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Excessive fructose consumption is closely linked to the
pathogenesis of metabolic disease. Carbohydrate re-
sponseelement-bindingprotein (ChREBP) isa transcription
factor essential for fructose tolerance in mice. However,
the functional significance of liver ChREBP in fructose
metabolism remains unclear. Here, we show that liver
ChREBP protects mice against fructose-induced hepa-
totoxicity by regulating liver glycogen metabolism and
ATP homeostasis. Liver-specific ablation of ChREBP did
not compromise fructose tolerance, but rather caused
severe transaminitis and hepatomegaly with massive gly-
cogen overload in mice fed a high-fructose diet, while
no obvious inflammation, cell death, or fibrosiswas detected
in the liver. In addition, liver ATP contents were signifi-
cantly decreased by ChREBP deficiency in the fed state,
which was rendered more pronounced by fructose feed-
ing. Mechanistically, liver contents of glucose-6-phosphate
(G6P), an allosteric activator of glycogen synthase, were
markedly increased in the absence of liver ChREBP, while
fasting-induced glycogen breakdown was not compro-
mised. Furthermore, hepatic overexpression of LPK, a
ChREBP target gene in glycolysis, could effectively res-
cue glycogen overload and ATP reduction, as well as
mitigate fructose-induced hepatotoxicity in ChREBP-
deficient mice. Taken together, our findings establish
a critical role of liver ChREBP in coping with hepatic

fructose stress and protecting from hepatotoxicity by
regulating LPK.

The increase in fructose consumption has been a particular
health concern. Epidemiological studies indicate that ex-
cessive and chronic consumption of dietary fructose is
strongly linked to the pathogenesis of metabolic syndrome,
which is characterized by obesity, insulin resistance, hyper-
glycemia, dyslipidemia, hypertension, nonalcoholic fatty
liver disease, gout, and hyperuricemia (1–5). Fructose and
glucose have identical chemical formulas and molecular
weights; however, fructose exhibits distinct metabolic
features and biological effects in vivo, which may con-
tribute to metabolic diseases (6,7).

Biochemically, the fundamental difference between glu-
cose and fructose metabolism in mammals is their initial
phosphorylation (8). Glucose is phosphorylated at the C6-
position, and then it is reversibly isomerized into fructose-
6-phosphate. Before breakdown into three-carbon units,
fructose-6-phosphate has to be further phosphorylated at
the C1-position by phosphofructokinase, the most highly
regulated enzyme in glycolysis. In contrast, fructose is
phosphorylated by ketohexokinase (KHK) at its C1-
position to yield fructose-1-phosphate, which can be directly
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cleaved by aldolase B (AldoB) to dihydroxyacetone phos-
phate and glyceraldehyde. By bypassing phosphofructo-
kinase, fructolysis is not regulated by product feedback
inhibition. Therefore, excess fructose intake leads to uncon-
trolled consumption of ATP and accumulation of intermedi-
ate metabolites, imposing heavy stress to cellular metabolic
homeostasis. Intermediate fructose metabolites can enter
the gluconeogenesis pathway and are converted into glu-
cose, which occurs in the small intestine and liver, facili-
tating the disposal of dietary fructose and its metabolites
(9). The small intestine absorbs fructose through GLUT5
(10) and can positively regulate its fructose absorption and
clearance (9). Excessive dietary fructose overwhelms intes-
tinal absorption and clearance capacity, thereby getting
access to the liver and colonic microbiota. Thus, the liver
may play an important role in the clearance of excess
dietary fructose. However, the mechanism by which the
liver copes with such a fructose-induced metabolic stress
is not fully understood.

Carbohydrate response element-binding protein (ChREBP)
is one of the major transcription factors regulating carbo-
hydrate metabolism and lipogenesis (11–13). Germline
deletion of ChREBP leads to liver glycogen accumulation
as well as defective hepatic glycolysis and lipogenesis (12).
Of note, ChREBP-null mice are intolerant to fructose and
become moribund within 1–2 weeks of a diet high in
fructose. It was initially speculated that impaired liver
fructolysis may contribute to fructose intolerance in
ChREBP-null mice. However, conditional gene targeting
revealed tissue-specific ablation of ChREBP in the intestine
rather than in the liver is the cause of fructose intolerance
in mice (14). To date, the functional significance of liver
ChREBP in the disposal of excess dietary fructose is still
not defined.

In the current study, we demonstrate that liver ChREBP
protects mice from fructose-induced hepatotoxicity by
regulating hepatic glycogen and ATP homeostasis. He-
patic ChREBP deficiency results in severe liver injury with
massive hepatic glycogen accumulation and ATP deficit
upon fructose feeding. Mechanistically, glucose-6-phosphate
(G6P) contents were markedly elevated in themutant liver,
which allosterically activates glycogen synthesis. Further-
more, hepatic overexpression of LPK could largely rescue
the glycogen and ATP phenotypes in mutant mice. Thus,
we postulate that liver ChREBP plays a critical role in
regulating fructose metabolism and in coping with fructose-
induced metabolic stress by controlling the LPK-regulated
glycolytic checkpoint.

