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BACKGROUND & AIMS: Non-alcoholic fatty liver disease (NAFLD) is highly associated with
obesity and progresses to non-alcoholic steatohepatitis when the liver develops overt inflammatory
damage. While removing adenosine in the purine salvage pathway, adenosine kinase (ADK)
regulates methylation reactions. We aimed to study whether hepatocyte ADK functions as an
obesogenic gene/enzyme to promote excessive fat deposition and liver inflammation.

METHODS: Liver sections of human subjects were examined for ADK expression using
immunohistochemistry. Mice with hepatocyte-specific ADK disruption or overexpression were
examined for hepatic fat deposition and inflammation. Liver lipidomics, hepatocyte RNAseq,
and single cell RNAseq for liver non-parenchymal cells (NPC) were performed to analyze ADK
regulation of hepatocyte metabolic responses and hepatocyte-NPC crosstalk.

RESULTS: While NAFLD patients showed increased hepatic ADK levels, mice with hepatocyte-
specific ADK disruption displayed decreased hepatic fat deposition under a chow diet and were
protected from diet-induced excessive hepatic fat deposition and inflammation. In contrast, mice
with hepatocyte-specific ADK overexpression displayed increased body weight and adiposity and
elevated degrees of hepatic steatosis and inflammation compared with control mice. RNAseq

and epigenetic analyses indicated that ADK increased hepatic DNA methylation and decreased
hepatic Ppara expression and fatty acid oxidation. Lipidomic and scRNAseq analyses indicated
that ADK-driven hepatocyte factors, due to mitochondrial dysfunction, enhanced macrophage
proinflammatory activation in manners involving increased expression of stimulator of interferon
genes.

CONCLUSIONS: Hepatocyte ADK functions to promote excessive fat deposition and liver
inflammation through suppressing hepatocyte fatty acid oxidation and producing hepatocyte-
derived proinflammatory mediators. Therefore, hepatocyte ADK is a therapeutic target for
managing obesity and NAFLD.
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Hepatocyte ADK links DNA methylation and decreased Ppara expression, leading to decreased
fatty acid oxidation and increased aberrant subcellular fat deposition and generation of
endogenous fats, as well as a consequent increase in adipocyte fat deposition. Moreover,
hepatocyte ADK-driven inflammatory mediators promote dysfunctional hepatocyte-macrophage
crosstalk to underlie liver inflammation in manners involving STING and Ly6c2.
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Lay Summary

The present study provides compelling evidence supporting a critical role for hepatocyte adenosine
kinase in the pathogenesis of non-alcoholic fatty liver disease by promoting excessive fat
deposition and liver inflammation.

Keywords
Insulin resistance; mitochondrial DNA

INTRODUCTION

As a primary organ that synthesizes endogenous fats through de novo lipogenesis and
formation of very low-density lipoproteins, as well as fatty acid uptake and oxidation,

the liver plays a central role in regulating fat metabolic homeostasis 1 2. Pathologically,
excessive accumulation of fats in hepatocytes results in increased inflammatory responses
and impaired insulin signaling, which in turn promotes the development of various
metabolic diseases including non-alcoholic fatty liver disease (NAFLD) and type 2 diabetes
24 NAFLD has been documented as a causal factor of a wide variety of chronic diseases
including atherogenic cardiovascular disease and certain forms of cancers > 6. However,
precisely how the liver regulates fat metabolic homeostasis and hepatic inflammation
remains to be elucidated.

Adenosine kinase (ADK) is the enzyme that phosphorylates adenosine to generate adenosine
monophosphate. This enables ADK to play two important and distinct functions. First, due
to preventing intracellular accumulation of adenosine, ADK facilitates methionine cycle

and has been shown to increase methylation reactions - . This role is exemplified by the
finding that genetic ADK knockdown increases intracellular adenosine and, consequently,
reduces the activation of transmethylation pathway to attenuate the endothelial inflammatory
responses °. Similarly, ablation of ADK in myeloid cells results in significantly reduced
DNA methylation of the ATP-binding cassette transporter G1, thereby leading to decreased
foam cell formation 10. Second, due to removing intracellular adenosine 11, ADK functions
to keep the extracellular adenosine at a low range through cooperating with enzymes and
transporters involved in the processes to metabolize extracellular adenosine. At increased
levels, extracellular adenosine activates its receptors, mainly adenosine 2A receptor (AsaR),
thereby protecting against injury and inflammatory responses 12-15. Because of this,
increasing adenosine levels by ADK inhibition is a therapeutic strategy for neurological
disorders 16-18,

Currently, only three studies describe a link between ADK deficiency and liver dysfunctions
719,20 and only one recent study suggested a role for the ADK in endothelial cells in
regulating fat metabolism and systemic insulin sensitivity. Of note, the study by Boison et
al. revealed increased liver fat content in neonatal mice upon global ADK disruption 19,
whereas the study by Xu et al. showed decreased severities of high-fat diet (HFD)-induced
obesity and hepatic steatosis in mice upon endothelial ADK disruption 21. However, it is
completely unknown whether and how hepatocyte ADK enables the liver to play a central
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role in regulating fat metabolism as it relates to systemic insulin sensitivity. Here, we
present novel and compelling evidence to demonstrate that hepatocyte ADK functions as
an obesogenic gene/enzyme to promote obesity and liver inflammation and elucidate the
underlying mechanisms.

MATERIALS AND METHODS

RESULTS

Materials including liver samples from patients with NAFLD and mice with hepatocyte-
specific ADK disruption or overexpression and the reagents are detailed in the Supplemental
Information (SI). The assays related to mouse phenotypes, along with histological,
biochemical, molecular assays, and lipidomics, are also detailed in SI. Primary hepatocytes
and liver non-parenchymal cells (NPCs) were isolated from mice and subjected to RNAseq
and single cell RNA sequencing (ScCRNAseq), respectively, as detailed in SI.

