Hepatocyte apoptosis results from an imbalance in the expres-
sion of proapoptotic versus antiapoptotic factors. We examined the
mRNA expression of proapoptotic factors (BCL-2-interacting medi-
ator of cell death [Bim], NADPH oxidase activator 1 [Noxa], and
p53-upregulated modulator of apoptosis [Pumal) and antiapoptotic
factors (BCL2-like protein 1 [Bc/2/1] and MCL1, BCL2 family apopto-
sis regulator [Mcl1]) in both WT and Chrebp”~ livers following HFrD
feeding. As a BH3-only protein critical for hepatocyte apoptosis in
response to various insults (25, 26), PUMA mRNA and protein levels
were elevated by approximately 4-fold and 2-fold, respectively (Fig-
ure 1, I and J). We also detected the induction of PUMA mRNA and
protein in the livers of Chrebp-mice fed a 34% fructose diet (Supple-
mental Figure 6, E and F). Meanwhile, FOXO1 and p53 protein levels
were comparable between WT and Chrebp~~ livers (Figure 1J), indi-
cating that the induction of PUMA was probably not due to FOXO1
and p53, two known transcription activators of Puma (26, 27).

Given the prominent role of the liver in fructose metabolism,
we tested whether restoring Chrebp expression in the livers of
Chrebp”~ mice could reduce liver injury following HFrD feeding.
To this end, we administered Ad-Flag-Chrebp virus to mice via
the tail vein prior to switching them to a 2-week-long HFrD. In
Ad-Flag-Chrebp-injected mice, we observed that the severity of
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liver injury was markedly reduced, as shown by TUNEL staining
and an increase in cleaved caspase 3 and keratin 18 (Figure 2). In
summary, these findings indicate that Chrebp deficiency sensitiz-
es hepatocytes to apoptosis upon consumption of a fructose-rich
diet, possibly via upregulation of the proapoptotic pathway.

A HFrD activates the C/EBP homologous protein-mediated apoptotic
UPR and leads to liver injury in Chrebp”- mice. To determine the mech-
anisms of hepatocyte death and liver injury in fructose-fed Chrebp”-
mice, we focused on the UPR-associated cell death pathways, since
these pathways have been shown to play a critical role in the pathogen-
esis of alcohol- and drug-induced liver injury (28). We first evaluated
the UPR pathway in WT mice with or without a HFrD. Compared with
mice fed regular chow, fructose-fed WT mice showed increased levels
of the UPR sensors endoribonuclease/protein kinase IRE1-like pro-
tein (IRE1), activating transcription factor 6 (ATF6), and glucose-reg-
ulated protein 78 (GRP78) as well as increased mRNA levels of spliced
X-box binding protein 1 (Xbpl) in the liver (Supplemental Figure 7,
A and B). In contrast, protein kinase R-like endoplasmic reticulum
kinase (PERK) and phosphorylated PERK (p-PERK) levels were com-
parable in both groups. As expected, the protein expression of C/EBP
homologous protein (CHOP) in the liver was similar between regular
chow-fed mice and HFrD-fed mice (Supplemental Figure 7A). These
changes in the UPR pathway were also observed in primary mouse
hepatocytes following 1 week of a HFrD (Supplemental Figure 7, C and
D), indicating that WT hepatocytes are fully capable of activating the
adaptive UPR pathway in response to a fructose-rich diet.
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Figure 3. HFrD activates the proapoptotic branch of the UPR in Chrebp~- mouse liver. (A) Comparable levels of ER stress in the livers of regular chow-fed
Chrebp™- mice and their WT littermates. Livers of 8-week-old male Chrebp”~ mice and their WT littermates (n = 3) on a regular chow diet were subjected to
Western blotting for ER stress markers. (B) HFrD feeding activated the proapoptotic branch of the UPR in Chrebp~- mouse livers. Male and female Chrebp™- mice
and their WT littermates were fed a 70% HFrD for 2 weeks before dissection (n = 4 for WT, n = 6 for Chrebp™- mice). Protein levels of components of adaptive
and proapoptotic branches of ER stress in the liver were assessed with Western blotting (protein level quantification is shown in Supplemental Figure 8). WCL,
whole-cell lysate. (C-G) Administration of the chemical chaperone 4-BPA protected Chrebp™- mice from HFrD-induced liver injury. (C) Male 8-week-old Chrebp™/-
mice were pretreated with 4-PBA (1g/kg BW/day) or PBS by oral gavage for 2 days (n = 3/group), followed by 8 days of HFtD feeding plus 4-PBA or PBS gavage.
Liver injury was determined by (D) H&E staining, (E) TUNEL staining (apoptotic cells are indicated by arrowheads), (F) ALT assay, and (G) Western blotting for
apoptotic markers. (H-L) Blocking the proapoptotic branch of the UPR protected Chrebp~- mice from HFrD-induced liver injury. (H) Male and female 8-week-
old Chrebp- mice were injected with either Chop-knockdown adenovirus (Ad-shChop, n = 6) or control adenovirus (Ad-shLacZ, n = 3) and then fed a HFrD for

2 weeks. Liver injury was assessed by (1) H&E staining, (J) TUNEL staining (apoptotic cells are indicated by arrowheads; original magnification, x200), (K) ALT
assay, and (L) Western blotting for apoptotic markers. *P < 0.05, by 2-tailed Student’s t test. Data represent the mean + SEM. Scale bars: 100 um.