RESEARCH DESIGN AND METHODS

Generation and Phenotypic Analysis of ChLO Mice
An embryonic stem cell–based strategy was used to gen-
erate ChREBP-floxed mice by flanking the eighth exon with
LoxP sites. The chimeras were mated with transgenic Flp
mice expressing Flp recombinase to delete the neo cassette
by Flp-mediated flippase recognition target recombination
(15,16). Chrebp liver-specific knockout (ChLO) mice were

generated by crossing Chrebpfl°x mice with albumin-Cre
transgenic mice as previously described (17). PCR primers
for genotyping are listed in Supplementary Table 1.

Animal Experiments
All animal experiments were performed on mice that were
backcrossed onto C57BL/6J for at least six generations and
approved by the Navy Medical University Animal Ethics
Committee (Shanghai, China). The mice were fed a normal
chow diet (NCD) or high-fructose diet (HFR) (20% protein,
70% fructose, and 10% fat in calories; Shanghai Fanbo
Biotechnology Company).

Metabolic Assays
Blood glucose, glucose tolerance test, plasma insulin, plasma
and liver triglyceride (TG), cholesterol, and nonesterified
fatty acids were measured as previously reported (18). Liver
or muscle glycogens were detected with a glycogen assay kit
(E2GN-100; BioAssay Systems) in accordance with the
manual guidelines included with the kit. For the glucose
tolerance test, adult mice were fasted for 6 h prior to i.p.
injection of D-glucose (2 g/kg body weight) (19). Plasma
aminotransferases were measured in a biochemical ana-
lyzer (Mindray BS-220) with the kits provided by the
manufacturer (Mindray, Shenzhen, China).

We measured blood glucose using a glucose monitor (One
Touch Ultra, Lifescan; Johnson & Johnson, Milpitas, CA);
plasma insulin with an ultrasensitive mouse insulin ELISA
kit (Mercodia, Uppsala, Sweden); plasma and liver TG, cho-
lesterol, and nonesterified fatty acids by colorimetric assays
(Sigma and Wako). We extracted TG and cholesterol from
liver with acetone for colorimetric assays. We extracted liver
total DNA with a DNAMiNi Kit (QIAamp, 51304) following
the operation manual guidelines. We detected liver glycogen
with a glycogen assay kit (E2GN-100; BioAssay Systems)
following the operation manual guidelines. For the glucose
tolerance test, adult mice were fasted for 6 h prior to i.p.
injection of D-glucose (2 g/kg body weight).

Periodic Acid Schiff Staining
Sections were oxidized with 0.5% periodic acid for 10 min,
stained with Schiff reagent for 30 min at room temper-
ature, followed by restaining with hematoxylin for 30 s
Then, the sections were differentiated with 0.1% hydro-
chloric acid ethanol solution for 1 min and mounted using
Permount (DAKO).

Sirius Red Staining
The slides were incubated with a 0.1% Sirius red solution
dissolved in aqueous saturated picric acid for 1 h, washed
in acidified water (0.5% hydrogen chloride), dehydrated, and
mounted with a permanent mounting medium (Sigma).

In Vivo Lipogenesis Assay
We measured hepatic de novo lipogenesis in vivo using
[3H]-labeled water as previously described (13). Briefly,
mice were i.p. injected with 0.5 mL of 0.15 mol/L NaCl
containing 0.2 mCi of [3H]-water/100 g body weight. One
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hour later, we excised liver samples (;700 mg per animal),
heated them at 90°C for 5 h in amixture of 1.5mL of 4mol/L
potassium hydroxide and 1.5 mL of 95% ethanol, and then
mixed them with 4 mL of hexane. After centrifugation, we
collected the organic phase and dried it for [3H]-sterol assay.
The aqueous phase (3 mL) was acidified with 0.75 mL of
10 mol/L H2SO4 before mixing with 4 mL hexane and being
subjected to centrifugation. Then, we washed the organic
phase with 3 mL of distilled water and dried it for the
determination of [3H]-labeled fatty acids.

Detection of Liver ATP and Glucose Metabolites
ATP extraction and detection were performed as pre-
viously described with some modifications (20). Liver
G6P was detected using a G6P assay kit (BioAssay Sys-
tems), and uridine diphosphate-glucose (UDPG) was detected
by mass spectrometry.

Measurements of Mitochondrial Oxygen Consumption
The primary hepatocytes were isolated by collagenase II
perfusion as described elsewhere (21). Mitochondrial respira-
tion was analyzed using the Oxygraph-2k (O2k; OROBOROS
Instruments, Innsbruck, Austria) in the presence of various
inhibitors.

Microarray Analysis
After feeding 12-week-old mice on a high sucrose diet
(60% sucrose) for 1 week, the mice were sacrificed, and
liver tissues (n 5 3 for each group) were collected for use
in RNA extraction with RNAiso Reagent (Takara). A micro-
array analysis was conducted according to the standard
protocol of the Shanghai Biotechnology Corporation
(Shanghai, China) using Affymetrix GeneChip Mouse
Genome 430 2.0 Array, which contains 34,000 anno-
tated genes. Differentially expressed genes with a fold-
change.2 and P, 0.05 between control and ChLO mice
were selected for further analysis. Gene Ontology and
Kyoto Encyclopedia of Genes and Genomes enrichment
analysis were performed.

mRNA Expression Analysis
mRNA expression was measured by quantitative RT-PCR
(qRT-PCR) using the SYBR Green dye-based assay with the
36B4 gene as internal control in every plate. The quanti-
tative PCR primer sequences are listed in the Supplemen-
tary Table 2.