Hepatic ADK amount is increased in patients with NAFLD and mice with diet-induced
obesity, hepatic steatosis, and systemic insulin resistance

Dysfunctional ADK may underlie liver dysfunction in human subjects /- 20, We examined
hepatic ADK amounts in patients with NAFLD including non-alcoholic steatohepatitis
(NASH). Compared with control, liver sections from NAFLD patients displayed
significantly increased ADK expression, predominately in hepatocytes (Figure 1A). Next,
we analyzed ADK expression pattern in wild-type (WT) C57BL/6J mice and showed that
ADK, both short- and long-forms (~ 40-42 kDa), was expressed at the highest level in the
liver (Figure 1B). We then examined the pathophysiological relevance of ADK in obesity
and metabolic dysregulation using WT mice upon HFD (60% fat calories) feeding for 12
weeks. Compared with mice fed a low-fat diet (LFD, 10% fat calories), HFD-fed mice
displayed significantly increased hepatic amount of ADK, accompanied with increased body
weight, excessive hepatic fat deposition, elevated circulating levels of triglycerides, and
systemic insulin resistance (Figure 1C-H). At the transcriptional level, hepatic Adk mMRNAs
in mice fed an HFD for 12 weeks were insignificantly decreased relative to those in LFD-fed
mice (Figure 1D). This likely reflects a counter-regulatory response to excessive hepatocyte
fat deposition since hepatic Adk mRNAs were increased in mice fed an HFD for 3 weeks,
when mice did not gain much fat. These results suggest that ADK amount is positively
associated with obesity-related excessive fat deposition and insulin resistance.

Hepatocyte-specific ADK deficiency decreases hepatic fat deposition and proinflammatory

signaling

To establish a cause-and-effect relationship between hepatocyte ADK and obesity-related
phenotype, we generated hepatocyte-specific ADK-disrupted mice (Figure 2A). Both male
and female Hep-ADK ™~ (ADKF/F-AlbCre*) mice stopped gaining body weight and size
after weaning (Supplemental Figure S1A,B). Also, all Hep-ADK ™~ mice died at 5 to

7 weeks of age (Supplemental Figure S1C). We then performed glucose tolerance tests
(GTTs) in mice immediately after weaning and showed that Hep-ADK ™~ mice displayed
hypoglycemia at 0 time point during the GTTs and had enhanced glucose clearance
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compared with any group of control mice (Supplemental Figure S1D). Histological
analyses confirmed significant liver injuries in both male and female Hep-ADK ™~ mice
(Supplemental Figure S2). Notably, Hep-ADK ™'~ mice displayed significantly decreased
hepatic fat deposition and glycogen content compared with ADKF/F (ADKF/F-AlbCre™),
Hep-ADK*"* (ADK*/*-AlbCre™), or Hep-ADK*/~ (ADKF/*-AlbCre™) mice (Figure 2B;
Supplemental Figure S3). When analyzed for RNA transcriptome in livers from 3-
week-old male mice, hepatic expression of carnitine palmitoyltransferase 1a (Cpt1a),

a ratedetermining enzyme of fatty acid oxidation, and Ppara and 3-hydroxybutyrate
dehydrogenase type 2 (Bdh2), which increase fatty acid oxidation and ketogenesis, were
significantly increased (Supplemental Figure S4).

Since Hep-ADK ™~ caused early lethality, we sought to treat ADKF/F mice, at 11 - 12
weeks of age, with AAV8.TBG.PI.Cre.rBG (adeno-associated viral vector for liver-specific
expression of Cre) to create maturity-onset homozygous hepatocyte-ADK deficient (AAV-
Hep-ADK ") mice. AAV8.TBG-PI.Null.bGH-treated ADKFF mice (AAV-Hep-ADK*/*)
served as the control. Because AAV-Hep-ADK ™~ mice died at 3 weeks post AAV treatment
due to liver damage resulting from excessive ketogenesis, we decided to harvest the mice

at 18 d post AAV treatment in separate experiments. Hepatic ADK deletion was verified
and accompanied with decreased body weight, adiposity, plasma triglyceride levels, and
hepatic fat deposition, along with increased plasma levels of ketone bodies without causing
significantly altering liver morphology (Figure 2C-1). Additionally, AAV-Hep-ADK ™~ mice
displayed significantly decreased hepatic inflammatory signaling through Jnk p46 and Nfxb
p65 compared with control mice (Figure 2J). These results indicate that hepatocyte-specific
ADK deficiency is a primary cause of decreased hepatic fat deposition and proinflammatory
responses.

Hepatocyte-specific ADK disruption alleviates diet-induced hepatic steatosis and
inflammation, as well as systemic insulin resistance

Hep-ADK*/~ mice displayed comparable characteristics relative to Hep-ADK*/* mice on

a chow diet. Next, we examined HFD-induced metabolic dysregulation in these mice.
While showing no significant differences in plasma alanine aminotransferase levels (Figure
3A) and hepatic mRNAs for markers of liver damage (not shown), HFD-fed Hep-ADK*/~
mice did not differ significantly from HFD-fed Hep-ADK*/* mice in body weight and fat
mass (not shown). However, both male and female Hep-ADK*/~ mice displayed decreased
severity of HFD-induced hepatic fat deposition and the proinflammatory responses (Figure
3B,C), as well as systemic insulin resistance compared with their respective control (Figure
3D). Next, we examined the effect of hepatocyte ADK disruption on diet-induced NASH.
Upon feeding a methionine- and choline-deficient diet (MCD) for 5 weeks, Hep-ADK*/*
mice displayed overt NASH phenotypes, evidenced by hepatic steatosis, inflammation
(increased macrophage aggregations and proinflammatory signaling), and fibrosis. However,
the severity of MCD-induced NASH in Hep-ADK*/~ mice was significantly lower than that
in Hep-ADK** mice (Figure 3E,F). These results indicate that hepatocyte-specific ADK
disruption protects mice from diet-induced NAFLD/NASH phenotypes.
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Hepatocyte-specific ADK overexpression increases body weight, adiposity, liver fat
deposition and inflammation while promoting systemic insulin resistance

