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Fructose Protects Against 
Acetaminophen- Induced Hepatotoxicity 
Mainly by Activating the Carbohydrate- 
Response Element- Binding Protein α– 
Fibroblast Growth Factor 21 Axis in Mice
Deqiang Zhang,1 Sujuan Wang,1 Erin Ospina,1 Omar Shabandri,1 Daniel Lank,1 Jephte Y. Akakpo,2 Zifeng Zhao,1 Meichan Yang,1 
Jun Wu,1,3 Hartmut Jaeschke ,2 Pradip Saha,4 Xin Tong ,1 and Lei Yin 1

Acetaminophen (N- acetyl- para- aminophenol [APAP]) overdose is the most common cause of drug- induced liver in-
jury in the Western world and has limited therapeutic options. As an important dietary component intake, fructose 
is mainly metabolized in liver, but its impact on APAP- induced liver injury is not well established. We aimed to ex-
amine whether fructose supplementation could protect against APAP- induced hepatotoxicity and to determine poten-
tial fructose- sensitive intracellular mediators. We found that both high- fructose diet feeding before APAP injection 
and fructose gavage after APAP injection reduced APAP- induced liver injury with a concomitant induction of the 
hepatic carbohydrate- response element- binding protein α (ChREBPα)– fibroblast growth factor 21 (FGF21) pathway. 
In contrast, Chrebpα liver- specific- knockout (Chrebpα- LKO) mice failed to respond to fructose following APAP over-
dose, suggesting that ChREBPα is the essential intracellular mediator of fructose- induced hepatoprotective action. 
Primary mouse hepatocytes with deletion of Fgf21 also failed to show fructose protection against APAP hepatotoxicity. 
Furthermore, overexpression of FGF21 in the liver was sufficient to reverse liver toxicity in APAP- injected Chrebpα- 
LKO mice. Conclusion: Fructose protects against APAP- induced hepatotoxicity likely through its ability to activate the 
hepatocyte ChREBPα– FGF21 axis. (Hepatology Communications 2021;5:992-1008).

Acetaminophen (N- acetyl- para- aminophenol 
[APAP]) is one of the key ingredients in 
the most commonly used over- the- counter 

painkillers and cold medicines in the United States. 
However, overdose of APAP (>4  g/day for adults) 
has become the most common cause of drug- related 

liver injury or death, resulting in 26,000 hospital-
izations in the United States each year.(1) APAP at 
the therapeutic dose is metabolized mainly through 
conjugation with glucuronic acid and sulfate before 
excretion. A minor portion of APAP is oxidized 
by cytochrome P450 (CYP)2E1 and CYP1A2 to 
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generate N- acetyl- p benzoquinone imine (NAPQI), 
the reactive intermediate of APAP. NAPQI satu-
rates hepatocyte conjugation pathways, resulting in 
accumulation of NAPQI- protein adducts, sustained 
c- Jun N- terminal kinase ( JNK) activation, and even-
tually massive reactive oxygen species (ROS) accu-
mulation and hepatocyte death.(1) N- acetylcysteine 
(NAC) is by far the mainstay of therapy for APAP 
toxicity by enhancing NAPQI sulfate conjugation and 
NAPQI clearance. However, the efficacy of NAC is 
highly time dependent and significantly dwindles at 
the late stage of APAP overdose when most patients 
seek medical attention.(2) Therefore, there is an urgent 
need to identify novel factors as targets for novel pre-
ventive or therapeutic measures for APAP- induced 
hepatotoxicity.

Factors affecting severity of APAP hepatotoxicity 
include age, nutritional status, preexisting liver disease, 
use of alcohol and other liver- metabolized medications, 
as well as genetic factors.(3) Among these factors, nutri-
tional status is a potential target that can be manipu-
lated for the relief of APAP liver toxicity. The influence 
of nutritional states, such as alcohol consumption and 
malnutrition, has been extensively studied.(4- 6) However, 
as an important component of daily caloric intake, the 
impact of fructose consumption on drug- induced liver 

injury remains largely unknown. For example, fructose 
has been found to impact APAP- induced hepatotoxic-
ity in rodents.(7,8) Rats fed with 25% (weight/volume) 
fructose for 5 weeks showed resistance to APAP hep-
atotoxicity,.(7) and 8- week fructose feeding reduced 
liver toxicity in mice after APAP in spite of elevated 
liver lipid content.(8) Although this latter study showed 
that chronic fructose feeding increased basal glutathi-
one (GSH) content and modified intestinal microbiota 
composition,(8) the exact mechanisms by which fructose 
feeding reduces APAP liver toxicity remains undefined. 
More importantly, whether fructose can be used as a 
therapeutic approach to reverse APAP liver injury has 
never been explored.

Hepatocytes are the major cell type that metab-
olizes fructose. In hepatocytes, fructose undergoes 
fructolysis to generate intermediate metabolic prod-
ucts that are readily incorporated into de novo lipo-
genesis.(9) Fructose also activates the transcription of 
key enzymes for de novo lipogenesis, largely through 
carbohydrate- response element- binding protein 
(ChREBP).(9) We and others have reported that a 
fructose- rich diet potently activates de novo lipogene-
sis and induces liver steatosis in wild- type (WT) mice, 
whereas in Chrebp- knockout mice, fructose feeding 
results in nonalcoholic steatohepatitis- like liver injury 
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without triggering liver steatosis.(10,11) These findings 
point to an unrecognized hepatoprotective role of 
ChREBP against diet- induced liver injury. As of now, 
the role of the hepatic ChREBPα pathway in APAP 
hepatotoxicity remains unknown.

