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Abstract

Background Extracellular adenosine triphosphate (ATP) is an important signal molecule. In previous studies, inten-
sive research had revealed the crucial roles of family with sequence similarity 3 member A (FAM3A) in controlling
hepatic glucolipid metabolism, islet 3 cell function, adipocyte differentiation, blood pressure, and other biological
and pathophysiological processes. Although mitochondrial protein FAM3A plays crucial roles in the regulation of glu-
colipid metabolism via stimulating ATP release to activate P2 receptor pathways, its mechanism in promoting ATP
release in hepatocytes remains unrevealed.

Methods db/db, high-fat diet (HFD)-fed, and global pannexin 1 (PANXT) knockout mice, as well as liver sections

of individuals, were used in this study. Adenoviruses and adeno-associated viruses were utilized for in vivo gene
overexpression or inhibition. To evaluate the metabolic status in mice, oral glucose tolerance test (OGTT), pyruvate
tolerance test (PTT), insulin tolerance test (ITT), and magnetic resonance imaging (MRI) were conducted. Protein—pro-
tein interactions were determined by coimmunoprecipitation with mass spectrometry (MS) assays.

Results In livers of individuals and mice with steatosis, the expression of ATP-permeable channel PANX1

was increased (P<0.01). Hepatic PANX1 overexpression ameliorated the dysregulated glucolipid metabolism in obese
mice. Mice with hepatic PANXT knockdown or global PANXT knockout exhibited disturbed glucolipid metabolism.
Restoration of hepatic PANX1 rescued the metabolic disorders of PANX1-deficient mice (P <0.05). Mechanistically, ATP
release is mediated by the PANX1-activated protein kinase B-forkhead box protein O1 (Akt-FOXO1) pathway to inhibit
gluconeogenesis via P2Y receptors in hepatocytes. PANX1-mediated ATP release also activated calmodulin (CaM)
(P<0.01), which interacted with c-Jun N-terminal kinase (JNK) to inhibit its activity, thereby deactivating the transcrip-
tion factor activator protein-1 (AP1) and repressing fatty acid synthase (FAS) expression and lipid synthesis (P<0.05).
FAM3A stimulated the expression of PANX1 via heat shock factor 1 (HSF1) in hepatocytes (P < 0.05). Notably, FAM3A
overexpression failed to promote ATP release, inhibit the expression of gluconeogenic and lipogenic genes, and sup-
press gluconeogenesis and lipid deposition in PANX1-deficient hepatocytes and livers.

Cheng-Qing Hu and Tao Hou contributed equally to this work.

*Correspondence:

Xing-Kai Liu

xingkailiu@foxmail.com

Yu-Jing Chi

chiyujing@bjmu.edu.cn

Ji-ChunYang

yangj@bjmu.edu.cn

Full list of author information is available at the end of the article

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40779-024-00543-6&domain=pdf

Hu et al. Military Medical Research (2024) 11:41

Page 2 of 26

Conclusions PANX1-mediated release of ATP plays a crucial role in maintaining hepatic glucolipid homeostasis,
and it confers FAM3A's suppressive effects on hepatic gluconeogenesis and lipogenesis.

Keywords Pannexin 1 (PANX1), Family with sequence similarity 3 member A (FAM3A), Adenosine triphosphate (ATP)

release, Glucolipid metabolism

Background

According to the latest report of the International Diabe-
tes Federation in 2021, diabetes has emerged as a wide-
spread global concern, affecting approximately 10.5% of
the global population [1]. It is estimated that there are
currently 537 million people with diabetes, with this
number expected to rise to 783 million by 2045 [1, 2].
Diabetes is highly associated with non-alcoholic fatty
liver disease (NAFLD), obesity, and cardiovascular disor-
ders [3, 4]. The liver is the central organ responsible for
regulating glucolipid metabolism in response to insulin
and other hormones or physiological factors [5]. Exces-
sive hepatic gluconeogenesis and lipogenesis are the key
factors that contribute detrimentally to hyperglycemia,
hypertriglyceridemia, diabetes, and NAFLD [6].

Within cells, adenosine triphosphate (ATP) is syn-
thesized by mitochondrial ATP synthase (ATPS) and
serves as the most important energy storage molecule
[7]. Reduced ATP synthesis in the liver is strongly associ-
ated with metabolic disorders in both humans and ani-
mals [8—11]. Emerging evidence has also suggested that
ATP and its metabolic products function as important
extracellular signaling molecules [12]. Released ATP can
be decomposed into adenosine diphosphate, adenosine
monophosphate, and adenosine. These molecules exert
important biological functions by binding to the puriner-
gic receptors (PRs) on the plasma membrane to activate
the downstream signaling pathways [13]. PRs can be clas-
sified into P1R, primarily activated by adenosine, and
P2R, which can be further subdivided into P2X and P2Y
subtypes. Seven P2X receptors (P2X1-7), predominantly
activated by ATDP, function as ion-channel receptors,
while 8 P2Y receptors (P2Y1, P2Y2, P2Y4, P2Y6, P2Y11,
P2Y12, P2Y13, P2Y14), activated mainly by ATP, adeno-
sine diphosphate, or uridine triphosphate, are G-protein-
coupled receptors [12, 14].

The family with sequence similarity 3 (FAM3) gene
family is a cytokine-like gene family, which comprises
4 members called FAM3A-D, respectively [15]. In the
past decade, intensive researches conducted by our and
others’ groups have revealed the crucial roles played by
members of the FAM3 gene family in regulating hepatic
glucolipid metabolism, islet B cell function, adipocyte
differentiation, blood pressure, and other biological
and pathophysiological processes [16—24]. Particularly,
FAM3A promotes ATP synthesis via direct interaction

with the F1 component of F1Fo-ATP synthase [16, 17].
Subsequently, the secreted ATP activates the P2 receptor-
protein kinase B-DNA-binding transcriptional regulator
CreB-forkhead box D3 (Akt-CREB-FOXD3) pathway to
regulate the assembly and capacity of ATPS, maintaining
metabolic homeostasis [16, 17]. Activation of FAM3A by
doxepin or imipramine treatment markedly ameliorated
hyperglycemia, liver steatosis, and obesity in obese mice
[22, 25]. Notably, the regulatory effects of doxepin or imi-
pramine on glucolipid metabolism were lost in FAM3A-
null mice. Overall, the current findings have established
FAMB3A as a viable and exciting target for treating meta-
bolic diseases. However, although we have revealed that
FAM3A’s suppression effects on hepatic gluconeogenesis
and lipid deposition are dependent on ATP release, the
mechanism(s) underlying how it regulates ATP release in
hepatocytes remains unrevealed, which hinders a com-
prehensive understanding of its regulatory mechanism(s)
and the development of new activators for diseases
treatment.

ATP release can occur through multiple pathways in
various cell types, including exocytosis, plasma mem-
brane-derived microvesicles, maxi-anion channels,
volume-regulated anion channels, calcium homeosta-
sis modulator 1, and membrane channels such as con-
nexin (CX) and pannexin (PANX) [26]. While rapid
exocytosis of ATP-enriched vesicles has been demon-
strated to facilitate ATP release, sustained ATP release
primarily relies on membrane ATP transport [27].
Recently, certain CX and PANX membrane transport-
ers have been found to allow the passage of ATP in
various cell types [28, 29]. Although CXs and PANXSs
share similar structural features, PANXs mainly form
hemichannels without participating in gap junctions
[30]. Nevertheless, one study also observed that pan-
nexin 1 (PANX1) could perform as the cell-cell chan-
nel in vertebrate cells [31]. The CX family comprises
21 and 20 members in human and mouse, respectively.
In contrast, 3 members of the PANX family, desig-
nated as PANX1, PANX2, and PANX3, are functionally
expressed in mammals. Among the numerous CX and
PANX members, CX26, CX30, CX32, CX43, CX46,
CX50, and PANX1 have been identified to be involved
in the process of ATP release across diverse cell types
or organs [32-34]. Despite the well-elucidated signal-
ing cascades upon activation of the ATP-P2 receptor
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axis, the mechanisms underlying ATP release from
specific cell types are still largely elusive [32]. Further-
more, the distribution of CXs and PANXs, particularly
their roles in the regulation of glucolipid metabolism
in hepatocytes remains unclear.

Based on our preliminary RNA sequencing experi-
ment characterizing the expression profile of CX
and PANX in hepatocytes (Fig. 1a), the present study
sought to elucidate the role and mechanism of PANX1
in the modulation of hepatic glucolipid metabo-
lism. Furthermore, whether PANX1 was involved in
FAM3A-mediated ATP release, and regulation of glu-
colipid metabolism had also been investigated.

Methods

Human liver samples

Liver samples were procured from surgical resec-
tions of patients with non-neoplastic liver diseases in
2020, distinguishing between those with NAFLD and
non-NAFLD. The collection was carried out in accord-
ance with ethical approval from the Research Eth-
ics Committee of Peking University People’s Hospital
(2020PHB337-01). This research project on NAFLD
aimed to include adults diagnosed with NAFLD
based on sonographic evidence of hepatic steatosis,
while excluding individuals with significant alcohol
consumption history, other liver diseases, and cer-
tain medications known to induce hepatic steatosis.
Exclusion criteria also encompass pregnant or lactat-
ing women, individuals with significant comorbidities,
and those not meeting the specified inclusion criteria.
All NAFLD patients displayed histologic evidence of
hepatic steatosis. Further details regarding the clinical
parameters of individuals were presented in Additional
file 1: Table S1.

Experimental animals

Male (8 to 10 weeks old) C57BL/6] mice were fed on
either a normal diet (ND) or 45% high-fat diet (HFD)
obtained from Medicience (#MD12032, China) for
3 months, respectively. Male db/db mice aged 10 to
12 weeks, with a C57BLKS/J (BKS) background, were uti-
lized in this study. All animals acclimated to standard lab-
oratory conditions (12 light: 12 dark cycle) at (24 +2) °C.
PANX1 knockout mice were generated by CRISPR/Cas9
technology and purchased from Jiangsu Gem Pharmat-
ech Co., Ltd, China. Approval for all animal experiments
was granted by the Institutional Animal Care and Use
Committee of Peking University Health Science Center
(LA2018179).
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RNA sequencing

Total RNA was extracted from mouse primary hepato-
cytes using TRIzol® Reagent according to the manufac-
turer’s instructions. Then RNA quality was determined
by 5300 Bioanalyser (Agilent) and quantified using the
ND-2000 (NanoDrop Technologies). Only high-quality
RNA samples [ODygp/950=1.8 — 2.2, ODygp/930>2.0,
RNA integrity number (RIN) >6.5, 285:185>1.0,>1 pg]
were used to construct the sequencing library. RNA
purification, reverse transcription (1 pg), library con-
struction, and sequencing were performed at Shanghai
Majorbio Bio-pharm Biotechnology Co., Ltd. (Shang-
hai, China) according to the manufacturer’s instruc-
tions (Illumina, San Diego, CA). The initial paired-end
reads underwent trimming and quality assessment
using fastp with its default settings. Subsequently, the
resulting clean reads were individually aligned to the
reference genome employing HISAT?2 software in orien-
tation mode. The mapped reads from each sample were
then subjected to assembly using StringTie. Transcript
expression levels were determined utilizing the tran-
scripts per million reads method. Gene abundances were
quantified using RNA-Seq by Expectation—Maximiza-
tion (RSEM) (Additional file 2: Table S1).

Cell culture and treatments

Mouse primary hepatocyte isolation was performed as
previously described [16] and cultured in RPMI-1640
supplied with 10% FBS. HepG2 cells and HEK 293 T cells
were cultured in a DMEM (high glucose) medium sup-
plied with 10% FBS. All cells were cultured at 37 °C in a
humidified atmosphere consisting of 5% CO, and 95%
air. Firstly, the multiplicity of infection for adenovirus
(Ad) infection was determined based on dose-response
analysis, and then mouse primary hepatocytes and cell
lines were infected with 50 multiplicities of infection of
Ad-GFP, Ad-PANX1, Ad-FAM3A or Ad-CaM for 24 h.
For inhibition of PANX1, P2 receptor and HSF1, the
cells were treated with probenecid (PBN, PANX1 inhibi-
tor, 200 pmol/L, #S4022, Selleck, China) [35], suramin
(50 pmol/L, #ab120422, Abcam, USA) [22], PPADS
(50 umol/L, #HY-101044, MedChemExpress, USA) [36],
MRS2179 (10 pmol/L, #HY-101308A, MedChemEx-
press, USA) [20], PSB-0739 (10 pmol/L, #HY-108660,
MedChemExpress, USA) [37] or KRIBB11 (1 umol/L,
#58402, Selleck, China) [38] for 24 h, respectively. To
observe the effect of PBN on ATP release mediated by
FAM3A and PANXI, the cells were treated with Ad-
FAM3A or Ad-PANX1 for 24 h and then washed twice
with 37 °C prewarmed PBS, and subsequently cultured
with fresh RPMI-1640 supplemented with 10% FBS and
PBN (200 pmol/L) for 2 h.
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Fig. 1 (Seelegend on next page.)
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(See figure on previous page.)

