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Abstract:

Previous studies have shown that AQP9 plays an important role in energy metabolism
in nonalcoholic fatty liver disease (NAFLD). Recently, metabolomic analyses were
used to determine the slight changes in metabolic profiles and helped to understand
the disease progression, therapeutic intervention of NAFLD. A mouse model of
NAFLD was established with a high-fat diet (HFD), and Aqp9 knockout mice were
constructed. Untargeted metabolomics techniques were used to evaluate the potential
mechanism of the effect of AQP9 in NAFLD. The results indicated that AQP9 plays a
regulatory role in the occurrence of NAFLD. Moreover, a total of 220 candidate



biomarkers were screened and identified. Cluster analysis and enrichment analysis of
differential metabolites indicated that fatty acid biosynthesis was mainly disturbed
when compared against the control group, which was mitigated by knockout of Agp9.
These results show that untargeted metabolomics help to understand the effects of
AQP9 in NAFLD.
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Abbreviations

NAFLD  Nonalcoholic fatty liver disease
T2DM type 2 diabetes mellitus

AQP9  aquaporin 9

AQPs aquaporins

HFD high-fat diet

NFD normal fat diet

PCR Polymerase chain reaction

TC total cholesterol

TG triglyceride

LDL-C low-density lippretein cholesterol
HDL-C high-densit ‘ lip.protein cholesterol
AST aspartaf> ar. incransferase

ALT alanine am::otransferase

HE hematoxylin and eosin

ORO OilRed O

SOD superoxide dismutase

GSH-Px glutathione peroxidase

MDA malondialdehyde

ELISA wnzyme linked immunosorbent assay

IL-6 interleukin-6



IL-18  interleukin-13

TNF-a  tumor necrosis factor-a

QC quality control

PCA principal component analysis

OPLS-DA orthogonal partial least-square discriminant analysis
VIP variable importance on projection

NASH nonalcoholic steatohepatitis

Introduction

Nonalcoholic fatty liver disease (NAFLD) is acknovileo2d to be the leading chronic
liver disease™, presenting an increasing incider.c worldwide®. NAFLD not only
causes liver-related morbidity and mortality by u.~rcasing the risk of hepatocellular
carcinoma and cirrhosis but also is reportru (0 be a multisystem disease, with an
increased risk of type 2 diabetes mellius {i2DM), cardiovascular disease, and
chronic kidney disease® “. However ¢he pauiogenesis of NAFLD is largely unknown,
and no pharmacological therapies have heen approved to prevent or treat NAFLD to
date®®. Therefore, there is pressi:t need to study the mechanisms of NAFLD
development and to find effec:ire and safe treatments for this important clinical
problem®.

Aquaporin 9 (AQP9), ar. ay-aporin (AQP), is highly expressed in both human and
mouse liver and is invo: ‘er. in the transport of glycerol and other small solutest” .
Previous studies hav. shc wn that AQP9 plays an important role in energy metabolism
and serves as an imyortant factor in NAFLDE™. Knockdown of Aqgp9 is able to
alleviate high-fat diet (HFD)-induced NAFLD™ 1. AQP9 may represent a novel
target of NAFLD that may antagonize its progression by reducing lipotoxicity in the
liver™. It is of great translational value to study the function of AQP9 in NAFLD.
The available information about AQP9 involvement in the pathogenesis of NAFLD is
limited to the evaluation of transcript levels without functional data™ **.

Metabolomics, which is the profiling of metabolites in biofluids, cells, and tissues, is
now capable of providing insight into the mechanisms of biological pathways!®.
Metabolomic analyses could help to determine the slight changes in metabolic
profiles and to understand disease progression and therapeutic interventiont*” &l
Hence, the aim of the present study was to use untargeted metabolomics to examine
the effect of AQP9 in the development of NAFLD and the role of knockout of Agp9 in



treating NAFLD. The results of this study suggest that AQP9 serves as a novel
molecular target for therapeutic intervention in NAFLD by downregulating
lipid-related metabolites.

Methods
1. Mouse preparation and sampling

Aqp9™ mice were supplied by Peking University, and the method was described
previously!“l. Genotype identification results of Aqp9” mice were shown in Figure
S1. Wild-type mice (C57BL/6) were purchased from the Peking University Health
Science Center Department of Laboratory Animal Scier.: 1e mice were housed
under a 12-hour light-dark cycle in a thermostatically ~oi.**=(led barrier facility with
free access to food. The mice were deeply anaesthe‘izers with isoflurane and then
sacrificed. For all experiments, a minimal number ~t «nimals were used and pain was
minimized to the bestest extent possible. This stu.:’ w.as approved by the Local Ethics
Committee for Animal Research Studies a* the Peking University Health Science
Center, No. LA2017100. A total of 24 mire vere divided into four groups: wild-type
normal fat diet (NFD) (WT-Control)- Apy “nockout NFD (KO-Control); wild-type
HFD (WT-HFD); and Agp9 knockou. HFD (WT-Control), as shown in Figure S2.
NFD (D12450K, Research Diets, NJ, USA) was composed of 10% fat-derived
calories, while HFD (D12492 '« ~2arch Diets, NJ, USA) had 60% fat-derived
calories. All mice were brec; v.*tnn NFD for 29 weeks and weighed approximately
20-25 g, followed by NFD or k=D for the next 12 weeks. Body weight was observed
weekly.

