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ABSTRACT

Aquaporin-9 (AQP9) is an aquaglyceroporin strongly expressed in the basolateral membrane of hepatocytes
facing the sinusoids. AQP9 is permeable to hydrogen peroxide (H20,) and glycerol as well as to water. Here, we
report impaired liver regeneration in AQP9 ™/~ mice which involves altered steady-state HyO concentration and
glucose metabolism in hepatocytes. AQP9 ™/~ mice showed remarkably delayed liver regeneration and increased
mortality following 70% or 90% partial hepatectomy. Compared to AQP9™™ littermates, AQP9~/~ mice showed
significantly greater hepatic HyO, concentration and more severe liver injury. Fluorescence measurements
indicated impaired Hy0, transport across plasma membrane of primary cultured hepatocytes from AQP9 ™/~
mice, supporting the hypothesis that AQP9 deficiency results in HyOy accumulation and oxidative injury in
regenerating liver because of reduced export of intracellular H,O, from hepatocytes. The Hy02 overload in
AQP9 ™/~ hepatocytes reduced PI3K-Akt and insulin signaling, inhibited autophagy and promoted apoptosis,
resulting in impaired proliferation and increased cell death. In addition, hepatocytes from AQP9 ™/~ mice had
low liver glycerol and high blood glycerol levels, suggesting decreased glycerol uptake and gluconeogenesis in
AQP9 /" hepatocytes. Adeno-associated virus (AAV)-mediated expression of hepatic expression of aqua-
glyceroporins AQP9 and AQP3 in AQPQ’/ ~ mice, but not water-selective channel AQP4, fully rescued the
impaired liver regeneration phenotype as well as the oxidative injury and abnormal glucose metabolism. Our
data revealed a pivotal role of AQP9 in liver regeneration by regulating hepatocyte HO, homeostasis and
glucose metabolism, suggesting AQP9 as a novel target to enhance liver regeneration following injury, surgical
resection or transplantation.

1. Introduction

11].
Some isoforms of the aquaporin (AQP) superfamily have been re-

Liver regeneration is a complex and sophisticated tissue regeneration
process that involves a variety of cytokines, growth factors, and meta-
bolic signals [1,2]. The current understanding of liver regeneration
mainly comes from partial hepatectomy (PH) models [3]. After PH, the
remaining hepatocytes re-enter the cell cycle from a quiescent, highly
differentiated state, and proliferate rapidly to compensate for the
resected tissue [4]. During rapid liver regeneration hydrogen peroxide
(H205) is produced in response to stimulation by growth factors, che-
mokines and physical stressors [5-8]. Under physiological conditions
H,0; flux across the hepatocyte plasma membrane contributes to cell
proliferation, differentiation and angiogenesis [9,10]. However,
super-physiological concentrations of HyO2 can cause oxidative stress,
leading to hepatocyte growth arrest, cell death and tissue pathology [6,
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ported to facilitate Hy,O5 diffusion across biological membranes [12].
These HyO2-permeable AQPs, now called peroxiporins, are proposed as
key players to regulate redox signaling in various organisms [9,12]. In
mammals, AQP9 is an aquaglyceroporin localized in the plasma mem-
brane of hepatocytes facing the sinusoids [13,14] that transports Hy0,
glycerol and some other neutral solutes [15]. AQP9 is also a peroxiporin
that efficiently transports HyO, [16].

