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ARTICLE INFO ABSTRACT

Keywords: Alcoholic liver disease (ALD) is a major health problem and a significant cause of liver-related death. Currently,
Alcoholic liver disease the mainstay for ALD therapy is alcohol abstinence highlighting the need to develop pharmacotherapeutic ap-
Hepatocyte

proaches. Protein-tyrosine phosphatase 1B (PTP1B) is an established regulator of hepatic functions, but its role in
ALD is mostly unexplored. In this study, we used mice with liver-specific PTP1B disruption as well as phar-
macological inhibition to investigate the in vivo function of this phosphatase in ALD. We report upregulation of
hepatic PTP1B in the chronic plus binge mouse model and, importantly, in liver biopsies of alcoholic hepatitis
patients. Also, mice with hepatic PTP1B disruption attenuated ethanol-induced injury, inflammation, and stea-
tosis compared with ethanol-fed control animals. Moreover, PTP1B deficiency was associated with decreased
ethanol-induced oxidative stress in vivo and ex vivo. Further, pharmacological modulation of oxidative balance in
hepatocytes identified diminished oxidative stress as a contributor to the salutary effects of PTP1B deficiency.
Notably, PTP1B pharmacological inhibition elicited beneficial effects and mitigated hepatic injury, inflamma-
tion, and steatosis caused by ethanol feeding. In summary, these findings causally link hepatic PTP1B and ALD
and define a potential therapeutic target for the management of this disease.
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1. Introduction

Chronic excessive alcohol consumption is a significant contributor to
the development of alcoholic liver disease (ALD), which is a global
healthcare problem [1,2]. The disease encompasses a broad spectrum of
pathologies that range from steatosis to alcoholic hepatitis (AH) and
may progress to hepatocellular carcinoma. While the majority of heavy
drinkers develop fatty liver, only minority progress to AH, and 10-15%
develop cirrhosis [3,4]. Also, up to 40% of severe AH patients die within
six months [5]. The current foundation for ALD therapy is alcohol
cessation underscoring the need to develop novel prevention and
treatment strategies [6,7]. Deciphering the intricate mechanisms un-
derlying ALD pathogenesis is vital for identifying new targets and
developing effective mechanism-based interventions.

Protein tyrosine phosphorylation is a crucial post-translational
mechanism that maintains homeostasis and is dynamically regulated
by protein-tyrosine kinases and protein-tyrosine phosphatases (PTPs)
[8]. Protein-tyrosine phosphatase 1B (PTP1B; encoded by PTPN1) is a
widely expressed non-receptor phosphatase that modulates many facets
of signaling (reviewed in Ref. [9-11]). Also, PTP1B is a long-standing
therapeutic target for obesity, type 2 diabetes (T2D), and some can-
cers [12,13]. Notably, PTP1B antisense oligonucleotides enhance insulin
sensitivity in overweight, T2D patients [14]. Compelling evidence
implicate PTP1B in the liver metabolic and non-metabolic functions.
Mice with liver-specific PTP1B disruption exhibit increased insulin
sensitivity and decreased accumulation of hepatic triglyceride and
cholesterol when fed a high-fat diet (HFD) [15,16]. Moreover, PTP1B
deficiency confers protection in rodent models of liver injury, including
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FAS-induced hepatic failure, liver regeneration following partial hepa-
tectomy, hepatotoxicity caused by acetaminophen overdose, and bile
duct ligation-induced fibrosis [17-21].

A growing body of evidence suggests a role for PTP1B in ALD.
Ethanol leads to the upregulation of PTP1B in the muscle and liver of
rats and muscle of macaque [22-24]. Additionally, binge drinking in-
creases hypothalamic PTP1B and induces systemic insulin resistance in
rats, which is prevented by the administration of a PTPB inhibitor [25].
Moreover, PTP1B modulates NF-kB signaling and enhances macrophage
activation under the ethanol challenge [26]. However, knowledge gaps
persist, including the role of hepatic PTP1B in ALD, the underlying
molecular mechanism, and the suitability of this phosphatase as a
therapeutic target for this disease. In this study, we evaluated the
expression of hepatic PTP1B under ethanol challenge, determined the
effects of PTP1B disruption and pharmacological inhibition in the
chronic plus binge preclinical mouse model of ALD, and investigated the
molecular mechanism.