We hypothesized that an uncontrolled UPR in the Chrebp”~  and Chrebp”- mice (Figure 3A). However, the UPR pathway was
mouse liver may account for hepatocyte death and subsequent  largely reprogrammed in HFrD-fed Chrebp”- mice. Specifically, we
liver injury after HFrD feeding. Notably, we detected comparable = observed a reduction in nuclear ATF6, even though the total levels
expression levels of major UPR factors in regular chow-fed WT  of IREla were similar between WT and Chrebp~- groups after HFrD
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feeding (Figure 3B). Furthermore, the UPR chaperone GRP78 was
reduced by 50% in Chrebp”- livers (Figure 3B and Supplemental
Figure 8). The most significant change in the UPR pathway was the
activation of the PERK/ATF4/CHOP pathway, including the eleva-
tion of p-PERK (Figure 3B and Supplemental Figure 8). Increased
levels of CHOP might be responsible for the induction of PUMA in
the fructose-fed Chrebp”- mice (Figure 1, I and J).

It is noted that this major shift in the UPR was absent in
Chrebp”- mice on regular chow (Figure 3A and Supplemental Fig-
ure 8). We found that neither Chrebp deficiency nor Chrebp over-
expression affected the Chop mRNA levels in the chow-fed con-
dition (Supplemental Figure 9), suggesting that ChREBP does not
participate in the regulation of the UPR under normal conditions.

Activity of calcium/calmodulin-dependent protein kinase
II (CaMKII) has been shown to link calcium release from severe
ER stress to participate in CHOP-mediated apoptosis (29, 30).
Indeed, we observed increased Camk2d mRNA, total CaMKII
abundance, as well as CaMKII phosphorylation at Thr286 in the
livers of Chrebp”~ mice (Supplemental Figure 10). Taken together,
our observations suggest that chronic activation of the proapop-
totic UPR branch might be a major cause of the hepatocyte death
and liver injury observed in Chrebp”- mice upon fructose feeding.

When administered in ischemia-reperfusion liver injury, the
chemical chaperone 4-phenylbutyric acid (4-BPA) was shown to
reduce the severity of liver injury in rodents (31, 32). We hypoth-
esized that alleviation of ER stress using 4-BPA might reverse
liver injury in fructose-fed Chrebp~- mice. To test this hypothe-
sis, we pretreated Chrebp”- mice with vehicle control or 4-PBA
for 2 days and followed this with 8 days of HFrD feeding in the
presence of vehicle or 4-PBA (Figure 3C). Compared with con-
trols, we found that 4-PBA treatment indeed normalized the
histological alterations and reduced serum ALT levels, apop-
totic hepatocyte numbers, as detected by TUNEL staining, and
caspase 3 cleavage (Figure 3, D-G). The improvement in liver
injury correlated with reduced levels of CHOP and its target
PUMA (Figure 3G).

Upon HFrD feeding, GRP78 expression was upregulated to
accommodate the adaptive UPR in WT mouse livers (Supplemen-
tal Figure 7, A and C). However, such a response was not observed
in fructose-fed Chrebp”- mouse livers (Figure 3B). In a comple-
mentary experiment, we tested whether restoring GRP78 expres-
sion reduces the degree of liver injury in fructose-fed Chrebp”~
mice. We generated recombinant adenovirus to restore GRP78
expression in Chrebp?- mice (Supplemental Figure 11). Consistent
with the results from 4-PBA treatment, Chrebp”~ mice injected
with Ad-Grp78 showed a marked improvement in liver histology
and a reduction in TUNEL-positive hepatocytes and serum ALT
levels (P = 0.08) (Supplemental Figure 11, B-D). Taken together,
our data suggest that restoring the adaptive UPR via either treat-
ment with 4-PBA or GRP78 overexpression reduces liver injury in
HFrD-challenged Chrebp~- mice.