Fig. 1 Pannexin 1 (PANX1)-mediated ATP release repressed glucose production and lipid deposition in cultured hepatocytes. a Determining

the expression profile of CXs and PANXs using RNA-sequencing in primary hepatocytes. The left panel showed the heat map based on transcripts
per million (TPM), and the relative expression fold of CXs and PANXs was displayed in the right panel (n=3). Change in CXs and PANXT mRNAs in db/
db (b, n=7) and high-fat diet (HFD)-fed mouse livers (c, from left to right,n=7,7,7,7,7,7,10 and 10, respectively). d Representative agar gel image
of PANX expressions in HepG2 cells and mouse hepatocytes. Representative immunofluorescent staining images of PANX1 expression in the livers

of patients with non-alcoholic fatty liver disease (NAFLD) (e), db/db (f), and HFD-fed mice (g) were shown in the left panel, and quantitative data
displayed in the right panel (n=3). Scale bar=25 pm. PANX1 protein was increased in obese mouse livers as determined by Western blotting

assay. Representative gel images of PANX1 protein level in the livers of db/db (upper) and HFD-fed (lower) mice were displayed in panel (h),

and quantitative data were displayed in panel (i), from left to right, n=6, 6, 7 and 7, respectively. j FFAs treatment elevated the PANXT mRNA level

in mouse hepatocytes (n=3). k FFAs treatment elevated PANX1 protein level in mouse hepatocytes. The left panel represented representative gel
images, while the right panel showed the quantitative data (n=>5). | Exposure to FFAs failed to influence the CXs mRNA levels in mouse hepatocytes
(n=4).The effects of PANX1 overexpression on extracellular (m) and intracellular (n) ATP content in mouse hepatocytes (n=5). 0 PANX1
overexpression reduced glucose production in mouse hepatocytes (n=3). p and g PANX1 overexpression decreased FFAs-induced lipid deposition
in mouse hepatocytes. The panel (p) displayed representative images of lipid staining, while the panel (q) showed quantitative TG content (n=3).
Scale bar=25 pm. P<0.05 or “P<0.01. CXs connexins, PANXs pannexins, ND normal diet, Con control, FFAs free fatty acids, Ad-GFP Ad-GFP-infected
hepatocytes, Ad-PANX1 Ad-PANX1-infected hepatocytes, TG triglyceride, DAPI 4,6-diamino-2-phenyl indole

Antibodies

Anti-PANX1 antibody (#12,595-1-AP) was purchased
from Proteintech (China). Anti-p-Akt (Ser473, #4060S),
Akt (#9272S), forkhead box protein O1 (FOXOI,
#2880S), p-FOXO1 (Ser256, #9461S), phosphoryl-
ated c-Jun N-terminal kinase (p-JNK, Thr183/Thr185,
#4668S) and heat shock factor 1 (HSF1, #4356S) antibod-
ies were obtained from Cell Signaling Technology (USA).
Anti-glucose-6-phosphatase (Anti-G-6-Pase, #sc-25840)
and phosphoenolpyruvate carboxykinase, (PEPCK,
#BS6870) antibodies were obtained from Santa-Cruz
Biotechnology (USA) and Bioworld (China), respec-
tively. Anti-JNK (#YT2440), activator protein-1 (AP1,
#YMO0027), and v-maf musculoaponeurotic fibrosarcoma
oncogene homolog K (MafK, #YN2091) antibodies were
obtained from Immunoway (China). Anti-p-AP1 (Ser63,
#ab32385) and fatty acid synthase (FAS, #ab22759) anti-
bodies were purchased from Abcam (USA). Anti-FAM3A
(#A2784) and calmodulin (CaM, #PTM-6314) antibod-
ies were obtained from ABclonal (China) and PTM-BIO
(China), respectively. Anti-GAPDH antibody (#TA-08)
was obtained from ZSGB-BIO (China) and served as a
control. All primary antibodies were applied at a 1:1000
dilution for Western blotting. Secondary antibodies,
purchased from Biodragon (China), were incubated at
a 1:5000 dilution for Western blotting. Meanwhile, all
secondary antibodies for immunofluorescence, obtained
from ZSGB-BIO (China), were utilized with a dilution of
1:200.

Adenovirus- and adeno-associated virus (AAV)-mediated
overexpression of PANX1 and FAM3A in mouse livers

Male C57BL/6] mice were subjected to either an ND or
HFD for 3 months. For this investigation, male db/db,
HFD mice, or PANX1 knockout mice received tail vein

injections of 1.0x 10° pfu Ad-green fluorescence protein
(GFP) or Ad-PANXI, respectively. Subsequently, these
mice underwent different tests to monitor metabolic
phenotypes and were sacrificed within 2 weeks post-ade-
novirus injection. The AAV serotype 8 with the cytomeg-
alovirus (CMV) promoter (AAV-GFP and AAV-FAM3A)
was constructed by WZ Biosciences Inc., (China) and
5% 10" vg AAV-GFP or AAV-FAM3A administered into
the tail veins of male PANXI knockout mice. Magnetic
resonance imaging (MRI) was used to quantify body fat
and liver fat content, following the protocol described
previously [22].

Liver-specific PANX1 gene knockdown

The AAV serotype 8 with the human thyroxine-binding
globulin (TBG) promoter (AAV-Scramble and AAV-
shPANX1) was constructed by Beijing Likely Biotech-
nology. Subsequently, male C57BL/6] mice received tail
vein injections of 5x 10" vg AAV-Scramble or AAV-
shPANXI, respectively. These mice were then fed on an
ND or HFD and performed different tests to monitor
metabolic phenotypes within 3 months after injection.
MRI was used to quantify body fat and liver fat content,
following the protocol described previously [22].

Oral glucose tolerance test (OGTT), insulin tolerance test
(ITT), and pyruvate tolerance test (PTT) assays

OGTT, ITT, and PTT were performed at indicated times
in different animal models. Detailed protocols for these
tests were introduced previously [39].

Total triglyceride (TG) assays

TG Determination Kit (#E1013, Applygen, China) was
used to measure the TG content in tissues and cells [40].
The content of TG was normalized by the content of
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protein in the same sample. Serum TG level was meas-
ured with another Kit (#£1002) from the same company.

Plasmid and siRNA transfection

Different plasmids (pcDNA3.1, pGFP, pHSF1, pCaM,
pMafK, pGL-3, and pRL-TK) were transfected for 24 h
using Quickshuttle transfection reagent (#KX0110042,
Biodragon, China) to the mouse primary hepatocytes and
cell lines according to the instructions. For MafK knock-
down, specific siRNAs targeting MafK were synthesized
by Shanghai Yaoyuan Jingdian Biotechnology Co., Ltd.,
China. The sequences were provided in Additional file 1:
Table S2. Cells were administrated with 100 nmol/L si-
MafK or control sequence for 24 h using the same trans-
fection reagent.

Luciferase reporter assay

Mouse PANX1 gene promoter sequence (-2000 bp to 0 bp)
and mouse FAS gene sequence (-2000 bp to 250 bp) were
cloned into the pGL3-basic vector, respectively. PANXI
gene promoter was co-transfected with HSF1 or MafK or
GFP expressing plasmid or pcDNA3.1 in HepG2 cells or
HEK 293 T cells using Quickshuttle transfection reagent
according to the instructions. FAS gene promoter was co-
transfected with AP1 or CaM or GFP expressing plasmid
or pcDNA3.1 in HepG2 cells using the same transfection
reagent. Meanwhile, the pRL-TK vector was co-trans-
fected in each condition as a control. Luciferase activi-
ties were measured after 24 h using the Dual-Luciferase
Reporter Kit (#7002, Vigorous Biotechnology, China).

ATP content determination

ATP-Lite Assay Kit (#T007, Vigorous Biotechnology,
China) and the Luminometer (Turner Biosystems, USA)
were used to determine ATP with a bioluminescence
assay as detailed previously [23]. Standard ATP samples
were used to make a standard curve. After treatment,
cell culture media and cellular components were all col-
lected on ice, respectively. For the determination of intra-
cellular and extracellular ATP content, the ATP content
of the samples was determined using the ATP standard
curve normalized to protein contents and then normal-
ized to control values. Moreover, when the mice were
killed, 100 pl blood from the eyeballs was gently taken,
and hemolysis was avoided as far as possible. After cen-
trifugation at 3000 r/min (2 min, 4 °C), the supernatant
was used for ATP detection immediately.

Glucose production assay
Mouse primary hepatocytes or HepG2 cells were infected
with Ad-GFP, Ad-PANX1, or Ad-FAMS3A for 24 h in the
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absence or presence of PBN (200 pumol/L) or suramin
(50 umol/L). Glucose production was assayed as detailed
previously [41].

RNA extraction and real-time PCR

Total RNA from cells and tissues was extracted using
RNApure High-purity Total RNA Rapid Extraction
Kit (#RP1202, BioTeke Corporation, China) and then
1.0 pg RNA was reversely transcribed into cDNA using
EasyScript All-in-One First-Strand c¢DNA Synthesis
Kit (#AE341-03, TransGen Biotech, China). cDNA was
amplified via real-time PCR using TransStart Tip Green
qPCR SuperMix (#AQ141-04, TransGen Biotech, China)
on the Agilent Mx3000P Real-Time PCR System (Agilent
Technologies, USA). The primer details were provided in
Additional file 1: Table S3.

Co-Immunoprecipitation (Co-IP)

Immunoprecipitation Kit (#26,147, Thermo Fisher Sci-
entific, USA) was used for the Co-IP experiment [42].
Mouse primary hepatocytes were infected with Ad-CaM
or Ad-PANX1 to overexpress CaM or PANX1 (Ad-GFP
served as the control treatment). Then Co-IP experi-
ments were performed with anti-CaM or -JNK anti-
bodies, and IgG was used as the negative control. The
obtained Co-IP proteins were subjected to SDS-PAGE,
after silver nitrate staining and mass spectrometry (MS)
analysis or Western blotting.

Western blotting assays

Roth lysis buffer supplemented with fresh protease and
phosphatase inhibitors was used to extract proteins from
cells or tissues. The concentration of the concentrated
gel used in the experiment was 5%, and the concentra-
tion of the separation gel was generally 10%. For small
molecules with a molecular weight of less than 25 kD, the
separation gel concentration was 12.5%. SDS-PAGE was
employed to separate 30 — 40 pg of total protein. The pro-
teins underwent separation through SDS-PAGE and were
subsequently transferred to a nitrocellulose membrane.
Subsequently, the membrane was sealed for 1 h using 5%
skim milk prepared with TBST, followed by immunoblot-
ting with a primary antibody (1:1000) targeting the gene of
interest. On the following day, the membranes were washed
with TBST 3 times, each lasting 8 min. Protein bands were
exposed to a corresponding secondary antibody (1:5000),
and detection was carried out using a chemiluminescence
Kit (#BF06053-500, Biodragon, China). Finally, Image]
software (version 1.8.0.345) was employed to quantify the
protein exposure results, and the protein content was cali-
brated to the corresponding housekeeping gene.
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Immunofluorescent staining

Liver sections underwent a 30 min baking process
at 68 °C, followed by immersion in xylene for 5 min,
repeated 3 times. Subsequently, they were sequentially
placed in 100%, 95%, 90%, 80%, and 70% ethanol (v/v) for
3 min, respectively. Antigen repair was performed with
200 ml of antigen repair solution at 95 °C for 8 min, fol-
lowed by cooling to room temperature (RT). Blocking
with 1% BSA occurred at RT for 30 min, and the primary
antibody (1:100) was added and incubated at 4 °C over-
night. On the second day, the corresponding fluorescent
secondary antibody (1:200) was added and incubated at
RT for 1 h away from light. DAPI (1:5000) nucleation
took place for 20 min.

For cell treatment with Ad-PANX1 or Ad-FAMS3A,
with or without various inhibitors, a 24 h incubation
period was employed (Ad-GFP or Ad-null served as con-
trols). The cells were washed with PBS and fixed with
4% paraformaldehyde at RT for 15 min. Permeation
of the film with a liquid containing 0.05% Triton X-100
and 0.5% BSA occurred at RT for 10 min. After washing
with PBS 2 times, seal with 1% BSA for 30 min. Subse-
quently, after washing with PBS, cells were incubated
with the primary antibody (1:100) at 4 °C overnight. On
the second day, the second fluorescent antibodies were
added at a ratio of 1:200 and incubated at RT for 1 h. The
nucleus was stained with DAPI. All fluorescence images
were obtained and quantified using a Leica confocal laser
scanning microscope.

Cells neutral lipid staining

Cells infected with Ad-PANX1 or Ad-FAM3A in the
presence of free fatty acids (FFAs, 0.2 mmol/L oleic acid
and 0.4 mmol/L palmitic acid) and PBN (200 pmol/L)
or suramin (50 pmol/L) for 24 h (Ad-GFP as control
treatment). Cells were fixed with 4% paraformaldehyde
for 15 min, then stained with LipidTOX" neutral lipid
stain (1:1000; #H34476, Invitrogen, USA). After nuclear
staining with DAPI, the cells on coverslips were visual-
ized and quantified with Leica Confocal Laser Scanning
Microscopy.

DNA pull-down assay

Specific primer was synthesized according to -1415 bp to
-21 bp upstream sequence of the mouse PANXI gene pro-
moter region, and the forward primer was labeled with
biotin (Forward primer sequence: 5-Biotin-CCAGAG
TGAGCTGGGTGTTAGAG-3’; Reverse primer sequence:
5-AGCAGTTTCCGGAAGCGCGCTGAC-3’).
Biotin-labeled target DNA fragments were amplified by
PCR, and the Kit (#DP209) from TTANGEN (China) was
used to purify PCR products. Mouse primary hepato-
cytes were administrated with FFAs for 24 h, then the
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Kit (#P1200, China) from Applygen was used to extract
nucleoprotein. Nucleoprotein (200 ug), DNA (1 pg),
2 X B&W buffer, and nuclease-free water were mixed and
incubated at RT in a rotating mixer for 30 min. Then,
streptavidin magnetic beads pre-cleaned with 2xB&W
buffer were added, and mixed at RT in a rotating mixer
for 30 min. After incubation, the magnetic beads were
washed with 1xXB&W buffer pre-cooled at 4 °C for 3
times. A total of 30 pl of 1Xloading buffer was added
to resuspend the magnetic beads, and the mixture was
heated at 100 °C for 10 min. The obtained pull-down
proteins were subjected to SDS-PAGE, followed by silver
nitrate staining and MS analyses.