2. Materials and methods
2.1. Reagents and human samples

Antibodies for GAPDH (3683), F4/80 (70076), phospho-NF—«B p65
Ser536 (3033), NF-xB p65 (8242), phospho-AKT Ser473 (4060),
phospho-ERK1/2 Thr202/Tyr204 (4370) and ERK1/2 (4695) were from
Cell Signaling Technology; AKT (sc-81434), phospho-eNOS Ser1177 (sc-
21871-R), eNOS (sc-376751), iNOS (sc-7271), SOD1 (sc-271014) and
GPx1/2 (sc-133160) were from Santa Cruz Biotechnology; CYP2E1
(ab28146), NOX2 (ab129068), NOX4 (ab216654) and 4-hydroxynone-
nal (4-HNE, ab46545) were from Abcam. Antibodies for murine
(AF3954) and human (MABS197) PTP1B were from R&D Systems and
Millipore, respectively. Information on the used antibodies is detailed in
Supplementary Table 1. N-acetylcysteine (NAC; A9165) and hydrogen
peroxide (HO2; 386790) were from Sigma. PTP1B pharmacological
inhibitor (DPM-1001) was from Glixx Laboratories (GLXC-11401). Dr.
Zhaoli Sun (Johns Hopkins University) kindly provided de-identified
human liver biopsies from healthy donors and alcoholic hepatitis
patients.

2.2. Mouse studies

Mice with liver-specific PTP1B disruption were generated by
crossing PTP1B floxed (Ptpn]ﬂ/ﬂ) mice [27] to Alb-Cre mice, with both
strains on the C57BL/6J background. We housed mice in a temperature-
and humidity-controlled animal facility under a 12-h light/dark cycle
with free access to food and water. For the ethanol challenge, we used
the chronic plus single binge mouse model [28]. Briefly, age-matched
(8-12 weeks old) female control (Ptpnlﬁ/ﬁ) mice and those with hepat-
ic PTP1B disruption (Ptpnlﬂ/ﬂ, Alb-Cre) were adapted to Lieber-DeCarli
control liquid diet (F1259SP, Bio-Serv) for five days. After the accli-
mation period, the mice were fed 5% (v/v) ethanol liquid diet (cat
#F1258SP, Bio-Serv) ad libitum or pair-fed an isocaloric control liquid
diet (cat #F1259SP, Bio-Serv) for ten days. On day eleven, ethanol- and
pair-fed mice were dosed by oral gavage with a single bolus of ethanol
(5 g/kg body weight) or isocaloric maltose dextrin solution for 9 h then
sacrificed and tissues collected and stored for further analysis. For
PTP1B pharmacological inhibition, wild-type female mice (C57BL/6J
background, 12-16 weeks old) were treated daily with 5 mg/kg of
DPM-1001/DMSO in the ethanol liquid diet at the initiation of ethanol
feeding. An equal amount of DMSO was applied to the control group. All
mouse studies were approved by the Institutional Animal Care and Use
Committee guidelines at the University of California Davis.

2.3. Histology

4% paraformaldehyde-fixed liver samples were paraffin-embedded,
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sectioned, and hematoxylin/eosin (H&E)-stained by the Anatomic Pa-
thology Service (UC Davis). Images were acquired by the Olympus BX51
microscope. For immunofluorescence, liver sections were deparaffinized
in xylene, and heat-mediated antigen retrieval was performed with cit-
rate buffer (10 mM sodium citrate, pH 6.0) for F4/80 antibodies and
Tris-EDTA buffer (10 mM Tris Base, 1 mM EDTA, pH 9.0) for 4-HNE and
human PTP1B antibodies. Samples were blocked by 3% BSA at room
temperature for 1 h then incubated with primary antibodies at 4 °C
overnight. Images were visualized with appropriate Alexa Fluor-
conjugated secondary antibodies (Thermo Fisher Scientific) and detec-
ted by an Olympus FV1000 laser scanning confocal microscope.