Protein Expression Analysis
Whole liver tissue lysates were generated using urea ly-
sis buffer and run on 10% SDS-PAGE gel. Proteins were
transferred onto polyvinylidene fluoride membranes
(PolyScreen) and incubated in sequential order with the
appropriate primary antibody and horseradish peroxidase–
conjugated secondary antibodies. This was followed by
visualization with enhanced chemiluminescence reagents
(Pierce Biotechnology, Rockford, IL). The antibody infor-
mation and working dilutions are listed in Supplementary
Table 3.

Generation of the LPK Adenoviruses
Recombinant adenoviral vectors expressing LPK (Ad-LPK)
were purified by CsCl ultracentrifugation and subjected to
dialysis against PBS before titration by the standard plaque-
forming assay as previously described (18). Ad-GFP or
Ad-LPK adenoviruses were delivered via tail-vein injection
at a dose of 13 1010 plaque-forming unit in a final volume
of 200 mL of PBS. Two weeks later, the mice were fed an
HFR for another week and then sacrificed.

Statistical Analysis
All numerical data were expressed as mean 6 SD. Statis-
tically significant differences among the means of different
groups were determined by a two-way ANOVA and defined
as P , 0.05, except for the mass spectrometry data of
glucose metabolites, which were analyzed by the Kruskal-
Wallis test.

Data and Resource Availability
The microarray data generated in this study are accessible
from the Sequence Read Archive of NCBI with accession
number GSE139937. The data sets generated during and/
or analyzed during the current study are available from the
corresponding author upon reasonable request.

RESULTS

Generation of ChREBP Liver-Specific Knockout Mice
To explore the in vivo function of liver ChREBP, we gener-
ated its liver-specific knockout mouse model ChLO using
a Cre-LoxP strategy (Fig. 1A). To this end, the eighth exon of
ChREBP was flanked with the LoxP sites, thereby deleted by
albumin promoter–driven Cre in the mutant mice. The tar-
geted allele was distinguished by PCR genotyping using ge-
nomic DNA (Fig. 1B), and the deletion efficiency and
specificity were confirmed at the mRNA and protein levels
by qRT-PCR and Western blot analyses, respectively (Fig.
1C and D). ChLO and control mice were born normally
and survived equally into adulthood without any signif-
icant gross differences. Expectedly, the liver from the
ChLO mice exhibited a remarkable decrease in mRNA
expression levels of the ChREBP target genes that are
involved in glycolysis and lipogenesis, which include Pklr,
Fasn, Elovl6, and Scd1 compared with the control liver
(Fig. 1E). These findings are concordant with the results
of previous reports (12). As a result, de novo fatty acid
synthesis significantly decreased in themutant liver, whereas
sterol synthesis was not affected (Fig. 1F). These results
indicate the successful generation of a liver-specific ChREBP
knockout mouse model and support the critical role of
ChREBP in liver glycolysis and lipogenesis.

ChREBP Deficiency Promotes Liver Glycogen
Accumulation
When fed on NCD, the ChLO mice exhibited no signif-
icant abnormality in body weight or liver weight com-
pared with their control counterparts up to 14 months of
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age (Supplementary Fig. 1A and B). The liver of the ChLO
mice had a normal appearance and size, and hematoxylin-
eosin (H-E) staining of liver sections did not show any
obvious morphological abnormality (Supplementary Fig.
1C). Plasma transaminase alanine aminotransferase (ALT)
and AST levels were normal in both control and ChLO
mice, indicating no sign of liver injury (Supplementary Fig.
1D). Metabolically, there were no significant alterations in
plasma glucose, TG, or insulin levels between the two
genotypes, whereas plasma cholesterol levels were slightly
but significantly lower in the mutant mice. Oral glucose tol-
erance test showed a normal glucose disposal in ChLO mice
(Supplementary Fig. 2A–D). Liver TG or total cholesterol
contents did not change with ChREBP deletion, while

glycogen contents increased by about twofold in the liver
and remained constant in skeletal muscle (Supplementary
Fig. 2E and F), which is consistent with a previous report
in ChREBP-null mice (12). These results suggest that liver
ChREBP plays a critical role in glycogen homeostasis and
that mild liver glycogen accumulation alone appears to have
no obvious pathological consequences.

Fructose Induces Liver Glycogen Overload and
Hepatotoxicity in ChLO Mice
To investigate the role of liver ChREBP in fructose me-
tabolism, we then fed the ChLO and control mice with an
HFR, of which 70% of the calories were derived from
fructose. Unlike ChREBP-null mice, the ChLO mice did

Figure 1—Hepatic de novo lipogenesis (DNL) is impaired in ChLO mice. A: Schematic demonstration for the generation of ChREBP liver-
specific knockout mice. B: Representative demonstration for PCR-based genotyping with tail genomic DNA. C: ChREBP deletion efficiency
and specificity. ChREBP mRNA levels in liver, intestine, kidney, muscle, brown adipose tissue (BAT), and white adipose tissue (WAT). D:
Western blot analysis for ChREBP protein expression in the liver. E: mRNA levels of glycolytic and lipogenic genes. F: Liver DNLwas detected
with the incorporation of 3H-H2O in vivo. *P, 0.05; **P, 0.01. bHLH, basic helix-loop-helix; DPM, disintegrations per minute; FA, fatty acid;
NLS, nuclear localization signal; WT, wild type.
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not show significant differences in body weight or any
gross abnormality compared with the control mice within
the first 8 weeks of HFR feeding (Fig. 2A and Supple-
mentary Fig. 3A). Metabolically, both groups of mice had
similar plasma glucose levels in the fed or fasting state
after 1 week of HFR feeding (Fig. 2B). Plasma TG levels
did not change in the mutant mice; however, plasma total
cholesterol levels significantly decreased compared with
the control mice (Fig. 2C and Supplementary Fig. 3B).
These data suggest that liver ChREBP is dispensable for
fructose tolerance. These findings are consistent with those
of previous reports (14).