Statistical analysis

All data were analyzed using GraphPad Prism 8.0 and
expressed as mean+SEM. For data meeting normal
distribution, a t-test (two groups) or ANOVA test
(multiple groups) was used for data analysis. Data that
did not meet the normal distribution were statistically
analyzed using the Mann—Whitney U test (two groups)
and the Kruskal-Wallis H rank-sum test (multiple
groups). P-values<0.05 were considered statistically
significant.

Results

PANX1-mediated ATP release reduced glucose production
and lipid deposition in cultured hepatocytes

Firstly, RNA-sequencing was performed to determine
the expression profile of CXs and PANXs in mouse
hepatocytes. As a result, the significant transcrip-
tional signals of CX43, CX32, CX26, and PANXI were
detected in mouse hepatocytes (Fig. la). To evaluate
whether these genes were involved in the pathogenesis
of metabolic disorders, their mRNA levels were exam-
ined in obese mouse livers. The mRNA level of PANXI
was increased while those of CX43, CX32, and CX26
remained unchanged in both db/db and HFD-fed mouse
livers (Fig. 1b, c). Moreover, PCR analyses confirmed
that PANX2 and PANX3 were not significantly expressed
in human and mouse hepatocytes (Fig. 1d). Furthermore,
elevated levels of PANX1 protein were observed in the
livers of patients with NAFLD (Fig. le, P<0.01) and dia-
betic mice (Fig. 1f-i). In cultured mouse (Fig. 1j, k) and
human (Additional file 1: Fig. Sla, b) hepatocytes, FFAs
treatment increased the PANXI mRNA and protein lev-
els. In contrast, treatment with FFAs had little effect on
the mRNA levels of CX43, CX32, and CX26 (Fig. 1I).
To elucidate the role of PANXI1 in hepatic glucose and
lipid metabolism, PANX1 expressing adenovirus (Ad-
PANXI1) was constructed and verified in HepG2 cells
(Additional file 1: Fig. S1c). Overexpression of PANX1
increased extracellular (P<0.05) but not intracellular
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ATP content in both mouse and human hepatocytes
(Fig. 1m, n, Additional file 1: Fig. S1d, e). PANX1 over-
expression reduced gluconeogenesis and lipid deposi-
tion in both mouse hepatocytes (Fig. 1o-q) and HepG2
cells (Additional file 1: Fig. S1f-h). Collectively, PANX1-
mediated ATP release regulates glucolipid metabolism in
cultured hepatocytes.

Hepatic PANX1 played crucial roles in maintaining
glucolipid metabolism

To evaluate the roles of hepatic PANX1 in glucolipid
metabolism in vivo, two sets of db/db mice were treated
with either Ad-GFP or Ad-PANX]1, respectively (Fig. 2a).
The injection of Ad-PANX1 markedly reduced hepatic
glucose production and improved glucose intolerance in
db/db mice (Fig. 2b, ¢, P<0.01). Injection of Ad-PANX1
also ameliorated fasting hyperglycemia in mice on day 10
(Fig. 2d). Additionally, it resulted in decreased body and
liver weight of mice (Fig. 2e, f). Morphological examina-
tion and oil red O staining analyses demonstrated that
the administration of Ad-PANX1 mitigated liver lipid
deposition (Fig. 2g, h), which was further supported
by reduced liver TG content (Fig. 2i). While there was
no significant effect on serum TG levels following Ad-
PANX1 injection (Fig. 2j), it did elevate serum ATP con-
tent of db/db mice (Fig. 2k, P<0.05). Notably, injecting
Ad-PANX1 specifically increased PANXI mRNA level
in the liver (Fig. 21) but no other major metabolic tissues
including heart, pancreas, muscle, and white adipose tis-
sues (Additional file 1: Fig. S2a). Furthermore, PANX1
overexpression suppressed the mRNA levels of PEPCK
and G-6-Pase, while activating the Akt signaling path-
way, reducing FOXO1 expression, and repressing the
levels of crucial gluconeogenic proteins in the livers of
db/db mice (Fig. 21, m).

PANXI1 was further activated in the livers of HFD
mice to confirm its effects on hepatic glucolipid
metabolism. Before adenoviral injection, two groups
of HFD mice exhibited no difference in OGTT (Addi-
tional file 1: Fig. S2b). Ad-PANXI1 injection inhibited
hepatic glucose production, improved glucose intoler-
ance, decreased fasting hyperglycemia (P<0.05), and
enhanced global insulin sensitivity in mice (Fig. 3a-d).
MRI analyses demonstrated that Ad-PANXI1 injec-
tion lowered whole-body and liver fat content (Fig. 3e,
f), which was supported by the decrease in body and
liver weight (Fig. 3g, h). Ad-PANX1 injection reduced
hepatic lipid deposition and serum TG levels in mice
(Fig. 3i-1). Furthermore, Ad-PANXI1 injection elevated
serum ATP content (Fig. 3m, P<0.01). PANX1 over-
expression increased PANXI mRNA specifically in
the liver (Fig. 3n) while showing no effect on other
major metabolic tissues including the heart, pancreas,
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muscle, and white adipose tissues of HFD mice (Addi-
tional file 1: Fig. S2c). Moreover, PANX1 overexpres-
sion inhibited the mRNA expressions of gluconeogenic
genes in the liver of the HFD mouse model (Fig. 3n)
and activated the Akt signaling pathway while decreas-
ing the protein levels of FOXO1 and its downstream
gluconeogenic genes within the livers of HFD mice
(Fig. 3n, o).

To further validate the roles of hepatic PANX1 in
glucolipid metabolism, a hepatocyte-specific PANX1
inhibition AAV (AAV-shPANX1) was constructed and
verified in hepatocytes (Additional file 1: Fig. S2d). Given
that metabolic dysfunction mainly occurred after HFD
feeding rather than ND (data not shown), the follow-
ing experiments focused on the hepatic PANX1 inhi-
bition in HFD mice. Before viral injection, two sets of
mice showed no difference in OGTT results (Additional
file 1: Fig. S3a). These mice were then injected with AAV-
Scramble or AAV-shPANX1, and subjected to HED feed-
ing. After 8-week HFD feeding, AAV-shPANX1-treated
mice exhibited increased hepatic glucose production,
glucose intolerance, and insulin resistance compared to
control mice (Additional file 1: Fig. S3b-d). MRI analy-
sis revealed an increase in global and liver fat content
in mice injected with AAV-shPANXI1 (Additional file 1:
Fig. S3e, ), supported by elevated liver weight measure-
ments (Additional file 1: Fig. S3g). Morphological and oil
red O staining analyses indicated that PANX1 inhibition
increased lipid deposition and TG content in mouse liv-
ers (Additional file 1: Fig. S3h-j). AAV-shPANX1 injec-
tion also elevated serum TG levels with little effect on
serum ATP content (Additional file 1: Fig. S3k, I). Hepatic
PANX1 inhibition increased the mRNA levels of PEPCK
and G-6-Pase (Additional file 1: Fig. S3m), inactivated
Akt, and elevated gluconeogenic proteins in livers (Addi-
tional file 1: Fig. S3n).

Global PANXI1 knockout mice were employed to
further consolidate the roles of PANX1 in glucolipid
metabolism. The identification of PANX1~/~ mice was
presented in Additional file 1: Fig. S4a. At 12 weeks old,
PANX1-null mice displayed a notable elevation in fasting
blood glucose levels compared with wild-type (WT) mice
(Fig. 4a). PANX1~~ mice exhibited impaired glucose
tolerance, increased hepatic glucose production, and
decreased insulin sensitivity at the age of 12 — 15-week-
old under ND feeding (Fig. 4b, Additional file 1: Fig.
S4b-d). MRI analyses illustrated that PANX1 deficiency
led to an augmentation in total body fat volume and
liver fat deposition (Fig. 4c, d). To further corroborate
the involvement of hepatic PANX1 in the disruption of
glucolipid metabolism, the above PANX1~/~ mice were
classified into two groups, with no significant difference
observed in OGTT at the age of 16 weeks. Subsequently,
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Fig. 2 (Seelegend on next page.)
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Fig. 2 Hepatic pannexin 1 (PANX1) overexpression attenuated hyperglycemia and alleviated fatty liver in db/db mice. a Oral glucose tolerance test
(OGTT) exhibited no significant difference between the two sets of mice before adenoviral injection. The left panel displayed the OGTT curves,
while the right panel presented the data for the area under the curve (AUC) (n=8). b Pyruvate tolerance test (PTT) curves on day 5 post adenoviral
injection were presented in the left panel, and AUC data were displayed in the right panel (n=8). ¢ The left panel displayed the OGTT curves

on day 10 post adenoviral injection, while the right panel presented the data for the AUC (n=8). d Hepatic PANX1 overexpression reduced fasting
blood glucose level of db/db mice on day 10 after adenoviral injection (n=8). Body weight (e) and liver weight (f) on day 11 post adenoviral
injection (n=8). Morphological observation (g) and oil red O staining analysis (h) of livers from Ad-GFP and Ad-PANX1-injected db/db mice (n=5).
Scale bar=50 um. Liver (i, n=8) and serum (j, n=7) triglyceride (TG) content of Ad-GFP and Ad-PANX1-injected db/db mice. k Serum adenosine
triphosphate (ATP) content was increased after PANX1 overexpression in the liver of db/db mice. Serum ATP content was detected immediately
after sacrifice (n=8). 1 Comparative mRNA levels of gluconeogenic genes in db/db mice livers (n=8). m The left panel displayed representative

gel images of gluconeogenic proteins in db/db mouse livers, while the right panel presented quantitative data (n=7). P<0.05 or “P<0.01.
Ad-GFP Ad-GFP-injected db/db mice, Ad-PANX1 Ad-PANX1-injected db/db mice, Akt protein kinase B, FOXO1 forkhead box protein O1, PEPCK

phosphoenolpyruvate carboxykinase, G-6-Pase glucose-6-phosphatase

the mice were injected with either Ad-GFP or Ad-
PANXI1, respectively (Fig. 4e, Additional file 1: Fig. S4e).
Increased hepatic glucose production, impaired glucose
tolerance, and elevated body and liver weight of PANX1-
deficient mice were rescued by Ad-PANXI1 injec-
tion (Fig. 4f-i, P<0.05). Hepatic restoration of PANX1
reversed the increased liver lipid deposition and TG con-
tent without significantly affecting serum TG levels in
PANX1-deficient mice (Fig. 4j-1). Serum ATP level was
decreased in PANX1-deficient mice but was increased
after Ad-PANX1 injection (Fig. 4m, P<0.05). Deficiency
of PANX1 resulted in elevated mRNA and protein levels
of gluconeogenic genes, which were reversed by PANX1
restoration in mouse livers (Fig. 4n, o). In support,
PANX1 deficiency reduced Akt phosphorylation while
increasing FOXO1 protein; these effects were subse-
quently reversed following PANXI1 restoration in mouse
livers (Fig. 4n, o). Collectively, these findings reveal that
hepatic PANX1 plays a critical role in maintaining glu-
cose and lipid homeostasis.

PANX1 suppressed gluconeogenesis and lipid deposition
via ATP-P2 receptor pathway in hepatocytes

An intensive study was conducted to pinpoint the
mechanism(s) of PANX1 in ameliorating hepatic glu-
coneogenesis and lipid deposition. Overexpression
of PANX1 promoted nuclear exclusion of FOXOI1 in
mouse and human hepatocytes (Fig. 5a, Additional file 1:
Fig. S5a). Furthermore, PANX1 overexpression led to
decreased mRNA and protein levels of gluconeogenic
genes in both mouse and human hepatocytes (Fig. 5b, c,
Additional file 1: Fig. S5b, c). Given that PANX1 facili-
tated ATP passage, an investigation was undertaken
to ascertain whether its positive effects on glucolipid
metabolism relied on ATP release and P2 receptors.
Firstly, we confirmed that PANX1 inhibitor PBN blocked
PANXI1-induced ATP release in mouse hepatocytes
(Additional file 1: Fig. S5d). Except P2X2, P2X6, and

P2Y11, 5 P2X receptors (P2X1, P2X3, P2X4, P2X5, P2X7)
and 7 P2Y receptors (P2Y1, P2Y2, P2Y4, P2Y6, P2Y12,
P2Y13, P2Y14) were detected by RNA-sequencing in
mouse hepatocytes (Additional file 1: Fig. S5e). Admin-
istration of either PBN or the P2 receptor pan inhibi-
tor suramin nullified the nuclear exclusion of FOXO1
induced by PANX1 and inhibition of glucose produc-
tion in mouse (Fig. 5d, e) and human (Additional file 1:
Fig. S5f, g) hepatocytes. Consistently with these findings,
PANXI1-induced increase in Akt phosphorylation and
decrease in gluconeogenic gene expression levels were
reversed by PBN or suramin treatment (Fig. 5f). Then, to
clarify which specific P2 receptor mediated the benefit
of PANXI1 on inhibiting gluconeogenesis, the pan P2X
inhibitor PPADS, the specific P2Y1 inhibitor MRS2179 or
the specific P2Y12 inhibitor PSB-0739 was administrated
to the PANX1-overexpressed mouse hepatocytes, respec-
tively. Partial inhibition of glucose production induced
by PANXI1 was observed when using either the P2Y1 or
P2Y12 inhibitor, while no significant effect on glucose
production was observed with the P2X inhibitor PPADS
in mouse hepatocytes (Additional file 1: Fig. S5h). These
findings indicate that PANX1 inhibits hepatic gluconeo-
genesis by releasing ATP and mainly activating the P2Y
receptor signaling pathway.