To further verify a role for hepatocyte ADK in promoting obesity-related metabolic
dysregulation, we generated hepatocyte-specific ADK-overexpressing (AlbCre*-ADK
transgenic, Hep-ADKT9) mice (Supplemental Figure S5A,B). Under a chow diet, both
male and female Hep-ADKT9 mice displayed marked increases in body weight and fat
mass, as well as systemic insulin resistance, compared with their respective control (Hep-
ADKWT) mice without showing much difference in energy expenditure (Figure 4A,B and
Supplemental Figure S5C-G) and food intake (not shown). Next, we analyzed feeding
efficiency and the expression of intestinal genes for nutrient absorption. Compared with their
respective control mice, both male and female Hep-ADKT9 mice displayed significantly
increased feeding efficiency (Supplemental Figure S5H), suggesting increased nutrient
absorption when food consumption and energy expenditure were comparable with those

in control mice. Consistently, intestinal expression of key genes for nutrient absorption

in Hep-ADKT9 mice was significantly increased compared with that in Hep-ADKWT

mice (Supplemental Figure S51). Hep-ADKT9 mice also displayed significantly increased
circulating levels of triglycerides and degrees of hepatic fat deposition compared with
Hep-ADKWT mice (Figure 4C,D) while revealing significantly decreased hepatic expression
of Cptia (Figure 4E). Regarding the inflammatory responses, livers of Hep-ADKT9 mice
displayed significantly increased macrophage infiltration and phosphorylation states of
Jnk p46 and Nfxb p65 compared with those of Hep-ADKWT mice (Figure 4F,G). When
white adipose tissue (WAT) phenotype was analyzed, Hep-ADKT9 mice displayed increased
adipocyte size and macrophage infiltration relative to Hep-ADKWT mice. Consistently,
Hep-ADK 9 mice showed decreased WAT expression of hormone-sensitive lipase and
increased WAT expression of proinflammatory mediators compared with Hep-ADKWT
mice (Supplemental Figure S5J,K). Interestingly, female Hep-ADKT9 mice displayed a
comparable phenotype in body weight and fat mass, as well as systemic insulin sensitivity
compared with male Hep-ADKWT mice (Supplemental Figure S6). These results, together
with those from Hep-ADK ™/~ mice, AAV-Hep-ADK ™'~ mice, and HFD- or MCD-fed
Hep-ADK*/~ mice, validate hepatocyte ADK as a primary cause in promoting hepatic fat
deposition and increasing liver inflammation. In addition, hepatocyte ADK overexpression
caused secondary changes in extrahepatic tissues (e.g., WAT), which likely contributed to
metabolic phenotype in Hep-ADKT9 mice.

ADK alteration of lipid profile is accompanied by hepatic mitochondrial stress and
increased macrophage STING expression

Excessive fat deposition promotes hepatocyte generation of mediators that stimulate the
proinflammatory activation of liver macrophages 22 23, Next, we performed liver lipidomics.
Hep-ADKT9 mice displayed significant increases in total amount and most phosphatidic
acid species (Figure 5A), consistent with increased hepatic fat deposition. Also, Hep-ADKT9
mice displayed significantly increased levels of multiple bis-monoacylglycerol phosphate
and lysophosphatidylcholine species and significantly decreased levels of tetralinoleoyl
cardiolipin (18:2-18:2-18:2-18:2) (Figure 5B-D), indicative of increased oxidative stress and
mitochondrial dysfunction that contribute to the proinflammatory responses 24. Consistently,
hepatic levels of mitochondrial DNA (mtDNA, D-loops 1 through 3) were significantly

Gastroenterology. Author manuscript; available in PMC 2024 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal.

Page 7

increased in Hep-ADKT9 mice compared with Hep-ADKWT mice and were accompanied
with increased expression of stimulator of interferon genes (STING), which is activated in
response to mtDNA, in liver macrophages (Figure 5E,F).

ADK overexpression alters hepatocyte transcriptome in a manner promoting fat deposition
and methylation

To gain mechanistic insights of ADK actions, we isolated primary hepatocytes from chow
diet-fed Hep-ADKT9 and Hep-ADKWT mice and examined hepatocyte fat deposition.
Compared with control cells, Hep-ADKT9 hepatocytes displayed a significant increase

in palmitate-induced fat deposition (Figure 6A). Next, we examined hepatocyte RNA
transcriptomes using RNAseq and performed differential expression (DE) analysis between
Hep-ADKT9 and Hep-ADKWT hepatocytes. Of the 18,630 genes retained for the DE
analysis, 2,105 (11.3%) were found to be differentially expressed genes (DEGs) with an
absolute value of fold change IFCI > 1.5 and Benjamini-Hochberg-corrected false discovery
rate (FDR) < 0.05. There were 1,783 genes whose expression was significantly decreased

in Hep-ADKT9 hepatocytes compared with those in Hep-ADKWT hepatocytes. These down-
regulated DEGs were found to be enriched in pathways including the PPAR signaling and
the fatty acid, triacylglycerol, and ketone body metabolism (Figure 6B,C and Supplemental
Figure S7A). These DEGs included cytochrome P450 omega-hydroxylase 4A14 (Cyp4ald),
which plays a role in promoting liver fat deposition and inflammation 25, and enoyl-CoA
hydratase and 3-hydroxyacyl CoA dehydrogenase (EAhadh), which encodes an enzyme

of peroxisomal fatty acid oxidation pathway that responds to activation of peroxisome
proliferator 26 and is required to inhibit liver inflammation induced by toxic dicarboxylic
acids 27. The down-regulated DEGs also included acetyl-Coenzyme A acyltransferase 1B
(Acaalb), which is predicted to enable the activities of C-acyltransferase, acetate CoA-
transferase, palmitoyl-CoA oxidase, and acyl-CoA synthetase long chain family member 1
(Acs/1), which functions to promote mitochondrial fatty acid oxidation.