Chrebp deficiency reprogrammed the UPR in the liver follow-
ing fructose feeding, suppressing the adaptive UPR, while acti-
vating the proapoptotic UPR (Figure 3B). As a critical mediator of
ER stress-induced apoptosis, CHOP was significantly elevated in
HFrD-fed Chrebp”- mouse livers (Figure 3B). Activation of CHOP
triggers hepatocyte apoptosis by altering apoptotic and survival
Volume 127 Number 7
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proteins (28). Loss of Chop was shown to protect mice from liv-
er injury induced by acetaminophen, endotoxin, and alcohol (33,
34). We therefore hypothesized that knockdown of hepatic Chop
in fructose-fed Chrebp”- mice might prevent hepatocyte death
and liver injury. To test this hypothesis, we depleted Chop in
Chrebp- mice with Ad-shChop injection prior to 2 weeks of HFrD
feeding (Figure 3H). While Chrebp”- mice with Ad-shLacZ still
exhibited liver injury after a fructose diet challenge, administra-
tion of Ad-shChop led to significantly lower levels of serum ALT,
fewer apoptotic hepatocytes, improved liver histology, decreased
caspase 3 cleavage, and reduced PUMA protein (Figure 3, I-L).

In summary, our findings highlight the critical role of ChREBP
in handling an influx of fructose by activating the adaptive UPR
pathway in hepatocytes. In the case of Chrebp deficiency, hepato-
cytes develop persistent ER stress and activate the CHOP-depen-
dent UPR when challenged with HFrD. Suppressing ER stress via
4-PBA gavage, Grp78 overexpression, or Chop knockdown pro-
tects Chrebp”~ mice from HFrD-induced liver injury.

Elevated HMGCR and cholesterol biosynthesis drive liver injury
in HFrD-fed Chrebp”- mice. To gain insights into the origin of per-
sistent ER stress in fructose-fed Chrebp”~ mice, we performed a
genome-wide expression analysis in the livers of WT (regular chow
vs. 70% HFrD) and Chrebp”~ (regular chow vs. 70% HFrD) mice.
As expected, lipogenic target genes of ChREBP such as Fasn, Accl,
and Mel were all downregulated in HFrD-fed Chrebp- mouse liv-
ers (Figure 4A). However, the cholesterol biosynthesis pathway was
significantly altered in HFrD-fed Chrebp”- mouse livers (Figure 4,
A and B). Notably, the levels of 6 genes (3-hydroxy-3-methylglu-
taryl-CoA reductase [Hmgcr], squalene epoxidase [Sqle], lanoster-
ol synthase [Lss], mevalonate [diphospho] decarboxylase [Mvd],
3-hydroxy-3-methylglutaryl-coenzyme A synthase 1 [HmgcsI], and
isopentenyl-diphosphate delta isomerase [Idil]) directly involved
in cholesterol biosynthesis were decreased in HFrD-fed WT mouse
livers but increased by more than 2-fold in HFrD-fed Chrebp™- liv-
ers (Figure 4A). The induction of cholesterol metabolic genes
was further confirmed by reverse transcription quantitative PCR
(RT-qPCR) (Figure 4C), with a 3-fold increase in Srebp2 mRNA
levels and an 8-fold increase in Sqle mRNA levels. HMGCR, the
rate-limiting enzyme in cholesterol biosynthesis, was elevated by
7-fold at the mRNA level and by 2-fold at the protein level (Figure
4, C and D). Consistent with the induction of HMGCR, total cho-
lesterol levels in the livers of Chrebp”- mice on a HFrD were ele-
vated, even though the change was not statistically significant (P =
0.18) (Figure 4G). mRNA expression of Srebp2, Hmgcr, and Sqle was
also induced by a 34% fructose diet in the livers of Chrebp”- mice
(Supplemental Figure 12A). In contrast, restoring ChREBP expres-
sion in the livers of Chrebp”~ mice suppressed the induction of all
3 cholesterol biosynthesis genes and HMGCR protein following
HFrD feeding (Figure 4, E and F). We noted that Chrebp deficien-
cy did not affect cholesterol biosynthesis in regular chow feeding
conditions (Supplemental Figure 13). Taken together, our Chrebp™~
mouse study supports the idea that ChREBP regulates hepatic cho-
lesterol biosynthesis in response to a HFrD.