In investigating the mechanism by which PANX1
modulates lipid metabolism, key genes involved in vari-
ous aspects of lipid metabolism, including lipogenesis,
lipid oxidation, lipid secretion, and lipid uptake were
detected in PANX1-overexpressed hepatocytes and liv-
ers. As a result, FAS was the only gene that was consist-
ently downregulated by PANX1 in both hepatocytes
(Fig. 5g, P<0.05) and HFD mouse livers (Fig. 5h, P<0.05).
The overexpression of PANX1 led to a reduction in FAS
protein level in cultured mouse hepatocytes (Additional
file 1: Fig. S5i). Meanwhile, the FAS mRNA and protein
levels were also decreased upon PANX1 overexpression
in HepG2 cells (Additional file 1: Fig. S5j, k) as well as
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Fig. 3 Hepatic pannexin 1 (PANX1) overexpression reduced hyperglycemia and attenuated fatty liver in high-fat diet (HFD)-fed mice. a The

left panel displayed the pyruvate tolerance test (PTT) curves on day 5 following adenoviral injection in HFD-fed mice, and the right panel
presented the corresponding area under the curve (AUC) data (n=7). b The left panel displayed the oral glucose tolerance test (OGTT) curves

on day 10 post adenoviral injection in HFD-fed mice, and the right panel presented the corresponding AUC data. n=8 (HFD + Ad-GFP) and 9
(HFD + Ad-PANXT). € PANXT overexpression reduced fasting blood glucose level in HFD-fed mice on day 10 post adenoviral injection, from left
toright,n=9,9, 8, and 9, respectively. d Liver overexpression of PANX1 increased global insulin sensitivity in HFD-fed mice diet. Another set

of HFD-fed mice was used for the insulin tolerance test (ITT). n=6 (HFD+ Ad-GFP) and 8 (HFD + Ad-PANX1). The left panel displayed the ITT

curves on day 7 post adenoviral injection in HFD-fed mice, and the right panel presented the corresponding AUC data. e PANX1 overexpression
decreased global fat deposition in HFD-fed mice. The left panel displayed representative magnetic resonance imaging (MRI) images of whole-body
fat, while the right panel presented quantitative data, n=4 (Ad-GFP) and 5 (Ad-PANX1). Scale bar=5 cm. f Hepatic PANX1 overexpression

reduced hepatic lipid deposition in HFD-fed mice. The left panel displayed representative MRl images of liver fat, while the right panel presented
quantitative data, n=4 (Ad-GFP) and 5 (Ad-PANX1). Scale bar=5 cm. Body weight (g, n="7) and liver weight (h, from left to right, n=7 and 8)
onday 11 post adenoviral injection in HFD mice. Morphological observations (i) and oil red O staining analyses (j) of livers from Ad-GFP- and
Ad-PANXT1-injected HFD mice (n=5). Scale bar=>50 um. Hepatic (k, from left to right, n=15 and 18) and serum (I, n=13) triglyceride (TG) content

in HFD mice after PANX1 overexpression. m Overexpression of hepatic PANXT led to an increase in serum adenosine triphosphate (ATP) content

in HFD-fed mice, n=13 (Ad-GFP) and n=15 (Ad-PANX1). n Comparative mRNA levels of gluconeogenic genes in HFD-fed mice livers, from left
toright,n=7,7,6,7,7 and 7, respectively. o PANX1 overexpression reduced gluconeogenic proteins in HFD-fed mouse livers. The left panel showed
representative gel images and the right panel presented quantitative data (n=7). P<0.05or P<0.01. HFD + Ad-GFP/Ad-GFP Ad-GFP-injected
HFD-fed mice, HFD + Ad-PANX1/Ad-PANX1 Ad-PANX1-injected HFD-fed mice, Akt protein kinase B, FOXO1 forkhead box protein O1, PEPCK

phosphoenolpyruvate carboxykinase, G-6-Pase glucose-6-phosphatase

mouse livers (Fig. 5i, j). Supporting this finding, the FAS
protein level increased when PANXI was knocked down
or deficient in mouse livers (Fig. 5k, 1). PANX1-induced
inhibition of FAS protein level and lipid deposition
could be reversed by PBN or suramin treatment in mice
(Fig. 5m-0) and human hepatocytes (Additional file 1:
Fig. S51, m). Additionally, PANX1-induced inhibition of
lipid deposition was partly reversed by P2Y1 and P2Y12
inhibitors, but not by P2X inhibitor PPADS in mouse
hepatocytes (Additional file 1: Fig. S5n).

PANX1 inhibited the JNK-AP1-FAS pathway to ameliorate
hepatic lipid deposition

Previously, we had demonstrated that increased ATP
release acted on P2 receptors to activate CaM [16, 22,
25] in hepatocytes. The protein level of CaM was ele-
vated in hepatocytes following PANX1 overexpression
(Fig. 6a, P<0.01). Upon activation, CaM directly inter-
acted with multiple intracellular proteins to regulate
gene expression in hepatocytes and pancreatic  cells,
respectively [19, 22]. Therefore, Co-IP combined with
MS was employed to uncover potential proteins interact-
ing with CaM in PANX1-overexpressed hepatocytes. As
a result, JNK, also known as mitogen-activated protein
kinase 9, was identified as one of the potential CaM-
interacting proteins in hepatocytes (Fig. 6b, Additional
file 1: Table S4). Further studies confirmed the interac-
tion between CaM and JNK, which was augmented after
CaM (Fig. 6¢) or PANX1 (Fig. 6d, e) overexpression in
hepatocytes. Immunofluorescent staining revealed the
increased co-localization of CaM and JNK in PANXI1-
overexpressed hepatocytes and mouse livers (Fig. 6f, g).
A previous study has demonstrated that phosphorylated

JNK can phosphorylate and activate the transcription
factor AP1 [43, 44], which could upregulate the protein
level of FAS [45]. In this current investigation, we found
that the phosphorylation of JNK and APl was sup-
pressed by CaM overexpression in mouse hepatocytes
(Fig. 6h, i). Subsequent dual-luciferase reporter gene
detection revealed that CaM overexpression blunted
AP1-promoted activation of the FAS gene promoter
(Additional file 1: Fig. S6a). Consistently, PANX1 overex-
pression also inhibited the phosphorylations of JNK and
AP1 in mouse hepatocytes (Fig. 6j) and HFD-fed mouse
livers (Fig. 6k). Taken together, PANX1-mediated ATP
release activated CaM via P2 receptor to interact with
JNK while inhibiting its activity, dephosphorylating and
inactivating the transcription factor AP1 to repress FAS
protein level and lipid synthesis in hepatocytes.

FFAs upregulated PANX1 through MafK

As previously determined, the upregulation of hepatic
PANX1 serves as a compensatory mechanism against
metabolic disorders. The potential mechanism behind the
induction of PANX1 upregulation by FFAs was further
investigated. A DNA probe was used to pull-down the
potential transcriptional factors that bind to the promoter
region (-1415 to -21 bp) of the mouse PANXI gene. Sub-
sequent MS analysis identified several potential nuclear
proteins including hepatocyte nuclear factor 1o (Hnfla),
signal transducer and activator of transcription (Statl),
nuclear respiratory factor 1 (Nrfl), transcription factor
Dp-1 (Tfdpl), basic transcription factor 3 (Btf3), FoxO1,
and v-maf musculoaponeurotic fibrosarcoma onco-
gene homolog K (MafK) in the DNA-pull-down prod-
ucts indicated by the arrows (Fig. 6], m, Additional file 1:
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Fig. 4 Hepatic pannexin 1 (PANX1) restoration rescued the dysregulated glucolipid metabolism in PANX1-deficient mice. a Fasting blood glucose
levels of wild-type (WT) and PANX1-deficient mice. The mice were fed on normal chow, from left to right, n=8, 14, and 14 (WT),n=11, 16,and 15
(PANX17), respectively. b The left panel displayed the glucose tolerance test (OGTT) curves of 12-week-old WT and PANX1-deficient mice,

and the right panel presented the area under the curve (AUC) data, n=14 (WT) and 16 (PANX1 .c Body fat was increased in PANX1-deficient
mice at the age of 15 weeks old. The left panel displayed the representative magnetic resonance imaging (MRI) images of whole-body fat,

and the right panel presented the quantitative data (n=5). Scale bar=5 cm. d Hepatic fat content was increased in PANX1-deficient mice

at the age of 15 weeks old. The left panel displayed the representative MRl images of liver fat, and the right panel presented the quantitative

data (n=5). Scale bar=>5 cm. e Schematic diagram of the grouping mode. 16 PANX1

~/~ mice were randomly divided into two groups at the age

of 16 weeks, and then injected with Ad-GFP and Ad-PANX1, respectively. f The left panel displayed the pyruvate tolerance test (PTT) curves on day
4 post adenoviral injection, and the right panel presented AUC data, n=10 (WT +Ad-GFP), 8 (PANX17/~+ Ad-GFP) and 8 (PANX1~/~+ Ad-PANX1).

g The left panel displayed OGTT curves on day 8 post adenoviral injection, and the right panel presented the AUC data, =10 (WT+Ad-GFP), 8
(PANX1~~ + Ad-GFP), and 8 (PANX1~/~+ Ad-PANX1). Body (h, from left to right, n=8, 8 and 7) and liver weight (i, from left to right, n=10, 8 and 7)
on day 9 post adenoviral injection in WT and PANX1-deficient mice. j Morphological observations (left panel) and oil red O staining analyses (right
panel) of adenoviral-injected-WT and PANX1-deficient mice (n=5). Scale bar= 50 um. Hepatic (k, from left to right, n=10, 8 and 8) and serum

(I, from left to right, =9, 8 and 8) triglyceride (TG) levels of adenoviral-injected-WT and PANX1-deficient mice. m Hepatic PANX1 restoration
rescued the decreased serum adenosine triphosphate (ATP) content in PANX1-deficient mice, n=7 (WT+ Ad-GFP), 7 (PANX1 /=4 Ad-GFP) and 6
(PANX17~+ Ad-PANX1). n Relative mRNA levels of gluconeogenic genes in livers of adenoviral-injected-WT and PANX1-deficient mice (n=38).

o Hepatic PANX1 restoration reduced gluconeogenic proteins in PANX1-deficient mouse livers. The left panel displayed representative gel

images, and the right panel presented quantitative data, n=6 (WT+Ad-GFP) and 6 (PANX17/~ + Ad-GFP), from left to right, n=6,6,6,5,and 6
(PANX17/~+ Ad-PANX1), respectively. P <0.05 or “P<0.01. WT wild-type, PANX ™~ PANX1-deficient mice, WT +Ad-GFP Ad-GFP-injected wild-type
mice, PANX ™~ + Ad-GFP Ad-GFP-injected PANX1-deficient mice, PANX ™"+ Ad-PANX1 Ad-PANXT1-injected PANX1-deficient mice, Akt protein kinase
B, FOXO1 forkhead box protein O1, PEPCK phosphoenolpyruvate carboxykinase, G-6-Pase glucose-6-phosphatase

Table S5). The transcription factor MafK belonged to the
v-Maf transcription factor family, and bioinformatic pre-
diction revealed a specific binding site for v-Maf in the
mouse PANXI gene promoter (Additional file 1: Fig. S6b).
In contrast, no potential binding sites for Hnfla, Statl,
Nrfl, and FoxO1 were found in the promoter region of
the mouse PANXI gene. Therefore, whether MafK was
involved in FFAs-induced upregulation of PANX1 expres-
sion in hepatocytes was probed. Luciferase reporter
analyses revealed that MafK overexpression inhibited the
transcriptional activity of PANX1 in HepG2 (P<0.05) and
HEK 293 T (P<0.01) cells (Fig. 6n, o). Transfection with
MafK plasmid reduced the mRNA levels of PANXI in
mouse and human hepatocytes (Fig. 6p, Additional file 2:
Fig. S6c). Meanwhile, the protein level of PANXI1 also
decreased in mouse hepatocytes induced by MafK overex-
pression (Fig. 6q). Silencing MafK using siRNA increased
both mRNA (Additional file 1: Fig. S6d) and protein
(Fig. 6r) levels of PANXI in mouse hepatocytes. Further-
more, the MafK mRNA and protein levels were decreased
in the livers of db/db (Fig. 6s, t) and HFD mice (Additional
file 1: Fig. S6e, f). These findings indicate that MafK is a
negative regulator of PANXI gene transcription. Under
the obese condition, fatty acids repressed MafK expres-
sion to increase PANX1 transcription.