There were 322 DEGs whose expression was increased (FDR < 0.05) in Hep-ADK 9
hepatocytes compared with those in Hep-ADKWT hepatocytes (Figure 6D,E and
Supplemental Figure S7B). These DEGs were enriched in the pathways including the
methylation, the interferon a/p signaling and the fibrinolysis pathways. Example genes
included betaine-homocysteine S-methyltransferase (BAmf), methionine adenosyltransferase
2A (MatZa), and dimethylglycine dehydrogenase (Dmgaf), which all encode key enzymes
that promote methylation reactions.

Given a link between hepatic methylation reactions and the activities of PPARa pathway,
we examined liver DNA methylation and hepatic PPARa expression. In loss-of-function
studies, liver sections of AAV-Hep-ADK ™~ mice displayed significantly decreased intensity
of 5-methylcytosine (5-mC) staining compared with those of AAV-Hep-ADK*/* mice. This
decrease in DNA methylation was accompanied by significantly increased liver amount

of PPARa (Supplemental Figure SBA-C). In contrast, the intensity of 5-mC staining in

liver sections of Hep-ADKT9 mice was significantly stronger than that of Hep-ADKWT
mice (Figure 6F) and was associated with decreased levels of S-adenosylmethionine and
S-adenosylhomocysteine (Supplemental Figure S8D). This suggests an inverse relationship
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between increased liver DNA methylation and hepatocyte activities of PPARa pathway
(e.g., fatty acid oxidation). Consistently, DNA methylation of Apara at the promoter and
exonl (Supplemental Figure S8E) in livers of Hep-ADK 9 mice was significantly higher
than that in Hep-ADKWT mice and accompanied by significantly decreased expression
of Ppara (Figure 6G). Next, we examined the effect of forced PPARa expression on
altering gene expression related to fat deposition in Hep-ADK 9 hepatocytes. Consistent
with increased fat deposition (Figure 6A), the mRNA levels of Cptlaand Ppard, which
both function to increase fatty acid oxidation, were significantly lower in hepatocytes
from Hep-ADKT9 mice than their respective levels in hepatocytes from Hep-ADKWT
mice (Figure 6H, lower panel). Upon PPARa overexpression, the decrease in CptZaand
Ppard mRNAs in Hep-ADK 9 hepatocytes was reversed. PPARa overexpression also
significantly increased the mRNA levels of pyruvate dehydrogenase kinase 4 (Pdk4),
which promotes fatty acid oxidation, in Hep-ADKTY hepatocytes compared with control-
treated Hep-ADK 9 hepatocytes (Figure 6H). These results indicate that ADK promotes
hepatocyte fat deposition in a manner involving suppression of Ppara, through increasing
DNA methylation.

Hepatocyte-specific ADK disruption reverses the deleterious effects of hepatocyte-specific
adenosine 2A receptor deficiency on hepatocyte fat deposition, liver inflammation, and
systemic insulin resistance

ADK disruption or inhibition increases intracellular adenosine 8 9, whose release into
extracellular space functions to activate A,aR. The latter has been implicated to protect
against diet-induced NAFLD phenotype and systemic insulin resistance 1°. When the
relationship between hepatic ADK and AaR was analyzed, the mRNA levels of AdoraZa
in hepatocytes from Hep-ADK 9 mice were lower than those in hepatocytes from Hep-
ADKWT mice (P= 0.06, Supplemental Figure S9A). In livers of AyaR-disrupted (AyaR™7)
mice, liver amount of ADK was significantly increased compared with that of WT mice
(Supplemental Figure S9A). This suggests an inverse relationship between ADK and AoaR.
Next, we sought to examine the effect of hepatocyte-specific ADK disruption on alleviating
metabolic phenotypes associated with hepatocyte-specific AoaR deficiency. In hepatocytes
isolated from mice with heterozygous ADK disruption and homozygous A,aR deficiency
(Hep-AyaR™~-ADK*'~ or Hep-DKO), the degrees of fat deposition were significantly
lower than those in hepatocytes from Hep-A,aR™~ mice under both basal and palmitate-
stimulated conditions (Supplemental Figure S9B). When liver inflammation was analyzed
in mice fed an HFD, the phosphorylation states of Jnk p46 and Nfxb P65 in livers from Hep-
DKO mice were significantly lower than their respective levels in livers from Hep-AyaR™/~
mice (Supplemental Figure S9C). Moreover, Hep-A,aR ™/~ mice displayed significantly
increased systemic insulin resistance compared with Hep-A,aR** mice (Supplemental
Figure S9D). This metabolic phenotype of hepatocyte-specific A,aR deficiency, however,
was completely reversed upon hepatocyte-specific ADK disruption (Supplemental Figure
S9D,E). Together with the results in Figure 6, these results suggest that ADK regulation

of hepatocyte fat deposition and proinflammatory responses, as well as systemic insulin
resistance is attributable to ADK promotion of methylation reaction and independent of
AuaR in hepatocytes.
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Hepatocyte ADK promotes proinflammatory changes in the RNA transcriptomes of liver
non-parenchymal cells