Of note, as early as 1 week after the initiation of HFR
feeding, the ChLOmice exhibited markedly elevated plasma
levels of ALT and AST as well as severe hepatomegaly, with
a 61% increase in liver weight–to–body weight ratios rel-
ative to the control group (Fig. 2D and E and Supplementary

Fig. 3C and D). These data suggest fructose might induce
hepatotoxicity in the absence of liver ChREBP. H-E staining
demonstrated pale staining with obvious architectural
changes in the ChLO liver such as hepatic swelling, which
was most prominent around the central venous region,
whereas the control liver did not show significant ab-
normalities (Fig. 2F). Periodic acid Schiff staining revealed
massive glycogen accumulation in fructose-fed ChLO liver
compared with the control liver. A biochemical assay con-
firmed a 4.9-fold glycogen overload in the mutant liver,
while muscle glycogen contents were similar between the two
genotypes (Fig. 2G and Supplementary Fig. 3E). Of interest,
there was a positive correlation between liver glycogen con-
tents and plasma ALT levels in HFR-fed ChLOmice (Fig. 2H).
However, levels of liver TG as well as total and free choles-
terol contents were significantly lower in the ChLOmice than
those of the control group (Fig. 2I and Supplementary Fig.

Figure 2—Fructose induces hepatotoxicity and massive liver glycogen accumulation in ChLO mice. A: Body weight in control and ChLO
groups.B: Blood glucose levels in the fed or 6-h-fasted states.C: Plasma TG and cholesterol levels in the fed state.D: Plasma transaminases
levels. E: Liver weight/body weight ratios. F: Morphological changes demonstrated by H-E staining and PAS staining for glycogen (pink).
Scale bar, 100 mm.G: Glycogen contents in the liver and muscle in the fed state. H: Correlation between liver glycogen contents and plasma
ALT levels. I: Liver TG and cholesterol contents. J: mRNA expression of the inflammatory factors in the liver. K: mRNA level of genes involved
in ER stress in the liver. L: Western blot analysis for ATF6 expression and activation. n 5 5–12. *P , 0.05; **P , 0.01. IL, interleukin; PAS,
periodic acid Schiff; TC, total cholesterol.
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3F). These data imply that liver glycogen overload could be
a cause of the fructose-induced hepatotoxicity.

To further characterize the pathology of fructose-
induced hepatotoxicity in the absence of ChREBP, we mea-
sured distinct forms of cell death. TUNEL staining revealed
sparse apoptotic cells in the HFR-fed liver, and no signif-
icant differences in apoptotic cells as well as the activation
of caspase 3 were observed between the two genotypes
(Supplementary Fig. 4A–C). In addition, after 1 or 8 weeks
of HFR feeding, the ChLO and control mice had compa-
rable plasma levels of lactate dehydrogenase and glutamate
dehydrogenase (Supplementary Fig. 4D and E), which are
indicators of hepatocyte necrosis (22,23). Western blot
analysis of necroptotic biomarkers revealed no significant
change in the expression or phosphorylation of RIP, RIP3,
and MLKL in the liver of ChLO mice challenged with high

fructose for 1–8 weeks compared with the control group
(Supplementary Fig. 4F).

We further assessed inflammation and endoplasmic re-
ticulum (ER) stress, which are frequently involved in liver
injury (24,25). qRT-PCR analysis revealed that 1 or 8 weeks
ofHFR feeding did not significantly change themRNA levels
of proinflammatory factors interleukin 6 and tumor necro-
sis factor-a in either the control or mutant liver compared
with those fed on regular chow diet, and there were no
significant differences between the two genotypes when the
mice were fed with NCD orHFR (Fig. 2J and Supplementary
Fig. 5A). Moreover, the activation of nuclear factor-kB and
c-Jun N-terminal kinase, which are two key proteins in-
volved in proinflammatory signal pathways, was not sig-
nificantly altered in HFR-fed mutant liver compared with
the control group (Supplementary Fig. 5B). Additionally, the

Figure 3—Liver glycogen synthesis is enhanced in the absence of ChREBP. A: Plasma glucose levels after fasting and refeeding with chow
diet. B: Liver glycogen contents after fasting and refeeding with chow diet. Four to six male mice per group. C: Western blot analysis for GS
and glycogen phosphorylase in liver from chow or HFR-fed mice. p-GS, phosphorylated GS. D: Liver G6P from chow or HFR-fed mice in the
fed state. E: Liver UDPG from high-glucose diet (HGD) or HFR-fed mice in the fed state. *P , 0.05; **P , 0.01.
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expression of putative markers for ER stress, Chop, Bip, and
XBP1s as well as ATF6 protein levels and activation, were
similar between the control and ChLOmice fed onHFR (Fig.
2K and L). Sirius red staining showed relatively little collagen
deposition in the livers of either control or mutant mice after
8 weeks of HFR feeding (Supplementary Fig. 5C). Trans-
forming growth factor-b1 and a-SMA protein expression
levels were similar in the two genotypes (Supplementary Fig.
5D). Taken together, these findings suggest that the fructose-
induced hepatotoxicity in ChLO mice is associated with
glycogen overload, without overt cell death, inflammation,
ER stress, or fibrosis, per se, which resembles glycogenic
hepatopathy (26).