Free cholesterol accumulation has been linked to liver inju-
ry and NASH, in part by disrupting the membrane integrity
of mitochondria and ER, triggering mitochondrial oxidative
damage and inducing unresolved ER stress (15). We measured
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Figure 4. ChREBP protects mice from HFrD-induced liver injury via suppression of cholesterol biosynthesis. Microarray analysis was performed with
RNA samples pooled from the livers of regular chow-fed WT mice (n = 7) versus 70% HFrD-fed WT mice (n = 7) or from the livers of HFrD-fed WT mice

(n = 4) versus HFrD-fed Chrebp~- mice (n = 6). Both male and female mice were used in all 4 groups. (A) List of ChREBP-regulated genes in mouse livers

in response to high-fructose feeding (genes involved in de novo cholesterol biosynthesis are highlighted in red). (B) Enrichment of genes in cholesterol
biosynthesis in HFrD-fed Chrebp~- mouse liver by PANTHER pathway analysis. (C and D) Elevation of genes in cholesterol biosynthesis in the livers of
HFrD-fed Chrebp~/- mice. Increased levels of cholesterol biosynthesis genes in HFrD-fed Chrebp~- mouse livers were confirmed by (C) RT-gPCR and (D)
Western blotting. (E and F) Restoring hepatic ChREBP expression suppressed cholesterol biosynthesis genes and HMGCR protein in the livers of HFrD-fed
Chrebp~- mice. (G and H) Increased free cholesterol content in Chrebp~- mouse livers after HFrD feeding. (G) Total cholesterol and (H) free cholesterol levels
in the liver were assessed with a cholesterol quantification kit and filipin staining, respectively. (I) Restoration of hepatic ChREBP expression suppressed
free cholesterol loading in the livers of HFrD-fed Chrebp~~ mice. *P < 0.05 and **P < 0.01; an unpaired, 2-tailed Student’s t test was used to determine the
Pvalues in C-E and G-I. Data represent the mean + SEM. Scale bars: 100 pm.

hepatic free cholesterol accumulation in HFrD-fed Chrebp”- and
WT mouse livers by filipin staining. Compared with HFrD-fed
WT livers, the free cholesterol level of HFrD-fed Chrebp”~ livers
was elevated 3-fold (Figure 4H). In contrast, restoring ChREBP
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expression in the liver of Chrebp”- mice suppressed hepatic free
cholesterol loading induced by a HFrD (Figure 41). To our knowl-
edge, this is the first report linking Chrebp deficiency and the
derangement in cholesterol metabolism.
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Figure 5. Blocking cholesterol biosynthesis protects Chrebp~- mice from fructose-induced liver injury. (A) Male 8-week-old Chrebp™- mice were pretreated by oral
gavage with atorvastatin (20 mg/kg BW/day) or vehicle for 2 days, followed by 8 days of 70% HFD feeding plus atorvastatin or vehicle gavage (n = 6/group). (B and
C) Liver total cholesterol and free cholesterol levels were determined. Liver injury was assessed by (D) ALT assay, (E and F) H&E staining, and (G) TUNEL staining

(arrowheads indicate apoptotic cells). (H) HMGCR and apoptotic markers were measured by Western blotting. *P < 0.05 and **P < 0.01, by 2-tailed Student's t test.

Although we observed a substantial increase in cholesterol
biosynthesis and accumulation of free cholesterol in the livers of
HFrD-fed Chrebp”- mice, it is unclear whether cholesterol accu-
mulation contributes to liver injury in these mice. HMGCR, which
catalyzes the first reaction of cholesterol biosynthesis, has been
successfully targeted using a pharmacological approach (15). We
postulated that inhibition of HMGCR and its mediated choles-
terol biosynthesis in Chrebp”~ mice during the course of fructose
feeding might reduce hepatocyte death and alleviate liver injury.
To this end, Chrebp”- mice were given the HMGCR inhibitor ator-
vastatin once daily for 2 days prior to HFrD feeding as well as for
the entire duration of the HFrD feeding (Figure 5A). At the end
of 8 days of HFrD feeding, atorvastatin treatment elevated mRNA
levels of Srebp2, Hmgcr, and Sqle, while reducing not only serum
cholesterol and ALT levels but also total and free hepatic choles-
terol levels and hepatocyte apoptosis in Chrebp~- mice (Figure 5,
B-H and Supplemental Figure 14). Thus, we showed evidence that
pharmacological suppression of cholesterol biosynthesis mitigates
HFrD-induced liver injury in Chrebp”~ mice.