Fibroblast growth factor 21 (FGF21) is one of 
the main hepatokines produced within hepato-
cytes in response to fasting, stress, and dietary 
stimulation. FGF21 is reportedly induced during 
APAP- induced liver injury, and supplementation of 
recombinant FGF21 reduced liver injury in APAP- 
treated mice.(12) Ye et al. showed that FGF21 func-
tions as an autocrine or paracrine signal to induce 
the nuclear factor erythroid 2 (NRF2)–  peroxisome 
proliferator- activated receptor gamma coactivator 
1 alpha (PGC1α)- antioxidant pathway and protect 
liver against APAP toxicity. Interestingly, hepatocyte 
Fgf21 messenger RNA (mRNA) is potently induced 
by fructose in a ChREBP- dependent manner. Fisher 
et al.(13) reported that ChREBPα, the dominant iso-
form of ChREBP in hepatocytes, directly binds to 
the promoter of the Fgf21 gene following fructose- 
diet feeding. Based on these data, it is tempting 
to speculate that fructose- mediated protection 
against APAP toxicity may depend on the hepatic 
ChREBPα– FGF21 axis.

In the current study, we demonstrate that fruc-
tose not only prevents but also has a therapeu-
tic effect against APAP- induced liver injury in a 
mouse model. Mechanistic characterization revealed 
that the ChREBPα– FGF21 axis mediates a major 
hepatoprotective effect of fructose in APAP- treated 
mice. Mice lacking hepatocyte ChREBPα devel-
oped more severe liver injury following APAP 
injection in spite of prefeeding with fructose, but 
such a condition could be reversed by restoring liver 
FGF21 expression. Thus, our findings highlight the 
ChREBPα– FGF21 axis as a potential critical intra-
cellular mediator that links nutritional status and 
drug- induced liver injury.

Materials and Methods
animal eXpeRiments

All animal experiments were approved by the 
Institutional Animal Care and Research Advisory 
Committee at the University of Michigan. All animal 

care and use were in accordance with guidelines of 
the University of Michigan Institutional Animal Care 
and Use Committee. C57BL/6 mice were maintained 
on 12- hour/12- hour light/dark cycles with access to 
food and water ad libitum. As a preventative model, 
mice were fed a high- fructose diet (HFrD) (70 kcal%, 
D08040107; Research Diets) for 2  weeks with reg-
ular chow (Purina LabDiet #5008) as control and 
injected with APAP. In a second model, mice were 
injected with APAP; 45  minutes later, these mice 
were gavaged with fructose or a 1- M glucose solu-
tion at a dose of 4 g/kg body weight. APAP (A7085; 
Sigma) was dissolved in warm water at 15.1 mg/mL 
and injected by intraperitoneal injection at 500 mg/kg   
body weight. Adult- onset Chrebpα liver- specific- 
knockout (Chrebpα- LKO) mice were generated by 
injecting ChrebpαFlox/Flox mice with adeno- associated 
viral- thyroxine binding globulin promoter- Cre (AAV- 
TBG- Cre) by tail vein. For liver- specific Fgf21 over-
expression, 2  weeks after AAV- TBG- Cre injection 
into Chrebpαflox/flox mice, adenovirus (Ad)- Fgf21 or 
Ad- green fluorescent protein (GFP) was delivered by 
tail vein injection at a dose of 1 × 1012 plaque- forming 
units.

liVeR inJuRy anD 
CytotoXiCity assessment

Terminal deoxynucleotidyl transferase– mediated 
deoxyuridine triphosphate nick- end labeling 
(TUNEL) staining was performed with the In Situ 
Cell Death Detection Kit (cat. #11684795910; 
Roche). The lactate dehydrogenase (LDH) assay 
was performed with the LDH Cytotoxicity 
Detection Kit (cat. #MK401; Takara). ROS in 
liver tissue were determined with 2’,7’- dichlorodi
hydrofluorescein diacetate (H2DCFDA) (D6883; 
Sigma). The alanine aminotransferase (ALT) assay 
kit was from POINTE. The Mouse/Rat FGF- 
21 Immunoassay Kit (MF2100) was from R&D 
Systems. Liver GSH levels were determined with 
the GSH/GSH Disulfide Ratio Detection Assay 
Kit (cat. #ab138881; Abcam) after trichloroacetic 
acid deproteinization with the liver lysates.

miCRoaRRay
Total RNA was extracted from WT or Chrebp−/− 

primary mouse hepatocytes treated with/without 
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25  mM fructose for 16  hours. A microarray assay 
was performed in the DNA Sequencing Core of the 
University of Michigan with the Mouse Gene 2.1 ST 
Strip from Affymetrix. Gene expression levels were 
compared between WT- fructose and WT- control 
and between Chrebp−/− fructose and WT- fructose; a 
heat map was generated with Excel. Microarray data 
were submitted to the Gene Expression Omnibus of 
the National Center for Biotechnology Information 
(accession no. GSE16 4321)

statistiCs
Statistical analysis was performed using Prism 

version 6.0 (GraphPad Software, San Diego, CA). 
Statistical significance was determined either by the 
unpaired two- tailed Student t test for comparison 
between two groups or by one- way analysis of vari-
ance (ANOVA) with Tukey’s test for multiple group 
comparison. All results are presented as mean ± SEM. 
Differences were considered statistically significant 
with P < 0.05.

Other detailed methods, including adenoviral pro-
duction, liver histology, complementary DNA synthe-
sis, and quantitative reverse- transcription polymerase 
chain reaction (RT- qPCR), are presented in the 
Supporting Experimental Procedures.