ChREBP Regulates Liver Glycogen Metabolism
To understand the mechanism by which liver ChREBP de-
ficiency causes glycogen accumulation, we observed the dy-
namics of plasma glucose levels and liver glycogen contents in
the fasting/refeeding experiments. The chow-fed ChLO and
control mice were fasted up to 16 h, followed by refeeding
normal chow up to 12 h, during which similar changes in
plasma glucose levels were observed between the two groups
(Fig. 3A). After 6 h of fasting, liver glycogen was almost
undetectable in the control mice but remained at a re-
markable level in ChLO mice, roughly close to that in
nonfasting control mice (Fig. 3B). After 16 h of fasting,
both groups of mice showed depletion of liver glycogen,
suggesting its breakdown, and glucose output might be
not affected by the loss of ChREBP. During the first 4 h of
chow refeeding, glycogen accumulation in the liver of
ChLO mice was similar to that in the control mice. However,
after 8 h of refeeding, liver glycogen contents significantly
increased in the mutant mice compared with the control
mice, which implied enhanced glycogen synthesis.

Next, we analyzed the expression and activity of gly-
cogen synthase (GS), a key enzyme involved in glycogen
synthesis. GS is activated by dephosphorylation through
inactivation of GS kinase-3 with insulin and by the allo-
steric stimulator G6P (27). Western blot analyses re-
vealed that liver GS expression and phosphorylation
levels were comparable between the ChLO and control
mice (Fig. 3C). Interestingly, liver contents of G6P in-
creased by 70% in chow-fed ChLO mice compared with
the control mice (Fig. 3D). Moreover, liver G6P contents
increased even more dramatically when mutant mice
were fed with HFR, which coincides with its more prom-
inent phenotype of liver glycogen accumulation. Consis-
tently, the increase of liver G6P has been reported in
ChREBP-null mice (12,28). In contrast, the levels of UDPG,
a direct and active substrate for glycogen synthesis, signif-
icantly decreased in the mutant liver (Fig. 3E), which might
be a result of enhanced glycogen synthesis. Therefore,
accumulation of the liver glycogen in the mutant mice
is likely the result of allosteric effects of increased G6P
that occurs with feeding rather than changes in GS or
glycogen phosphorylase abundance or their activity/
phosphorylation status.

ChREBP Regulates Hepatic ATP Homeostasis
Considering the critical role of ChREBP in glycolysis and
the energy-consuming nature of both fructose phosphor-
ylation and glycogen synthesis, we examined whether the
fructose-induced hepatotoxicity in ChLO mice was asso-
ciated with compromised ATP homeostasis. The chow-fed
control mice showed an increase in liver ATP contents in
the fed state compared with the fasted state, while the
change disappeared in HFR-fed control mice (Fig. 4A). In
the fasted state, the ChLO mice had comparable liver ATP
contents with the control whether they were fed the chow
diet or HFR prior to fasting. In contrast, under fed con-
ditions, chow-fed mutant mice showed a mild but signif-
icant reduction in liver ATP levels relative to control mice.
More importantly, 1 week of HFR feeding caused a signif-
icant decrease in liver ATP contents in both genotypes
compared with their chow-fed counterparts. As a result,
the HFR-fed mutant mice showed an ;40% reduction in
liver ATP levels compared with the chow-fed control mice
in the fed state. Furthermore, the fasting/refeeding test

Figure 4—ChREBP regulates hepatic ATP homeostasis under the
feeding condition. Eight-week-oldmale ChLO and control mice were
fed with HFR or NCD as control for 1 week. A: Liver ATP contents
under the fed or 6-h-fasting condition. B: Dynamics of liver ATP
contents in the control and ChLO mice during fasting and NCD
refeeding. n 5 5. *P , 0.05; **P , 0.01.
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revealed a decrease in liver ATP levels in ChLO mice com-
pared with the control after 12 h of HFR refeeding (Fig. 4B).
These results imply that compromised ATP homeostasis
might be a contributing factor to fructose-induced hepa-
totoxicity in the absence of ChREBP.

ChREBP is Required for the Expression and Fructose-
Induced Activation of LPK in the Liver
To understand the molecular mechanism by which ChREBP
protects organisms from fructose-induced hepatotoxicity,
we first characterized the change of gene expression profiles
in response to lack of liver ChREBP. The liver tissues of mice
fed a high-sucrose diet (60% sucrose in calories) were sub-
jected to microarray analysis. A total of 34,000 genes were
annotated, which included 90 upregulated genes and 112
downregulated genes. The top 32 differentially expressed
genes are shown in the heatmap, which include Pklr andKhk.
Gene Ontology and Kyoto Encyclopedia of Genes and
Genomes enrichment analyses revealed that the most
enriched pathways were associated with metabolism, includ-
ing TG metabolic process, acylglycerol metabolic process,
single-organism carbohydrate catabolic process, and neu-
tral lipid metabolic process (Supplementary Fig. 6), which
coincides with the observed phenotypic changes and the
major effects of ChREBP in known metabolic processes.

