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Aquaporin-8 ameliorates hepatic steatosis
through farnesoid X receptor in obese mice

Minqi Xiang,1,2,6 Xu Qian,1,2,6 Luyu Han,3,6 Hui Wang,1,2 Jiqiu Wang,1,2 Weiren Liu,4 Yanyun Gu,1,2

Shuangshuang Yao,5 Jian Yang,1,2 Yifei Zhang,1,2,* Ying Peng,1,2,* and Zhiguo Zhang1,2,7,*

SUMMARY

Aquaporin-8(AQP8), is a transmembrane channel protein that abounds in liver,
which mainly promotes water transport, modulating bile acid formation. Howev-
er, its role in hepatic lipid metabolism remains unclear. In this study, we found the
expression of AQP8was reduced in liver specimens of patientswith NAFLD, high-
fat diet (HFD)-induced mice and genetically obese db/db mice. Knockdown of
AQP8 in hepatocytes exacerbated the intracellular lipid accumulation induced
by free fatty acid (FFA) mixtures. In contrast, hepatic AQP8 overexpression acti-
vated farnesoid X receptor (FXR), inhibiting gene expression associated with
lipogenesis, which further reduced intrahepatic triglyceride overload in obese
mice. FXR knockout abrogated the ameliorating effect of AQP8 overexpression
on NAFLD in mice. These findings indicate that AQP8 overexpression protects
against fatty liver through activating the FXR pathway.

INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD), which is characterized by an abnormal hepatic accumulation of

triglycerides (TGs), has become a major threat to human health affecting 25% of general population world-

wide.1 The clinical pathological spectrum of NAFLD ranges from simple hepatocellular fat deposits to non-

alcoholic steatohepatitis and further progression toward cirrhosis.2 Ectopic fat accumulation in the liver is

accompanied by insulin resistance, hypertension, and type 2 diabetes mellitus, and NAFLD is recognized

as the hepatic component of a cluster of conditions that are associated with metabolic disorders.3,4

Currently, specific therapies for this disease are limited to lifestyle modifications, such as exercising and

changing dietary habits to achieve weight loss.5 Consequently, further studies are needed to identify

the key molecular regulators of NAFLD development.

Mammalian aquaporins (AQPs) are a family of 13 integral membrane proteins, functionally divided into

three typical classes: classical AQPs (AQP0, AQP1, AQP2, AQP4, AQP5, AQP6, and AQP8), which function

as water-selective transporters; aquaglyceroporins (AQP3, AQP7, AQP9, and AQP10), which transport wa-

ter, glycerol as well as other small solutes; and super AQPs (AQP11 and AQP12).3,6 The expression of aqua-

glyceroporins has been documented in numerous tissue types, including adipose tissue, liver, and

pancreas, in which they are reported to play important metabolic roles.6–9

AQP8, a member of the family of transmembrane channel proteins, appears to be the most abundant AQP

in hepatocytes,10,11 in which it not only facilitates the passive transport of water across the plasma mem-

brane but also shows high permeability to urea, ammonia, and hydrogen peroxide (H2O2).
12,13 It is located

in the canalicular membranes of hepatocytes and functions as a rate-limiting step for bile secretion by pro-

moting water secretion through the canalicular membrane.7,14,15 Knockdown of AQP8 has been found to

impair basal canalicular water movement, leading to approximately 70% decline in canalicular volume.

AQP8 has also been shown to be localized in intracellular vesicles16,17 and exists as a non-glycosylated pro-

tein in the mitochondria.18 Glucagon can regulate AQP8 by transporting vesicles to the hepatocellular

membrane via cAMP-protein kinase A (PKA), and this process is involved in phosphatidylinositol

3-kinase (PI3K) signaling pathways and microtubule-associated proteins, together with an upregulation

of AQP8 expression, which in turn contribute to a significant increase in hepatocellular water perme-

ability.19 Given its efficient transport of ammonia and H2O2, AQP8 plays an important role in mitochondrial

ammonia detoxification via ureagenesis and H2O2-mediated cell signaling.20 In addition, in hepatocellular

mitochondrial membranes, AQP8 interacts with stearoyl-CoA response element binding proteins
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(SREBPs), mediating the regulation of hepatocyte cholesterol biosynthesis.21 Nonetheless, it is yet to be

determined whether AQP8 has beneficial effects on NAFLD.

In this study, we detected reduced levels of hepatic AQP8 expression in both human patients with NAFLD

and obese mice. By using db/db obese mice and mice fed an high-fat diet (HFD), both of which have pre-

viously been shown to mimic liver steatosis seen in humans, as well as in vitroNAFLDmodels, we examined

whether AQP8 can inhibit the pathogenesis of NAFLD both in vivo and in vitro. We also assessed whether

AQP8 plays a role in regulating de novo lipogenesis to ameliorate hepatosteatosis via a farnesoid X recep-

tor (FXR)-dependent pathway. All these findings highlight the role of AQP8 as a potential target for the

treatment of NAFLD.