2.4. Biochemical analyses

Frozen liver samples were ground by mortar and pestle in the pres-
ence of liquid nitrogen. Protein was extracted by radio-
immunoprecipitation assay buffer containing 10 mM Tris-HCI (pH 7.4),
150 mM NacCl, 0.1% SDS, 1% Triton X-100, 1% sodium deoxycholate, 5
mM EDTA, 20 mM NaF, 2 mM sodium orthovanadate and protease in-
hibitors. Whole lysates were clarified by centrifugation at 12,000 rcf for
10 min at 4 °C, and protein concentrations quantified using a BCA
protein assay kit (Pierce). For immunoblotting, tissue lysates were
resolved by SDS-PAGE and transferred to PVDF membranes (Bio-Rad).
Target proteins were recognized with the relevant primary and sec-
ondary antibodies incubated at 4 °C overnight and at room temperature
for 1 h, respectively. Blots were incubated with the HyGLO Chemilu-
minescent HRP antibody detection kit (Denville Scientific) then exposed
to HyBlot autoradiography films (Denville Scientific). Band intensities
were quantitated using the FluorChem 9900 program (Alpha Innotech).
Protein phosphorylation was normalized to the corresponding protein
expression. Blood plasma samples were collected by centrifugation at
2,000 rcf for 15 min at 4 °C, and alanine aminotransferase (ALT)
determined using ALT/SGPT color endpoint kit (A526-120, Teco Diag-
nosis). For hepatic triglycerides, liver (~25 mg) was homogenized in
equal amounts (1:1 v/v) of PBS and chloroform/methanol (2:1 v/v)
solutions. After vortexing for 3 min, the mixture was centrifuged at
3,000 rcf for 10 min at room temperature, and the lower layer was
collected to air-dry overnight. The pellet was re-suspended in iso-
propanol and measured using Infinity Triglycerides Liquid Stable Re-
agent kit (TR22421, Thermo Fisher Scientific). All assays were
conducted following the manufacturer’s instructions.

2.5. Quantitative real-time PCR

Frozen livers were homogenized, and RNA extracted using TRIzol
reagent (Invitrogen) with the quantity and quality determined using
NanoDrop One (Thermo Fisher Scientific). After that, cDNA was
generated using a high-capacity cDNA reverse transcription kit (Applied
Biosystems). Samples were mixed with SsoAdvanced Universal SYBR
Green Supermix (Thermo Fisher Scientific) and relevant primer pairs to
determine the threshold cycle (Ct) by CFX96 Touch Real-Time PCR
Detection System (Bio-Rad). Gene expression was normalized with
TATA box-binding protein (Tbp) and beta-2-microglobulin (B2M) as the
housekeeping genes for mouse and human samples, respectively. Rela-
tive fold change of mRNA level was calculated using the ACT method.
The sequences of primers are listed in Supplementary Table 2.

2.6. Isolation and culture of primary hepatocytes

Hepatocyte isolation and culture were performed as previously
described with few modifications [29]. Briefly, stock solutions were
prepared (1L, pH 7.3) as detailed and filtered using a 0.22 pm PVDF
membrane (SCGVU10RE, Millipore). MEM buffer: Minimum essential
medium (M0268, Sigma), 2.2 g NaHCOs. Solution I: Hanks’ balance salts
without Ca* (H2387, Sigma), 2.38 g HEPES, 0.35 g NaHCOg3, 0.19 g
EDTA. Solution II: MEM buffer plus 0.1 mg/ml Collagenase P



M.-F. Hsu et al.

(11249002001, Sigma), freshly prepared before use. Solution III: Hanks’
balanced salts (H6136, Sigma), 2.38 g HEPES, 0.35 g NaHCO3. WE
medium: Williams’ E medium (W4125, Sigma), 2.6 g HEPES, 2.2 g
NaHCOs3, 100 ml 10x penicillin/streptomycin (15140122, Gibco). Mice
were sacrificed, and the liver was perfused slowly through a portal vein
by 10 ml warm Solution I then 10 ml warm Solution II with periodically
applying pressure on inferior vena cava to swell the tissue. After that, the
liver was collected and incubated with 10 ml Solution II in a 50 ml
polypropylene tube for 8 min at 37 °C. Next, the liver lobes were torn
apart gently for hepatocyte release with 10 ml Solution III plus 10% FBS.
The cell suspension was filtered through a 100 pm strainer and washed
again by 10 ml Solution III (10% FBS). Samples were centrifuged at 50
ref for 2 min to pellet hepatocytes, and the pellet was resuspended with
20 ml Solution III. The wash step was repeated once, and then the pellet
was resuspended in WE medium for cell counting by hemocytometer.
Isolated hepatocytes were seeded on a collagen-coated culture surface at
1.5 x 10°/well for 24-well plate (354408, Corning) and 6 x 10°/well for
a 35 mm dish (356456, Corning). After 6h incubation with WE medium
containing 10% FBS at 37 °C, primary hepatocytes were maintained
with WE medium plus 1% FBS at 37 °C until further experiments.