ChREBP suppresses cholesterol biosynthesis by degrading nucle-
ar SREBP2 upon HFrD feeding. It has been well established that
SREBP2 acts as the major transcription factor that regulates
hepatic cholesterol biosynthesis, uptake, secretion, and trans-
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port. SREBP2 drives the expression of major enzyme genes for
cholesterol metabolism such as Hmgcr and Sqle (14, 35, 36).
Given that 7 cholesterol metabolism genes were elevated in
the Chrebp”mice following HFrD feeding, we postulate that
SREBP2 could play a critical role in this process. The full-length
SREBP2 (SREBP-FL) protein is synthesized and retained in the
ER and is then processed into the mature form, which translo-
cates into the nucleus as nuclear SREBP (SREBP-N) to activate
transcription (35). We observed that in the liver of Chrebp”~mice,
both SREBP-FL and SREBP2-N levels were robustly elevated by
HFrD feeding (Figure 6A, Supplemental Figure 12B, and Supple-
mental Figure 15). On the contrary, restoring ChREBP expres-
sion suppressed SREBP2-N accumulation in nuclear fractions
of HFrD-fed Chrebp~- mouse liver (Figure 6B). To test whether
hepatic Srebp2 depletion in Chrebp~- mice might suppress choles-
terol biosynthesis and prevent liver injury upon fructose feeding,
we generated Ad-shSrebp2 to deplete mouse Srebp2 expression
in vivo. We confirmed the efficiency of Srebp2 knockdown by
detecting reduced levels of both SREBP2-FL and SREBP2-N in
the liver (Figure 6C). As expected, Srebp2 depletion resulted in
a reduction of its targets, Hmgcr, Hmgcsl, and Sqle, and subse-
quently lowered serum cholesterol levels (Supplemental Figure
16, A and B). More important, Srebp2 depletion significantly
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Figure 6. ChREBP blocks HFrD-induced liver injury in part by degrading SREBP2-N to suppress cholesterol biosynthesis. (A) HFrD feeding

induced both SREBP2-FL and SREBP2-N protein expression in the livers of 70% HFrD-fed Chrebp~- mice. (B) Restoring ChREBP expression lowered
SREBP2-N in the nuclear extract from the livers of HFrD-fed Chrebp~- mice. (C-G) Depletion of Srebp2 by shRNA ameliorated HFrD-induced liver
injury in Chrebp~- mice. Chrebp~- mice (8 weeks of age) were injected with either Srebp2-knockdown adenovirus (Ad-shSrebp2, n = 3) or control
adenovirus (Ad-shLacZ, n = 3) and then fed a HFrD for 2 weeks. (C) Srebp2-knockdown efficiency was confirmed by Western blotting, and (D) its
targets expression and filipin staining detected free cholesterol. Liver injury was assessed by (C) Western blotting with antibodies against apoptotic
markers, (E) a serum ALT assay, (F) liver H&E staining, and (G) TUNEL staining (arrowheads indicate apoptotic cells). (H) ChREBP promoted SREBP2
protein degradation. U20S cells were transfected with Flag-Srebp2-N and cotransduced with Ad-GFP or Ad-Flag-Chrebp and then treated with 10 uM
MG132 for 3 or 6 hours. ChREBP and SREBP2-N expression levels were assessed by Western blotting with anti-Flag antibody. (I) ChREBP promoted
SREBP2 protein ubiquitination. 293A cells were transfected with Myc-Srebp2-N and cotransduced with Ad-GFP or Ad-Flag-Chrebp. Polyubiquitinat-
ed SREBP2-N was pulled down by denaturing immunoprecipitation with anti-Myc antibody and detected by Western blotting with antiubiquitin. (J)
ChREBP interacted with SREBP2. 293A cells were transfected with Flag-Srebp2-N and cotransfected with pNTAP-CBP-SBP-Chrebp or pNTAP empty
vector. The lysate was subjected to immunoprecipitation with streptavidin beads and to Western blotting with CBP or Flag antibodies. (K) Working
model: high-fructose-induced ChREBP suppresses free cholesterol loading and protects mice from liver injury via the promotion of SREBP2 degra-
dation. Data shown in H, I, and ] are representative results of 3 independent experiments. *P < 0.05, by 2-tailed Student’s t test. Data represent the

mean + SEM. Scale bars: 100 um. IB, immunoblot; IP, immunoprecipitation.
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reduced free cholesterol accumulation in the liver and mitigat-
ed HFrD-induced liver injury (Figure 6, C-G and Supplemental
Figure 16C). Collectively, our data suggest that SREBP2 overacti-
vation acts as a major driver to promote liver injury via cholester-
ol biosynthesis in Chrebp~- mice following HFrD feeding. Thus,
our data uncovered what we believe to be a novel link between
ChREBP and SERBP2-driven cholesterol biosynthesis in the liv-
ers of fructose diet-fed mice.

So far it remains unclear how ChREBP deficiency leads to
the induction of the SREBP2 pathway and especially to elevated
SREBP2-N protein levels. We hypothesize that ChREBP could
negatively regulate SREBP2 at both transcriptional and posttran-
scriptional levels. After searching through our microarray data
and screening reported cholesterol biosynthesis regulators using
RT-qPCR (Supplemental Figure 17), we were unable to identify
any obvious targets shown to inhibit the transcription of Srebp2.
However, we obtained evidence that ChREBP could directly regu-
late SERBP2-N stability. In U20S cells, overexpression of ChREBP
reduced Flag-SREBP2-N abundance by approximately 95%, an
effect that could be partially reversed by the treatment of the pro-
teasome inhibitor MG132 (Figure 6H). Moreover, we showed that
ChREBP overexpression led to polyubiquitination of SREBP2-N,
indicating that ChREBP may control SREBP2-N protein turnover
through ubiquitin-dependent degradation (Figure 61 and Sup-
plemental Figure 18). Last, we detected a strong protein-protein
interaction between tagged ChREBP and SREBP2-N in the pres-
ence MG132 in cultured cells (Figure 6]). In summary, our in vitro
overexpression data suggest, for the first time to our knowledge,
that ChREBP could destabilize SREBP2-N by promoting its ubiq-
uitination. This inhibitory action of ChREBP could play a crucial
role in hepatoprotection in response to fructose influx.