RESULTS

AQP8 expression is downregulated in the livers of patients with NAFLD and obese mice

Compared to other tissues inmice, the level of AQP8mRNA is dramatically elevated in the liver (Figure S1A).

To characterize the involvement of AQP8 in the pathogenesis of NAFLD, we examined the levels of AQP8

expression in the livers of human subjects withNAFLD throughAQP8 immunohistochemistry, gene andpro-

tein expression, which indicated reductions (Figures 1A and S1B). We subsequently examined the expres-

sion of AQP8 in the livers of db/db mice and C57BL/6J mice fed a long-term HFD for 8 weeks. Among the

obese mice, we also detected the reduction in levels of AQP8 (Figures 1B, 1C, S1C, and S1D). We also fed

mice a short-term HFD and treated HepG2 cells with 1 mM FFAmixtures at different times to mimic hepatic

steatosis. Comparedwith the respective control groups, exposure toHFD for 7 days and treatment with FFA

mixtures for 12 h were found to promote significant reductions in AQP8mRNA (Figures 1D and 1E) and pro-

tein expression (Figures S2A andS2B). These findings indicate that in both humans and rodents, the expres-

sion of AQP8 is consistently attenuated under conditions of hepatic steatosis.

To further clarify the function of AQP8 in an in vitro model of NAFLD, we infected primary mouse hepato-

cytes (PMHs) and HepG2 cells with either Ad-AQP8 or Ad-GFP, and these cells were also exposed to FFA

mixtures. Subsequent RT–PCR analyses revealed that AQP8 gene expression was significantly increased in

PMHs in response to overexpression of AQP8 (Figure 1F). In hepatocytes, although lipogenic genes were

found to be enhanced by FFA treatment, these genes were inhibited by the overexpression of AQP8

(Figures 1G and S2C). Consistently, we observed an exacerbation of lipid accumulation in the HepG2 he-

patocytes treated with FFAmixtures, whereas accumulation was attenuated in cells overexpressing hepatic

AQP8 as revealed by Oil Red O staining (Figure 1H). Measurements of intracellular TG levels in PMHs also

revealed that in response to FFA mixtures administration, there was a significant increase in TG content,

whereas TG levels were reduced following the overexpression of AQP8 compared with that in the Ad-

GFP group (Figure 1I). In contrast, lipid contents in hepatocytes co-treated with Ad-shAQP8 and FFA over-

load were exacerbated (Figure S3).

Hepatic overexpression of AQP8 attenuates liver steatosis in db/db mice

To further examine the effects of AQP8 overexpression on hepatic lipid metabolism in vivo, we employed

db/db mice and WT mice infected with either Ad-AQP8 or vehicle Ad-GFP. Analysis of gene expression

revealed a marked increase in the expression of AQP8 in the livers of db/db and WT mice with adenoviral

AQP8 overexpression (Figure 2A). Hepatic AQP8 overexpression had little effect on body weight or food

intake (Figures 2B and 2C). However, in Ad-AQP8 mice, we observed reductions in fasting blood glucose

levels (Figure 2D). In addition, we detected reductions in the serum levels of TG (Figure 2E), TC (Figure 2F),

LDL-c (Figure 2G), and total bile acids (Figure 2H), whereas serum levels of b-hydroxybutyrate (b-OHB) were

elevated (Figure 2I).

Figure 1. Downregulation of AQP8 in the livers of NAFLD patients and obese mice and effects of hepatic AQP8 overexpression in vitro

Hepatic mRNA and protein levels of AQP8 decreased in patients and obese mouse model: (A) NAFLD patients (n = 8 per group), (B) db/db mice (n = 6 per

group), (C) high fat diet (HFD) mice (n = 7 per group), (D) short-term HFD mice (n = 5 per group) (See also Figure S2A), (E) HepG2 cells without or with

FFA(OA:PA = 2:1) treatment for the indicated time(See also Figure S2B). Primary mouse hepatocytes (PMHs) and HepG2 cells were transfected with either

ad-GFP or ad-AQP8 with or without FFA treatment.

(F) AQP8 mRNA expression of PMHs.

(G) Analysis of AQP8 and lipogenic genes expression (See also Figure S2C).

(H) Oil red O staining (200 X) of HepG2 cells.