Results
sHoRt- teRm HFrD FeeDing 
BeFoRe apap oVeRDose 
amelioRates apap 
HepatotoXiCity

Chronic overconsumption of a fructose- rich 
diet has been linked to obesity, insulin resistance, 
and diabetes in both animal and human studies. 
Unexpectedly, it has been reported that mice fed with 
high fructose by drinking water for up to 8 weeks are 
resistant to APAP hepatotoxicity(7,8) despite develop-
ing obesity and the metabolic syndrome. Whether a 
short duration (3 weeks or shorter) of fructose feeding 
also impacts the susceptibility to APAP overdose has 
not been previously tested. To answer this question, 
we fed WT male mice (age 8- 10 weeks) with regular 
chow versus an HfrD (70 kcal% fructose) for 2 weeks 
before giving a single dose of intraperitoneal injection 

of APAP (450 mg/kg body weight). We then assessed 
liver injury at 1 hour, 2 hours, 6 hours, and 24 hours 
after APAP injection by serum ALT and LDH and 
by hematoxylin and eosin (H&E) staining for liver 
histology. In the chow- fed group, APAP overdose 
injection induced severe liver injury, which was fea-
tured by high levels of serum ALT and LDH peaking 
at 6  hours after APAP injection as well as necrotic 
regions (highlighted within the black- dotted line) 
in the liver (Fig. 1A- C). In contrast, no apparent 
necrotic areas were found in the liver from mice on 
the HFrD. Moreover, serum ALT and LDH levels 
were 90% lower than those in mice on the HFrD at 
the 6- hour and 24- hour time points (Fig. 1B,C). It 
has been established that mitochondrial leakage and 
ROS accumulation drive APAP- induced hepatocyte 
injury. Indeed, ROS were highly induced in the liver 
of mice on regular chow 6  hours after APAP injec-
tion. However, ROS level was more than 70% lower 
in HFrD- fed mice (Fig. 1D). It has also been reported 
that APAP overdose depletes hepatic GSH and that 
the recovery rate of reduced GSH significantly influ-
ences liver injury.(14) In the regular chow group, we 
found that liver GSH was nearly depleted within 
1  hour after APAP injection but gradually returned 
to the basal level 24 hours later. In comparison, liver 
GSH levels in the HFrD- fed group, although lower 
than the basal level in the saline- injected and regular 
chow- fed group, were significantly higher 1 hour and 
2 hours after APAP injection (Fig. 1E).

Several factors, particularly APAP metabolism and 
the regeneration capacity of the remaining hepato-
cytes, determine the degree of liver injury follow-
ing APAP overdose.(3) Whether fructose feeding 
can impact these pathways simultaneously remains 
unknown. CYP2E1- mediated APAP metabolism 
and the formation of APAP- protein adducts are crit-
ical factors that promote hepatocyte oxidative stress 
and mitochondrial damage.(15- 17) We therefore mea-
sured APAP- protein adducts in the livers 1 hour and 
2 hours after APAP injection as well as the expression 
levels of CYP2E1. In the livers of chow- fed mice, lev-
els of APAP- protein adduct were elevated at 1  hour 
and further increased at 2  hours after APAP injec-
tion. In contrast, the accumulation of APAP- protein 
adducts was dramatically blunted at both time points 
in the liver of HFrD- fed mice (Supporting Fig. S1A). 
Next, we examined both mRNA and protein expres-
sion of CYP2E1. When compared with the chow- fed 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE164321
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Fig. 1. Short- term HFrD feeding prevents APAP- induced hepatotoxicity. Male mice (age 8 weeks) were fed a 70% HFrD for 2 weeks, 
injected with APAP (450 mg/kg), and killed 1 hour, 2 hours, 6 hours, or 24 hours later for tissue collecting (n = 4- 5 for each group). (A- C) 
Liver H&E staining (magnification ×100; necrotic areas are outlined in black, green asterisks indicate healthy areas) and serum ALT and 
LDH assays were used to assess liver injury. (D) ROS levels in the liver were examined by the 2’, 7’- dichlorofluorescein assay. (E) Liver 
GSH level was determined with a commercial kit. *P < 0.05, ***P < 0.001, ****P < 0.0001 by one- way ANOVA with Tukey’s test. Data are 
presented as mean ± SEM; scale bar, 100 µm. Abbreviation: h, hours.
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group, HFrD- fed mice showed lowered levels of 
Cyp2e1 mRNA and protein 1 hour after APAP injec-
tion (Supporting Fig. S1B,C).

Liver regeneration is a critical step for recovery 
from acute liver injury. To examine whether HFrD 
feeding also impacts liver regeneration after APAP 
injection, we specifically examined liver regeneration 
24 hours after APAP injection when liver regeneration 
normally occurs. Signal transducer and activator of 
transcription (STAT)3 and its downstream targets are 
required for this process.(18) Our results showed that 
the classical makers for liver regeneration, including 
STAT3 phosphorylation and proliferating cell nuclear 
antigen, were modestly up- regulated whereas p27 was 
suppressed by HFrD feeding (Supporting Fig. S1). 
We previously showed that short- term HFrD feeding 
alters the protein kinase B (AKT) signaling pathway 
in liver, which could impact liver regeneration.(10) In 
contrast, the prolonged activation of stress kinase JNK 
plays a central role in hepatocyte death during APAP 
overdose.(19- 21) We therefore examined the activities 
of the JNK pathway and survival kinases, such as 
AKT and adenosine monophosphate– activated pro-
tein kinase (AMPK), in APAP- treated liver tissues 
from both chow and HFrD- fed mice. In the livers 
of chow- fed mice, the phosphorylation level of JNK 
was elevated 2 hours and 6 hours after APAP injec-
tion whereas it remained unchanged in the HFrD- fed 
group (Supporting Fig. S1D). Consistent with the 
liver- protective effect of fructose intake, the activ-
ities of AKT and AMPK activity in the liver were 
increased by HFrD feeding (Supporting Fig. S1D).