Following PH there are marked changes in metabolism to adapt to
the stress [17]. In mice, blood glucose is greatly reduced within 12 h
after PH, body fat is rapidly mobilized, and catabolism is increased [4,
18]. During this process the liver undergoes a series of adaptive changes
including enhanced gluconeogenesis and reduced glycolysis to restore
blood glucose homeostasis [19]. Experimental animal studies have
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Fig. 1. AQP9-deficiency retarded liver mass recovery and aggravate liver injury in mice after PH. (A) Survival of AQP9~/~ and AQP9*/* mice (n = 18/group) after 90%
PH (Left) and 70% PH (Right). (B) Liver to body weight ratio of AQP9 ™/~ and AQP9™* mice at indicated time points after 70% PH (n = 12/group). (C) Left: Ki-67
immunostaining of liver tissues in AQP9 "~ and AQP9 ™" mice at day 0 and day 3 after 70% PH (scale bar = 100 pm); Right: Ki-67-positive cell counts in AQP9 "/~
and AQP9™ " mice at day 3 after PH (n = 5/group). (D) Western blot analysis of PCNA and Cyclin D1 protein levels in AQP9 ™/~ and AQP9"/* mice at indicated time
points after 70% PH (n = 6/group). The number on the left of the blot represents the molecular weight of the target protein. (E) H&E staining of liver tissues in
AQP9’/ ~and AQP9+/ * mice at day 0 and day 3 after 70% PH (scale bar = 100 pm). (F) The activity of AST and ALT was measured in serum of AQP9’/ ~ mice and
AQP9™* mice at indicated time points after 70% PH (n = 6/group). *P < 0.05, **P < 0.01, ***P < 0.001. Data are expressed as mean + S.E.M.

indicated that the altered glucose homeostasis during liver regeneration
can lead to aplastic disorders and even death [20].

Glycerol is an important substrate of gluconeogenesis in liver. He-
patic glycerol mainly comes from blood glycerol released by adipose
tissue through enhanced lipolysis [21,22]. Adipocytes release glycerol
through aquaglyceroporin AQP7 in the plasma membrane during
lipolysis and hepatocytes take up glycerol through AQP9 from sinusoidal
blood [23]. Glycerol entering hepatocytes is converted to
glycerol-3-phosphate by glycerol kinase, which can be used as substrate
for gluconeogenesis or ATP production through glycerol-3-phosphate
shuttling [21,24]. Although some studies have suggested functional
involvement of AQP9 in liver glycerol transport and metabolic disorders
[25-28], the impact of AQP9 on glucose and lipid metabolism during
liver regeneration remains unknown.

In the present study, we demonstrate an important role of AQP9 in
liver regeneration that involves modulation of oxidative stress and
glucose metabolism through its HyO, and glycerol transporting
functions.

2. Materials and Methods
2.1. Animal procedures

All animal experiments in this study were approved by the Nanjing
University of Chinese medicine and were in accordance with the Na-
tional Institutes of Health guide for the care and use of Laboratory an-
imals (NIH Publications No. 8023, revised 1978). AQP9 knockout mouse
model in C57BL/6J background were generated by contract in the
Model Animal Research Center of Nanjing University. AQP9*/~ mice
were mated to generate litter-matched AQP9~/~ and AQP9*/* mice in
the specific pathogen-free (SPF) facility of Nanjing University of Chinese
Medicine. All mice were maintained on regular chow diet and water ad
libitum (unless specified) with a 12 h light/12 h dark schedule (9 a.m.-9
p-m. light). Blood and tissue samples during liver regeneration were
collected under isoflurane anesthesia for biochemical analysis, liver/
body weight ratio calculation, histological analysis and immunostain-
ing. Please see Supplemental Methods for other parts of Materials and
Methods.
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Fig. 2. AQP9-deficiency leads to increased H,0; level and redox imbalance in hepatocytes. (A) HyO5 in AQP9~/~ and AQP9™/* mouse liver at indicated time points after
70% PH (n = 6/group). (B) Alteration of GSH, SOD and MDA in AQP9’/ ~ and AQP9*/™ liver at day 3 after 70% PH (n = 6/group). (C) Schematic diagram of
lentivirus transfection of primary hepatocytes. (D) Left: Representative fluorescent images of HyperRed transduced primary hepatocytes isolated from AQP9~/~ and
AQP9/" mouse liver (scale bar = 100 pm). Right: FACS analysis of H,0,-dependent fluorescence in primary hepatocytes expressing HyperRed. Fluorescence was
activated at 575 nm. (E) Left: Representative fluorescent images of HyperRed transduced primary hepatocytes incubated with 100 pM H50, (scale bar = 100 pm).
Right: The fluorescence intensity analyzed by fluorimeter. A lentivirus without HyperRed was transfected into primary hepatocytes as control groups. *P < 0.05, **P