(I) TG measurement of PMHs. The data represent the mean G SEM values. *p < 0.05 **p < 0.01 ***p < 0.001.
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Hematoxylin-eosin (H&E) staining revealed prominent hepatosteatosis in the livers of db/db mice with Ad-

GFP, whereas in db/dbmice with Ad-AQP8 there was a pronounced reduction in the numbers of lipid drop-

lets (Figure 3A). In parallel, there were reductions in the ratio of liver weight to body weight (LW/BW) of db/

db and WT mice with Ad-AQP8 and also reductions in TG contents in the livers of db/db mice (Figures 3B

and 3C).De novo lipogenesis plays a vital role in the pathogenesis of NAFLD,22 and in the present study, we

performed RT–PCR to examine the expression of genes related to lipogenesis, fatty acid oxidation, bile

acid metabolism, and inflammation. The expression of genes and proteins associated lipogenesis, namely,

FAS, SREBP-1c, and ChREBP, were significantly inhibited by hepatic overexpression of AQP8 in db/db and

WT mice (Figures 3D, 3H, and 3I).
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Figure 2. Effects of AQP8 on body weight and lipid metabolism in db/db mice

db/db mice were i.v. injected with either ad-GFP or ad-AQP8 and mice were sacrificed at day 10.

(A) Relative AQP8 mRNA levels in liver tissue samples.

(B) Body weight of the four groups were monitored for 10 days.

(C) Food intake of the four groups were monitored for 10 days.

(D–I) Serum levels of FBG, TG, TC, LDL-c, TBA and b-OHB. The data represent the mean G SEM values, n = 8–11. *p<0.05 **p<0.01 ***p<0.001.
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The steady-state balance of hepatic TGs is linked to the consumption of fatty acids via mitochondrial

b-oxidation,23 and in db/db mice with hepatic overexpression of AQP8, we detected increases in the

expression of key genes associated with fatty acid oxidation (Figure 3E). As shown in Figure 3F, the

mRNA expression of hepatic FXR, SHP, and BSEP was significantly increased in livers overexpressing

AQP8. To identify potential FXR agonists and antagonists, and we used ultra-high performance liquid

chromatography–tandem mass spectrometry to quantify serum bile acids from db/db mice. As our result

showed that, AQP8 overexpression altered the bile acid profile with elevated cholic acid (CA), chenodeox-

ycholic acid (CDCA) (Figure S4), which have been identified as effective ligands for FXR.24,25 In addition, we

also observed deregulation of the bile acid synthesis gene Cyp7a1 which inhibited by FXR (Figure 3F), as

well as reductions in the expression levels of genes associated with inflammation, namely, CCL7, CCL3,

IL10, and TNF-a in mice with AQP8 overexpression (Figure 3G).

Hepatic overexpression of AQP8 improves HFD-induced liver steatosis

The HFD mouse model has been used extensively to mimic NAFLD,26 and in the present study, we evaluated

the effects of hepatic overexpressionofAQP8on lipid changes attributable to consumptionofHFD.To confirm

the overexpression efficiency of mice, we performed RT–PCR and western blot analyses of AQP8 and accord-

inglydetectedmarked increases inAQP8geneexpression levels in the liversofAd-AQP8groupmice relative to

those inAd-GFPgroupmice (Figure 4A).Neither bodyweight nor food intakewas affectedby the hepatic over-

expression of AQP8 (Figures 4B and 4C), whereas we detected reductions in the serum levels of TG, TC, LDL-c,

and total bile acids (Figures 4D–4G) and an increase in b-OHB (Figure 4H) in the Ad-AQP8 groups.

HFDmice with hepatic overexpression of AQP8 were characterized by a more pronounced attenuation of he-

patic steatosis (as revealed by H&E staining) (Figure 5A), with reductions in the LW/BW ratio (Figure 5B) and

hepatic TG contents (Figure 5C). RT–PCR performed to examine the expression of genes associated with lipo-

genesis (FAS, SREBP-1c, and ChREBP) revealed that the expression of genes and proteins was downregulated

in response to the hepatic overexpression of AQP8 (Figures 5D, 5H, and 5I). Hepatic AQP8 overexpression was

also found to promote an increase in the oxidation of fatty acids in HFD and NCD mice, as indicated by in-

creases in the expression levels of the fatty acidoxidation-relatedgenesAcox1, FATP1, LCAD, andPPARa (Fig-

ure 5E).Overexpression of AQP8 also promoted the upregulated expression of genes associatedwith bile acid

metabolism (FXR, SHP, andBSEP) and inhibited the expressionofCyp7a1mRNA (Figure 5F). In linewith expec-

tations, we found that consumption of HFD contributed to a significant increase in the expression of inflamma-

tion-related genes in liver tissues, whereas the hepatic overexpression of AQP8 prevented increases in the

expression of inflammatory genes such as CCL5, CCL8, IL1b, and TNF-a (Figure 5G).

Taken together, these findings indicate that hepatic overexpression of AQP8 contributes to the regulation

of hepatic TGmetabolism and mitigates NAFLD development by suppressing the liver lipogenic program.