Hepatocyte ADK levels positively correlate with liver inflammation. We then examined the
direct effect of ADK-driven hepatocyte mediators on macrophage activation. Compared
with macrophages treated with conditioned media (CM) of Hep-ADKWT hepatocytes,
macrophages treated with CM of Hep-ADKT9 hepatocytes displayed significantly increased
MRNA levels of //1b, 116, 1110, and Tnfa, which all are indictive of macrophage
proinflammatory activation, under both basal and LPS-stimulated conditions (Figure 7A).
Next, we performed scRNAseq analysis to gain insights into how ADK-driven hepatocyte
mediators regulate the RNA transcriptome of liver NPCs. Among NPCs isolated from chow
diet-fed Hep-ADKT9 and Hep-ADKWT mice, nine types of cells, additional to hepatocytes,
were verified based on their respective markers (Figure 7B and Supplemental Figure

S10). Additionally, ADK overexpression in hepatocytes did not cause significant shifts in
cell types and populations of NPCs (Figure 7C). Considering the role for macrophages

in regulating liver inflammation 28 2%, we chose macrophages as our first target and
performed scRNAseq DE analysis on the 539 macrophages grouped by the Hep-ADKT9
and the Hep-ADKWT genotypes (Supplemental Figure S11A,B). Among the 9,107 genes
retained in the analysis, 53 genes were significantly up-regulated, and 363 genes were
significantly down-regulated in liver macrophages in response to ADK overexpression [for
all DE genes, Ilogy(FC)I > logy(1.2), FDR < 0.05; Supplemental Figure S11C]. While
suggesting decreased fatty acid betaoxidation, DEGs indicated increased proinflammatory
activation of macrophages from livers of Hep-ADK 9 mice relative to those from livers

of Hep-ADKWT mice (Figure 7D and Supplemental Figure S11C). Top DEGs, collectively
indicating macrophage proinflammatory activation, included the phosphoglycerate mutase
2 (Pgam?2), annexin A2 (Anxa?2), the lymphocyte antigen 6 complex, locus A (Ly6a), the
lymphocyte antigen 6 complex, locus C2 (Ly6c2), the lymphocyte antigen 6 complex, locus
D (Ly64d), and the C-C motif chemokine receptor 9 (Ccr9) (Figure 7D). Because monocyte-
derived macrophages are the main source of proinflammatory macrophages during liver
inflammation 30, we performed a scRNA-seq DE analysis on the 1,339 monocytes grouped
by the Hep-ADK 9 and the Hep-ADKWT genotypes. Of the 10,110 genes retained in

the analysis, 618 genes were identified as DE genes [llog,(FC)I > logy(1.2), FDR <

0.05]. Among the DEGs, 194 were up-regulated and 393 were down-regulated in liver
monocytes upon hepatocyte ADK overexpression (Supplemental Figure S12). Functions of
down-regulated DEGs suggested a decrease in the fatty acid oxidation level in monocytes.
Furthermore, upon comparing the transcriptomes of macrophages and monocytes, we
identified multiple common DEGs shared between the two cell types (Supplemental Figure
S13). We speculated Ly6c2 as one of the top candidate genes that stimulate macrophage
proinflammatory activation in response to ADK-driven hepatocyte mediators. Consistently,
treatment of macrophages with palmitate, an inflammatory fatty acid, significantly increased
Ly6c2 expression, which was accompanied with increased expression of /15, 116, 1/10, and
Tnfa (Figure 7E).

In addition to monocytes/macrophages, neutrophils, lymphocytes, and other liver NPCs
critically regulate liver inflammation. Next, we analyzed cell-cell interactions among
hepatocytes and all liver NPCs and identified strong interactions between hepatocytes
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and any one type of cells among monocytes, macrophages, neutrophils, B cells, T

cells, endothelial cells, and hepatic stellate cells (HSCs) (Supplemental Figure S14). The
pathway-level function of CellChat 31 was used to estimate the combined strength of
interactions of multiple ligand-receptor pairs when the genes belong to the same signaling
pathways. We identified 15 pathways with significant different interaction strengths (p-value
< 0.05). Among these pathways, eight were found to have stronger interactions in Hep-
ADKT9 than Hep-ADKWT and seven showed the opposite pattern (Figure 7F). Notably,
interactions through the insulin-like growth factor (IGF) signaling pathway and the protease-
activated receptors (PARs) pathway were enhanced in response to hepatocyte-specific ADK
overexpression (Supplemental Figure S15). How ADK-driven factors upregulate these two
pathways, as well as their functions, remains to be elucidated.

DISCUSSION

ADK assists in removing intracellular adenosine and enhances methylation reactions.
Here, we provide the primary evidence validating that hepatic ADK amount was
increased in subjects with NAFLD and positively correlated with obesity-associated
metabolic phenotypes in HFD-fed WT mice. Furthermore, using loss-of-function studies,
we established a causal role for hepatocyte-ADK disruption in decreasing hepatocyte

fat deposition, although hepatocyte ADK deficiencydriven excessive fatty acid oxidation
or ketogenesis in mice complicated the pathogenesis of obesity and related metabolic
dysregulation. In contrast, using gain-of-function studies, we provided compelling
evidence establishing a causal role for forced hepatocyte ADK expression in promoting
hepatic steatosis and metabolic dysregulation in mice. Notably, hepatocyte-specific ADK
overexpression significantly increased body weight, adiposity, and hepatocyte fat deposition
in both male and female mice even when mice were maintained on a chow diet.
Additionally, sex differences did not completely superimpose the role played by ADK
because female hepatocyte ADK-overexpressing mice displayed comparable degrees, but
female control mice displayed smaller degrees, in body weight and insulin sensitivity
relative to age-matched male control mice. Collectively, these lines of evidence strongly
support hepatocyte ADK as an obesogenic gene (enzyme), which has high translational
implication in managing obesity and related metabolic diseases.