Transcription factor NRF2 plays an essential role 
in the mammalian response to oxidative stress. An 
overdose of APAP activates NRF2,(22) whereas Nrf2- 
knockout mice are more susceptible to APAP- induced 
hepatotoxicity.(23) NRF2 activation is responsible for 
the protective function of several compounds against 
APAP- induced liver injury.(24- 26) To our surprise, 
HFrD feeding before APAP injection selectively 
modulated the mRNA levels of glutamate cysteine 
ligase catalytic (Gclc), nicotinamide adenine dinucleo-
tide phosphate (reduced form) quinone dehydrogenase 
1 (Nqo1), and heme oxygenase 1 (Ho1) (Supporting 
Fig. S2), indicative of an altered oxidative stress in 
the livers of HFrD- fed mice. Taken together, our data 
demonstrated that short- term HFrD feeding protects 
against APAP hepatotoxicity potentially through sup-
pression of CYP2E1 and formation of APAP- protein 

adducts, stimulation of liver regeneration, and activa-
tion of survival kinases, such as AKT.

aCute FRuCtose intaKe 
sHoRtly aFteR apap oVeRDose 
ReDuCes liVeR inJuRy

The preventative effect of fructose against hep-
atotoxicity of APAP promoted us to speculate that 
fructose gavage after APAP overdose may reverse 
liver injury. If this is true, fructose supplementation 
may be used as a therapy strategy for patients who 
have overdosed on APAP. To access the therapeutic 
potential of acute fructose intake shortly after APAP 
injection, we gave mice a single dose of APAP injec-
tion (450 mg/kg body weight) and gavaged them with 
fructose solution (4  g/kg body weight) or the same 
volume of saline after 45 minutes, 2 hours, or 6 hours. 
Liver histology showed almost no sign of liver necro-
sis in mice gavaged with fructose at 45 minutes after 
APAP injection (Fig. 2A). Compared with mice 
gavaged with saline 45 minutes after APAP injection, 
mice gavaged with fructose showed less liver necro-
sis at both 2  hours and 6  hours after APAP (Fig. 
2A). Consistent with liver histology, we found that 
serum ALT and LDH levels were down more than 
90% in mice gavaged with fructose 45  minutes after 
APAP injection and were about 70% reduced in mice 
gavaged with fructose at 2  hours and 6  hours after 
APAP injection (Fig. 2B,C). We also observed sim-
ilar changes in liver ROS, which showed the lowest 
levels at 45 minutes after APAP injection (Fig. 2D). 
Liver GSH levels were almost completely depleted in 
mice gavaged with saline but were significantly ele-
vated in mice gavaged with fructose at all time points 
after APAP injection (Fig. 2E). Taken together, our 
data demonstrated that fructose supplementation 
shortly after APAP overdose has therapeutic effects 
on reducing liver toxicity, possibly by enhancing GSH 
levels. Furthermore, our data showed that the timing 
of fructose treatment determines its efficacy against 
APAP live injury.

We also measured CYP2E1 levels and the accu-
mulation of APAP- protein adducts in the liver from 
APAP- injected mice after gavage with saline versus 
fructose. We found that fructose gavage 45  minutes 
after APAP injection suppressed CYP2E1 protein 
level in the liver while slightly increasing its mRNA 
(Supporting Fig. S3A,B). However, to our surprise, 
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fructose gavage did not appear to change hepatic 
APAP- protein adducts (Supporting Fig. S3C). In 
terms of signaling pathways, we found that fructose 
intake greatly reduced the phosphorylation levels of 
JNK and AMPK but not AKT (Supporting Fig. S3D).

Given the potent effects of fructose on liver GSH 
(Figs. 1 and 2), we analyzed the mRNA expression 
of NRF2 targets in the livers of saline-  and fructose- 
gavaged mice. Our results showed that acute fructose 
intake differentially affected the mRNA expression of 

NRF2 pathways. Notably, the mRNA levels of cat-
alase, glutathione S transferase pi (Gst- π), and Nqo1 
were higher in the group gavaged with fructose com-
pared to the saline control (Supporting Fig. S4).

Both fructose and glucose are common monosac-
charides in diets, prompting us to examine whether 
glucose supplementation after APAP overdose had a 
similar hepatoprotective effect. Unlike fructose, the 
same dose of glucose gavage did not block APAP- 
induced serum ALT increase (Supporting Fig. S5), 

Fig. 2. Fructose gavage rescues APAP- induced hepatotoxicity. Male mice (age 8 weeks) were injected with APAP; gavaged with saline 
or fructose 45 minutes, 2 hours, or 6 hours later; and killed 24 hours later for tissue collecting (n = 4- 5 for each group). (A- C) Liver H&E 
staining (magnification ×100; necrotic areas are outlined in black, green asterisks indicate healthy areas) and serum ALT and LDH assays 
were used to assess liver injury. (D) ROS levels in the liver were examined by the 2’, 7’- dichlorofluorescein assay. (E) Liver GSH level was 
determined with a commercial kit. * indicates APAP+saline versus saline+saline; # indicates APAP+fructose versus APAP+saline of the 
same time point. #P < 0.05, ##P < 0.01, *** or ###P < 0.001, **** or ####P < 0.0001 by one- way ANOVA with Tukey’s test. Data are presented 
as mean ± SEM; scale bar, 100 µm. Abbreviations: h, hours; m, minutes.
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indicating that the liver protective effect is unique to 
fructose intake. Taken together, our data showed that 
fructose supplementation shortly after APAP over-
dose has therapeutic effects on reducing liver toxicity, 
likely through enhancing GSH levels.