FAM3A-mediated ATP release was dependent on PANX1

We had previously established that FAM3A-induced
ATP release is crucial for maintaining hepatic glucose
and lipid homeostasis [16, 22, 25]. However, the mecha-
nism by which it promotes ATP release in hepatocytes

remained unrevealed. FAM3A overexpression upregu-
lated the PANXI mRNA level but not CX43, CX32, and
CX26 in mice (Fig. 7a) and human hepatocytes (Addi-
tional file 1: Fig. S7a). The overexpression of FAM3A
also increased the PANXI1 protein in mouse (Fig. 7b, c,
P<0.01) and human (Additional file 1: Fig. S7b) hepato-
cytes. To determine the mechanism of FAMB3A-pro-
moted PANXI1 transcription, the potential transcription
factor sites in the promoter regions of human and mouse
PANX1 gene promoters were predicted by bioinfor-
matic methods. As a result, paired box 4 (Pax-4), HSF1,
and v-Maf binding sites were identified on the promoter
regions of both mouse and human PANXI genes (Addi-
tional file 1: Fig. S6b, Additional file 1: Fig. S8a). Refer-
ence mining revealed that to date, HSF1 but no other
transcription factors were reported to participate in the
regulation of hepatic glucolipid metabolism [46—48].
HSF1 overexpression activated the transcriptional activ-
ity of PANX1 in HepG2 and HEK 293 T cells (Fig. 7d, e,
P<0.01), and increased PANX1 protein level in HepG2
and L02 cells (Additional file 1: Fig. S8b, c). Overexpres-
sion of FAM3A elevated the protein level of HSF1 in both
mouse (Fig. 7f) and human (Additional file 1: Fig. S8d)
hepatocytes. Immunofluorescent staining confirmed an
increase in nuclear distribution of HSF1 in FAM3A-over-
expressed mouse hepatocytes (Fig. 7g). Treatment with
HSF1 inhibitor KRIBB11 abolished FAM3A-induced
increase in PANX1 protein level in mouse (Fig. 7h) and
human hepatocytes (Additional file 1: Fig. S8e).
Furthermore, the dependence of FAMB3A-induced
ATP release on PANX1 was determined. Treatment with
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Fig. 5 Pannexin 1 (PANX1)-mediated ATP release inhibited gluconeogenesis and reduced lipid deposition by activating P2 receptors

in hepatocytes. a Representative immunofluorescent staining images of forkhead box protein O1 (FOXOT1) in mouse hepatocytes infected

with Ad-PANX1 or Ad-GFP (n=3). Scale bar=25 um. b Relative mRNA levels of gluconeogenic genes in mouse hepatocytes infected with Ad-GFP
or Ad-PANXT (n=5). c The left panel displayed representative gel images of gluconeogenic proteins in mouse hepatocytes infected with Ad-GFP
or Ad-PANX1, with quantitative data presented in the right panel, n=>5 (Ad-GFP), from left to right, n=5, 4, 5, 4 and 5 (Ad-PANX1), respectively.
Treatment with PANXT inhibitor PBN or P2 receptor inhibitor suramin abolished PANX1-induced FOXO1 nuclear exclusion (d) and inhibition

of glucose production (e) in mouse hepatocytes (n=3). Scale bar=25 um. f Treatment with PBN or suramin abolished PANX1-induced

activation of protein kinase B (Akt) in mouse hepatocytes. The left panel displayed the representative gel images, and the right panel presented
the quantitative data (n=3). g Relative mRNA levels of key lipid metabolic genes in PANX1-overexpressed mouse hepatocytes (n=3). h Relative
mRNA levels of key lipid metabolic genes in livers of Ad-PANX1-injected HFD mice, n=7 (HFD+ Ad-GFP), from left to right, n=8,7,9,9,9,9,9,9,
9,9,999298,992999and 9 (HFD+Ad-PANX1), respectively. i PANX1 overexpression reduced the mRNA level of FAS in db/db (n=8) and HFD
mouse livers (n=7). j PANX1 overexpression decreased the fatty acid synthase (FAS) protein level in livers of db/db and HFD mice. The left panel
displayed representative gel images, and the right panel presented the quantitative data. (n=7). k The FAS mRNA level was elevated in the livers
of PANX1-knockdown mice (n=7) and PANX1-deficient mice (n=8). I The FAS protein was elevated in the livers of hepatic PANXT-knockdown mice
and PANX1-deficient mice. The left panel presented the representative gel images, and the right panel displayed the quantitative data (n=7). m
Treatment with PBN or suramin reversed PANX1-induced inhibition of FAS level in mouse hepatocytes. The left panel presented the representative
gel images, and the right panel displayed the quantitative data (n=3). Treatment with PBN or suramin reversed PANX1-induced decrease in lipid
accumulation (n) and triglyceride (TG) levels (o) in mouse hepatocytes (n=3). Scale bar=25 um. "P<0.05 or."P<0.01. Con control, PBN probenecid,
S suramin, DAPI 4,6-diamino-2-phenyl indole, Ad-GFP Ad-GFP-infected mouse hepatocytes, Ad-PANX1 Ad-PANX1-infected mouse hepatocytes,
PEPCK phosphoenolpyruvate carboxykinase, G-6-Pase glucose-6-phosphatase, SREBP1 sterol regulatory element-binding protein 1, ACC acetyl-coA
carboxylase, SCD1 stearoyl-coA desaturase 1, PPARy peroxisome proliferator-activated receptor y, CHREBP carbohydrate response element binding
protein, LXR liver x receptor, ACOX1 acyl-CoA oxidase 1, CPT1a carnitine palmitoyltransferase 1a, PPARa peroxisome proliferator-activated receptor
a, SCAD short-chain acyl-coA dehydrogenase, MCAD medium-chain acyl-coA dehydrogenase, LCAD long-chain acyl-coA dehydrogenase, apoB
apolipoprotein b, MTP microsomal triglyceride transfer protein, CD36 cluster of differentiation 36, FATP1 fatty acid transport protein 1, FATP2 fatty
acid transport protein 2, FATPS fatty acid transport protein 5, FABP1 fatty acid binding protein 1, FFAR1 free fatty acids receptor 1

the PANX1 inhibitor PBN effectively blocked FAM3A-
induced ATP release in mouse (Fig. 7i) and human
(Additional file 1: Fig. S9a) hepatocytes. Additionally,
PBN treatment also inhibited FAM3A-induced nuclear
exclusion of FOXO1 and inhibition of glucose produc-
tion in mouse (Fig. 7j, k) and human hepatocytes (Addi-
tional file 1: Fig. S9b, c). Meanwhile, PANX1 inhibition
also abolished the effects of FAM3A-induced reduction
in lipid accumulation in mouse (Fig. 7], m) and human
(Fig. 7n, o) hepatocytes. Consistently, FAM3A-induced
phosphorylations of Akt and FOXO1 were also reversed
by PBN treatment in mouse hepatocytes (Fig. 7p).

To further investigate whether the regulatory effects
of FAM3A on hepatic glucose and lipid depend on
PANXI1 in vivo, AAV-FAM3A was injected into the
tail vein of PANXI1-deficient mice, using AAV-GFP as
a control. There was no difference observed in OGTT
between the two groups of mice prior to AAV injec-
tion (Fig. 8a, Additional file 1: Fig. S10a). Notably, long-
term hepatic FAM3A overexpression failed to improve
the impaired glucose tolerance and elevated fasting
hyperglycemia in PANX1-deficient mice (Fig. 8b, Addi-
tional file 1: Fig. S10b, c). Increased glucose produc-
tion and insulin resistance in PANX1-deficient mice
were not affected by AAV-FAM3A injection (Fig. 8c,
d). MRI revealed that long-term overexpression of
hepatic FAM3A had no effect on elevated global body

and liver fat content, and body and liver weight (Fig. 8e-
h). FAM3A overexpression failed to reduce hepatic
lipid deposition as evidenced by morphological obser-
vation and TG content measurement in PANX1-defi-
cient mice (Fig. 8i-k). Moreover, although long-term
overexpression of hepatic FAM3A increased hepatic
ATP levels with little effect on serum ATP content in
PANX1-deficient mice (Fig. 8, m, P<0.05), it failed
to activate the Akt signaling pathway and inhibit the
expressions of gluconeogenic and lipogenic genes in
livers from PANX1~/~ mouse (Fig. 8n, 0). In cultured
hepatocytes lacking PANX1 expression, FAM3A over-
expression led to an elevation in intracellular ATP con-
tent but did not promote ATP release into extracellular
space (Fig. 9a, b). These hepatocytes exhibited excessive
glucose production, while enhanced lipid accumula-
tion was observed after FFAs treatment (Fig. 9c-f). The
overexpression of FAM3A prompted nuclear exclusion
of FOXO1, inhibited glucose production, and decreased
lipid accumulation in WT mouse hepatocytes; however,
these effects were not observed in PANXI-deficient
hepatocytes (Fig. 9c-f). The inhibitory effects of FAM3A
on gluconeogenic and lipogenic gene expressions were
also nullified in PANX1~/~ mouse hepatocytes (Fig. 9g,
h). It is evident that PANX1-mediated ATP release con-
fers FAM3A’s regulatory effects on hepatic glucolipid
metabolism.
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Fig. 6 Pannexin 1 (PANX1) inhibited c-Jun N-terminal kinase-activator protein-1-fatty acid synthase (JNK-AP1-FAS) pathway to ameliorate hepatic
lipid deposition. a PANX1 overexpression elevated calmodulin (CaM) protein level in mouse hepatocytes. The left panel showed the representative
gel images, while the right panel displayed quantitative data (n=3). b Representative silver staining gel image of Co-IP products in Ad-CaM-treated
mouse hepatocytes. The bands indicated by the arrows were pooled and analyzed by mass spectrometry (MS). Overexpression of CaM (c)

or PANX1 (d and e) stimulated CaM-JNK interaction in mouse hepatocytes (n=3). f Representative immunofluorescent staining images of CaM

and JNKin Ad-GFP- or Ad-PANX1-overexpressed mouse hepatocytes (n=3). Scale bar=25 um. g Representative immunofluorescent staining
images of CaM and JNK in liver sections of HFD-fed mice injected with Ad-GFP or Ad-PANX1 (n=3). Scale bar=25 um. h and i CaM overexpression
decreased the phosphorylations of JNK and AP1 in mouse hepatocytes. Panel (h) presented the representative gel images, and panel (i) displayed
the quantitative data (n=3). PANX1 overexpression decreased JNK and AP1 phosphorylations in mouse hepatocytes (j, from left to right,
n=3,3,5,and 4, respectively) and HFD-fed mouse livers (k, n="7). The left panel displayed the representative gel images, and the right panel
presented the quantitative data. | Representative silver staining gel image of DNA-pulldown products in mouse hepatocytes. The bands indicated
by the arrows were subjected to MS analysis. m Schematic diagram of nuclear proteins identified by MS analysis. V-maf musculoaponeurotic
fibrosarcoma oncogene homolog K (MafK) overexpression inhibited the transcriptional activity of PANXT gene promoter in HepG2 (n) and HEK

293T (o) cells (n=3). p MafK overexpression reduced the mRNA level of PANXT in mouse hepatocytes (n=3). q Overexpression of MafK decreased
PANX1 protein level in mouse hepatocytes. The left panel showed representative gel images and the right panel displayed quantitative data (n=3).
r siRNA silencing of MafK elevated PANX1 protein level in mouse hepatocytes. The left panel showed representative gel images and the right panel
presented quantitative data (n=3). s The mRNA level of MafK was decreased in the livers of db/db mice, n=8 (db/m) and 7 (db/db). t The protein
level of MafK was reduced in livers of db/db mice. The upper panel showed representative gel images and the lower panel displayed quantitative
data (n=3). "P<0.05 or “P<0.01. Ad-GFP Ad-GFP-infected mouse hepatocytes, Ad-PANX1 Ad-PANX1-infected mouse hepatocytes, Ad-CaM
Ad-CaM-treated mouse hepatocytes, FAS fatty acid synthase, Tfdp1 transcription factor dp 1, FoxO1 forkhead box protein O1, Stat1 signal transducer
and activator of transcription 1, Nrf1 nuclear respiratory factor 1, Hnfla hepatocyte nuclear factor 1, Btf3 basic transcription factor 3, p-JNK
phosphorylated c-Jun N-terminal kinase, p-AP1 phosphorylated activator protein-1, DAPI 4,6-diamino-2-phenyl indole, IP immunoprecipitation,
pcDNA3.1 vector plasmid as control, pGFP GFP plasmid transfection, pMafK MafK plasmid transfection, si-NC control siRNA transfection, si-MafK

MafK siRNA transfection

Discussion

ATP released from cells via various mechanisms func-
tions as a signal molecule to activate P2 receptors in a
paracrine or autocrine manner [49]. While cellular ATP
release is predominantly mediated by exocytosis and
channel proteins in most cell types, there is ongoing
debate in different cell types [32]. PANXI, a hemichan-
nel protein, facilitates the ATP release across diverse cell
types [29]. In this study, a notable elevation in PANX1
expression was observed in the livers of individuals with
NAFLD and diabetic animals. Previous studies have also
reported that PANXI mRNA was increased in the liv-
ers of mice with non-alcoholic steatohepatitis [50] and
various other liver diseases [51]. Despite these findings,
the specific role and mechanism of hepatic PANX1 in
the regulation of glucolipid metabolism remained to
be revealed. In the current study, we found that hepatic
PANX1 overexpression markedly improved the disorgan-
ized glucolipid metabolism of obese mice. Conversely,
mice with hepatic PANX1 knockdown or global PANXI
knockout exhibited glucolipid metabolic disorders. Our
results provided strong evidence for the importance of
PANXI1-mediated ATP release in maintaining hepatic
glucose and lipid homeostasis. Although several stud-
ies have demonstrated that the pathological level of
extracellular ATP released by apoptotic cells, inflamma-
tory cells or carcinoma cells is a deleterious factor for
various biological processes [52, 53], it should be noted

that the action of extracellular ATP is concentration-
dependent and time-dependent [54]. Generally, nmol/L
to low pmol/L levels of extracellular ATP were beneficial
for some physiological processes, while high pmol/L to
mmol/L levels impaired cell functions [52]. For instance,
treatment with ATP at the range of 10 to 50 pmol/L
exhibits a synergistic effect with insulin in stimulating
the uptake of glucose in skeletal muscle [55]. Another
study observed that 50% of glucose uptake is mediated
by PANX1 hemichannels through an insulin-independ-
ent mechanism in isolated myofibers [56]. Nevertheless,
chronic incubation with 1 mmol/L ATP inhibits insulin-
stimulated glucose uptake in adipocytes [57]. Palmitic
acid stimulated healthy hepatocytes to release ATP by
more than fivefold [58]. In a series of previous studies, we
have established that the physiological level of extracellu-
lar ATP is beneficial and important for glucose and lipid
metabolism in various cell types, particularly hepato-
cytes [16-23, 25]. In the current and previous studies, we
consistently observed a modest increase in extracellular
ATP levels up to twofold in medium and serum in case
of FAM3A or PANX1 overexpression and activation. Our
findings strongly propose that tightly controlled ATP
release from hepatocytes plays a crucial role in maintain-
ing glucolipid homeostasis.