While ADK promotes hepatocyte fat deposition, an interesting question to ask is how ADK,
as an enzyme that phosphorylates adenosine, regulates fat metabolic fluxes. Considering
that maturity-onset hepatocyte ADK deficiency increased ketogenesis, fatty acid oxidation
is then speculated as the key fat flux altered by hepatocyte ADK. Instead of using

classic assays to quantify metabolic fluxes, the present study analyzed ADK regulation

of hepatocyte RNA transcriptome with hope to elucidate the mechanisms underlying ADK
promotion of hepatocyte fat deposition. Notably, two exciting findings pointed to a link
between decreased Ppara expression and increased DNA methylation in response to ADK
overexpression. This link was also confirmed by the finding that modulating hepatocyte
ADK amount caused a positive correlation between hepatic amount or expression of
PPARa and hepatic amount of hepatic 5-mC, indicative of DNA methylation. Specifically,
hepatocyte ADK overexpression significantly increased the methylation of both promoter
and exon regions of Ppara gene, resulting in decreased Ppara expression. As a result
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of reduced Ppara expression and PPARa signaling, hepatocyte fat acid oxidation was
reduced, thereby contributing to increased hepatocyte fat deposition. Consistent with this
mechanism, hepatocyte overexpression of PPARa caused a reversal of down-regulation of
the expression of genes for fatty acid oxidation including Cptia, Ppard, and Pdk4. Because
of this, the present study provides the primary evidence to support a role for hepatocyte
ADK in promoting hepatocyte fat deposition through increasing Apara methylation to
decrease the expression of genes for fatty oxidation. To be noted, ADK inhibition is shown
to increase intracellular adenosine 2, whose release into extracellular space brings about
an anti-inflammatory effect largely through Adora2a 32. This led to the postulation that
activation of Adora2a, which functions to protect against hepatocyte fat deposition 1°,
contributes to ADK disruption-driven decrease in hepatocyte fat deposition; however, this
was not the case. Hepatocyte-specific Adora2a deficiency increased the severity of HFD-
induced hepatic steatosis and systemic insulin resistance, which was completely reserved
by hepatocyte-specific ADK disruption. This serves as additional evidence validating that
ADK promotion of DNA methylation, but not suppression of Adora2a signaling, accounts
for increased hepatocyte fat deposition. Additionally, in response to hepatocyte ADK
overexpression, extrahepatic tissues, e.g., intestine and WAT, displayed aspects indicative
of increased nutrient absorption and WAT dysfunction. This suggests that ADK-driven
communications between the liver and extrahepatic tissues were involved in obesity and
metabolic dysregulation.

Excessive fat deposition in hepatocytes is a main cause of liver inflammation that
contributes to the pathogenesis of local (hepatic) and systemic insulin resistance 33 34,
Upon ADK deficiency or overexpression only in hepatocytes in mice, the present

study provided complementary evidence to support a critical role for hepatocyte ADK

in promoting liver inflammation. Since ADK overexpression occurred in hepatocytes,

but not liver immune cells, it is speculated that ADK-driven changes in hepatic

lipid profile are triggers contributing to liver inflammation. As supporting evidence,

the levels of most hepatic bis(monoacylglycero)phosphate and lysophosphatidylcholine
species were increased whereas tetralinoleoyl cardiolipin levels were decreased upon
hepatocyte ADK overexpression, indicating oxidative stress and mitochondrial dysfunction
24 To be noted, hepatic levels of mtDNA were increased likely acting through cyclic
GMP-AMP synthase (cGAS)-STING signaling 3° to stimulate macrophage STING, as
indicated by the results upon co-staining STING and F4/80 in livers sections. This
suggests that ADK-driven dysfunctional hepatocyte-macrophage crosstalk, due to, in large
part, hepatocyte mitochondrial dysfunction, accounts for liver inflammation. Consistently,
treatment of macrophages with conditioned media from ADK-overexpressing hepatocytes
significantly increased the expression of proinflammatory cytokines under both basal

and LPS-stimulated conditions. Because of this, it is conceivable that ADK-driven
proinflammatory mediators act via paracrine manners to activate liver immune cells,
thereby elevating liver inflammation. In agreement with this notion, ADK overexpression
in hepatocytes altered RNA transcriptome of liver macrophages in a pattern favoring its
proinflammatory activation. Similar changes were also observed in the RNA transcriptome
of liver monocytes, which gave rise to most proinflammatory macrophages in the liver.
Notably, Ly6c2 is among several common genes whose expression was increased in both
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macrophages and monocytes. This points to the involvement of Ly6c2 in macrophage
proinflammatory activation in response to hepatocyte ADK overexpression. In other words,
Ly6c2 responded to ADK-driven hepatocyte mediators to increase macrophage activation.
In support of this, treatment of macrophages with palmitate significantly increased Ly6c2
expression, along with increased expression of key proinflammatory cytokines. The results
of RNA transcriptomic studies of liver NPCs also indicated the involvement of neutrophils,
lymphocytes, and endothelial cells in the development of liver inflammation in response

to elevated ADK in hepatocytes. Hepatocyte ADK-driven cell-cell communications were
mediated at least, in part, through IFGF and PAR signaling, whose functions warrant further
studies.