FRuCtose ReVeRses apap- 
inDuCeD suppRession on tHe 
ChReBpα patHWay in liVeR

Our data demonstrated fructose intake either 
before or shortly after APAP overdose could greatly 
reduce liver injury in mice; however, the intracellular 
targets of fructose that confer hepatoprotection are 
unclear. This is an important issue because long- term 
excessive fructose intake could impair metabolism 
and lead to metabolic syndrome.(27) We previously 
reported that the ChREBP pathway is required for 
metabolic adaption to HFrD feeding, raising the 
possibility that the ChREBP pathway might play a 
role in fructose- mediated protection against APAP 
liver toxicity. To date, the impact of APAP on the 
ChREBP pathway has not been reported. We found 
that the mRNA levels of ChREBPα and its transcrip-
tional targets, including Chrebpβ and L- type pyruvate 
kinase (L- pk), were reduced significantly in chow- fed 
APAP- injected mice (Fig. 3A). In contrast, our short- 
term HFrD feeding blocked the suppression of both 
Chrebpβ and L- pk after APAP injection (Fig. 3A) 
while increasing nuclear ChREBPα abundance in the 
liver (Fig. 3B). Next, we examined whether fructose 
gavage could have a similar effect on APAP- induced 
inhibition of the ChREBP pathway. Indeed, fructose 
gavage restored the expression of ChREBPα targets 
(Chrebpβ and L- pk) (Fig. 3C) and ChREBPα protein 
(Fig. 3D). These findings for the first time demon-
strate fructose intake counters the potent suppression 
of hepatic ChREBP pathways induced by APAP 
overdose.

Chrebp- DeFiCient HepatoCytes 
lose FRuCtose pRoteCtion 
against apap toXiCity

Our study has demonstrated that fructose could pro-
tect against APAP- induced hepatotoxicity while acti-
vating the hepatic ChREBP pathway, suggesting that 
ChREBP may be a critical mediator between fructose 
intake and reduced APAP hepatotoxicity. To test this 

possibility, we isolated primary hepatocytes from WT 
and Chrebp−/− mice treated with 10 mM APAP in the 
presence or absence of 25 mM fructose and evaluated 
hepatocyte injury by measuring LDH activity in the 
culture medium. In WT primary mouse hepatocytes, 
fructose treatment effectively reduced LDH activity in 
the medium. In contrast, Chrebp deficiency not only 
sensitized hepatocytes to APAP- induced toxicity but 
also reduced the efficacy of fructose- induced protec-
tion (Fig. 4A). Next, we used TUNEL staining to 
measure hepatocyte death following APAP treatment. 
Similar to the LDH assay data, TUNEL staining 
showed reduced hepatocyte death (from 16% to 3%) 
in fructose- treated WT hepatocytes. However, fruc-
tose treatment offered minimal protection in Chrebp−/− 
hepatocytes (Fig. 4B). Together, these results suggest 
that fructose protects hepatocytes from APAP toxicity 
through ChREBPα in a cell- autonomous manner.

HepatoCyte ChReBpα is 
ReQuiReD FoR FRuCtose 
pRoteCtion against apap 
liVeR toXiCity

We next tested whether hepatic ChREBPα is 
required for the protective effect of fructose against 
APAP liver toxicity in vivo. We generated Chrebpα- 
LKO by injecting Chrebpαflox/flox with AAV- TBG- Cre 
by tail vein. The control group was injected with the 
same dose of AAV- TBG- GFP. Deletion of Chrebpα in 
the liver was confirmed by immunoblotting (Fig. 5A).   
As expected, hepatic Chrebpα deletion resulted in 
significantly reduced expression of ChREBPα target 
gene L- pk but had no impact on the Chrebpβ isoform 
(Supporting Fig. S7A). We then fed hepatic Chrebpα- 
deleted mice the HFrD for 3 weeks and injected them 
with saline or an overdose of APAP (450 mg/kg body 
weight) and collected serum and liver samples 6 hours 
later for liver injury assessment. H&E staining showed 
that there was no difference between the livers of con-
trol and Chrebpα- LKO mice following saline injection. 
However, HFrD feeding protected most hepatocytes 
from necrosis by APAP in control mice but failed 
in Chrebpα- LKO mice (Fig. 5B). We also observed 
increased serum ALT and LDH as well as increased 
liver ROS and reduced liver GSH levels in mice with 
hepatic Chrebpα deletion (Fig. 5C- F). Unexpectedly, 
the levels of APAP- protein adduct at 2  hours after 
APAP injection were comparable between control 
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Fig. 3. Fructose reverses hepatic ChREBP suppression by APAP. (A,B) High- fructose feeding prevents suppression of the hepatic 
ChREBP pathway by APAP. (A) ChREBP transcription activity was determined for ChREBP target genes by RT- qPCR. * indicates 
chow+APAP versus chow+saline; # indicates HFrD+APAP versus chow+APAP for the same time point. (B) Liver nuclear lysates of mice 
with the same treatment were pooled together to measure the abundance of ChREBPα by western blot. (C,D) Fructose gavage reverses 
suppression of the hepatic ChREBP pathway by APAP. (C) ChREBP transcription activity was determined by RT- qPCR for ChREBP 
target genes. * indicates APAP+saline versus saline+saline; # indicates APAP+fructose versus APAP+saline. (D) Liver nuclear lysates of 
representative mice were used to measure the abundance of nuclear ChREBPα by western blot. * or #P < 0.05, ** or ##P < 0.01, ###P < 0.001 
by one- way ANOVA with Tukey’s test. Data are presented as mean ± SEM. Abbreviations: h, hrs, hours; min, minutes.
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and Chrebpα- LKO mice (Supporting Fig. S7B). Our 
results support that ChREBPα is required for fructose- 
induced protection against APAP- induced liver injury, 
but such protective effects are largely independent of 
the accumulation of APAP- protein adduct.