Discussion
Given that a fructose-rich diet has been widely adopted in many
countries and that it is closely associated with metabolic disorders,
it is crucial to understand the molecular basis of the metabolic
responses to fructose at the cellular and tissue levels. Here, for the
first time to our knowledge, we uncovered a ChREBP transcrip-
tion factor-mediated adaptive pathway that protects the liver from
HFrD-induced hepatocyte apoptosis and injury. In the absence of
ChREBP, mice on a HFrD develop severe liver injury due to over-
activation of ER stress and CHOP-mediated hepatocyte apoptosis.
Administration of the chemical chaperone 4-PBA or acute depletion
of Chop mitigates liver injury in HFrD-fed Chrebp”- mice. Increased
cholesterol biosynthesis probably contributes to hepatocyte apop-
tosis in fructose-challenged Chrebp”- mice, since inhibition of cho-
lesterol biosynthesis by the HMGCR inhibitor or Srebp2 knockdown
rescues Chrebp”~ mice from HFrD-induced liver injury (Figure 6K).
Fructose has become one of the most abundant sources of
dietary carbohydrates in the United States (37). The liver is the pri-
mary site of fructose uptake and metabolism (37). Although it has
been observed that a fructose-rich diet is closely linked to liver ste-
atosis (1), how chronic fructose feeding reprograms hepatic metab-
olism and leads to liver steatosis remains elusive. In hepatocytes,
ChREBP and SREBPIc are the major players driving the transcrip-
tion of lipogenic genes (38, 39). Our data show that HFrD feeding
selectively induces ChREBP protein instead of SREBP1c protein in
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the mouse liver, although the mRNA levels of both of these pro-
teins are elevated. In the Chrebp”- mouse liver, we detected lower
levels of Fasn and other lipogenic genes, indicating that there is a
lack of compensation in the activity of SREBP1c. It will be of great
interest to investigate how hepatocytes activate specific lipogenic
programs in response to different sources of nutrient inputs.

The unexpected finding from our study is that ChREBP is
required to protect hepatocytes from apoptosis and preserve liv-
er function in response to fructose influx. What are the causes of
hepatocyte apoptosis in the Chrebp”- mice upon HFrD feeding? It
has been reported that adaptive and transient hepatic ER stress
alleviates misfolded protein stress without triggering hepatocyte
death, whereas prolonged ER stress activates the expression of
proapoptotic proteins, inhibits prosurvival factors, and eventual-
ly triggers apoptosis via the PERK/CHOP pathway (12, 40). Our
data provide evidence that dysregulation of hepatic ER stress is
the major culprit of hepatocyte death in fructose-fed Chrebp”-
mice. Fructose feeding increases the expression of GRP78, IRE1,
and ATF6, without hepatocyte death in WT mice, indicative of the
induction of adaptive ER stress. However, in the case of Chrebp~-
mice, fructose feeding activates the proapoptotic PERK-CHOP
branch and the CHOP target PUMA, while suppressing the genes
in the adaptive branch in the mouse liver. We suspect, in certain
cases of human NAFLD, that the impaired ChREBP pathway may
be one of the underlying causes of the progression from simple
steatosis to NASH.

We further showed that the chemical chaperone 4-BPA alle-
viates liver injury and reduces apoptosis. Acute depletion of Chop
also reverses the liver injury phenotype in Chrebp”- mice after HFrD
feeding. These data highlight the importance of the proper control
of UPR and ER stress activity in hepatocytes in the presence of fruc-
tose influx and highlight the essential role of ChREBP in maintain-
ing normal liver functions by suppressing the PERK-CHOP branch
of the UPR. Recent work from the Postic group demonstrated that
ChREBP is important for protecting the liver by regulating ethanol
metabolism via sirtuin 1 (SIRT1) (11). It will be interesting to examine
the role of the ChREBP-controlled UPR pathway in alcohol-induced
liver injury models.