2. Genotype identif zatin

The tail tips of 20-da\ -old mice were disinfected with 75% alcohol, and tail tissues of
1-3 mm were cut with surgical scissors. Next, 50 uL of DNA extraction fluid (Table 1)
was added after the tissues were completely digested in a water bath at 55 °C for 6 —
7h, and 100 puL of water was added, boiled for 5 min, oscillated on an oscillator for
1 min, and centrifuged at 10,000 revolutions for 4 min. Next, centrifugation was
performed at 10000 revolutions for 4 min. Polymerase chain reaction (PCR) of target
genes was then performed according to the reaction procedure in Table 2 and reaction
system in Table 3. The PCR products were electrophoresed in a 1% agarose gel and
then observed and photographed under a UV lamp. The primer sequences used in the
experiment are shown in Table 4.

3. Handling of serum samples



At the end of the trial, all animals were anaesthetized after overnight fasting. Six mice
per group were analysed. A total of 250 uL of thawed serum samples and 750 uL of
prechilled acetonitrile were transferred to 1.5 mL polypropylene tubes, and the
mixture was vortexed for 30 s and allowed to stand for 20 min at 4 °C before use.
The samples were centrifuged at 10,000 rpm for 10 min at 4 °C, and the supernatant
was transferred into new tubes. Total cholesterol (TC) (E1005), triglyceride (TG)
(E1003), low-density lipoprotein cholesterol (LDL-C) (E1018), high-density
lipoprotein cholesterol (HDL-C) (E1017), aspartate aminotransferase (AST) (E2023),
and alanine aminotransferase (ALT) (E2021) levels were determined according to the
manufacturer's instructions (Applygen, Beijing, China) by using a biochemical
analyzer (AU5800, Beckman Coulter, USA)

4. Haematoxylin and eosin (HE) staining

After the mice were sacrificed, liver samples we-e <tried in 10% formaldehyde
solution and embedded in paraffin. Then, the par..“n cections (4 um) were dewaxed
and rehydrated in differential alcohol gradients foi ~L.osequent HE staining to observe
histopathological changes by standard light ...’croscopy. HE staining was performed
according to the kit's instructions (G1120. 30.2v4io, Beijing, China).

5. Oil Red O (ORO) staining

Livers were sectioned using a shuing vibratome (CM3050S, Leica, Buffalo Grove,
USA) to obtain coronal cryostit s <tions (20 mm thick). The sections were then
stained with ORO following tae “us instructions (G1263, Solarbio, Beijing, China).

6. Liver biochemical analy_is

The liver tissues (0.1 5> we:e weighed and immersed in 900 pl normal saline followed
by ultrasonic trit.-at.~n and centrifugation at 3,000 rpm for 15 min to obtain liver
tissue homogenates. " he obtained supernatants were used to measure the superoxide
dismutase (SOD) (BC0170) and glutathione peroxidase (GSH-Px) (BC1190) activities
and the malondialdehyde (MDA) (BC0020) level according to the manufacturer’s
instructions provided by Solarbio (Beijing, China).

7. Enzyme linked immunosorbent assay (ELISA)

The levels of interleukin-6 (IL-6) (SEKM-0007), interleukin-1p (IL-1pB)
(SEKM-0002), and tumour necrosis factor-o. (TNF-a) (SEKM-0034) in the liver tissue
were measured using ELISA according to the manufacturer’s instructions provided by
Solarbio (Beijing, China).

8. Metabolic profiling with statistical analysis



The changes observed in the metabolites in the liver following knockout of AQP9 for
12 weeks were screened using a UPLC-ESI-Q-Orbitrap-MS system (UHPLC,
Shimadzu Nexera X2 LC-30AD, Shimadzu, Japan) coupled with Q-Exactive Plus
(Thermo Scientific, San Jose, USA). The detailed protocols used for sample
preparation, UPLC—MS, and data analysis are described below.

8.1 Metabolite extraction

Liver samples were weighed before the extraction of metabolites, dry lyophilised and
ground in a 2 mL Eppendorf tube containing a 5 mm tungsten bead for 1 min at 65 Hz
in a grinding mill. Metabolites were extracted using 1 mL precooled mixtures of
methanol, acetonitrile and water (v/v/v, 2:2:1) and then piored for 1 h into ice baths
with ultrasonic shaking. Subsequently, the mixture was riac~a at -20 °C for 1 h and
centrifuged at 14,000 x g for 20 min at 4 °C. Additiorz"ly, 10 ensure data quality for
metabolic profiling, quality control (QC) samples wai> nepared by pooling aliquots
of all samples that were representative of all samp’.~ u.der analysis, and used for data
normalization.