There is increasing evidence that PANX1 serves as a
critical ATP release channel [59, 60]. PANX1 can be acti-
vated reversibly by various stimuli such as intracellular
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Fig. 7 Family with sequence similarity 3 member A (FAM3A)-mediated ATP release was dependent on pannexin 1 (PANXT1). a Overexpression

of FAM3A elevated PANXT mRNA level in mouse hepatocytes, from left to right, n=3, 3, 3, 3, 3, 3, 6, and 6, respectively. b Overexpression of FAM3A
upregulated PANX1 protein level in mouse hepatocytes. The upper panel showed representative gel images, and the lower panel displayed

the quantitative data (n=6). ¢ Representative immunofluorescent staining images of PANX1 in FAM3A-overexpressed mouse hepatocytes

(n=3). Scale bar=25 um. Heat shock factor 1 (HSF1) overexpression enhanced the transcriptional activity of the PANXT gene promoter in HepG2
(d) and HEK 293 T (e) cells (n=6). f Overexpression of HSF1 upregulated PANX1 protein level in mouse hepatocytes. The left panel showed
representative gel images and the right panel displayed quantitative data (n=4). g Representative immunofluorescent staining images of HSF1

in FAM3A-overexpressed mouse hepatocytes (n=3). Scale bar=25 um. h Treatment with HSF1 inhibitor abolished FAM3A-induced increase

in PANX1 protein level in mouse hepatocytes. The left panel showed representative gel images and the right panel displayed quantitative

data (n=>5).iPannexin 1 inhibitor PBN treatment blocked FAM3A-induced ATP release in mouse hepatocytes (n=5). PBN treatment reversed
FAM3A-promoted FOXO1 nuclear exclusion (j) and glucose production suppression (k) in mouse hepatocytes (n=3). Scale bar=25 um. PBN
treatment reversed FAM3A-induced reduction in lipid accumulation (I, n=3) and triglyceride (TG) levels (m, n=5) in mouse hepatocytes.

Scale bar=25 um. PBN treatment reversed FAM3A-induced reduction in lipid deposition (n, n=3) and TG content (0, n=6) in HepG2 cells.

Scale bar=25 pm. p PBN treatment blocked FAM3A-induced Akt and FOXO1 phosphorylations in mouse hepatocytes. The left panel showed
representative gel images and the right panel presented quantitative data (n=3). "P<0.05 or."P<0.01. KRI HSF1 inhibitor KRIBB11, CXs connexins,
Ad-GFP Ad-GFP-infected mouse hepatocytes, Ad-FAM3A Ad-FAM3A-infected mouse hepatocytes, Akt protein kinase B, FOXO1 forkhead box protein

01

Ca”" levels, cell depolarization, mechanical stimulation,
and hypoxia [32]. In addition, several other studies have
also suggested that PANX1 can be activated by differ-
ent P2 receptors including P2X4, P2X7, P2Y1, P2Y2, and
P2Y6 [59]. In contrast, CXs cannot be activated by P2
receptors despite their structural similarities to PANXs
[32]. Under pathological conditions, ATP release medi-
ated by CXs primarily occurs during ischemia—reperfu-
sion injury or inflammatory processes [32]. Activation
of insulin receptors can promote PANX1-mediated ATP
release, which in turn enhances glucose uptake in adipo-
cytes. Adipocyte-specific PANXI knockout exacerbated
HFD-induced global insulin resistance [61]. Moreover,
PANX1-induced ATP release regulates lipolysis and mac-
rophage migration in adipocytes and modulates adipose
stromal cell differentiation and fat accumulation [62,
63]. PANX1 activation also promotes thermogenesis in
brown adipose tissue [64]. Consistent with these findings,
our previous findings revealed that FAM3A-induced
ATP release activated uncoupling protein 1 (UCP1) to
promote thermogenesis in brown adipose tissue [22].
However, some studies have also shown that PANX1
deficiency protects mice from acute and chronic liver
failure as well as chemically-induced liver fibrosis [50,
51], likely due to a reduction in the release of pathologi-
cal levels of ATP from apoptotic or injured hepatocytes.
The current investigation reveals the crucial roles played
by physiological levels of PANX1-mediated ATP release
in maintaining hepatic glucolipid homeostasis.

It had been previously established that hepatocyte-
released ATP triggers the activation of P2R, subsequently
leading to the upregulation and activation of CaM
[16, 22, 25]. Several studies have shown that CaM can

translocate from the cytoplasm to the nucleus, where it
functions as a co-activator of certain transcription factors
[19, 22]. For instance, in hepatocytes, nuclear CaM inter-
acts with forehead box protein A2 (FOXA?2) to induce the
expression of carnitine palmitoyltransferase 2, a pivotal
enzyme in regulating fatty acid oxidation [22]. Similarly,
CaM also interacts with FOXAZ2 to upregulate the expres-
sion of pancreatic and duodenal homeobox 1 in pancre-
atic P cells [19]. Here, we further unveiled that PANX1
also stimulated CaM to interact with JNK and inhibit its
activity. Inhibition of JNK phosphorylation inactivated
the transcription factor AP1, resulting in a decrease in
FAS expression and a subsequent reduction in lipid syn-
thesis and deposition. In high uric acid-induced hepato-
cytes, activated JNK phosphorylates AP1, increasing the
transcriptional activity of FAS thus deteriorating hepatic
fat accumulation [45]. Additionally, the beneficial effect
of PANX1 on lipid deposition was abolished by inhibitors
targeting PANX1 or P2 receptors. These findings have
highlighted the critical role of PANX1-mediated ATP
release in inhibiting lipogenesis in hepatocytes. Although
hepatic mRNA expressions of CX26, CX32, and CX43
remain unchanged during the development of NAFLD
and diabetes, they may still play significant roles in main-
taining metabolic homeostasis by providing constitutive
ATP release. It is worth investigating their roles in the
regulation of hepatic glucolipid metabolism.

HSF1 is a transcription factor that is involved in pro-
moting insulin secretion in pancreatic islet cells and
enhancing glucose utilization in skeletal muscle [46,
47]. It has also been shown to protect mice from HFD-
induced insulin resistance, hepatic lipid deposition, and
obesity in adipose tissues [65]. We had also previously
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Fig. 8 Hepatic family with sequence similarity 3 member A (FAM3A) overexpression failed to rescue the metabolic disorders of pannexin 1

(PANXT1)-deficient mice. a Schematic diagram of the grouping mode. PANX1

~~ mice were randomly divided into two groups at the age of 14 weeks,

and then injected with AAV-GFP or AAV-FAM3A, respectively. The mice were fed on normal chow. b The left panel showed oral glucose tolerance
test (OGTT) curves on week 12 post AAV injection wild-type (WT) and PANX1-deficient mice, and the right panel displayed an area under the curve
(AUCQ) data (n=9). c The left panel showed pyruvate tolerance test (PTT) curves on week 13 post-AAV injection in WT and PANX1-deficient mice,
and the right panel presented AUC data, n=10 (WT+AAV-GFP), 9 (PANX1 /= AAV-GFP) and 9 (PANX1~~+ AAV-FAM3A). d The left panel displayed
insulin tolerance test (ITT) curves on week 14 post-AAV injection in WT and PANX1-deficient mice, and the right panel presented AUC data (n=9).
The upper panel showed representative magnetic resonance imaging (MRI) images of whole-body (e) and hepatic (f) fat in AAV-injected WT

and PANX1-deficient mice, and the lower panel displayed quantitative data (n=4). Scale bar=>5 cm. Body (g, from left to right, n=10,9 and 9)

and liver weight (h, n=9) on the sacrificed day. i Morphological observations (left panel) and oil red O staining analyses (right panel) of AAV-WT
and PANX1-deficient mice (n=5). Scale bar=50 pym. Liver (j) and serum (k) triglyceride (TG) content of AAV-injected WT and PANX1-deficient

mice (n=28). 1 Hepatic FAM3A overexpression failed to rescue the decreased serum adenosine triphosphate (ATP) content in PANX1-deficient

mice (n=8). m FAM3A overexpression elevated ATP level in livers of PANX1-deficient mouse, n=4 (WT+ AAV-GFP), 5 (PANX17~+ AAV-GFP) and 5
(PANX17~+ AAV-FAM3A). n Relative mRNA levels of metabolic genes in livers of mice, from left to right, n=7, 8,8 and 7 (WT + AAV-GFP), =8
(PANX1~~ + AAV-GFP) and 8 (PANX1~/~+ AAV-FAM3A). o The left panel showed representative gel images of metabolic proteins in mouse livers,
and the right panel presented quantitative data (n=3). "P<0.05 or "P<0.01. WT + AAV-GFP AAV-GFP-injected wild-type mice, PANX ™/~ + AAV-GFP
AAV-GFP-injected PANX1-deficient mice, PANX ™~ + AAV-FAM3A AAV-FAM3A-injected PANX1-deficient mice, FAS fatty acid synthase, Akt protein
kinase B, FOXO1 forkhead box protein O1, PEPCK phosphoenolpyruvate carboxykinase, G-6-Pase glucose-6-phosphatase

revealed that FAM3C upregulated HSF1 to activate the
CaM-PI3K-Akt pathway, thereby suppressing gluco-
neogenesis in hepatocytes [41]. Additionally, angioten-
sin II activates HSF1 to stimulate the FAM3A-ATP-P2
receptor pathway, promoting the phenotypic switching
of vascular smooth muscle cells [20]. Here, we further
demonstrated that FAM3A promoted the transcription
of PANX1 through HSF1. Blockade of HSF1 attenuated
the inhibitory effects of FAM3A on gluconeogenesis and
lipid accumulation in hepatocytes. Akt targets FOXO1 to
inhibit the transcriptions of key gluconeogenic and lipo-
genic genes [66, 67]. PANX1 overexpression activated
Akt to promote FOXO1 nuclear exclusion, and this effect
was blocked by PBN and suramin. In addition, PBN treat-
ment also abrogated the roles of FAM3A in suppressing
gluconeogenesis and ameliorating lipid deposition. Over-
expression of FAM3A in livers could not rescue the glu-
colipid metabolic disorder observed in PANX1-deficient
mice. Collectively, the effects of FAM3A on promoting
ATP release to suppress gluconeogenesis and lipogen-
esis were mediated by PANX1. Moreover, it should be
noted that the disturbed cross-regulation loop between
HSF1 and FAM3A pathways might play vital roles in the
development of metabolic disorders. Under obese condi-
tions, the stimulatory effects of FFAs on PANX1 expres-
sion prevail over the inhibition effect caused by reduced
levels of FAM3A in the liver, which is likely an important
compensatory mechanism against the decrease in ATP
synthesis.

In the past decade, we and others have established the
critical roles of the mitochondrial protein FAM3A in
regulating various important biological processes in the
liver, pancreatic B cells, vascular smooth muscle cells,

endothelial cells, neural cells, and other cells by stimu-
lating ATP synthesis and release [16-23, 25, 68, 69].
Recently, we identified FAM3A as a novel component of
the ATPS complex, and it directly activates ATPS activity
to enhance ATP synthesis and suppress reactive oxygen
species (ROS) production. In this investigation, we eluci-
dated the mechanisms underlying FAM3A-induced ATP
release in hepatocytes. Together with our previous find-
ings, the discoveries from this current study have shed
light on unveiling the panorama of ATP synthesis and
release in controlling hepatic glucolipid metabolism. Chil-
dren and adults with diabetes exhibited decreased blood
levels of ATP [70, 71]. Meanwhile, arterial and venous
plasma ATP levels in individuals with type 2 diabetes sig-
nificantly reduced during exercise [71]. These findings
suggested that impaired ATP release played a crucial role
in the development of metabolic disorders. We had pre-
viously demonstrated that FAM3A-induced ATP release
activates UCP1 expression and thermogenesis in brown
adipose tissue (BAT) [22]. Therefore, we speculate that
PANX1-mediated ATP release from the liver may also act
on other tissues such as BAT, which could at least partially
explain changes in body weight observed upon PANX1
overexpression or inhibition in mice. Given the crucial
roles played by repressed ATP synthesis and release in the
pathogenesis of diabetes and NAFLD, our findings reveal
that targeting FAM3A represents an attractive strategy for
combating metabolic disorders.