Then we characterized the expression patterns of genes
involved in fructose metabolism. As expected, fructose
feeding resulted in a robust increase in Pklr mRNA and its
protein LPK levels in the control liver compared with that
in chow-fed mice (Fig. 5A and B). A slight or mild increase
in the mRNA levels of ChREBP-b, Khk, Tkfc, and Fbp1
was observed. HFR did not significantly change the pro-
tein levels of KHK, AldoB, FBP1, or G6pc in the control
liver compared with chow diet. Deletion of ChREBP led to
a marked reduction in liver Pklr mRNA and protein levels
in chow- or HFR-fed mice, and to a lesser extent, of Khk,
Fbp1, and G6pc, whereas AldoB protein levels were slightly
or hardly affected despite its mild reduction inmRNA levels.
These results suggest that liver Pklr is a fructose-responsive
gene highly regulated by ChREBP and might act as a check-
point in fructose metabolism, thereby controlling glycolysis
and ATP production.

To determine whether ChREBP ablation causes a hepatic
mitochondria defect per se, thereby compromising ATP
production, we first analyzed mitochondrial contents. PCR
analysis showed similar amount of mtDNA in the ChLO
and control liver from mice fed on either chow or HFR,
including Cox2 and mtND1 (Supplementary Fig. 7). Fur-
thermore, western blot analysis revealed that the com-
ponents of the respiratory chain complex were comparably
expressed at the protein levels in both chow- and HFR-fed
groups. Moreover, in vitro oxygen consumption analysis
demonstrated comparable mitochondrial function in iso-
lated primary hepatocytes from both genotypes. Together,
these findings suggest that the ATP decline in the ChLO
liver is unlikely due to the dysfunction of hepatic mito-
chondria per se.

LPK Overexpression Rescues Fructose-Induced Liver
Injury in ChLO Mice
Given that LPK is highly responsive to fructose and critical
for glycolysis, we reasoned that its defect might be an
important factor in fructose-induced hepatotoxicity in the
ChLO mice. To test this hypothesis, we overexpressed LPK
in the control and ChLO liver by intravenous injection of
adenoviruses expressing LPK (Ad-LPK) or GFP (Ad-GFP) as
control. Two weeks after adenovirus administration, the
mice were fed on the HFR for another week before sacrifice.
Administration of Ad-LPK resulted in overexpression of
LPK in the liver rather than extrahepatic tissues including
skeletal muscle, heart, white adipose tissue, and kidney (Fig.
6A and Supplementary Fig. 8). After 1 week of HFR feeding,
Ad-GFP–treated ChLO mice showed apparent hepatomeg-
aly and liver injury, with elevated plasma ALT levels com-
pared with the control genotype. LPK overexpression could
largely or even completely restore liver weight–to–body
weight ratio in ChLO mice compared with the GFP control
(Fig. 6B and C). Accordingly, their morphological abnormal-
ities (e.g., pale staining and hepatocyte swelling), as well as
plasma transaminase levels, were also almost completely
restored in the ChLO mice upon LPK overexpression (Fig.
6B andD).Moreover, liver glycogen accumulation, ATP levels,
and G6P contents were largely corrected in Ad-LPK–treated
ChLO liver under fed status (Fig. 6E and F). However, LPK

Figure 5—ChREBP is required for LPK expression and responsive-
ness to fructose stimulation. Adult ChLO and control mice were fed
HFR or NCD diet as control for 1 week starting at 8 weeks of age.
Four to six mice per group. A: The expression of genes involved in
fructose metabolism was analyzed at the mRNA level. B: The
expression of genes involved in fructose metabolism was analyzed
at the protein level. *P , 0.05; **P , 0.01. Ns, nonspecific band.
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overexpression did not significantly affect the components of
the mitochondrial respiratory chain complex (Fig. 6G). These
data suggest that inhibited LPK expression largely, or at least
partly, accounts for fructose-induced hepatotoxicity with
glycogen overload and ATP decline in the absence of liver
ChREBP (Fig. 7).

DISCUSSION

Liver glycogen accumulation has been described in the
global as well as liver-specific ChREBP knockout mice
(12,14,29,30); however, its biochemical mechanism and
pathological significance was not well appreciated. Al-
though the phenotype was linked to impaired glycolysis
or downregulation of G6pc, the causal relationship has
not been validated (12,14,28). The current study establishes

the role of ChREBP-regulated LPK in hepatic glycogen and
ATP homeostasis in the fed state. First, we performed the
fasting/refeeding test to demonstrate that this glycogen
phenotype is primarily caused by enhanced glycogen syn-
thesis in the fed state, while fasting-induced glycogen
breakdown is not significantly impaired in the absence of
ChREBP. Second, consistent with previous reports in global
ChREBP knockouts (12,28), we provided direct biochemical
evidence that liver contents of G6P, the allosteric activator
of GS (31), were markedly elevated in the mutant mice,
despite constant levels of expression and phosphorylation
of GS. As a result, UDPG, the active substrate for glycogen
synthesis, significantly decreased in the mutant liver, ex-
cluding the possibility of substrate-driven glycogen over-
production. Of note, G6pc expression was mildly reduced in