8.2 UHPLC-MS/MS analysis

For hydrophilic interaction liquid chrumtog-aphy (HILIC) separation, samples were
analysed using a 2.1 mm*100 mm . *QUIY UPLC BEH Amide 1.7 um column
(Waters, Ireland). The flow rate w.s 0.5 mL/min and the mobile phase contained: A:
25 mM ammonium acetate and 25 , ~M ammonium hydroxide in water and B: 100%
acetonitrile (ACN). The grad.ei.: was 95% B for 1 min, was linearly reduced to 65%
over 7 min, then reduced ro 5% over 2 min and maintained for 1 min, and then
increased to 95% over 0.5 mm, with a 2 min re-equilibration period employed. Both
electrospray ionizatic., ‘=51) positive mode and negative mode were applied for MS
data acquisition. 1> N only acquisition, the instrument was set to acquire over the
m/z range of 80-1200 Da. The full MS scans were acquired at a resolution of 70,000
at m/z 200 and 17,500 at m/z 200 for the MS/MS scan. The maximum injection time
was set to 100 ms for MS and 50 ms for MS/MS. The isolation window for MS2 was
set to 2 m/z and the normalized collision energy (stepped) was set as 27, 29 and 32 for
fragmentation. Blank samples (75% ACN in water) and QC samples were injected

every six samples during acquisition.
8.3 Bioinformatics analysis
(a) Data preprocessing and filtering

The raw MS data were processed using MS-DIAL for peak alignment, retention time
correction and peak area extraction. The metabolites were identified by accuracy mass



(mass tolerance < 0.01 Da) and MS/MS data (mass tolerance < 0.02 Da), which were
matched with HMDB and other public databases and our self-built metabolite
standard library. In the extracted-ion features, only the variables having more than 50%
of the nonzero measurement values in at least one group were kept.

(b) Multivariate statistical analysis

R(version:4.0.3) and R packages were used for all multivariate data analyses and
modelling. Data were mean-centred using Pareto scaling. Models were built on
principal component analysis (PCA) and orthogonal partial least-square discriminant
analysis (OPLS-DA). All the models evaluated were tested for overfitting with
methods of permutation tests (n = 200). OPLS-DA allc *ed the determination of
discriminating metabolites using the variable importanc: <1 projection (VIP). The
VIP score value indicates the contribution of a variable 2 .~¢ discrimination between
all the classes of samples. Mathematically, these scores are calculated for each
variable as a weighted sum of squares of PLS v.cian's. The VIP values over 1 are
considered significant. A high score is in agree.~<at with a strong discriminatory
ability and thus constitutes a criterion for the .. 'ection of biomarkers.

The p value was calculated by one-wav «alysis of variance (ANOVA) for multiple
group analysis. Metabolites with V! v-{ues greater than 1.0 and p values less than
0.05 were considered to be sta‘istically significant metabolites. Fold change was
calculated as the logarithm of t%.> av2rage mass response (area) ratio between two
arbitrary classes. On the other had, the identified differential metabolites were used
to perform cluster analyses w.*h the R package.

(c) KEGG enrichment anc 'vsis

To identify the pertirbed' biological pathways, the differential metabolite data were
subjected to KEGG nathway analysis using KEGG database (http://www.kegg.jp).
KEGG enrichment analyses were carried out with Fisher’s exact test, and FDR
correction for multiple testing was performed. Enriched KEGG pathways were
nominally statistically significant at the p<0.05 level.

9. Statistics

All data are reported as the mean + SD for the independent experiments. The unpaired
two-tailed Student t-test was used for comparison between two groups, and ANOVAs
were used for multi-component comparisons. p< 0.05 was considered statistically
significant. Curve fitting was performed using GraphPad Prism 5 software.

Results



1. Effects of knockout of Agp9 on body weight

As shown in Figure 1, by the end of week 12, the body weight in each group of mice
was measured. The weight at the end of the experiment remarkably differed.
Compared with those of the WT-Control group, the weight of mice in the KO-Control
group was significantly lower after 12 weeks (p<0.01). After 12 weeks of the
experiment, compared with the WT-Control group, the WT-HFD group exhibited a
significantly higher body weight (p<0.01). In contrast, knockout of Aqp9 significantly
decreased the body weight (p < 0.01) in the NAFLD mouse model.

2. Effects of knockout of Agp9 on serum index

To evaluate the therapeutic effects of knockout of Agp9, vwe compared the levels of
ALT, AST, TG, TC, HDL-C, and LDL-C in serum amon x the four groups. As shown
in Figure 2, the serum levels of ALT, AST, TG, TC an 1 L. L-C in the WT-HFD group
were significantly higher and HDL-C lower than thc ~e in the WT-Control group (ALT,
AST, and TC, p<0.05; TG, LDL-C, and HDL-C.. p<9.01). However, compared with
the WT-HFD, the biochemical serum parar.ete.s in the KO-HFD decreased
significantly, other than HDL-C.