FXR is required for overexpressed AQP8-mediated hepatic steatosis improvement

FXR/Nr1h4, a potent bile acid nuclear receptor, is highly expressed in the liver and exerts important effects

on the regulation of bile acids, lipids, cholesterol, and carbohydrate metabolism.27–30 Activation of FXR by

the specific agonist GW4064 was observed to promote the upregulated expression of AQP8mRNA in vitro,

whereas other specific agonists had no significant effects (Figure 6A). To obtain further experimental evi-

dence indicating that AQP8 is upregulated by FXR activation at transcriptional level, we subsequently

investigated the effects of the FXR-specific agonist GW4064 on AQP8 expression using dual-luciferase re-

porter assays. Activation of FXR by GW 4064 was found to induce high levels of AQP8 activity (Figure 6B). To

confirm the role of FXR in the regulation of AQP8 expression, we performed FXRE mutagenesis31 and chro-

matin immunoprecipitation (ChIP) assay. Using the online software JARSPAR (https://jaspar.genereg.net/

matrix/MA1110.1/), we predicted the putative FXR Response Elements (FXREs) in the promoter region of

Figure 3. Histological and molecular changes in the livers of db/db mice with AQP8 overexpression

(A) Histological analysis of hematoxylin-eosin-stained liver sections, magnification: 2003, scale bar, 100 mm.

(B) The analysis of liver weight in four groups. The count is liver weight per kilogram of body weight.

(C) Quantification of hepatic TG contents.

(D–G) Analysis of mRNA levels on hepatic lipogenesis, fatty acid oxidation, bile acid metabolism and inflammation-related genes; b-actin was used as an

internal control.

(H and I) Western blot assays analysis of the accumulation of AQP8 and lipogenic genes in the liver tissue sample of wildtype littermates and db/dbmice. The

data represent the mean G SEM values, n = 8–11. *p<0.05 **p<0.01 ***p<0.001.
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AQP8, on the basis of which, we cloned the human AQP8 gene promoter (containing the fragment �1500

to +100) in the pGL4.14-luciferase reporter plasmid (Figure S5A), which was used to transfect HepG2 cells

with or without an FXR overexpression plasmid. Consistent with our finding regarding the FXR-specific

agonist GW4064, we observed that AQP8 promoter activity was also enhanced by FXR overexpression (Fig-

ure 6C), thereby indicating that this region may harbor a regulatory element. Mutation of FXREs within the

construct pGL4.14-AQP8 was found to abolish the luciferase activity induced by the FXR overexpression
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Figure 4. Effects of AQP8 on body weight and lipid metabolism in HFD mice

HFD mice were i.v. injected with either ad-GFP or ad-AQP8 and mice were sacrificed at day 10.

(A) Relative AQP8 mRNA levels in liver tissue samples.

(B) Body weight of the four groups were monitored for 10 days.

(C) Food intake of the four groups were monitored for 10 days.

(D–H) Serum levels of TG, TC, LDL-c, TBA and b-OHB. The data represent the mean G SEM values, n = 8–10. *p<0.05 **p<0.01 ***p<0.001.
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plasmid (Figures 6C and S5B), confirming that FXR enhances the transcriptional activity of AQP8 promoter.

Moreover, the ChIP assay demonstrated that the anti-FXR antibody precipitated the DNA fragment con-

taining the FXREs, indicating that FXR binds directly to the FXREs of the AQP8 promoter region in

HepG2 cells (Figure 6D). In contrast, we found that knockdown of the FXR gene in mice resulted in a down-

regulation of hepatic AQP8 expression (Figure 6E). Accordingly, it is reasonable to assume that if the

improvement of hepatic steatosis in response to the overexpression of AQP8 is dependent mainly on

FXR, AQP8 overexpression would no longer be effective if FXR is depleted. To verify this assumption,

we used FXR-KOmice to investigate whether blocking FXR could reverse the benefits of AQP8 overexpres-

sion. To this end, FXR-KO and FXR-WT mice were fed an HFD for 2 weeks and then intravenously injected

with either Ad-GFP or Ad-AQP8 for 10 days. We accordingly detected increases in the mRNA level of AQP8

in FXR-KOmice with hepatic overexpression of AQP8 (Figure 6F), although there were no significant reduc-

tions in total bile acid levels in these mice (Figure 6G). Furthermore, overexpression of AQP8 in the livers of

FXR-KO mice had no effect on serum levels of TG, TC, or LDL-c (Figures 6H–6J). Moreover, whereas a

reduction in LW/BW values was observed in db/db and HFDmice with Ad-AQP8 (Figures 3B and 5B), these

effects were reversed in FXR-KO mice (Figure 6K). Similarly, despite infection with Ad-AQP8, we detected

increased hepatic TG contents and lipid droplets in FXR-KO mice (Figures 6L and 6M).