2.7. Measurement of reactive oxygen species (ROS)

The primary hepatocytes were pre-loaded with the ROS probe (CM-
H2DCFDA, Thermo Fisher Scientific) at 50 pg/24-well plates for 30 min
at 37 °C. Then hepatocytes were treated with ethanol (100 mM) and
NAC (2 mM) or H205 (10 uM) for an additional 60 min at 37 °C. Data
were collected using a plate reader (BioTek Synergy H1) with excitation
at 492 nm and emission at 522 nm.

2.8. Statistics

Data were expressed as means + standard error of the mean (SEM)
and statistical analyses performed using Excel with Real Statistics plug-
in (www.real-statistics.com). Statistical significance was determined by
one-way ANOVA with post-hoc Tukey’s test or two-tailed t-test as
appropriate. The details of each experiment, including the number of
samples, are included in the figures legends. Differences were consid-
ered significant at p < 0.05.
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3. Results
3.1. Elevated hepatic PTP1B in ethanol-fed mice and AH patients

Ethanol elicits the upregulation of PTP1B in rat and macaque models
[22-24]. Herein, we determined the expression of hepatic PTP1B in the
chronic plus binge mouse model of ALD and AH patients. Immuno-
blotting of hepatic lysates demonstrated a significant increase in PTP1B
protein expression in ethanol-fed compared with pair-fed wild-type mice
(Fig. 1A). Additionally, we evaluated PTP1B expression in de-identified
human liver biopsies from healthy subjects and AH patients. Notably,
the biopsies from AH patients displayed significantly increased expres-
sion of PTP1B mRNA and more intense immunostaining compared to
healthy subjects (Fig. 1B and C). These findings ascertained elevated
hepatic PTP1B upon ethanol challenge and suggested that dysregulation
of PTP1B signaling might be relevant to ethanol-induced hepatic
dysfunction.

3.2. Hepatic PTP1B disruption mitigated ethanol-induced injury,
inflammation, and steatosis

To determine the extent to which the altered PTP1B expression
might contribute to ALD, we used mice with liver-specific PTP1B defi-
ciency (Ppn1" Alb-Cre; termed LPTP1B KO) [15,27]. We subjected
age-matched control (Ptpn]ﬂ/ﬂ) and LPTP1B KO female mice to an
ethanol challenge using the chronic plus binge model and assessed
ensuing alterations. This experimental model recapitulates several as-
pects of human disease, including hepatic injury, inflammation, and
steatosis [28]. The body weights of pair- and ethanol-fed control and
LPTP1B KO mice were comparable (data not sown). To evaluate the
hepatic injury, we determined blood alanine aminotransferase (ALT) in
control and LPTP1B KO mice under pair- and ethanol-fed states. Ethanol
increased ALT in both genotypes, but that was significantly lower in the
LPTP1B KO mice (Fig. 2A). Also, we assessed the expression of inflam-
matory cytokines and marker genes of immune cells. Hepatic mRNA
expression of interleukin-1p (Il1b), monocyte chemotactic protein 1
(MCP1; Ccl2), and tumor necrosis factor-alpha (Tnfa) under ethanol
feeding exhibited a trend of lower induction in LPTP1B KO mice
(Fig. 2B). Similarly, we observed significantly lower ethanol-induced
expression of macrophage F4/80 (Adgrel) and lymphocyte antigen 6
complex locus G6D (Ly6g) mRNA in LPTP1B KO mice compared to
control animals (Fig. 2B). In keeping with this, hematoxylin and eosin
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Fig. 2. Hepatic PTP1B disruption mitigates ethanol-induced injury and inflammation. Ctrl (Ptpnlﬂ/ ) and KO (Ptpnlﬂ/ ﬂ, Alb-Cre) female mice were used in the
chronic plus binge model. Pair: control diet + maltose gavage, EtOH: ethanol diet + ethanol gavage. A) Plasma ALT presented in a bar chart as means + SEM (n = 5
pair-fed Ctrl mice and n = 6 for each of the remaining groups). **p < 0.01 Pair vs. EtOH and ''p < 0.01 Ctrl vs. KO by one-way ANOVA with post-hoc Tukey’s test. B)
Hepatic mRNA of I11b, Ccl2, Tnfa, Adgrel, and Ly6g were determined by qPCR normalized to Thp then expressed as means + SEM (n = 3 per group). *p < 0.05 Pair vs.
EtOH and 'p < 0.05 Ctrl vs. KO by a two-tailed t-test. C) H&E-stained liver sections of Ctrl and KO mice with ethanol-induced inflammatory cell infiltration indicated
by white circles. Scale bar: 100 pm. D) Confocal images of liver sections immunostained with the macrophage marker F4/80 (green) and DAPI counterstain (blue).
Boxed areas are enlarged, and arrowheads indicate macrophages. Scale bar: 50 pm. E) Immunoblots of pNF-kB and NF-kB in hepatic lysates and each lane represents
an independent animal. The phosphorylation level was normalized to protein expression and represented as means + SEM (right panel; n = 5 pair-fed Ctrl mice and n
= 6 for each of the remaining groups). *p < 0.05 Pair vs. EtOH and ''p < 0.01 Ctrl vs. KO by a two-tailed t-test. A.U.: arbitrary unit.