Several reports have documented free cholesterol accumula-
tionin the livers of patients with NAFLD (16, 18). Lipidomic analysis
revealed a positive correlation between free cholesterol accumula-
tion in the livers of NAFLD patients and the histological severity of
NASH (18). Induction of hepatic free cholesterol accumulation has
been shown to promote steatohepatitis and liver fibrosis, whereas
the reduction of hepatic free cholesterol alleviates liver injury in
NASH (41). Our current study supports the notion that free choles-
terol accumulation is a major cause of the proapoptotic ER stress
response and hepatocyte apoptosis in Chrebp”~ mouse livers after
HFrD feeding. The rate-limiting enzyme HMGCR and its regulator
SREBP2 are drastically elevated in Chrebp”-liver at both the mRNA
and protein levels. Treatment with the HMGCR inhibitor atorvas-
tatin or depletion of Srebp2 in the liver reduces cholesterol synthe-
sis and rescues liver injury in HFrD-fed Chrebp- mice. Thus, for
the first time to our knowledge, we provide data supporting the
idea that ChREBP protects against HFrD-induced liver injury, a
protection that likely occurs through the repression of cholesterol
biosynthesis and free cholesterol accumulation.
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We postulate that there are 2 potential mechanisms by which
ChREBP suppresses liver cholesterol biosynthesis during fructose
diet feeding. One possibility is that ChREBP directly blocks the tran-
scription of enzymes of cholesterol metabolism. We speculate that
this mechanism might be specific for HFrD feeding, since we did not
observe altered HMGCR expression in Chrebp”- mice fed a regular
chow diet. Alternatively, ChREBP might activate the expression of
miR species that specifically target cholesterol metabolism. Several
liver-rich miRs, including miR-21 (42, 43), miR-33 (44), and miR-
34a (16), have been shown to suppress HMGCR expression. Our
microarray data showed that several miR species were selectively
downregulated in HFrD-fed Chrebp”- mouse livers. Future studies
will use ChIP-sequencing (ChIP-seq) with an anti-ChREBP anti-
body to uncover how HFrD feeding affects the genomic footprints of
ChREBP on target genes involved in cholesterol metabolism.

Our data also point to another possible mechanism by which
ChREBP controls cholesterol biosynthesis via the destabilization
of SREBP2 protein during HFrD feeding. In the liver, ChREBP defi-
ciencyresulted in highly elevated SREBP2-N, which can be reversed
by restoring ChREBP expression. Despite substantial efforts made
to understand how SREBP2-FL is processed and matured during
cholesterol metabolism, little is known regarding the fate of matured
SREBP2-N. The Ericson group suggested that SREBP2 is targeted
for ubiquitination and proteasome degradation by GSK3f and the
E3 ligase FBW7(36, 45). Other studies suggest that the NAD-de-
pendent deacetylases SIRT1 and SIRT6 could potentially promote
SREBP2 protein turnover (46, 47). In our studies, we unexpectedly
found that ChREBP could be a potent factor promoting ubiquitina-
tion and destabilization of the mature SREBP2 protein. The inter-
action between ChREBP and SREBP2-N was detected in cultured
cells overexpressing both proteins, suggesting that such an inter-
action might be required for ChREBP to promote ubiquitination of
SREBP2-N. Our future work will systematically map the region of
ChREBP that is critical for its interaction with SREBP2-N and iden-
tify ChREBP mutants that fail to interact with SREBP2-N. We will
test the functional consequences of such mutants on SREBP-N deg-
radation and SREBP2-driven cholesterol biosynthesis in the mouse
liver following HFrD feeding. Because of the nature of ChREBP as
a transcription factor, it remains to be addressed whether such an
interaction is sufficient to drive ubiquitination-dependent degrada-
tion of SREBP2-N. We speculate that, upon fructose diet feeding,
there could be the possible formation of a novel ChREBP-interact-
ing protein network that contains specific ubiquitin E3 ligases. Iden-
tification of such a ChREBP-specific protein network in our future
work would shed light on how hepatocytes cope with fructose influx
by degrading SREBP2-N protein.

Our current study provides a classical example of gene
and nutrition interaction as a survival mechanism throughout
human evolution. This ChREBP-mediated adaptive mechanism
allows animals to efficiently store energy from fructose, which
was rare in ancient diets. It is conceivable that, after consuming
large amounts of fructose, humans might develop liver steatosis
without severe liver injury caused by a highly activated ChREBP
pathway. However, NAFLD patients with genetic defects in
Chrebp might undergo an accelerated transition from simple liv-
er steatosis to NASH. Our findings suggest that the treatment of
these patients with statins might curb the progression of NAFLD
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and restore liver function. Our findings also underscore the need
for an in-depth understanding of the regulation and action of the
ChREBP pathway upon fructose diet feeding.

Methods

Reagents. Filipin (catalog F-9765) and 4-BPA (catalog P21005) were
purchased from Sigma-Aldrich. Atorvastatin was obtained from Cay-
man Chemical (catalog 10493). The high-fructose diet was purchased
from Research Diets, and the ingredients are included in the Supple-
mental Experimental Procedures.