In summary, we demonstrated a role for hepatocyte ADK in promoting obesity and liver
inflammation while validating the translational implication of hepatocyte ADK in subjects
with NAFLD. The mechanisms through which hepatocyte ADK functions as an obesogenic
enzyme are attributable to ADK suppression of hepatocyte expression of genes in the Ppara
pathway through promoting DNA methylation, resulting in decreased fatty acid oxidation
that contributes to increased hepatocyte fat deposition. Moreover, the ADK in hepatocytes
promotes the proinflammatory activation of liver NPCs through ADK-driven hepatocyte
mediators via manners involving macrophage STING and Ly6c2. Accordingly, hepatocyte
ADK is a viable target for management of obesity and related metabolic disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AspR adenosine 2A receptor

Accl acetyl-CoA carboxylase 1

ADK adenosine kinase

BMDM bone marrow-derived macrophages
BSA bovine serum albumin

CM conditioned media

Cptla carnitine palmitoyltransferase 1a
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lymphocyte antigen 6C2 precursor
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peroxisome proliferator activated receptor alpha

peroxisome proliferator activated receptor delta
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STING stimulator of interferon genes
TG triglycerides
Tnfa tumor necrosis factor a
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What You Need to Know
BACKGROUND & CONTEXT

The role for hepatocyte adenosine kinase (ADK) in the pathophysiology of non-alcoholic
fatty liver disease (NAFLD) is unknown

NEW FINDINGS

Hepatocyte ADK triggers or exacerbates the pathogenesis of NAFLD by promoting
excessive fat deposition and liver inflammation.

LIMITATIONS

The study did not examine the extent to which the stimulator of interferon genes
(STING) in macrophages mediators the effects of ADK-driven hepatocyte factors on
promoting liver inflammation.

BASIC RESEARCH RELEVANCE

The study validates the feasibility of ADK inhibition as a novel therapeutic strategy for
NAFLD.

Gastroenterology. Author manuscript; available in PMC 2024 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Lietal.

A

H&E

H&E

ADK

Control NAFLD B

320 .
LFD HFD <
=15

" an BB X
ADK o= = = o0 0 &5 05 08 210 2
GAPDH sy e s w0 0 50 by o 5 0.5

>
20.0
= LFD HFD
D o LFD E o Before
e HFD S o After ,,
N~ S *% -
o< 204 8 540.0
<z ‘S
§Z 1.0 2 20.0
> >
- E 00 3 0.0
3wk 12wk @ LFD HFD
H
el _HFD S g n -8-LFD -®-HFD
: o8 £ 100 g
® 'g =5 6 o2 80
282 40.0 s 3 60
g€ 8 40
E5E 200 £S 5%
© = 0 "6 =) 0
n_ e\e T T T T T 1 .
LFD HFD 0 15 30 45 60 (min)

Figure 1. Hepatic ADK amount is increased in the patients with NAFLD and mice with diet-
induced obesity and hepatic steatosis

(A) Liver sections from patients with NAFLD were stained with H&E (top row) and for
ADK expression (bottom two rows). (B) Immunoblot for ADK tissue distribution in mice.
(C,D,E,F,G,H) Hepatic ADK amount correlates with diet-induced metabolic dysregulation.
C, representative immunoblots for liver ADK amount. Bar graph, quantification of blots.

n = 4. D, Hepatic Adk mRNAs. E, Body weight before and after dietary feeding. F, H&E
staining of liver sections. G, plasma triglyceride levels. n = 7. H, Insulin tolerance tests. n
=10 - 12. For C - H, male C57BL/6J mice, at 5 - 6 weeks of age, were fed a high-fat diet
(HFD, 60% fat calories) or low-fat diet (LFD, 10% fat calories) for 3 or 12 weeks. For bar
and line graphs, data are means + SEM. **, P< 0.01 HFD vs. LFD (in C and G) after HFD
feeding (in E) for the same time point (in D and H). The scale bar is 75 um for 10x images
or 50 um for 20x images.
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Figure 2. Hepatocyte-specific ADK-deficiency or maturity-onset hepatocyte ADK deficiency
decreases liver fat content and/or inflammation while decreasing body weight

(A) Immunoblot validation of hepatocyte-specific ADK disruption. NS, non-specific
bands. (B) Liver sections were stained with oil red O. For A and B, homozygous
hepatocyte-specific ADK deficient (Hep-ADK ™) mice, heterozygous hepatocyte-specific
ADK-disrupted (Hep-ADK*~), and AlbCre* control (Hep-ADK*/*) mice, as well as
ADK/FIF control mice (described in Supplemental Figure S1), were fed a chow diet and
harvested at 5 weeks of age. (C) Immunoblot validation of hepatocyte-specific ADK
deficiency. (D,E) Body weight (D) and body composition (E). (F) Plasma triglyceride
levels. (G) Plasma levels of acetoacetate (AcAc) and 3-hydorbutyrate (BOH). (H,I) Liver
sections were stained with H&E (H) and oil red O (I). (J) Liver proinflammatory signaling.
Bar graph, quantification of blots. For C - J, male ADKF/F mice, at 11 - 12 weeks of

age, were treated with adeno-associated viral vector (AAV) to generate maturity-onset
hepatocyte-specific ADK deficiency (AAV-Hep-ADK 7). n = 7 - 9. For bar graphs in D

- G, and J, data are means + SEM. *, £< 0.05 and **, £< 0.01 AAV-Hep-ADK ™/~ vs.
AAV-Hep-ADK** (in F) after AAV treatment (in D) for the same type of fat (in E), ketone
body (in G), or protein (in J). The scale bar is 75 um for 10x images.
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Figure 3. Hepatocyte-specific ADK disruption alleviates diet-induced hepatic steatosis and
inflammation and systemic insulin resistance