3. Antioxidative and anti-inflammatury e1.>cts of knockout of Aqp9

Previous studies have shown that knockeut of Agp9 can suppress oxidative stress and
inflammation, which play an imrarnt role in the progression of NAFLD. Thus, we
further investigated whether «krockout of Aqp9 inhibited oxidative stress and
inflammation in NAFLD m:~e. rhe results showed that the activities of SOD and
GSH-Px were lower and the level of MDA was higher in the WT-HFD group than in
the WT-Control group \SOL», and GSH-Px, p<0.01; MDA, p<0.05, Figure 3A, B,C).
GSH-Px and SOD "vere increased, while the level of MDA was decreased in the
KO-HFD group coniared to those of the WT-HFD group (Figure 3A, B, C).

The levels of IL-6, IL-1p, and TNF-a in the liver tissue were higher in the WT-HFD
group than in the WT-Control group (p<0.01, respectively, Figure 3D, E, F).
Knockout of Agp9 resulted in decreased levels of inflammatory factors compared to
those in the WT-HFD group (Figure 3D, E, F).

4. Effects of knockout of Agp9 on liver morphology

As shown in Figure 4, the liver samples in the HFD groups revealed varying degrees
of fat infiltration and hepatomegaly. These changes were more prominent in the
WT-HFD group than in the KO-HFD group. Although sections of lobular structures in
the liver cells were unclear, the livers in the four groups revealed less fatty
degeneration of liver cells and small lipid droplets. In the WT-HFD group, some lipid



droplets aggregated, resulting in slight steatosis. In the KO-HFD group, only partial
reticular vacuolar degeneration appeared, but no obvious lipid droplets appeared.
ORO staining showed red lipid droplets in the WT-HFD group, but decreased red lipid
droplets in the KO-HFD group, indicating that knockout of Agp9 can effectively
alleviate the progression of fatty liver, but can cause vacuolar degeneration. Moreover,
knockout of Agp9 turned macrovesicular steatosis into microvesicular steatosis, and
reduced the steatosis scale. Based on this evidence, we believe that knockout of Aqp9
can improve hepatic steatosis in a HFD-induced mouse model.

5.Metabonomic profile analysis
5.1 Quality control

PCA is a statistical method that converts a set of poss ble -elated variables into a
linear uncorrelated variable that can reveal the intern«l sucture of the data to better
interpret the variables. As shown in Figure 5A ar.! B, PCA showed a clear group
separation between the four groups and the distribu*ion of QC samples converged.
The OPLS-DA models indicated significant mei2bolic variations between the
WT-Control group and the WT-HFD gro ip (“igure 5C) as well as between the
WT-HFD group and the KO-HFD grnup (Figure 5E). Likewise, seven- rounds of
cross validation and 200 rounds of RFT showed that the OPLS-DA models were
robust. Comparing the WT-HFD aroup with the WT-Control group, the R2 and Q2
values in the OPLS-DA mode! "vei> 0.847 and 0.949, respectively (Figure 5D).
Comparing the WT-HFD groun with, the KO-HFD group, the R? and Q®values in the
OPLS-DA model were 0.825 >nd U.95, respectively (Figure 5F).

5.2 Metabolic alterations etween the WT-Control and WT-HFD groups

A total of 220 metak olite s in the liver between the WT-Control and WT-HFD groups
were detected via u *argeted metabolomics, which were identified through filtering
with the screening condition of p < 0.05 and VIP > 1 (Figure 6A, Table S1).
Hierarchical clustering analysis of the differential metabolites helped to classify
metabolites with the same characteristics into one class and find the characteristics of
metabolites. Figure 6B shows that fatty acids and lipids were the differential
metabolites classified by KEGG, which indicates the successful modelling of NAFLD.
Metabolic pathway enrichment analysis was performed by the KEGG database to
investigate the metabolic mechanism of differential metabolites that were affected by
HFD feeding. The pathway analysis showed highly affected pathways, and the top 30
pathways are listed with the number of metabolites in Figure 6C.
Glycerophospholipid metabolism and cholesterol metabolism were related to the
development of NAFLD. The graph of the differential abundance score showed that



metabolites related to glycerophospholipid metabolism were increased in the
WT-HFD group (Figure 6D).