Analysis of the levels of lipogenic genes and proteins in liver sections obtained from FXR-KOmice with Ad-

AQP8 revealed no significant downregulation (Figures 7A and 7E). In addition, we demonstrated that he-

patic overexpression of AQP8 promoted increases in the expression of genes associated with fatty acid

oxidation, but these changes were reversed by FXR knockout (Figure 7B). Furthermore, we found that over-

expression of AQP8 in FXR knockout mice had no further effect on the expression of genes associated with

bile acid metabolism such as SHP and BSEP (Figure 7C). Knockout of FXR was also found to promote in-

creases in the expression of inflammation-related genes (Figure 7D).

DISCUSSION

Given recent increases in the incidence and prevalence of NAFLD, this disease has become a global health

issue of major concern.32 It is also becoming the leading cause of chronic liver disease, and despite consid-

erable efforts to identify therapeutic targets, there is as yet no established therapy for this disease.33 In this

study, we sought to characterize a member of the family of mammalian AQPs, AQP8, which facilitates the

passage of water and other small solutes, such as hydrogen peroxide and ammonia, across cell mem-

branes.9,34 To date, only a small number of classical AQPs have been established to play roles in the regu-

lation of metabolic disease development and pathology6,8,35,36, However, whether AQP8 also plays a role

in metabolic diseases has yet to be determined.

Our findings in this study revealed reduced levels of AQP8 in the livers of NAFLD patients and obese animal

models, providing clinical and basic pathological insights into the association between AQP8 expression

and hepatic steatosis. We therefore performed adenovirus-mediated overexpression or knockdown of

AQP8 in hepatocytes and mouse models to examine whether AQP8 plays a role in NAFLD development.

Under physiological conditions, the steady-state concentrations of intrahepatic TGs are low, and the liver

does not serve as a storage depot for fat.22 The main cause of hepatic lipid perturbation during NAFLD is

the excessive accumulation of TG,37 and in the present study, we observed increases in TG levels and an

exacerbation of hepatic steatosis in mice fed an HFD and those with spontaneous genetic obesity. How-

ever, in both HFD and db/db mice, hepatic overexpression of AQP8 was found to contribute to a reduction

of TG content and mitigation of hepatic steatosis.

Accumulating evidence indicates that hepatic lipid homeostasis is tightly controlled by de novo fatty acid

synthesis, oxidation, lipoprotein uptake, and secretion,38,39 and it has been established that NAFLD devel-

opment is driven by a dysfunction in lipogenesis or fatty acid oxidation.40 Consequently, alleviating hepatic

Figure 5. Histological and molecular changes in the livers of HFD mice with AQP8 overexpression

(A) Histological analysis of hematoxylin-eosin-stained liver sections, magnification: 2003, scale bar, 100 mm.

(B) The analysis of liver weight in four groups. The count is liver weight per kilogram of body weight.

(C) Quantification of hepatic TG contents.

(D–G), Analysis of mRNA levels on hepatic lipogenesis, fatty acid oxidation, bile acid metabolism and inflammation-related genes; b-actin was used as an

internal control.

(H and I) Western blot assays analysis of the levels of AQP8 and lipogenic genes in the liver tissue sample of NCD and HFD mice. The data represent the

mean G SEM values, n = 8–10. *p<0.05 **p<0.01 ***p<0.001.
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lipid accumulation by effectively inhibiting lipogenesis and promoting fatty acid oxidation could represent

promising approaches for the treatment of NAFLD.40 Moreover, lipogenesis is primarily controlled at the

transcriptional level,41,42 and it has been established that downregulation of the expression of SREBP-1c, a

vital transcriptional regulator of the enzymes involved in de novo lipogenesis, and ChREBP, which induces

the expression of enzymes involved in de novo lipogenesis, can contribute to the treatment of NAFLD. In

the present study, we found that hepatic overexpression of AQP8 promoted the downregulated expression

of genes involved in lipogenesis, such as SREBP-1c, FAS, and ChREBP, and markedly enhanced the expres-

sion of fatty acid oxidation-associated genes in HFD and db/db mice. In addition, overexpression of AQP8

reduced abnormal lipid accumulation in mouse primary hepatocytes, despite FFA overload. In contrast,

suppression of AQP8 triggered lipogenic gene expression and lipid deposition. The findings of both

our in vivo and in vitro studies provide evidence in support of the hypothesis that AQP8 may improve he-

patic steatosis by regulating lipogenesis.