Conclusions

In conclusion, PANX1-mediated ATP release is criti-
cal for inhibiting hepatic gluconeogenesis and lipogen-
esis. Under obese conditions, the upregulation of hepatic
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Fig.9 Family with sequence similarity 3 member A (FAM3A) overexpression had no effect on the expressions of metabolic genes

in pannexin 1 (PANX1)-deficient hepatocytes. a FAM3A overexpression had little effect on the extracellular adenosine triphosphate (ATP)

content in PANX1-deficient hepatocytes, from left to right, n=4, 4, 3, and 4, respectively. b FAM3A overexpression enhanced intracellular ATP
content in PANX1-deficient hepatocytes (n=3). c Representative immunofluorescent staining images of forkhead box protein O1 (FOXO1)

in PANX1-deficient hepatocytes with FAM3A overexpression (n=3). Scale bar=25 pm. d FAM3A overexpression had little effect on suppressing
glucose production in PANX1-deficient hepatocytes (n=3). e and f FAM3A overexpression failed to reduce lipid accumulation in PANX1-deficient
hepatocytes. Panel (e) displayed representative lipid confocal images (n=3), and panel (f) presented quantitative triglyceride (TG) analysis (n=4).
Scale bar=25 pm. g and h FAM3A overexpression failed to activate the protein kinase B (Akt) pathway in PANX1-deficient mouse hepatocytes.
Panel (g) presented representative gel images, and panel (h) displayed quantitative data. (n=3). "P<0.05or "P<0.01.iProposed a model

of PANX1-mediated ATP release that confers FAM3A's suppression effects on hepatic gluconeogenesis and lipogenesis. PANX1-mediated ATP
release activates purinergic P2 receptors in hepatocytes. On one hand, the activated Akt inhibits FOXO1 from repressing the expressions of PEPCK
and G-6-Pase, thereby suppressing gluconeogenesis. On the other hand, activated CaM interacted with JNK to inhibit its activity, thereby repressing
AP1 activity and FAS expression to reduce lipid deposition. Under obese conditions, FFAs upregulate PANX1 expression by inhibiting the expressions
of the transcription factors MafK. Upregulation of hepatic PANX1 expression is an important compensatory mechanism for maintaining glucose
and lipid homeostasis under obese conditions. FAM3A activates HSF1 to induce HSF1 expression, which in return confers its effects on ATP release

induction and gluconeogenesis and lipogenesis repression in hepatocytes. Activation of the insulin-independent FAM3A-HSF1-PANX1-ATP-P2
receptor signaling pathway is effective in treating metabolic disorders. Akt protein kinase B, ATP adenosine triphosphate, CaM calmodulin,

CX connexin, FAM3A family with sequence similarity 3 member A, FAS fatty acid synthase, FOXO1 forkhead box protein O1, G-6-Pase
glucose-6-phosphatase, HSF1 heat shock factor 1, MafK v-maf musculoaponeurotic fibrosarcoma oncogene homolog K, P2R P2 receptor, PANX1
pannexin 1, p-AP1 phosphorylated activator protein-1, PI3K phosphoinositide 3-kinase, p-JNK phosphorylated c-Jun N-terminal kinase, FFAs free

fatty acids, WT wild-type

PANXI1 expression via MafK repression serves as an
important compensatory mechanism for maintaining
glucose and lipid homeostasis. FAM3A activates HSF1 to
induce PANXI1 expression, thereby facilitating FAM3A-
induced ATP release and its subsequent regulatory
effects on glucolipid metabolism in hepatocytes (Fig. 9i).
Overall, activation of the insulin-independent FAM3A-
PANXI1-ATP-P2Y receptors signaling pathway is effective
in treating metabolic disorders.

Abbreviations

AAV Adeno-associated virus

Akt Protein kinase B

AP1 Activator protein-1

ATP Adenosine triphosphate

ATPS ATP synthase

CaM Calmodulin

Co-IP Co-immunoprecipitation

(@ Connexin

FAM3 Family with sequence similarity 3
FAM3A Family with sequence similarity 3 member A
FAS Fatty acid synthase

FFAs Free fatty acids

FOXO1 Forkhead box protein O1
G-6-Pase  Glucose-6-phosphatase

HFD High-fat diet

T Insulin tolerance test

INK C-Jun N-terminal kinase

MafK V-maf musculoaponeurotic fibrosarcoma oncogene homolog K
MRI Magnetic resonance imaging

MS Mass spectrometry

NAFLD Non-alcoholic fatty liver disease
ND Normal diet

OGTT Oral glucose tolerance test

PANX Pannexin

PANX1 Pannexin 1

PBN Probenecid

PEPCK Phosphoenolpyruvate carboxykinase
PRs Purinergic receptors

PTT Pyruvate tolerance test

TG Triglyceride

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540779-024-00543-6.

Additional file 1: Fig. S1 Overexpression of pannexin 1 (PANXT1) inhibited
glucose production and lipid accumulation in HepG2 cells. Fig. S2 Verify-
ing the efficiency of AAV-shPANX1 in mouse hepatocytes. Fig. S3 Hepatic
PANX1 inhibition aggravated HFD-induced dysregulated glucolipid
metabolism in HFD-fed mice. Fig. S4 PANX1-deficient mice exhibited
impaired glucose tolerance fed on a normal diet. Fig. S5 Treatment with
PBN or suramin blunted PANX1-mediated regulatory effects on glucolipid
metabolism in HepG2 cells. Fig. S6 Free fatty acids upregulated PANX1
expression by inhibiting MafK in HepG2 cells. Fig. S7 FAM3A overexpres-
sion induced PANX1 expression in HepG2 cells. Fig. S8 HSF1 activated
the expression of PANX1 in HepG2 cells. Fig. S9 PBN treatment blocked
FAM3A-promoted ATP release in HepG2 cells. Fig. S10 Liver FAM3A
overexpression failed to improve the impaired glucose tolerance in
PANX1-deficient mice. Table S1 Clinical parameters of individuals with or
without NAFLD. Table S2 siRNA sequence against mouse Mafk mRNAs.
Table S3 List of oligonucleotide primer pairs used in Real-time PCR analy-
sis. Table S4 MS data of CaM co-immunoprecipitation. Table S5 MS data
of DNA pull-down.

Additional file 2: RNA-sequencing data.

Acknowledgements

We honestly thank Dr. Lu-Zheng Xu and Dr. Jiao Liu of Peking University
Health Science Center for the technical assistance of MRl and immunofluores-
cent staining, respectively.

Authors’ contributions
CQH and TH designed and performed experiments, analyzed data and wrote
the manuscript. RX contributed to the in vitro experiments and data analysis.


https://doi.org/10.1186/s40779-024-00543-6
https://doi.org/10.1186/s40779-024-00543-6

Hu et al. Military Medical Research (2024) 11:41

XL assisted in animal experiments and manuscript preparation. JL contrib-
uted to clinic sample collection and analysis. TTW, WJL, and SH contributed
to mouse model construction and animal experiments. DW, QHZ, and XXY
contributed to the methodology. MX contributed to the investigation. XKL,
YJC, and JCY conceived and supervised the study, interpreted data and
revised the manuscript. All authors read and approved the final draft for
publication.

Funding

This study was supported by the National Natural Science Foundation of
China (82070844/82230024/82025008), the Natural Science Foundation

of Beijing (7212123), the Peking University People’s Hospital Research and
Development Funds (RZ2023-01), and the Peking University Medicine Seed
Fund for Interdisciplinary Research (BMU2023YFJHMX002, supported by the
Fundamental Research Funds for the Central Universities).

Availability of data and materials
All data are available in the main text or the Supplementary materials.

Declarations

Ethics approval and consent to participate

The collection of human liver samples was carried out in accordance with
ethical approval from the Research Ethics Committee of Peking University
People’s Hospital (2020PHB337-01). Approval for all animal experiments was
granted by the Institutional Animal Care and Use Committee of Peking Univer-
sity Health Science Center (LA2018179).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

"Department of Physiology and Pathophysiology, School of Basic Medical
Sciences/State Key Laboratory of Vascular Homeostasis and Remodeling/
Center for Non-Coding RNA Medicine, Peking University Health Science
Center, Beijing 100191, China. “Department of Obstetrics and Gynecology,
Peking University Third Hospital/National Clinical Research Center for Obstet-
rics and Gynecology, Beijing 100191, China. *Department of Endocrinology,
Beijing Chao-Yang Hospital, Capital Medical University, Beijing 100020, China.
“Department of Central Laboratory and Institute of Clinical Molecular Biol-
ogy, Peking University People’s Hospital, Beijing 100044, China. >Department
of Gastroenterology, Peking University People’s Hospital, Beijing 100044,
China. ®Department of Cardiology, Institute of Vascular Medicine, Peking
University Third Hospital/Key Laboratory of Molecular Cardiovascular Science
of the Ministry of Education, Beijing 100191, China. ’Department of Hepatobil-
iary and Pancreatic Surgery, General Surgery Centre, the First Hospital of Jilin
University, Changchun 130061, China. ®Department of Cardiology, Peking
University Third Hospital, Beijing 100191, China.

Received: 1 December 2023 Accepted: 10 June 2024
Published online; 27 June 2024

References

1. SunH, Saeedi P, Karuranga S, Pinkepank M, Ogurtsova K, Duncan BB, et al.
IDF Diabetes Atlas: global, regional and country-level diabetes prevalence
estimates for 2021 and projections for 2045. Diabetes Res Clin Pract.
2022;183:109119.

2. ChenY,Wang X, Tao S, Wang Q, Ma PQ, Li ZB, et al. Research advances
in smart responsive-hydrogel dressings with potential clinical diabetic
wound healing properties. Mil Med Res. 2023;10(1):37.

3. Stefan N, Cusi K. A global view of the interplay between non-alco-
holic fatty liver disease and diabetes. Lancet Diabetes Endocrinol.
2022;10(4):284-96.

20.

AR

22.

23.

24.

25.

26.

27.

28,

Page 25 of 26

Razavi M, Wei YY, Rao XQ, Zhong JX. DPP-4 inhibitors and GLP-1RAs:
cardiovascular safety and benefits. Mil Med Res. 2022;9(1):45.

Bechmann LP, Hannivoort RA, Gerken G, Hotamisligil GS, Trauner M, Can-
bay A.The interaction of hepatic lipid and glucose metabolism in liver
diseases. J Hepatol. 2012;56(4):952-64.

Jones JG. Hepatic glucose and lipid metabolism. Diabetologia.
2016;59(6):1098-103.

Xu T, Pagadala V, Mueller DM. Understanding structure, function, and muta-
tions in the mitochondrial ATP synthase. Microb Cell. 2015;2(4):105-25.
Schmid Al, Szendroedi J, Chmelik M, Krssak M, Moser E, Roden M. Liver
ATP synthesis is lower and relates to insulin sensitivity in patients with
type 2 diabetes. Diabetes Care. 2011;34(2):448-53.

Berglund ED, Lee-Young RS, Lustig DG, Lynes SE, Donahue EP, Camacho
RC, et al. Hepatic energy state is regulated by glucagon receptor signal-
ing in mice. J Clin Invest. 2009;119(8):2412-22.

. Serviddio G, Bellanti F, Tamborra R, Rollo T, Romano AD, Giudetti AM,

et al. Alterations of hepatic ATP homeostasis and respiratory chain during
development of non-alcoholic steatohepatitis in a rodent model. Eur J
Clin Invest. 2008;38(4):245-52.

. Szendroedi J, Chmelik M, Schmid Al, Nowotny P, Brehm A, Krssak M, et al.

Abnormal hepatic energy homeostasis in type 2 diabetes. Hepatology.
2009;50(4):1079-86.

. Burnstock G. Purinergic signaling in the cardiovascular system. Circ Res.

2017;120(1):207-28.

. LiJ,Yan H, Xiang R, Yang W, Ye J, Yin R, et al. ATP secretion and metabo-

lism in regulating pancreatic beta cell functions and hepatic glycolipid
metabolism. Front Physiol. 2022;13:918042.

. Burnstock G. Purine and purinergic receptors. Brain Neurosci Adv.

2018;2:2398212818817494.

. ZhuY, Xu G, Patel A, Mclaughlin MM, Silverman C, Knecht K, et al. Cloning,

expression, and initial characterization of a novel cytokine-like gene fam-
ily. Genomics. 2002;80(2):144-50.

. Wang C, ChiY, LiJ, Miao, Li S, SuW, et al. FAM3A activates PI3K p110al-

pha/Akt signaling to ameliorate hepatic gluconeogenesis and lipogen-
esis. Hepatology. 2014;59(5):1779-90.

Yan H, Meng Y, Li X, Xiang R, Hou S, Wang J, et al. FAM3A maintains meta-
bolic homeostasis by interacting with F1-ATP synthase to regulate the
activity and assembly of ATP synthase. Metabolism. 2023;139:155372.
Yan H, Chen Z, Zhang H, Yang W, Liu X, Meng Y, et al. Intracellular ATP
signaling contributes to FAM3A-induced PDX1 upregulation in pancre-
atic beta cells. Exp Clin Endocrinol Diabetes. 2022;130(8):498-508.

Yang W, ChiY, Meng Y, Chen Z, Xiang R, Yan H, et al. FAM3A plays crucial
roles in controlling PDX1 and insulin expressions in pancreatic beta cells.
FASEB J. 2020;34(3):3915-31.

Xiang R, Chen J,Li S, Yan H, Meng Y, Cai J, et al. VSMC-specific deletion

of FAM3A attenuated ang Il-promoted hypertension and cardiovascular
hypertrophy. Circ Res. 2020;126(12):1746-59.