5.3 Metabolic alterations between the KO-HFD and WT-HFD groups

Overall, 209 differential metabolites between the KO-HFD group and the WT-HFD
group were identified (VIP>1 and p<0.05, Figure 7A, Table S2). The cluster analysis
of the top 50 metabolites showed that the nine (18%) metabolites related to lipids,
fatty lipids, and sterol lipids significantly changed (Figure 7B). The pathway analysis
showed that fatty acid biosynthesis was significantly changed by knockout of Agp9
with HFD (Figure 7C), which included five metabolites. The specific differential
metabolites for lipid metabolism are shown in Figure .'%. Four lipids decreased
significantly, while one lipid precursor increased, as o'W in Figure 7D. The
interactions of pathways confirmed that metabolitec reized to the metabolism,
elongation, degradation, and biosynthesis of fatty ac.7s were connected with each
other (Figure 7E). The Circos and Sankey ¢:.nh. showed that most different
metabolites were related to fatty acid metabolis,~ (Figure 7F, G), suggesting that
AQP9 has a vital role in fatty metabolism in "o.\FLD.

5.4 Metabolic alterations between KO-t.~D, WT-HFD, and WT-Control groups

A total of 190 differential metabolites vere observed among the three groups tested
by one-way ANOVA. Lipids weio also the prominent classification in the top 50
differential metabolites accordirg *c ‘/IP value (Figure 8A, Table S3). The OPLS-DA
models indicated significant rie.xbulic variations among the three groups (Figure 8B),
and the R?and Q7 values i*' the OPLS-DA model were 0.994 and 0.773, respectively
(Figure 8C). By the methud of key means, 122 metabolites related to NAFLD were
affected by knockout oi Ayp9 (Figure 8D). The enriched pathways by the metabolites
also included i,,oionc pathways in developing NAFLD, such as fatty acid
biosynthesis, biosyntt esis of unsaturated fatty acids, insulin signalling and glucagon
signalling (Figure 8E).

Discussion

NAFLD, as a main hepatic manifestation of metabolic syndrome, represents a wide
spectrum of histopathological abnormalities ranging from simple steatosis to
nonalcoholic steatohepatitis (NASH) with or without fibrosis and, eventually,
cirrhosis and hepatocellular carcinomal*®!. The mechanism of NAFLD is particularly
complicated, involving the interplay between genetics and environmental factors and
differing pathways [® 2. Emerging evidence has proven that AQP9 is involved in



lipid-lowering activity and could be a novel target for NAFLDM ¥ 224 |n the
present study, we first explored the role of AQP9 in NAFLD by untargeted
metabolomics through knockout of Agp9.

Before investigating metabolic alterations, we measured physiological changes, such
as body weight and serum index. Interestingly, the KO-Control group showed
significantly lower body weight than did the WT-Control group. Knockout of Agp9
affected mouse body weight, which could be explained by defective glycerol
metabolism in Agqp9” mice®®. It was apparent that the KO-HFD group had less
weight gain than did the WT-HFD group, which proved that Aqp9™ mice had good
tolerance to a HFD. We reported that LDL-C, TC, TG, ALT, and AST in serum were
significantly increased and that HDL-C was decreased atte.; HFD modelling. This
finding was consistent with a previous NAFLD model*. afte r knockout of Agp9, the
lipid index in the serum did not change significar tly after HFD feeding, which
suggested that Agp9 knockout could antagonize u.» accumulation of lipids in the
serum.

rd

Chronic inflammation is also an important ;>ctor in promoting the progression of
NASH to the development of NAFLD™!. C,2=,ic inflammation related factors, such
as IL-6, IL-10, and TNF-a, were sei3cted for ELISA verification. They were
significantly increased after modelliny, while the level in the KO-HFD group was
increased less than that in the W1-.!FD group after modelling. This result suggested
that NAFLD could induce an ir flan.. natory response and that knockout of Agp9 can
antagonize this inflammatoiy .~sponse. The overproduction of reactive oxygen
species and consequent ox:ative stress contribute to the pathogenesis of NAFLD!??®),
It is now acknowledged th.* impaired lipid metabolism and oxidative stress have a
close relationship®”! 52U, CAT, and GSH-PX are three major antioxidant enzymes
that reflect the ai>xauant capacity of tissues. After modelling, the enzyme activities
decreased, while the ' O-HFD group showed a decreasing trend compared with that in
the WT-HFD group. Knockout of Agp9 antagonized this oxidative stress injury to
improve the capacity of antioxidant defence systems. The results confirmed that
serum lipids, inflammation, and oxidative stress play vital roles in the development of
NAFLD and that knockout of Aqp9 could antagonize the progression of NAFLD.