With respect to hepatic steatosis intervention, bile acids, their receptors (such as FXR and TGR5), and trans-

porters (such as ASBT, the ileal apical sodium-dependent bile acid transporter) have emerged as potential

therapeutic targets.43 The bile acid/FXR-mediated pathways may induce SHP synthesis, which further sup-

presses the transcriptional function of SREBP-1c, leading to the suppression of lipogenic gene expres-

sion.44 In addition, the effect of activated FXR in enterocytes is mediated by fibroblast growth factor 15

(FGF15, mouse) or FGF19 (human), which in turn activates the hepatic FGF receptor to repress hepatic lipo-

genesis and stimulate fatty acid b-oxidation.44 As a water channel, AQP8 contributes to the secretion of

water from hepatocytes into the bile canalicular lumen,12,14 leading to bile dilution, whereas a reduction

in AQP8 expression may contribute to cholestasis.45 In the present study, although available data showed

that adenovirus-mediated hepatic overexpression of AQP8 in db/db and HFD mice promoted a reduction

in the levels of serum bile acids and mitigated hepatic steatosis, the evidence about bile acid levels in liver,

gall bladder, and intestine which is not provided may further demonstrate the effect of AQP8 on BA meta-

bolism and hepatic steatosis.

Recent findings have highlighted that intestinal lipid absorption is another important pathway mediating

hepatic triglyceride metabolism.46–48 Activation of FXR has been established alter the composition of

bile acid pools with or without affecting the overall pool size and reducing intestinal lipid absorption.46

AQP8 acts as an important water channel in hepatocyte bile formation49 and intestine,50 and consequently,

we should not exclude the possibility that the overexpression of AQP8 potentially activates FXR and further

reduces lipid absorption via an alteration in bile acid composition or pool size. At molecular levels, it is

speculated that the overexpression of AQP8 contributes to increased expression of FXR and FXR target

genes such as SHP, and in vitro, we also found that AQP8 can be activated by FXR. In contrast, the knock-

down of FXR in mice was found to abrogate the beneficial effects of hepatic AQP8 overexpression on TG

accumulation, providing compelling evidence to indicate that FXR is necessary for the AQP8-associated

improvements in fatty liver disease and that similar to SHP, AQP8 might also be one of the target genes

of FXR and provides positive feedback to FXR. Importantly, in this regard, we found that knockout of

FXR abolished the beneficial effects of AQP8 overexpression on hepatic steatosis with respect to inhibiting

fatty acid oxidation (Figure 7B), promoting inflammation (Figure 7D), increasing the serum levels of bile

acid (Figure 6G) and probably increasing intestinal lipid absorption which exacerbated fatty liver develop-

ment. However, the mechanisms underlying these processes remain to be elucidated.

Figure 6. FXR regulates AQP8 expression and FXR knockout inhibits the improvement of AQP8 in NAFLD

(A) PMHs were treated with DMSO, PPARa agonist Fenofibrate, PPARb/d agonist GW0742, PPARg agonist Rosiglitazone, FXR agonist GW4064, LXR agonist

T0901317 and RT–PCR analysis of AQP8 gene expression.

(B) Dual-luciferase reporter assay was conducted to determine the effect of FXR agonist GW4064 on AQP8 activity.

(C) Dual-luciferase reporter assay was conducted to determine the effect of FXR overexpression on AQP8 activity.

(D) The interaction of FXR with AQP8 promoter containing putative FXRE was confirmed by chromatin immunoprecipitation (ChIP) in HepG2 cells (n = 3

individual experiments) using an FXR antibody, IgG was used as a negative control.

(E) Relative AQP8 mRNA levels in the livers of FXR wild-type (WT) and knockout (KO) mice.

(F) FXR-WT and FXR-KO were fed an HFD for two weeks and then i.v injected with either ad-GFP or ad-AQP8 and relative AQP8 mRNA levels in the livers of

three groups.

(G–J) Serum levels of TBA, TG, TC, LDL-c.

(K) The analysis of liver weight in three groups. The count is liver weight per kilogram of body weight.

(L) Quantification of hepatic TG contents.

(M) Histological analysis of hematoxylin-eosin-stained liver sections, magnification: 2003, scale bar, 100 mm. The data represent the mean G SEM values.

*p<0.05 **p<0.01 ***p<0.001.
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Currently, FXR agonists are being investigated for their potential therapeutic application in NAFLD.