(A) Plasma ALT levels. (B) Liver sections were stained with H&E. (C) Liver
proinflammatory signaling (male mice only). (D) Insulin tolerance tests. n =7 - 10 (male)
and 10 - 14 (female). (E) Liver histology. (F) Liver proinflammatory signaling. For A - D,
male and/or female Hep-ADK™*/~ and Hep-ADK™** mice, at 5 - 6 weeks of age, were fed an
HFD for 12 weeks. For E and F, male mice, at 11 - 12 weeks of age, were fed a MCD diet
for 5 weeks. For bar graphs in C and F, quantification of blots. n =4 (C) or 6 (F). For A,

C, D, and F, numeric data are means + SEM. *, £< 0.05 and **, A< 0.01 Hep-ADK*/~ vs.
Hep-ADK*/* for the same protein (C and F) or time point (D). The scale bar is 75 pum for
10x images.
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Figure 4. Hepatocyte-specific ADK overexpression promotes obesity, hepatic steatosis, and liver
inflammation

(A,B) Body weight (A) and body composition (B). n = 10. (C) Plasma triglyceride levels.
n=7. (D) Liver sections were stained with oil red O. (E) Hepatic expression of metabolic
genes. n = 8. (F) Liver sections were stained for F4/80. (G) Liver proinflammatory signaling
(immunoblots). For A - G, both male and female Hep-ADKT9 and Hep-ADKWT (control)
mice were maintained on a chow diet for 7 months. For C - G, samples were from male mice
only. For bar graphs in A - C, and E, data are means + SEM. *, < 0.05; **, < 0.01; and
*** P<0.001 Hep-ADKT9 vs. Hep-ADKWT (in C) within the same sex (in A) for the same
mass (in B) or for the same gene (in E). The scale bar is 75 pm for 10x images or 50 um for
20% images.
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Figure 5. ADK alteration of lipid profile is accompanied by hepatic mitochondrial stress and
increased macrophage STING expression

(A,B,C,D) Hepatic lipid profile. (E) Hepatic mtDNA levels. (F) Liver sections were co-
stained for STING and F4/80 using immunofluorescent histochemistry. For A - F, male
Hep-ADKT9 and Hep-ADKWT mice were maintained on a chow diet for 5 months. For A -
E, data are means  SEM.n=4 (A-D) or 6 (E). *, P<0.05; **, P<0.01; and ***, P<
0.001 Hep-ADKT9 vs. Hep-ADKWT for the same lipid species (A - D) or mtDNA (E). The
scale bar is 50 um for 20x images.
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Figure 6. ADK overexpression alters hepatocyte transcriptomes in a manner promoting fat
deposition and methylation

(A) Hepatocyte fat deposition. (B,C,D,E) Hepatocyte RNA transcriptome. (F) Liver sections
were stained for 5-mC. (G) Hepatic methylation status of Ppara (left) and hepatocyte Ppara
mRNAs (right). (H) PPARa overexpression reversal of ADK-induced decreases in the
expression of genes for fatty acid oxidation. n =6 - 8. For A - E, G (right panel), and

H, primary hepatocytes were isolated from male Hep-ADK 9 and Hep-ADKWT mice, at 5
months of age. For A, hepatocytes were supplemented with palmitate (250 uM) for 24 hr
and stained with oil red O for the last 1 hr. For B - E and G (right), the isolated hepatocytes
were analyzed for RNA transcriptome using RNAseq. n = 3. For B and C, pathways

(B) enriched with ADK-driven down-regulation of genes for fatty acid oxidation (C).
Cyp4ald, cytochrome P450 omega-hydroxylase 4A14; Ehhadh, enoyl-CoA hydratase and
3-hydroxyacyl CoA dehydrogenase; Acaalb, acetyl-Coenzyme A acyltransferase 1B; Acs/I,
acyl-CoA synthetase long chain family member 1. For D and E, pathways (D) enriched with
ADK-driven up-regulation of genes for methylation (E). BAmt, betaine-homocysteine S-
methyltransferase; Mat2a, methionine adenosyltransferase 2A; and Dmgah, dimethylglycine
dehydrogenase. For bar graphs in C, E, G, and H, data are means £ SEM. *, < 0.05;

** P<0.01; and *** P< 0.001 Hep-ADKT9 vs. Hep-ADKWT (in C, E and G) or
Hep-ADKT9/Ad-PPARa vs. Hep-ADK T9/Ad-GFP for the same gene (in H); £< 0.001
Hep-ADKT9/Ad-GFP vs. Hep-ADKWT/Ad-GFP for the same gene (in H). T11, The scale
bar is 75 pm for 10x images or 50 pm for 20x images.
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Figure 7. Hepatocyte ADK overexpression promotes the proinflammatory activation of liver
NPCs through altering RNA transcriptomes

(A) Stimulation of macrophage expression of proinflammatory cytokines by ADK-driven
hepatocyte factors. (B,C) Cell types identified during sScRNAseq. (D) Hepatocyte ADK-
driven up-regulation of macrophage genes. (E) Upregulation of macrophage Ly6¢c2

expression by palmitate. (F) Ligand-receptor pathways between hepatocytes and liver NPCs.
For A and E, wild-type bone marrow-derived macrophages (BMDMSs) were incubated

with media mixed with or without conditioned media (CM) from Hep-ADKT9 and/or Hep-
ADKWT hepatocytes for 24 hr. Prior to harvest, BMDMs were treated with LPS (20 ng/mL)

for 6 hr (A) or palmitate (Pal, 250 uM) for 24 hr (E). Data are means + SEM.n=6 - 8. *,
P<0.05; **, P<0.01; and ***, P< 0.001 BMDM/ADK'9 Hep-CM vs. BMDM/ADKWT
Hep-CM for the same gene (A) or Pal-treated cells vs. control-treated cells (BSA) (E).
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