Figure 6—LPK overexpression restores ATP homeostasis and rescues fructose-induced liver injury in ChREBP-deficient mice. Two-month-
old control and ChLO mice were i.v. injected with adenoviruses Ad-LPK or Ad-GFP as control. Two weeks later, the mice were fed with HFR
for 1 week before sacrifice. A: Western blot analysis for protein levels of ChREBP and LPK in the livers. B: Plasma transaminases levels. C:
Liver weight–to–body weight ratio. D: H-E staining of liver sections. Scale bar, 100 mm. E: Periodic acid Schiff staining of liver sections. Scale
bar, 100 mm. F: Liver contents of glycogen, ATP, and G6P in the control and ChLO mice. G: Western blot analysis of liver mitochondrial
respiratory complex. n 5 5. *P , 0.05; **P , 0.01. U, units.

diabetes.diabetesjournals.org Shi and Associates 599

D
ow

nloaded from
 http://diabetes.diabetesjournals.org/diabetes/article-pdf/69/4/591/433845/db190388.pdf by guest on 24 April 2024



the ChLO liver, which encodes glucose-6-phosphase cata-
lyzing the dephosphorylation of G6P. As a target gene of
ChREBP, G6pc plays a critical role in liver glycogen homeo-
stasis and glucose output (28,32,33). Homozygous liver-
specific G6pc knockout mice exhibit severe liver glycogen
overload with G6P elevation (33); however, these changes
were not described in the heterozygotes. Therefore, whether
G6pc contributes to G6P elevation and resultant glycogen
accumulation in the ChLOmice will be an intriguing subject
to explore in the future. Third, liver ATP contents are
diminished by ChREBP deficiency in the fed state rather
than in the fasted state, which is most likely caused by the
impaired glycolysis and resultant ATP production due to
LPK downregulation. In addition, the increase in ATP
consumption in excessive fructose phosphorylation and
glycogen synthesis could be another contributing factor.
This is supported the observation that the ATP reduction
is more dramatic with fructose challenge and lags behind
the increase of glycogen contents in mutant liver during
refeeding after fasting. Lastly, LPK overexpression can

effectively reduce liver glycogen and G6P accumulation,
and restore ATP contents in the mutant mice, suggesting
that LPK is a checkpoint for the regulation of glycogen
synthesis and ATP homeostasis by ChREBP. As a canonical
target of ChREBP (34), LPK is a key enzyme of glycolysis.
We postulate that ChREBP-regulated LPK not only di-
rectly promotes glycolytic flux and subsequent ATP pro-
duction, but also prevents excessive glycogen synthesis
and ATP consumption due to allosteric overactivation of
GS by G6P (Supplementary Fig. 9). Therefore, both di-
minished production and excessive consumption of ATP
in glycogen synthesis contribute to the decline in liver
ATP contents in chow-fed mutant mice in the fed state,
whereas KHK-mediated uncontrolled fructose phosphor-
ylation is another driving force for excessive ATP con-
sumption in HFR-fed mice. Burgess et al. (35) demonstrates
an increase in pyruvate dehydrogenase complex activity in
the liver from global ChREBP knockout mice, which causes
impaired fatty acid oxidation and stimulated lactate and
pyruvate oxidation. Whether pyruvate dehydrogenase com-
plex activity is altered and contributes to the ATP reduction
in the ChLO liver are under further investigation. So far, our
findings suggest that ChREBP-regulated LPK at least partly
contributes to hepatic energy homeostasis. Our previous
work shows that the zinc finger protein ZBTB20 regulates
de novo lipogenesis in the liver through ChREBP (18).
Interestingly, excessive liver glycogen accumulation is
also present in liver-specific Zbtb20 knockout mice (17,18).
Whether ZBTB20 also contributes to hepatic ATP homeo-
stasis requires further investigation.

This study also established the critical role of liver
ChREBP in protecting from fructose-induced hepatotox-
icity. Unlike the global ChREBP knockout, the ChLO mice
are fructose tolerant. However, the mutant mice exhibit
severe liver injury when fed an HFR, which suggest that
ChREBP is indispensable for the liver to dispose of excessive
dietary fructose. Of note, the fructose-induced hepatotoxicity
in the absence of liver ChREBP is associated with hepatic
glycogen overload and ATP deficit, with no signs of inflam-
mation, ER stress, steatosis, or fibrosis, which is mostly
consistent with the described features of glycogenic hepato-
pathy (26,33). Moreover, their liver glycogen accumulation
and ATP decrease are much more severe than chow-fed
counterparts, and there is a positive correlation between
liver glycogen overload and plasma ATL levels. Given that
ATP deficiency can cause the disorder of water and electro-
lytes metabolism, it is most likely that glycogen overload
coupled with ATP insufficiency contributed to the patho-
genesis of fructose-induced glycogenic liver injury in the
absence of ChREBP. Whether ChREBP mutation causes
human glycogenic hepatopathy requires further investigation.