In the study, we mainly tested serological markers reflecting liver function and blood
lipids levels. There were statistically significant changes after the modelling. However,
the liver morphology showed only mild steatosis. Compared with liver morphology,
the changes of serological indexes were more obvious. We speculate that the change
of serological indexes is earlier than that of liver histomorphology. In addition,
serological indexes are quantitative analysis after biochemical testing. Compared with



morphology, it has quantifiable indexes, so the changes of serological indexes are
more significant. In addition, the modelling method in this study was that mice
received a HFD for 12 weeks, and the liver pathology was still in the early stage of
steatosis. Morphological observation showed only mild hepatocyte steatosis. Although
lipid droplets are formed, they have not yet developed into diffuse aggregation. Thuy
T.P. Nguyen et al.”® showed diffuse accumulation of lipid droplets in the liver,
although the model was also fed for 12 weeks. We suspect that the difference is due to
the experimental environment. To avoid fighting among mice, we kept only one
mouse in each cage, which may reduce their food intake and delay the progression of
NAFLD. However, all mice in this experiment were in the same environment, and the
experimental variables were strictly controlled. The purpo. * of our experiment is to
observe the role of AQP9 in the early pathogenesis of MAr'.D and its influence on
metabolism, so the mild steatosis formed in this expe:.. e is more consistent with
this study.

Based on integrative pathway analysis, we foct'sed in a pathway named fatty acid
biosynthesis for development. NAFLD results f-om .mbalanced lipid homeostasis in
the liver. In the present study, six biomarker - reli ted to fatty acid metabolism changed
in the NAFLD model, which proved the successful establishment of the NAFLD
model. The levels of palmitic acid, s.*ar.c acid, deconaic acid, and myristic acid were
reduced, indicating that fatty .~id metabolism was inhibited, while the acetyl
coenzyme A was elevated. Free fa "/ acids are the major mediators of hepatic steatosis
and correlate with disease sex~rivr %% The results of our study first proved that
knockout of Agp9 could irau~e fewer fatty acids in the liver thus protecting mice
from NAFLD. Previous .*uu.2s showed that knockdown of AQP9 could reduce the
accumulation of TG in nenztocytes in a model for NAFLD, but the exact mechanism
was not shown. Jn ¢ 'r p esent study, acetyl coenzyme A was lower in the KO-HFD
groups than in the W ~HFD groups, which could be explained by Agp9 being a target
gene of PPARq, which is involved in fatty acid oxidation®Y. Knockout of Agp9 could
lead to negative feedback of stimulation for PPARa!*?. Elevated fatty acid oxidation
is a mechanism to decrease fatty acids, thus increasing the acetyl coenzyme A. In
conclusion, we first identified AQP9 as being involved in downregulating fatty acid
biosynthesis to antagonize the development of NAFLD.

Moreover, insulin resistance (IR) is also a key factor in the pathogenesis and potential
evolution of hepatic steatosis>*. IR in adipose tissue results in increased lipolysis
in adipocytes and an increase in circulating FFA, which further exacerbates steatosis
and IR in muscle tissue. The higher acetyl coenzyme A in Agqp9” mice could induce
less insulin resistance and antagonize the development of NAFLD. The higher
adenosine 3',5- cyclic monophosphate in Aqp9” can directly stimulate insulin



secretion. Thus, knockout of Agp9 may play an important role against insulin
resistance results in defective hepatic glycerol metabolism due to lower
intrahepatocellular glycerol levels.

Our previous study™ found that AQP9 could be used as an intervention target to
antagonize the occurrence of early chronic liver injury. Knockout of Aqp9 gene can
affect downstream inflammation, oxidative stress, apoptosis and pyroptosis by
reducing hepatic lipotoxicity. In this study, we also found that knockout of Aqp9 could
resist HFD-induced inflammation and oxidative stress. Inflammation and oxidative
stress in NAFLD are mainly caused by lipid peroxidation, and this study also found
that AQP9 mainly affected lipid metabolism in NAFLD. Knockout of Agp9 can
reduce lipid toxicity, and then reducing downstream infla."mation and oxidative
stress.

Adipose tissue, liver and small intestine are the maii. sites for TG synthesis in the
body, among which liver has the strongest synt-.c-is ability. The triglyceride (TG)
synthesized in the liver is combined with apolipop. ~t¢in, phospholipid and cholesterol
to form very low density lipoprotein choleste..! (VLDL-C), which is secreted into the
blood by hepatocytes and transported to ex.~~iepatic tissues. If the amount of TG
synthesized in the liver exceeds the vupe - linit of VLDL-C production, or the liver is
unable to produce VLDL-C to secict it into the blood, it will accumulate in
hepatocytes, resulting in steatosis ¢ hepatocytes and fatty liver®. Fat mobilization
and transport are closely relatec tu .-.\QPs, especially AQP7 and AQP3 in adipocytes
and AQP9 in liver tissue®®. AQP7 in adipocytes transports glycerol from adipose
tissue to the blood for tra~spor. to the liver. Glycerol is then taken up by AQP9 in
hepatocytes. These two AQ:s coordinate the transport of glycerol from adipose tissue
to the liver®. The au.armal expression of AQP9 in hepatocytes can lead to the
imbalance of int.ac~hu.ar and extracellular glycerol, and then cause the disorder of
lipid metabolism, Ir~ding to the accumulation of TG in hepatocytes. For example,
increased AQP9 expression would cause a large amount of glycerol to enter
hepatocytes, exceeding the compensatory capacity of the liver, thus leading to
increased hepatic TG synthesis and intracellular accumulation. In this study, Aqp9™
mice were used to confirm that Agp9 knockout can effectively alleviate hepatocyte
steatosis and resist the progression of NAFLD.