RestoRing FgF21 eXpRession 
ReVeRses HepatotoXiCity 
in apap- tReateD Chrebp−/− 
HepatoCytes

We and others have observed that ChREBPα is 
indeed required for fructose- stimulated de novo lipo-
genesis in the liver.(10,28) To identify hepatic genes 

specifically regulated by fructose- activated ChREBPα, 
we performed an unbiased gene expression array 
analysis in WT and Chrebp−/− hepatocytes treated 
with or without fructose. The genes up- regulated or 
down- regulated by fructose in WT but not Chrebp−/− 
hepatocytes are listed in (Supporting Fig. S8A). 
Among those top fructose- regulated genes, Fgf21 
has been shown to be highly relevant to APAP liver 
toxicity. Several groups showed that Fgf21- knockout 
mice are more sensitive to APAP treatment and that 
FGF21 supplementation reduces liver injury.(12,29,30) 
Interestingly, fructose was known to induce hepatic 
Fgf21 in a ChREBP- dependent manner,(13,31) rais-
ing the possibility that fructose may activate the 

Fig. 4. ChREBP is required for fructose protection against APAP cytotoxicity in hepatocytes. Primary mouse hepatocytes were isolated 
from the liver of WT and Chrebp−/− mice and cultured in medium containing 10 mM APAP in the presence or absence of 25 mM fructose 
for 16 hours. Cytotoxicity was determined by (A) LDH assay and (B) TUNEL staining (bright green dots). *P < 0.05, ***P < 0.001 by 
one- way ANOVA with Tukey’s test. Data are presented as mean ± SEM.
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Fig. 5. ChREBPα is required for fructose protection against APAP liver toxicity. One week after injection with AAV- TBG- Cre or AAV- 
TBG- GFP control by tail vein, Chrebpαflox/flox mice were fed an HFrD for 2 weeks. At the end of the HFrD feeding, mice were injected 
with APAP and killed 6 hours later for tissue collecting (n = 5 for chow, n = 9 for HFrD). (A) Hepatic ChREBPα deletion was confirmed 
by western blot against ChREBP. (B- F) Liver Chrebpα deficiency abolishes the hepatoprotective effect of fructose, resulting in increased 
liver necrosis in (B) H&E staining (necrotic areas are outlined in black, green asterisks indicate healthy areas), (C) serum ALT, (D) LDH, 
and (E) liver tissue ROS as well as (F) decreased GSH. *P < 0.05, **P < 0.01 by two- tailed Student t test (C,E,F) and Mann Whitney test 
(D). Data are presented as mean ± SEM; scale bar, 100 µm. Abbreviation: HSP90, heat shock protein 90.
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ChREBPα– FGF21 pathway to protect against 
APAP- induced toxicity.

We next validated the microarray data by RT- 
qPCR in primary mouse hepatocytes. Indeed, fruc-
tose potently induced Fgf21 mRNA in WT mouse 
hepatocytes (about 15- fold) but not in Chrebp−/− 
hepatocytes (Supporting Fig. S8B). We also confirmed 
the expression of other genes identified by microarray 
(Supporting Fig. S8C- E). Next, we measured serum 
levels of FGF21 in previously described mouse mod-
els. Both HFrD feeding and fructose gavage slightly 
increased the mRNA level of Fgf21 (Supporting 
Fig. S9) and significantly elevated serum FGF21 in 
the liver (Fig. 6A,B). In contrast, the hepatic mRNA 
level of Fgf21 was reduced in the livers of HFrD- fed 
and APAP- injected Chrebpα- LKO mice, although it 
did not reach statistical significance (Supporting Fig. 
S9C). Serum FGF21 was significantly lower (about 
50%) in liver- specific Chrebpα- deleted mice treated 
with the HFrD and APAP (Fig. 6C). These data sup-
port that the fructose- activated ChREBPα– FGF21 
axis may be responsible for protection against APAP- 
induced liver injury.

To test whether FGF21- containing culture medium 
could reduce APAP- induced cell death in Chrebp- 
deficient hepatocytes, we first collected medium from 
WT hepatocytes transduced with Ad- GFP control, 
Ad- GFP plus fructose treatment, or Ad- Fgf21. Next, 
we incubated Chrebp- deficient hepatocytes in Ad- GFP, 
Ad- GFP plus fructose treatment, or Ad- Fgf21 medium, 
respectively, overnight and added in APAP before anal-
ysis of cell toxicity. The percentage of APAP- induced 
hepatocyte death was ~45% in Ad- GFP- conditioned 
medium, whereas it decreased to <20% in both Ad- GFP 
plus fructose treatment and Ad- Fgf21- conditioned 
medium (Fig. 6D; Supporting Fig. S10). LDH anal-
ysis showed a similar trend (Fig. 6E), supporting that 
supplementation of hepatocytes with FGF21 protects 
Chrebp−/− hepatocytes from APAP toxicity.

Furthermore, we tested the impact of hepatic Fgf21 
deficiency on fructose protection against APAP hep-
atotoxicity. We isolated primary mouse hepatocytes 
from Fgf21flox/flox mice injected with either AAV- 
TBG- Cre or AAV- TBG- GFP and then treated the 
cells with APAP alone or APAP plus fructose. We 
found that AAV- TBG- Cre transduction almost com-
pletely abolished the expression of Fgf21 in Fgf21flox/flox   
primary hepatocytes (Supporting Fig. S11A). As 
expected, fructose was able to reduce hepatocyte 

death in AAV- TBG- GFP- transduced Fgf21flox/flox 
hepatocytes as well as LDH enzymatic activity in 
the medium collected from those cells after APAP 
treatment. However, the protective effects of fructose 
were lost in AAV- TBG- Cre- transduced Fgf21flox/flox 
hepatocytes (Fig. 6F,G; Supporting Fig. S11B), con-
firming the crucial role of Fgf21 in fructose protection 
against APAP hepatotoxicity. Taken together, all the 
evidence demonstrates that the hepatic ChREBPα– 
FGF21 axis mediates the protective effect of fructose 
against APAP- induced hepatotoxicity.

eCtopiC eXpRession   
oF Fgf21 mitigates apap 
HepatotoXiCity in Chrebpα- LKO 
miCe