Although most of the genes involved in hepatic fructose
metabolism are regulated by ChREBP, our finding strongly
points to LPK as a critical checkpoint controlling fructose
metabolism and tolerance in the liver. First, liver expres-
sion of LPK shows a robust responsiveness to fructose
feeding in normal control mice, while other ChREBP targets

Figure 7—Schematic model for fructose-induced glycogenic hep-
atotoxicity in the absence of liver ChREBP. In the absence of
ChREBP, the LPK is not activated and loses its responsiveness
to fructose stimulation, leading to a defect of LPK-controlled gly-
colysis and ATP production. As a consequence, hepatic G6P is
accumulated, which robustly stimulates glycogen synthesis at the
expense of ATP consumption. This causes massive hepatic glyco-
gen accumulation coupled with ATP deficit, thus contributing to the
pathogenesis of fructose-induced glycogenic hepatotoxicity. DHAP,
dihydroxyacetone phosphate; F-1-P, fructose-1-phosphate.
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(e.g., Khk, AldoB, Fbp1, and G6pc) respond poorly to
fructose stress in terms of mRNA and protein expression
levels. The mechanism underlying the differential re-
sponsiveness of the ChREBP targets to fructose stimu-
lation needs to be investigated in the future. Second, LPK
mRNA and protein expression are dramatically decreased in
the liver by the deletion of ChREBP, while those of Khk,
Fbp1, G6pc, and AldoB are slightly or hardly affected. Third,
overexpression of LPK in the liver can efficiently rescue the
phenotypes of hepatomegaly, liver glycogen overload, and
ATP deficit, as well as the elevated plasma transaminases
induced by fructose in ChREBPmutant mice. Lastly, hepatic
mitochondria, per se, are not affected by the loss of ChREBP
in our study. ChLO mice appear normal in terms of the
number and respiratory chain complex components. Of
note, LPK regulates mitochondrial functions (36), which
presumably results from a defect in the availability of
LPK-produced pyruvate to the trichloroacetic acid cycle.
Therefore, we conclude that LPK-regulated glycolysis is
a critical checkpoint for fructose metabolism. Under normal
circumstances, LPK is substantially activated by fructose
through ChREBP, thereby enhancing glycolysis and ATP
production, which helps in coping with the metabolic
stress involving the uncontrolled generation of fructose-
1-phosphate at the expense of ATP and to maintain the
homeostasis of hepatic glycogen and bioenergy. In the
absence of ChREBP, LPK is not activated and loses its respon-
siveness to fructose stimulation in the liver. Consequently,
liver glycolysis and ATP production are profoundly inhibited,
while glycogen synthesis is greatly enhanced. Both fruc-
tose phosphorylation and glycogen synthesis largely con-
tribute to excessive ATP consumption, as well as exacerbate
hepatic ATP insufficiency in the setting of diminished pro-
duction in the mutant liver. Taken together, our findings
strongly suggest that ChREBP plays a critical role in liver
fructose metabolism, protecting against fructose-induced
glycogenic hepatopathy at least partially through LPK.

Our finding that liver ChREBP has a protective role in
coping with excess fructose is discordant to those of others
(14,37). Jois et al. (37) generated a liver-specific ChREBPa
knockout mice with the deletion of exon 1a, while the
alternative promoter and expression cassette of ChREBP-b
was intact (38). They demonstrated that deletion of he-
patic ChREBP caused insulin resistance but did not change
liver glycogen contents or the expression of ChREBP target
genes in liver glycolysis and lipogenesis. Kim et al. used
a liver-specific knockout model with the deletion of exons
9–15 (30), and they demonstrated an approximately two-
fold increase in liver glycogen contents and a mild increase
in plasma ALT levels in HFR-fed mutant mice, without
significant morphological abnormality in the liver (14).
The most likely explanation for the marked difference in
fructose-induced liver response is the genetic background
of the mouse. We used ChLO mice on a mixture of C57BL/
6J and J129S3 genetic backgrounds, which have been
backcrossed to C57BL/6J at least for six generations. Kim
et al. (14) used mice with a mixed background of C3H/

HeJ and C57BL/6J. C3H/HeJ mice are more sensitive to
fructose-induced obesity and insulin resistance than C57BL/
6J (39). It is interesting to note that the control mice used by
Kim et al. are responsive to fructose stimulation in terms
of the liver G6pc gene rather than LPK (14), which is the
opposite in our control mice. Nevertheless, the mechanism
and biological significance of differential responsiveness of
the ChREBP target genes to fructose requires further
investigation.

Fructose-induced glycogenic hepatopathy in our ChLO
mice is also quite different from that observed by Zhang
et al. (29) in ChREBP global knockout mice. They reported
severe steatohepatitis in ChREBP-null mice fed on a HFR,
which is accompanied by a threefold increase in liver glyco-
gen contents, unfolded protein reaction, enhanced choles-
terol biosynthesis, and hepatocyte apoptosis. In contrast,
except for the common glycogen overload in the liver, our
ChLO mice did not exhibit inflammation, steatosis, unfolded
protein reaction, or hepatocyte apoptosis. Moreover, liver
cholesterol synthesis was not significantly affected in the
HFR-fed ChLO liver, while their total and free cholesterol
contents decreased compared with the control, which also
agrees with the findings of Kim et al. (14). One possibility
for the observed difference is mouse model. Zhang et al.
(29) utilized ChREBP global knockout mice with a pure
C57BL/6J background (12), which should have a defect in
intestinal fructose absorption (14). Therefore, fructose-
induced liver inflammation in this mouse model could po-
tentially be secondary to progressive sepsis and associated
endotoxemia resulting from a combination of intestinal
dysfunction, reduced food intake, and weight loss. In
addition, endotoxemia can enhance cholesterol synthesis
in rodent models, which might explain the liver choles-
terol phenotype in the global knockout mice.

Collectively, our findings provide novel insights into
the physiological role of liver ChREBP in glycolysis and
fructose metabolism, which helps in unraveling the biochem-
ical basis of fructose-induced glycogenic liver injury and in
developing novel therapeutic approaches to the disease.
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