Despite such findings, our study has some limitations. First, the number of mice used
in this study was six per group; hence, the performance of our statistical analysis
needs to be validated in a large study. Second, for the investigation of the role of
AQP9, knockout Agp9 mouse was constructed, which had a great impact on the
mouse lifespan. This method cannot be applied in the clinical setting, but it is hopeful



in the study of the mechanism of NAFLD. Third, a model of NAFLD was established
by HFD, which could lead to heterogeneous NAFLD due to fatty resistance. Lastly,
most of the mice were in the early stages of NAFLD and they were not able to
represent the various stages of NAFLD.

Conclusion

In conclusion, in this study, we first examined the role of AQP9 in NAFLD by
constructing Agqp9” mice and an NAFLD model. We demonstrated that knockout of
Agp9 could antagonize the development of NAFLD by reducing inflammation and
oxidative stress. Untargeted metabolomic analysis inu.~ated that fatty acid
biosynthesis and insulin resistance were important pathyvays that knockout of Agp9
could influence. Our findings provide evidence ot the potential therapeutic
effectiveness of AQP9 in NAFLD. Further stucies are required to clarify the
molecular mechanisms of action of AQP9 in lipid acc.'mulation in NAFLD.
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Highlights:

Knockout of Agp9 can antagonize the development of NAFLD.

Knockout of Agp9 can reduce inflammation and oxidative stress.

Fatty acid biosynthesis and insulin resistance are involved in AQP9-mediated
NAFLD.

AQP9 is the potential therapeutic target of NAFLD.



Figure 1: Weight changes in the four groups. Weights at the end of the experiment
remarkably differed. Compared with the WT-Control group, the weight in the
KO-Control group was significantly lower after 12 weeks. Compared with the
WT-Control group, the WT-HFD group exhibited a significantly higher weight. In
contrast, knockout of Aqp9 significantly decreased weight in the NAFLD mouse
model. Data are mean * s.e.m.; n=6. The two-way ANOVAs were used for statistical
analysis followed by Tukey's multiple comparisons test. **p < 0.01, compared with
the WT-Control; ## p<0.01, compared with the WT-HFD.

Figure 2: Serum index among the four groups. (A-F) Statistico! graphs of serum ALT,

AST, TG, TC, LDL-C, and HDL-C, respectively. The seru.» ‘evels of ALT, AST, TG,
TC and LDL-C in the WT-HFD group were significcntlv higher and HDL-C lower
than those in the WT-Control group. However, ~oi.nared with the WT-HFD, the
biochemical serum parameters in the KO-HFD Aerreased significantly, other than
HDL-C. Data are mean * s.e.m.; n=6. The orz-way ANOVASs were used for statistical
analysis followed by Bonferroni's post hoc te: ¢ 7 p<0.05, **p<0.01.

Figure 3: Oxidative stress and pro-inticmmatory factors in the four groups. (A-C)

Statistical graphs of liver tissue S D, GSH-Px, and MDA, respectively. The activities
of SOD and GSH-Px were lc.rer 2ud the level of MDA was higher in the WT-HFD
group than in the WT-Coriro! group. GSH-Px and SOD were increased, while the
level of MDA was deci”ascd in the KO-HFD group compared to those of the

WT-HFD group. (D r, Suatistical graphs of liver tissue IL-6, IL-1f3, and TNF-a

respectively. The lev.!s of IL-6, IL-1P, and TNF-o were higher in the WT-HFD group
than in the WT-Conitrol group. Knockout of Agp9 resulted in decreased levels of
inflammatory factors compared to those in the WT-HFD group. Data are mean *
s.e.m.; n=6. The one-way ANOVAs were used for statistical analysis followed by
Bonferroni's post hoc test. *p<0.05, **p<0.01.

Figure 4: Lipid deposition occurring in the liver. The liver samples in the HFD groups
revealed varying degrees of fat infiltration. These changes were more prominent in the
WT-HFD group than in the KO-HFD group. In the WT-HFD group, some lipid
droplets aggregated, resulting in slight steatosis. In the KO-HFD group, only partial
reticular vacuolar degeneration appeared, but no obvious lipid droplets appeared.
ORO staining showed red lipid droplets in the WT-HFD group, but decreased red lipid



droplets in the KO-HFD group, indicating that knockout of Agp9 can effectively
alleviate the progression of fatty liver, but can cause vacuolar degeneration. Moreover,
knockout of Agp9 turned macrovesicular steatosis into microvesicular steatosis, and
reduced the steatosis scale. The scale bar refers to 100 pm.