To further test whether restoring FGF21 expression 
in the liver is sufficient to ameliorate APAP- induced 
liver injury in mice with liver- specific deletion of 
Chrebpα, we injected Chrebpαflox/flox mice with AAV- 
TBG- Cre to generate Chrebpα- LKO mice. Two weeks 
later, mice were divided into two groups before injec-
tion with either Ad- GFP or Ad- Fgf21, and 10 days 
later, mice were subjected to APAP injection before 
dissection. Serum FGF21 level in Ad- Fgf21- injected 
mice rose to about 1,500  pg/mL (Fig. 7A), a level 
comparable to what was observed in the HFrD- fed 
WT mice (Fig. 6C). Compared with the Ad- GFP 
control group, the Ad- Fgf21 group showed reduced 
regions of liver necrosis, lowered levels of serum ALT 
and LDH, and decreased ROS but increased GSH 
levels in the liver (Fig. 7B- F). This supports the essen-
tial role of FGF21 in mediating the protective effect 
against APAP. Furthermore, JNK phosphorylation 
was markedly reduced in the liver with Fgf21 over-
expression, indicative of reduced liver stress responses 
(Supporting Fig. S12A).

Ye et al.(12) reported that FGF21 protects against 
APAP liver injury by enhancing the NRF2- PGC1a 
pathway and reducing oxidative stress. We therefore 
checked the expression of classical NRF2 targets in 
liver tissues and observed up- regulation of catalase, 
Gst- π, and Ho1 (Supporting Fig. S12B). Both the 
mRNA and protein levels of CYP2E1 were compara-
ble between the two groups (Supporting Fig. S6A,B). 
Altogether, our data support that fructose protects 
against APAP overdose- induced liver injury by acti-
vating the ChREBPα– FGF21 axis.
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Fig. 6. Fructose protects against APAP- induced hepatotoxicity by activating the ChREBPα– FGF21 axis. (A) HFrD feeding and (B) fructose 
gavage elevated serum FGF21, whereas (C) acute Chrebpα deficiency abolished HFrD- induced circulating FGF21. (D,E) FGF21 rescues 
APAP- induced cell death in Chrebp−/− hepatocytes. Six hours after transduction with Ad- GFP or Ad- Fgf21, WT primary hepatocytes were 
switched to serum- free medium supplemented with or without 25 mM fructose; 24 hours later, culture medium was collected to incubate 
primary Chrebp−/− hepatocytes treated with 10 mM APAP. Cytotoxicity was determined 24 hours after incubation by (D) TUNEL staining 
and (E) LDH assay. (F,G) FGF21 deficiency impairs fructose protection against APAP cytotoxicity. Primary hepatocytes were isolated from 
Fgf21flox/flox mice injected with either AAV- TBG- GFP or AAV- TBG- Cre and treated with APAP and fructose. Cytotoxicity was determined 
by (F) TUNEL staining and (G) LDH assay. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by one- way ANOVA with Tukey’s test 
(A,B,E,G) and two- tailed Student t test (C). Data are presented as mean ± SEM; scale bar, 100 µm. Abbreviations: h, hours; m, minutes.
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Discussion
In this study, we observed a potent protective 

effect of fructose intake against APAP overdose- 
induced acute liver injury. Such a protective action 

of fructose can be achieved by either feeding mice a 
fructose- rich diet before APAP injection or gavag-
ing mice with fructose shortly after APAP injec-
tion. Our findings suggest that fructose might be 
considered for treating patients with acute APAP 

Fig. 7. Restoring FGF21 alleviates APAP hepatotoxicity in hepatic Chrebpα- deleted mice. Chrebpαflox/flox male mice were injected with 
AAV- TBG- Cre by tail vein to delete hepatic Chrebpα (Chrebpα- LKO) and 2 weeks later were injected with Ad- GFP or Ad- Fgf21 to 
overexpress Fgf21 in the liver. Ten days later, the mice received an intraperitoneal injection with APAP and were killed 6 hours later for 
tissue collecting (n = 6 for Ad- GFP, n = 9 for Ad- Fgf21). (A) Adenoviral Fgf21 overexpression was confirmed by elevated serum FGF21. 
(B- D) Liver H&E staining (magnification ×100; necrotic areas are outlined in black, green asterisks indicate healthy areas) and serum 
ALT and LDH assays were used to assess liver injury. (E) ROS levels in the liver were examined to assess oxidative stress. (F) Liver GSH 
level was determined with a commercial kit. *P < 0.05, **P < 0.01 by two- tailed Student t test (A,E,F) and Mann Whitney test (C,D). 
Data are presented as mean ± SEM; scale bar, 100 µm.
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overdose. Moreover, we discovered that fructose- 
induced hepatoprotection largely depends on the 
hepatic ChREBPα– FGF21 axis. Fructose fails to 
reduce APAP- induced liver injury in liver- specific 
Chrebpα- knockout mice, which demonstrate lower 
levels of serum FGF21. In contrast, restoring 
hepatic Fgf21 expression reduces APAP toxicity in 
liver- specific Chrebpα- knockout mice. In summary, 
we uncovered a fructose- based therapeutic pathway 
for APAP liver injury.

We and others reported that fructose feeding 
potently induces hepatic de novo lipogenesis by acti-
vating the ChREBPα pathway. However, the overall 
impact of fructose on hepatic transcriptome remains 
elusive. In this study, we compared the gene expres-
sion profile between Chrebp−/− and WT primary 
hepatocytes with or without fructose treatment. We 
identified a panel of novel genes that are controlled by 
fructose and ChREBP, including regulator of G pro-
tein signaling 16 (Rgs16) and thioredoxin interacting 
protein (Txnip). Rgs16 and Txnip were reported to be 
targets of ChREBP in the context of glucose stimu-
lation,(32- 34) but their regulation by fructose had not 
been reported. Txnip was reported to be a ChREBP- 
regulated gene involved in inflammation, oxidative 
stress, and apoptosis in pancreatic β cells.(33) RGS16 
is one of the guanosine triphosphatase- activating 
proteins that control the intensity and duration of 
G protein- coupled receptor signaling. ChREBP- 
controlled RGS16 was reported to inhibit fatty acid 
oxidation in hepatocytes(32) and promote the accumu-
lation of lipid droplets in β cells.(35) It would be of 
great interest to investigate whether the induction of 
either RGS16 or TXNIP contributes to fructose pro-
tection against APAP liver toxicity.