However, the use of FXR agonists such as obeticholic acid has proved to be challenging, owing to

notable adverse effects, including pruritus and increases in LDL-c.51 Further investigations are needed

to evaluate the beneficial effects of other agonists on NAFLD, a multifactorial disease that involves

a number of different contributory mechanisms. For example, it has been established that cholestasis

is associated with NAFLD,52 and the findings of a previous study using an experimental cholestasis
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(E) Western blot assays analysis of the accumulation of AQP8 and lipogenic genes in the liver tissue samples of the three
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n = 9–11.*p<0.05 **p<0.01 ***p<0.001.
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model have indicated that defective expression of AQP8 in the canalicular membrane contributes to the

development of bile secretory dysfunction.49 In the present study, we observed a reduction in the

expression of AQP8 in the liver specimens of patients with NAFLD, as well as in the livers of obese

mice, whereas the overexpression of AQP8 contributed to a resolution of NAFLD, associated with

an improvement on bile acid metabolism, in obese mice. These findings accordingly indicate that

targeting AQP8 could represent an important therapeutic approach in the treatment of cholestatic asso-

ciated with hepatic steatosis. In addition, in steatotic livers, lipid accumulation causes hepatocyte

swelling and further impairs microcirculation, thereby curtailing vital supplies of oxygen and water45

and thus overexpression of AQP8 contributes to the improvement of impaired microcirculation and lipid

disorders in patients with NAFLD. Consequently, targeting the expression of AQP8 may serve as a strat-

egy for improving impaired microcirculation and cholestasis and further lipid disorders in patients with

NAFLD.

In summary, our findings clearly indicate that hepatic AQP8 overexpression attenuates abnormal lipid

deposition in experimental mice and cultured hepatocytes mainly via FXR activation, which reinforced

the insight that AQP8 functioned as a potential FXR agonist will be helpful to provide therapeutic actions

on NAFLD.

Limitations of the study

Despite our important observations, this study does have certain limitations. First, adenovirus overex-

pression typically results in artificially high levels of the gene/protein of interest and the potential

for non-specific effects, including off-target effects. Second, AQP8 is also expressed in other tissues

such as pancreas and intestine, and thus our study exclusively focusing changes on hepatic AQP8

expression may have overlooked the contribution of AQP8 in other tissues to the improvement of hepat-

ic steatosis. Third, in addition to changes in gene expression, lipogenesis or fatty acid oxidation process

assays should be performed to complement our limited observations, providing more compelling

evidence.
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Materials availability

This study did not generate new unique reagents.

Data and code availability
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

AQP8 Sigma RRID:AB_1839763

FAS Cell Signaling Technology Cat# cs-3180

Hsp90 Santa Cruz RRID:AB_675659

SREBP-1c Thermo Fisher Scientific RRID:AB_2194231

ChREBP Thermo Fisher Scientific RRID:AB_11153460

Bacterial and virus strains

Ad-GFP Xitubio, Shanghai N/A

Ad-AQP8 Xitubio, Shanghai N/A

Ad-shAQP8 Xitubio, Shanghai N/A

Biological samples

RIPA BIOCOLOR Cat# R0095

Trizol Reagent Life Technologies Cat# 15596026

PVDF membranes Millipore Cat# IPVH00010

NEFA HR color reagent Wako Life Sciences Cat# 294-63601

b-hydroxybutyrate Assay kit Jian cheng, Nanjing, China Cat# H69

Triglyceride Quantification Kit Biovision K622–100

Experimental models: Cell lines

HepG2 ATCC Cat#HB-8065

Hepatocyte This paper N/A

Experimental models: Organisms/strains

Mouse: C57BL/6J Vital River Laboratories N/A

Mouse:C57BLKS/J-Leprdb/Leprdb Model Animal Research Center of Nanjing University N/A

Mouse: Nr1h4tm1Gonz/J Jackson Laboratory RRID: IMSR_JAX:004144

Software and algorithms

GraphPad Prism 8 Graphpad https://www.graphpad.com/

Other

High fat diet Diet Research D12492i
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human livers samples

A total of 15 adults (age>18 years, 9 males, 6 females) who underwent liver biopsy for normal control liver

specimens and suspected NAFLD were enrolled for analysis. Written informed consent was obtained from

each participant for collection of samples. Ethical approval (Y2020-622) was obtained from the Zhongshan

Hospital Research Ethics Committee.

Mouse models

The animal protocol was reviewed and approved by the Animal Care Committee of Shanghai Jiao Tong

University School of Medicine. Obese C57BLKS/J-Leprdb/Leprdb (db/db) male mice and their wild-

type littermates were purchased from the Model Animal Research Center of Nanjing University

(Nanjing, China). C57BL/6J male mice were purchased from Vital River Laboratories (Beijing, China).

Nr1h4tm1Gonz/J (also known as FXR-KO) and wildtype control mice were purchased from the Jackson

Laboratory (RRID: IMSR_JAX:004144; Bar Harbor, ME, USA) and maintained on a C57BL/6J background.

At 8 weeks of age, the mice were housed at controlled humidity and temperature conditions (55G5%

and 22 G 2�C, respectively) with a 12-hour light/dark cycle. HFD-induced obese mice had free access

to high fat diet (D12492, Research Diets, New Brunswick, New Jersey, USA) or chow diet and water

were given ad libitum for indicated time. For the experiments with db/db mice, db/db mice fed with

a normal chow diet were utilized.