Figure 5: Quality control of the metabolomics data. (A, B) Score plots of PCA among
the four groups. PCA showed a clear group separation between the four groups and
the distribution of QC samples converged. (C, D) Score plots of OPLS-DA between
the WT-Control group and the WT-HFD model group and the corresponding
coefficient of loading plots. The OPLS-DA models indicated significant metabolic
variations between the WT-Control group and the WT-HFL aroup. (E, F) Score plots
of OPLS-DA between the KO-HFD group and the WT-HFD group and the
corresponding coefficient of loading plots. The C”Lo-DA models indicated
significant metabolic variations between the KO-HFD y:~up and the WT-HFD group.

Figure 6: Metabolic alterations between the WT-Caintrol and WT-HFD groups. (A)
Heatmap of different metabolites. (B) Classii.cation of differential metabolites; we
focused on FA Fatty acyls and lipids. (C) ""he :{EGG analysis showed highly affected
pathways; we have listed only the trp 3) pathways with the number of metabolites;
we focused on glycerophospholipid me.~holism and cholesterol metabolism. (D) The
graph of differential abundance scores showed that metabolites related to
glycerophospholipid metabolis.» \vere increased in the WT-HFD group. The
differential metabolites  in glycerophospholipid metabolism include
sn-glycero-3-phosphocholi..  CUP-choline, phosphocholine, and acetylcholine. The
differential metabolites in vholesterol metabolism include free cholesterol and bile
acid.

Figure 7: Metabolic alterations between the KO-HFD and WT-HFD groups. (A)
Heatmap of different metabolites. (B) Classification of differential metabolites. We
focused on FA Fatty acyls, lipids, and ST sterol lipids. (C) The KEGG analysis
showed highly affected pathways; we have listed only the top 30 pathways with the
number of metabolites; we focused on fatty acid biosynthesis. The differential
metabolites in fatty acid biosynthesis include palmitic acid, stearic acid, decanoic acid,
myristic acid, and acetyl coenzyme A. (D) The specific differential metabolites for
lipid metabolism. The four lipids decreased significantly, while one lipid precursor
increased. Data are mean * s.e.m.; n=6. The unpaired two-tailed Student t-test were
used for statistical analysis. *p<0.05, **p<0.01. (E) The interactions of pathways
confirmed that metabolites related to the metabolism, elongation, degradation,
biosynthesis of fatty acid were connected with each other. (F) The Circos graph of the



KEGG pathway showed that most of the various metabolites were related to fatty acid
metabolism. (G) The Sankey graph of KEGG pathway showed that most of the
various metabolites were related to fatty acid metabolism.

Figure 8: Metabolic alterations among the KO-HFD, WT-HFD and WT-Control
groups. (A) The complex heatmap of the top 50 different metabolites. (B, C) Score
plots of OPLS-DA in the three groups and the corresponding coefficient of loading
plots. The OPLS-DA models indicated significant metabolic variations among the
three groups. (D) The changes in k-means in the three groups. 122 metabolites related
to NAFLD were affected by knockout of Agp9. (E) The most prominent KEGG
pathways showed that most of the various metabolites we, * related to the fatty acid
biosynthesis, biosynthesis of unsaturated fatty acids, incuh, signaling pathway and
glucagon signaling pathway. The differential metabo’..o< 1 fatty acid biosynthesis
include palmitic acid, stearic acid, decanoic acid, m/n.*< acid, and acetyl coenzyme
A. The differential metabolites in biosynthesis u: uisaturated fatty acids include
palmitic acid, stearic acid, and arachidic acid. CAM:" s the only differential metabolite
in insulin signaling pathway. The differe:ivil metabolites in glucagon signaling
pathway include acetyl coenzyme A and ¢«



Table 1 DNA extraction lysate formulation (pH = 7.4).

Solute Concentration
Tris-HCI 0.1 mol/L
EDTA 5 mmol/L
NaCl 0.2 mol/L
SDS 0.2%
PK 10%

EDTA: ethylene diamine tetraacetic acid; SDS: sciuri dodecyl sulfate; PK:
protease K.

Table 2 The reaction prosedure of PCR

Temperat.ic

Stage C) Time  Cycles
1 94 2 min
2 e3 10 s
3 bJ 30s 35
4 68 30s
5 68 10 min
N 16 2 min

Table 3 The reaction system of PCR

Component Volume (pl)
ddH20 9.5
2xTaq PCR Master 12.5
5'-primer (10 pmol/L) 1

3'-primer (10 pmol/L) 1
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DNA template 1




Table 4: The primers of PCR

Purpose Name Sequence (5'~3") Size (bp)
To detect Aqp9 F ATGCAGTAGCCACTTGTAGGC
KO : 290
gene knockout R ACCATATCCTGAGCTGGGCT
To amplify the F ATGCAGTAGCCACTTGTAGGC
WT fragment of WT : 436
WT-R AGCAAGGGGCATTGTAAATC

Agp9 gene
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