FGF21 is a hepatic hormone mainly produced 
by hepatocytes in response to nutritional and stress 
signals. Dushay et al.(31) first reported that fructose 
potently induces the FGF21 expression in both 
rodents and humans whereas glucose only modestly 
increases FGF21 production. Our results confirm 
their findings and further demonstrate that the 
induction of FGF21 by fructose requires hepatic 
ChREBPα. What are the underlying mechanisms 
responsible for FGF21 hepatoprotection? Previous 
work has suggested that FGF21 may stimulate the 
PGC1α/NRF2 pathway to enhance the antioxidant 
pathway following APAP intoxication in hepato-
cytes.(12) Our results also showed that FGF21 

overexpression increases the expression of NRF2 
targets, including catalase, Gst- π, and Ho1 (Fig. 
7H). However, fructose treatment increases hepatic 
FGF21 with very limited impact on the NRF2 path-
way, suggesting that under the fructose condition, 
FGF21 may have other targets that could mediate 
hepatoprotective effects.

In adipose tissue, FGF21 binds to the receptor   
complex of fibroblast growth factor receptor 1c and 
β- klotho and activates the extracellular signal- regulated 
kinase (ERK)/mitogen- activated protein kinase path-
way.(36) Minard et al.(37) identified mammalian target 
of rapamycin complex 1 (mTORC1) as a major regu-
latory node in the FGF21 signaling network in adipo-
cytes. They showed that blocking mTORC1 activity 
almost abrogated FGF21- stimulated glucose uptake 
and improved insulin sensitivity. Whether hepatic 
FGF21 activates the ERK/mTORC1 axis in fructose- 
induced protection against APAP toxicity in mouse 
models will be a focus of our future study.

During the time course of the HFrD study, we 
found that fructose feeding effectively abrogates the 
accumulation of APAP- protein adducts while main-
taining low levels of CYP2E1 in the liver after APAP 
injection. Cho et al.(8) reported a similar finding that 
fructose intake by drinking water significantly reduces 
mRNA levels and enzymatic activities of CYP2E1 
and CYP1A2, two critical enzymes responsible for 
converting APAP to the toxic metabolite NAPQI. 
The underlying mechanisms for reduced CYP2E1 
protein expression in the liver of fructose- fed mice 
remain unclear. Cho et al.(8) attributed it to altered gut 
microbiota following fructose diet feeding. Because we 
found that fructose gavage shortly after APAP injec-
tion reduces CYP2E1 protein abundance in the liver, 
it is unlikely that gut microbiota is involved in this 
reduction due to the short duration of treatment. We 
speculate that it is more likely that CYP2E1 proteolysis 
might be involved in this process. It has been reported 
that the endoplasmic reticulum (ER)- associated deg-
radation (ERAD) system targets ER- anchored P450 
enzymes, including CYP2E1, for degradation through 
the ubiquitination- proteasome or autophagy- lysosome 
system.(38) Beside the ERAD system, the ubiquitin E3 
ligase gycoprotein 78 has been found to be a relevant 
E3 ligase for CYP2E1.(39,40) Our future study will 
examine whether fructose can stimulate the CYP2E1 
protein turnover by these degradation systems to block 
APAP- protein adduct formation.
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How nutrients regulate hepatic ChREBP activity 
has been well established. For instance, glucose stim-
ulates ChREBP activity by phosphorylation.(41) We 
recently observed that fructose enhances ChREBP 
protein stability by inhibiting its proteolysis.(42) In 
contrast, very little is known about the effects of 
hepatocyte stress, such as APAP overdose, on the 
hepatic ChREBP pathway. APAP overdose causes 
cellular oxidative stress and mitochondrial impair-
ment. In this context, APAP treatment within 6 hours 
potently reduces ChREBPα protein expression and 
expression of its target genes in the liver. Our find-
ings also raise an important question about possible 
negative effects of hepatocyte stress on the ChREBP 
pathway. Whether this is a unique response to APAP 
remains to be addressed. We suspect that APAP- 
induced down- regulation of the ChREBP pathway 
could occur at both transcriptional and posttrans-
lational levels. A number of transcription factors, 
including hepatocyte nuclear factor 1α,(43) farnesoid 
X receptor,(44) NRF2,(23) and nuclear factor kappa 
B,(45) that are known to be involved in cytotoxic 
response to APAP could regulate the transcription of 
ChREBP. Transcriptional activity and protein stability 
of ChREBP are also tightly regulated by posttransla-
tional modifications, such as acetylation, phosphory-
lation, and ubiquitination.(46,47) Does APAP suppress 
the ChREBP protein level and transcriptional activ-
ity through posttranslational modifications? Which 
pathway(s) mediate the suppression? These questions 
would be interesting to address.

In addition to liver, ChREBPα is also abundantly 
expressed in intestinal epithelial cells and participates 
in fructose absorption and metabolism.(48,49) Cho et 
al.(8) showed altered gut microbiota following 8 weeks 
of fructose diet feeding, which could contribute to 
fructose protective action against APAP toxicity. 
Whether enterocyte ChREBPα plays a role during 
this process warrants further investigation; however, it 
is not likely that fructose gavage after APAP intake 
reduces liver injury by modulating colon microbiota 
due to the relatively short time frame.
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