< 0.01, ***P < 0.001. Data are expressed as mean + S.E.M.
3. Results and discussion
3.1. Detained liver regeneration in AQP9~/~ mice after PH

To investigate the role of AQP9 in liver regeneration, we performed
70% and 90% partial hepatectomy (PH) on litter-matched AQP9 ™/~ and
AQP9*/* mice. As shown in Fig. 1A, in both cases the survival rate of
AQP9™/~ mice was significantly lower than that of AQP9™™ group.
Since AQP9~/~ mice could not survive over 3 days after 90% PH, sub-
sequent experiments were conducted with 70% PH. The liver-to-body
weight ratio of AQP9™/~ mice was significantly lower than AQP9H/+
group at days 2 and 3 after 70% PH (Fig. 1B).

There were remarkably fewer Ki67-positive hepatocytes in AQP9 ™~
liver at 3 days after 70% PH (Fig. 1C). Immunoblot showed significantly
lower cyclin D1 and PCNA in AQPQ’/ ~ livers after PH (Fig. 1D). HE
staining of liver paraffin sections showed much greater vacuolar
degeneration in AQP9 ™/~ than AQP9*/* mice (Fig. 1E). Serum AST and
ALT levels were significantly higher at days 2-4 after PH in AQP9 ™/~
mice (Fig. 1F). These results indicate impaired hepatocyte proliferation
and liver regeneration with consequently more severe hepatic injury in
AQP9™/~ mice after PH.

3.2. Higher H,0; content and redox imbalance in AQP9 ™/~ regenerating
liver

Growth factors induce the generation of HyO3 as an important part of
their signal transduction mechanism [29-32]. However, HyO, over-
production in hepatocytes during the proliferative phase of liver
regeneration can cause oxidative stress and hepatocytes death if not
properly modulated [6,7,33]. Up-regulation of AQP9 was reported in
PH-induced liver regeneration [34]. Therefore, AQP9 may have a key
role in maintaining H,O2 homeostasis and reducing oxidative injury in
hepatocytes in regenerating liver.

Experiments were done to investigate the role of AQP9 in hepatocyte
H,0, transport and oxidative injury in regenerating liver. Biochemical
analysis indicated significantly higher H,O; levels in AQP9~~ liver in
the proliferative phase of regeneration after PH (Fig. 2A). The MDA level
was remarkably higher and SOD and GSH levels lower in AQP9 /" vs.
AQP9*/* regenerating liver (Fig. 2B). HyO, in hepatocytes was
measured by live cell imaging with a lentivirus-transduced HyO»-sensi-
tive fluorescent protein HyPerRed (Fig. 2C). In primary cultured hepa-
tocytes induced to produce endogenous HoOy by serum deprivation,
HyPerRed imaging and fluorescence-activated cell sorting indicated
higher H,0, level in the cytoplasm of AQP9 ™~ vs. AQP9*/* hepato-
cytes (Fig. 2D), and uptake of exogenous H,02 was significantly lower in
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Fig. 3. AQP9-deficiency results in inhibited PI3K-Akt and insulin signaling, enhanced apoptosis and reduced autophagy in hepatocytes. Western blot analysis was performed
using primary hepatocytes isolated from AQP9 ™~ and AQP9™ ™ liver at day 3 after 70% PH (n = 4/group). (A) PI3K-Akt signaling, including PI3K, p-AKT, AKT and
downstream p-GSK3p and Cyclin D1 proteins. (B) Insulin receptor signaling, including p-ISR, ISR, IRS1 and IRS2 and p-JNK, JNK proteins. (C) AMPK-mTOR signaling,
including p-AMPK, AMPK, p-mTOR, mTOR and downstream autophagic proteins Atg5 and LC3B. (D) Apoptosis: Cl-caspase 3 and Cl-caspase 9 protein levels. The
number on the left of the blot represents the molecular weight of the target protein. (E) Schematic of signaling pathway changes caused by elevated H,O, in he-
patocytes after PH due to AQP9 deficiency. *P < 0.05, **P < 0.01, ***P < 0.001. Data are expressed as mean + S.E.M.