Mouse experiments

Each mouse was intravenously injected via tail vein with Ad-GFP/Ad-AQP8 at dose of 53 109 plaque-form-

ing units. All of the mice were sacrificed on the tenth day after viral administration, and their livers and total

blood samples were collected for analysis after a-12 hours-fast.

METHOD DETAILS

Cell cultures and adenovirus infection

Isolation of C57BL/6J mouse primary hepatocytes were previously reported.53 Mouse primary hepatocytes

and HepG2 cells (AmericanType Culture Collection, China) were cultured in DMEM supplemented with

10% of fetal bovine serum, 1% of L-glutamine, and 1% of penicillin-streptomycin solution and maintained

in a humidified atmosphere of 5% CO2 at 37�C. Mouse primary hepatocytes and HepG2 cells were infected

with adenovirus encoding green fluorescent protein(Ad-GFP; Xitubio Shanghai) or adenovirus expressing

AQP8 short hairpin RNA(Ad-shAQP8; Xitubio Shanghai) or adenovirus expressing AQP8(Ad-AQP8; Xitubio

Shanghai) for 12-24 hours.

Free fatty acid treatment in vitro

HepG2 cells andmouse primary hepatocytes were incubated with 0.5% of BSA-conjugated FFAs (oleic acid

and palmitic acid at the proportion of 2:1, Sigma, USA) at final concentration of 1 mM for indicated time

after 12-24 hours of adenovirus transfection. Controls were kept with 0.5% of BSA but no FFAs. Then,

the cells were harvested for subsequent analysis.

Free fatty acid measurement

Serum free fatty acid levels were measured with NEFA HR color reagent (Wako Life Sciences) according to

the manufacturer’s instructions. All serum samples were from mice fasted for 12 hours.

Serum b-hydroxybutyrate measurement

Serum b-hydroxybutyrate(b-OHB) was measured with mouse b-hydroxybutyrate Assay kit (Jian cheng,

Nanjing, China). Under 450 nm wavelength, optical density (OD) of each well was detected.

Hepatic and cellular TG measurement

Frozen livers were homogenized in 1 ml of 5% NP-40 buffer and triglyceride concentration was measured

using a Triglyceride Quantification Kit (Biovision, K622–100) adhering to the manufacturer’s instructions.

Data were normalized to liver weight. Cells were resuspended in 5% NP-40 buffer, and TG content was de-

tected as described above.
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Serum analysis

Serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), total cholesterol and triglyceride

levels were measured using detection kits(KHB, China). Specific steps adhered to the manufacturer’s

instructions.

Quantitative polymerase chain reaction

Total RNA from each sample was extracted using the Trizol reagent (Invitrogen) and purified. Quantitative

real-time–PCR (RT–PCR) was performed using complementary DNA reverse-transcribed from total RNA,

according to the manufacturer’s instructions.

Oil Red O staining

Cells were washed twice with PBS and then fixed with 4% Paraformaldehyde for 30 minutes. After three

washes in PBS, cells were stained in freshly diluted oil Red O working solution for 15 min to measure intra-

cellular lipid accumulation.

Histochemistry

Livers were removed and fixed in 4% paraformaldehyde overnight. Embedded in paraffin, the livers were

cut into parallel slices. After hematoxylin and eosin (H&E) staining staining, the slices were visualized

and imaged under a light microscope.

Luciferase reporter assay

A dual-luciferase assay was applied for functional characterization by co-transfecting hFXR construct with

the pGL4.14-hAQP8, pGL4.14-hMut-AQP8, and phRL-CMV plasmids (constitutively expressing Renilla

luciferase) into HepG2 cells. The firefly luciferase activity was normalized by Renilla luciferase activity.

ChIP assay

Chromatin immunoprecipitation (ChIP) experiment was performed essentially as described by Upstate

Biotechnology with modifications. Briefly, cells were cross-linked and harvested in SDS lysis buffer. Chro-

matins were then sonicated to an average length of 100 to 500 bp and immunoprecipitated with antibodies

against FXR (Cell Signal Technology) and taking IgG as a control. DNA fragments were subjected to quan-

titative PCR (qPCR) using primers flanking FXRE on the AQP8 promoter(forwardprimer:50- ATGTGAGGC

TAGTGCTCTTCT� 30, and reverse primer: 50 � CCAAGATGAAGGAGGCAACTGA � 30).

QUANTIFICATION AND STATISTICAL ANALYSIS

Results were performed with GraphPad Prism version 8.0 (GraphPad Software Inc., San Diego, CA, USA)

and presented as mean G SEM. When comparing two groups, the unpaired Student’s t-test was per-

formed, except when variances were statistically different. For analysis of more than two groups, statistical

analysis were compared by one-way ANOVA with post-hoc test. Two-tailed p-values less than 0.05 were

considered statistically significant.
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