ChiY, LiJ, LiN, Chen Z, Ma L, Peng W, et al. FAM3A enhances adipogen-
esis of 3T3-L1 preadipocytes via activation of ATP-P2 receptor-Akt signal-
ing pathway. Oncotarget. 2017;8(28):45862-73.

Liu X, Hou S, Xiang R, Hu C, Chen Z, Li N, et al. Imipramine activates
FAM3A-FOXA2-CPT2 pathway to ameliorate hepatic steatosis. Metabo-
lism. 2022;136:155292.

Yang W, Wang J, Chen Z, Chen J, Meng Y, Chen L, et al. NFE2 induces miR-
423-5p to promote gluconeogenesis and hyperglycemia by repressing
the hepatic FAM3A-ATP-Akt pathway. Diabetes. 2017;66(7):1819-32.
Zhang Y, Wan J, Liu S, HuaT, Sun Q. Exercise induced improvements in
insulin sensitivity are concurrent with reduced NFE2/miR-432-5p and
increased FAM3A. Life Sci. 2018;207:23-9.

Chen Z, Liu X, Luo Y, Wang J, Meng Y, Sun L, et al. Repurposing doxepin to
ameliorate steatosis and hyperglycemia by activating FAM3A signaling
pathway. Diabetes. 2020;69(6):1126-39.

Vultaggio-Poma V, Sarti AC, di Virgilio F. Extracellular ATP: a feasible target
for cancer therapy. Cells. 2020;9(11):2496.

Dolovcak S, Waldrop SL, Xiao F, Kilic G. Evidence for sustained ATP release
from liver cells that is not mediated by vesicular exocytosis. Purinergic
Signal. 2011;7(4):435-46.

AbudaraV, Retamal MA, Del Rio R, Orellana JA. Synaptic functions of hemichan-
nels and pannexons: a double-edged sword. Front Mol Neurosci. 2018;11:435.



Hu et al. Military Medical Research

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

(2024) 11:41

Xiao F, Waldrop SL, Bronk SF, Gores GJ, Davis LS, Kilic G. Lipoapoptosis
induced by saturated free fatty acids stimulates monocyte migration: a
novel role for Pannexin1 in liver cells. Purinergic Signal. 2015;11(3):347-59.
Sosinsky GE, Boassa D, Dermietzel R, Duffy HS, Laird DW, Macvicar B, et al.
Pannexin channels are not gap junction hemichannels. Channels (Austin).
2011,5(3):193-7.

Palacios-Prado N, Soto PA, Lopez X, Choi EJ, Marquez-Miranda V, Rojas M,
et al. Endogenous pannexin1 channels form functional intercellular cell-
cell channels with characteristic voltage-dependent properties. Proc Natl
Acad Sci U S A.2022;119(18):e2202104119.

Lohman AW, Isakson BE. Differentiating connexin hemichannels and pan-
nexin channels in cellular ATP release. FEBS Lett. 2014;588(8):1379-88.
Bao L, Locovei S, Dahl G. Pannexin membrane channels are mechanosen-
sitive conduits for ATP. FEBS Lett. 2004;572(1-3):65-8.

Taruno A. ATP release channels. Int J Mol Sci. 2018;19(3):808.

Abruzzese V, Matera |, Martinelli F, Carmosino M, Koshal P, Milella L, et al.
Effect of quercetin on ABCC6 transporter: implication in HepG2 migra-
tion. Int J Mol Sci. 2021;22(8):3871.

Jia S, Chen Z, LiJ, ChiY,Wang J, Li S, et al. FAM3A promotes vascular
smooth muscle cell proliferation and migration and exacerbates
neointima formation in rat artery after balloon injury. J Mol Cell Cardiol.
2014;74:173-82.

Micklewright JJ, Layhadi JA, Fountain SJ. P2Y,, receptor modulation of
ADP-evoked intracellular Ca?* signalling in THP-1 human monocytic
cells. BrJ Pharmacol. 2018;175(12):2483-91.

Silveira MA, Tav C, Bérube-Simard FA, Cuppens T, Leclercq M, Fournier E,
et al. Modulating HSF1 levels impacts expression of the estrogen receptor
alpha and antiestrogen response. Life Sci Alliance. 2021;4(5):e202000811.
Wang C, Chen Z,Li S, Zhang Y, Jia S, Li J, et al. Hepatic overexpression

of ATP synthase beta subunit activates PI3K/Akt pathway to ameliorate
hyperglycemia of diabetic mice. Diabetes. 2014;63(3):947-59.

Zhang X, Yang J, Guo Y, Ye H, Yu C, Xu C, et al. Functional proteomic
analysis of nonalcoholic fatty liver disease in rat models: enoyl-coenzyme
a hydratase down-regulation exacerbates hepatic steatosis. Hepatology.
2010;51(4):1190-9.

Chen Z,Ding L, Yang W, Wang J, Chen L, Chang Y, et al. Hepatic activation
of the FAM3C-HSF1-CaM pathway attenuates hyperglycemia of obese
diabetic mice. Diabetes. 2017;66(5):1185-97.

Wang J, Yang W, Chen Z, Chen J, Meng Y, Feng B, et al. Long noncoding
RNA IncSHGL recruits hnRNPAT to suppress hepatic gluconeogenesis and
lipogenesis. Diabetes. 2018;67(4):581-93.

Al Moussawi K, Chung K, Carroll TM, Osterburg C, Smirnov A, Lotz R, et al.
Mutant Ras and inflammation-driven skin tumorigenesis is suppressed
via a JNK-IASPP-AP1 axis. Cell Rep. 2022;41(3):111503.

Ansari MY, Ahmad N, Voleti S, Wase SJ, Novak K, Haqgi TM. Mito-
chondrial dysfunction triggers a catabolic response in chondrocytes

via ROS-mediated activation of the JNK/AP1 pathway. J Cell Sci.
2020;133(22);jcs247353.

Xie D, Zhao H, Lu J, He F, Liu W, Yu W, et al. High uric acid induces liver

fat accumulation via ROS/JNK/AP-1 signaling. Am J Physiol Endocrinol
Metab. 2021;320(6):E1032-43.

LiY,Lin'S, Xu X, Jin W, SuY, Yuan F, et al. Skeletal muscle HSF1 pre-

vents insulin resistance by improving glucose utilization. FASEB J.
2022,36(12):€22667.

Uchiyama T, Tomono S, Utsugi T, Ohyama Y, Nakamura T, Tomura H, et al.
Constitutively active heat shock factor 1 enhances glucose-driven insulin
secretion. Metabolism. 2011;60(6):789-98.

Chen Z,Wang J,Yang W, Chen J, Meng Y, Feng B, et al. FAM3C activates
HSF1 to suppress hepatic gluconeogenesis and attenuate hyperglycemia
of type 1 diabetic mice. Oncotarget. 2017;8(62):106038-49.

Burnstock G, Vaughn B, Robson SC. Purinergic signalling in the liver in
health and disease. Purinergic Signal. 2014;10(1):51-70.

Willebrords J, Maes M, Pereira IVA, Da Silva TC, Govoni VM, Lopes VV, et al.
Protective effect of genetic deletion of pannexin1 in experimental mouse
models of acute and chronic liver disease. Biochim Biophys Acta Mol
Basis Dis. 2018;1864(3):819-30.

Crespo Yanguas S, Da Silva TC, Pereira IVA, Maes M, Willebrords J,
Shestopalov VI, et al. Genetic ablation of pannexin1 counteracts liver
fibrosis in a chemical, but not in a surgical mouse model. Arch Toxicol.
2018;92(8):2607-27.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

Page 26 of 26

diVirgilio F, Sarti AC, Coutinho-Silva R. Purinergic signaling, DAMPs, and
inflammation. Am J Physiol Cell Physiol. 2020;318(5).C832-5.

diVirgilio F. Liaisons dangereuses: P2X(7) and the inflammasome. Trends
Pharmacol Sci. 2007;28(9):465-72.

Jorquera G, Meneses-Valdés R, Rosales-Soto G, Valladares-lde D, Campos
C, Silva-Monasterio M, et al. High extracellular ATP levels released through
pannexin-1 channels mediate inflammation and insulin resistance

in skeletal muscle fibres of diet-induced obese mice. Diabetologia.
2021,64(6):1389-401.

Osorio-Fuentealba C, Contreras-Ferrat AE, Altamirano F, Espinosa A, Li Q,
Niu W, et al. Electrical stimuli release ATP to increase GLUT4 translocation
and glucose uptake via PI3Kgamma-Akt-AS160 in skeletal muscle cells.
Diabetes. 2013;62(5):1519-26.

Riquelme MA, Cea LA, Vega JL, Boric MP, Monyer H, Bennett MV, et al. The
ATP required for potentiation of skeletal muscle contraction is released
via pannexin hemichannels. Neuropharmacology. 2013;75:594-603.

Yu Z, JinT. Extracellular high dosages of adenosine triphosphate induce
inflammatory response and insulin resistance in rat adipocytes. Biochem
Biophys Res Commun. 2010;402(3):455-60.

Xiao F, Waldrop SL, Khimji AK, Kilic G. Pannexin1 contributes to patho-
physiological ATP release in lipoapoptosis induced by saturated free fatty
acids in liver cells. Am J Physiol Cell Physiol. 2012;303(10):C1034-44.

Dahl G. ATP release through pannexon channels. Philos Trans R Soc Lond
B Biol Sci. 2015;370(1672):20140191.

Velasquez S, Eugenin EA. Role of Pannexin-1 hemichannels and puriner-
gic receptors in the pathogenesis of human diseases. Front Physiol.
2014;5:96.

Adamson SE, Meher AK, Chiu YH, Sandilos JK, Oberholtzer NP, Walker

NN, et al. Pannexin 1 is required for full activation of insulin-stimulated
glucose uptake in adipocytes. Mol Metab. 2015;4(9):610-8.

Tozzi M, Hansen JB, Novak . Pannexin-1 mediated ATP release in adi-
pocytes is sensitive to glucose and insulin and modulates lipolysis and
macrophage migration. Acta Physiol (Oxf). 2020;228(2):e13360.

Lee VR, Barr KJ, Kelly JJ, Johnston D, Brown CFC, Robb KP, et al. Pannexin

1 regulates adipose stromal cell differentiation and fat accumulation. Sci
Rep. 2018;8(1):16166.

Senthivinayagam S, Serbulea V, Upchurch CM, Polanowska-Grabowska R,
Mendu SK, Sahu S, et al. Adaptive thermogenesis in brown adipose tissue
involves activation of pannexin-1 channels. Mol Metab. 2021;44:101130.
Ma X, Xu L, Alberobello AT, Gavrilova O, Bagattin A, Skarulis M, et al.
Celastrol protects against obesity and metabolic dysfunction through
activation of a HSF1-PGC1alpha transcriptional axis. Cell Metab.
2015;22(4):695-708.

Kahn SE, Hull RL, Utzschneider KM. Mechanisms linking obesity to insulin
resistance and type 2 diabetes. Nature. 2006;444(7121):840-6.

Kamagate A, Qu S, Perdomo G, Su D, Kim DH, Slusher S, et al. FoxO1
mediates insulin-dependent regulation of hepatic VLDL production in
mice. J Clin Invest. 2008;118(6):2347-64.

XuW, Liang M, Zhang Y, Huang K, Wang C. Endothelial FAM3A positively
regulates post-ischaemic angiogenesis. EBioMedicine. 2019;43:32-42.
Song Q, Gou WL, Zhang R. FAM3A protects HT22 cells against hydrogen
peroxide-induced oxidative stress through activation of PI3K/Akt but not
MEK/ERK pathway. Cell Physiol Biochem. 2015;37(4):1431-41.

Kniazev IuA, Vakhrusheva LL, Chesnokova TT, Sergeeva NA, Demidova LV.
Blood levels of glycosylated hemoglobin and ATP in diabetes mellitus in
children. Vopr Med Khim. 1985;31(3):67-71.

Groen MB, Knudsen TA, Finsen SH, Pedersen BK, Hellsten Y, Mortensen
SP. Reduced skeletal-muscle perfusion and impaired ATP release during
hypoxia and exercise in individuals with type 2 diabetes. Diabetologia.
2019,62(3):485-93.



	PANX1-mediated ATP release confers FAM3A’s suppression effects on hepatic gluconeogenesis and lipogenesis
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Human liver samples
	Experimental animals
	RNA sequencing
	Cell culture and treatments
	Antibodies
	Adenovirus- and adeno-associated virus (AAV)-mediated overexpression of PANX1 and FAM3A in mouse livers
	Liver-specific PANX1 gene knockdown
	Oral glucose tolerance test (OGTT), insulin tolerance test (ITT), and pyruvate tolerance test (PTT) assays
	Total triglyceride (TG) assays
	Plasmid and siRNA transfection
	Luciferase reporter assay
	ATP content determination
	Glucose production assay
	RNA extraction and real-time PCR
	Co-Immunoprecipitation (Co-IP)
	Western blotting assays
	Immunofluorescent staining
	Cells neutral lipid staining
	DNA pull-down assay
	Statistical analysis

	Results
	PANX1-mediated ATP release reduced glucose production and lipid deposition in cultured hepatocytes
	Hepatic PANX1 played crucial roles in maintaining glucolipid metabolism
	PANX1 suppressed gluconeogenesis and lipid deposition via ATP-P2 receptor pathway in hepatocytes
	PANX1 inhibited the JNK-AP1-FAS pathway to ameliorate hepatic lipid deposition
	FFAs upregulated PANX1 through MafK
	FAM3A-mediated ATP release was dependent on PANX1

	Discussion
	Conclusions
	Acknowledgements
	References