AQP9 ™/~ vs. AQP9*/* hepatocytes (Fig. 2E). These results support a key
role of AQP9 in hepatocyte HyO, transport. AQP9 deficiency reduced
export of HyOg, increased oxidative stress and decreased antioxidant
capacity in hepatocytes, which can lead to more severe liver injury
during regeneration.

3.3. AQP9-deficiency impaired hepatocyte PI3SK-Akt and insulin
signaling, reduced autophagy and enhanced apoptosis

To elucidate the mechanisms of the impaired liver regeneration due
to abnormal H,0, accumulation in AQP9~/~ hepatocytes, we analyzed
several major signaling pathways that may be involved. PI3K, p-AKT and
downstream p-GSK3p in the PI3K-AKT signaling pathway (Fig. 3A) and
p-ISR, IRS1/2 in the insulin signaling pathway (Fig. 3B) were remark-
ably decreased in AQP9™~ vs. AQP9™/" hepatocytes, whereas the
STAT3 signaling pathway was not changed (Supplement Fig. 1A).
Analysis of autophagy-associated proteins revealed significantly
decreased p-AMPK, increased p-mTOR, and lower downstream Atg5 and
LC3B in AQP9 ™/~ hepatocytes (Fig. 3C). Enhanced apoptosis was
observed by increased cleaved caspase 3 and caspase 9 in AQP9 ™/~
hepatocytes (Fig. 3D). Ferroptosis was not different as indicated by
similar GPX4 and p53 (Supplement Fig. 1B). There were no significant
differences in representative proteins involved in regulating the initia-
tion (TNF-a) and termination (TGF-p) of liver regeneration (Supplement
Fig. 1C). These results demonstrate that AQP9 deficiency induced
apoptosis, and reduced proliferation and protective autophagy of he-
patocytes (summarized in Fig. 3E), but did not affect the initiation and
termination phases of liver regeneration.

ROS-mediated insulin resistance was reported to impair liver
regeneration, which involved JNK activation and inhibited ISR-IRS
signaling which results in delayed proliferation and increased death of
hepatocytes after PH [35]. Here, we found remarkably increased phos-
phorylation of JNK (Fig. 3B) and decreased p-ISR and IRS1/2, indicating

insulin resistance induced by HyO» overload in AQP9_/ ~ hepatocytes in

regenerating liver.

3.4. Defective liver glucose metabolism in AQP9™/~ mice

AQP9 is the major hepatocyte aquaglyceroporin that mediates the
entry of glycerol from blood for gluconeogenesis [22]. We analyzed
glycerol content in mouse liver and serum after PH. As shown in Fig. 4A,
glycerol levels in AQP9 ™/~ liver were significantly lower than AQP9™/*
mice in regenerating liver. Corresponding serum glycerol levels were
higher in AQP9™/~ mice (Fig. 4B). Also, serum glucose levels were
significantly lower in AQP9 ™/~ vs. AQP9 ™" mice (Fig. 4C). PAS staining
and fluorescence of AQP9-tdTomato on the same cryosection indicated
an overlapping distribution of glycogen and AQP9 expression (Fig. 4D).
PAS staining and biochemical analysis showed much lower glycogen
content in AQP9’/ ~ livers at days 1-3 after PH (Fig. 4E). Immunoblot
indicated  significantly lower glycerol kinase (GK) and
glycerol-3-phosphate dehydrogenase 1 (GPD1), and greater phosphor-
ylated glycogen synthase (p-GS) and liver glycogen phosphorylase
(PYGL), in AQPQ’/ ~ hepatocytes (Fig. 4F). These results indicate
impaired glycerol uptake of hepatocytes in AQP9 ™/~ mice, resulting in
decreased glycerol gluconeogenesis and glycogen synthesis and
enhanced glycogenolysis in regenerating liver.