Animal experiments. All animal experiments were approved by the
Institutional Animal Care and Research Advisory Committee of the
University of Michigan. C57BL/6 mice were maintained on a 12-hour
light/12-hour dark cycle with ad libitum access to food and water.
Chrebp”- mice were provided by Jiandie Lin of the University of Mich-
igan. For food intake, mice were kept in separate cages, and their food
intake was measured for 3 successive days.

For liver-specific knockdown or overexpression, Ad-shLacZ ver-
sus Ad-shChop, Ad-GFP versus Ad-Flag-Chrebp, or Ad-Grp78 adeno-
viruses were delivered via tail-vein injection at a dose of 1 x 102 PFU.
4-PBA (Sigma-Aldrich) was dissolved in Milli-Q water, titrated with
5M NaOH, and given by oral gavage to 8-week-old mice (1 g/kg BW/
day). Atorvastatin (Cayman Chemical) was dissolved in 0.1% sodi-
um carboxymethyl cellulose solution and administered to mice by
oral gavage (20 mg/kg BW/day), with CMC-Na solution as a control.
Mice were gavaged with 4-PBA or atorvastatin for 10 days and fed a
HFrD starting on the third day, until dissection. Liver tissues were
harvested for mRNA and protein analysis. Frozen sections were used
for TUNEL staining and Oil Red O staining. Paraffin-embedded tis-
sue was used for section and H&E staining. After H&E staining, the
slides were transferred to GFB, with only the mouse number indicat-
ed but no genotype or treatment information, for liver injury scoring.

Primary mouse hepatocyte isolation and culture. Primary mouse
hepatocytes (PMHs) were isolated by digesting mice liver with type
I collagenase. Detailed protocols are available in the Supplemental
Experimental Procedures.

Immunoblotting. Whole-cell lysates of hepatocytes or frozen liver
were prepared in a modified RIPA buffer. The cytosolic and nuclear
fraction was separated with the hypotonic buffer, and nuclei were
suspended with radio immunoprecipitation assay (RIPA) buffer to
prepare nuclear protein. Detailed procedures and antibody informa-
tion are available in the Supplemental Experimental Procedures. The
complete, unedited blots are provided in the supplemental material.

cDNA synthesis and gPCR. Total cellular RNA extraction was per-
formed using TRIzol Reagent (Invitrogen, Thermo Fisher Scientific)
and chloroform. cDNA was synthesized and subjected to qPCR using
the SYBR Green dye-based assay. qPCR primer sequences are listed in
the Supplemental Experimental Procedures.

Microarray. Total RNA was extracted from the livers of WT mice
fed a chow diet (1 =7) or a HFrD (n =7), or from the livers of Chrebp”~
mice (n=6) or their WT littermates fed a HFrD (n=4). Total RNA from
the livers of mice of the same genotype and treatment was pooled. A
microarray assay was performed in the DNA Sequencing Core at the
University of Michigan using Mouse Gene ST 2.1 Strip of Affymetrix.
The original data have been deposited in the NCBI's Gene Expression
Omnibus (GEO) database (GEO GSE 96820; https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE96820).
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De novo lipogenesis assay. De novo lipogenesis rates in primary
hepatocytes were assessed by measuring the radioactivity of newly
synthesized lipids from H3-labeled substrate. Detailed procedures are
available in the Supplemental Experimental Procedures.

Serum assays. Serum ALT and cholesterol assays were performed
with kits from Pointe Scientific (A7525 and A7510, respectively),
according to the manufacturer’s instruction.

Liver triglyceride and cholesterol measurements. Detailed liver tri-
glyceride and cholesterol assays are available in the Supplemental
Experimental Procedures.

TUNEL staining. TUNEL staining was performed with an in situ
cell death detection kit from Roche. Briefly, frozen sections of liver
were fixed with 4% paraformaldehyde, permeabilized with the buffer
containing 0.5% Triton X-100 and 0.05% SDS, and then incubated
with reaction buffer. The slides were then counterstained with DAPI
and visualized under a microscope. TUNEL-positive cells were quan-
tified in x200-magnified fields of 3 mice livers from each group and
normalized to DAPI staining, with numbers counted using Image]J
software (NIH).

Statistics. Statistical analysis was performed using GraphPad
Prism version 6.0 (GraphPad Software). Statistical significance was
determined either by unpaired 2-tailed Student’s ¢ test for compari-
sons between 2 groups or by 1-way ANOVA with Tukey’s or Dunnett’s
post-hoc test for multiple group comparisons. All results are given as
the mean + SEM. Results were considered statistically significant with
a Pvalue of less than 0.05.
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