Glycerol is an important metabolite for the control of glucose ho-
meostasis [21]. AQP7 and AQP9 are the glycerol channels in adipocytes
and hepatocytes, respectively. The coordinated regulation of the two
channels leads to the optimum balance between release of glycerol
through AQP7 by adipose tissue and its uptake through AQP9 by the
liver [22,36,37]. Up-regulation of adipose AQP7 and down-regulation of
hepatic AQP9 was connected with insulin resistance [38]. Therefore, the
insulin resistance identified in AQP9 ™/~ hepatocytes may involve both
oxidative stress and metabolic disorders due to impaired export of HyO5
and insufficient uptake of glycerol.
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Fig. 4. AQP9-deficiency impairs liver gluconeogenesis in mice after 70% PH. Glycerol levels in liver (A) and serum (B) in AQP9 /"~ and AQP9 /" mice at indicated time
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3.5. Reduced lipolysis in AQP9™/~ regenerating liver

It is well known that major hepatectomy causes a temporary fat
accumulation in the liver, which is consumed during liver regeneration
[39]. By Oil Red O staining (Supplement Fig. 2A) and biochemical
measurements (Supplement Fig. 2B), we observed that liver tri-
glycerides increased significantly after 12 h fasting in both AQP9 ™/~ and
AQP9*/* mice. One day after PH triglyceride levels increased remark-
ably and similarly in livers of AQP9~/~ and AQP9™/" mice. However,
triglycerides diminished rapidly during regeneration in AQP9™™ liver
but remained at high level in AQP9 ™/~ liver. Analysis by quantitative
real-time PCR indicated that the expression of lipolysis-related genes,
including Atgl and Mgll, were significantly lower in AQP9™/~ ys
AQP9'/*  mice (Supplement Fig. 2C). The lipid droplet
formation-related genes Plin2 and lipogenesis-related genes (Fasn and
Acaca) did not differ (Supplement Fig. 2D and 2E). These results indicate
that fasting and PH-induced fat accumulation in liver is not affected by
AQP9 deletion. The reduced liver lipolysis in AQP9 ™/~ mice may be due
to decreased fat consumption in the regenerating liver.

3.6. Rescue of impaired liver regeneration by aquaglyceroporins

To further investigate the mechanisms of AQP9 in regulating liver
regeneration, we generated recombinant AAVs expressing aqua-
glyceroporins AQP9 and AQP3, and water-selective channel AQP4,
under the control of the TBG promoter (Supplement Fig. 3A). Images in
Supplement Fig. 3B shows AAV-mediated liver expression of AQP9-GFP,
AQP3-GFP or AQP4-GFP in AQP9™/~ mice, which was similar to the

***P < 0.001. Data are expressed as mean + S.E.M.

pattern of AQP9-TdTomato transgenic knock-in mice. We found that
AQP9 and AQP3 replacement, but not AQP4 or GFP, rescued the
retained liver regeneration (Supplement Fig. 3C) and liver injury (Sup-
plement Fig. 3D) in AQP9 ™/~ mice. Biochemical assays also indicated
reduction of hepatocyte HyO level and increase of liver glycogen con-
tent and blood glucose in AQP9~/~ mice expressing AQP9-GFP and
AQP3-GFP, but not AQP4-GFP after PH (Supplement Fig. 3E and 3F).
These results demonstrated that the HyO5 and glycerol transporting
functions rather than water permeability of AQP9 play key roles in liver
regeneration.

In summary, our results support a pivotal role of AQP9 in liver
regeneration by reducing oxidative stress by facilitated export of
excessive HoO» and maintaining normal gluconeogenesis through effi-
cient uptake of metabolic glycerol in hepatocytes. AQP9 may represent a
novel target to enhance liver regeneration after hepatectomy or liver
transplantation.
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