and F4/80 immunostaining showed fewer ethanol-induced immune
cells and macrophages in LPTP1B KO mice compared with controls
(Fig. 2C and D). Consistent with these findings, LPTP1B KO mice
exhibited significantly lower ethanol-induced hepatic NF-kB phosphor-
ylation compared with control animals (Fig. 2E).

Having established the effects of hepatic PTP1B disruption on
ethanol-induced injury and inflammation, next, we sought to assess its
impact on hepatic steatosis. Ethanol oxidative metabolites, including
acetaldehyde and reactive oxygen species (ROS), exert a myriad of ef-
fects that alter lipid homeostasis and promote steatosis [6]. Ethanol
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increased hepatic triglycerides, the predominant lipids implicated in
steatosis, in control (Ptpn]ﬁ/ﬁ) and LPTP1B KO mice, but to a signifi-
cantly lower level in the latter (Fig. 3A). This phenotype was accom-
panied by alterations in the expression of genes involved in hepatic de
novo lipogenesis and fatty acid uptake. Indeed, LPTP1B KO mice pre-
sented diminished ethanol-induced expression of mRNA of
lipogenesis-related genes namely peroxisome proliferator-activated re-
ceptor gamma (Pparg), as well as sterol regulatory element-binding
protein 1c (SrebfI) and its targets fatty acid synthase (Fasn) and sterol
CoA desaturase (Scd) (Fig. 3B). Additionally, the cluster of differentia-
tion 36 (Cd36) that is implicated in FA uptake exhibited a trend for lower
induction in LPTP1B KO mice compared with controls. In keeping with
this, histological analysis and gross morphology revealed decreased
ethanol-induced accumulation of lipid vacuoles in the livers of LPTP1B
KO mice compared with controls (Fig. 3C). Altogether, these findings
demonstrate that hepatic PTP1B disruption mitigates ethanol-induced
injury and inflammation, as well as hepatic steatosis.

3.3. Hepatic PTP1B disruption ameliorated ethanol-induced oxidative
stress in vivo and ex vivo

We sought to delineate the pathways that might mediate hepatic
PTP1B actions under ethanol challenge. Ethanol oxidative metabolism is
a significant contributor to ALD [30,31]. In hepatocytes, alcohol is
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degraded by inducible (CYP2E1) and non-inducible (alcohol dehydro-
genase) enzymes that generate acetaldehyde and ROS, thereby
contributing to cellular injury [6,31-33]. We evaluated the effects of
hepatic PTP1B disruption on ethanol-induced oxidative stress and lipid
peroxidation in pair- and ethanol-fed control (Ppn1#) and LPTP1B KO
mice. Ethanol increased hepatic CYP2E1 expression as expected [32]
and to a comparable level in control and LPTP1B KO mice (Fig. 4A).
Notably, PTP1B deficiency mitigated ethanol-induced attenuation of
AKT phosphorylation and elevation of ERK phosphorylation (Fig. 4A).
Consistently, ethanol-induced attenuation of endothelial nitric oxide
synthase (eNOS) phosphorylation was significantly lower in LPTP1B KO
mice compared with controls (Fig. 4B). Moreover, ethanol increased the
expression of inducible nitric oxide synthase (iNOS), NADPH oxidase 2
(NOX2), and NADPH oxidase 4 (NOX4) in both genotypes but to a
significantly lower level in the LPTP1B KO mice. Additionally, hepatic
PTP1B deficiency diminished the ethanol-induced reduction of the an-
tioxidants glutathione peroxidase 1/2 (GPx1/2) and superoxide dis-
mutase 1 (SOD1) (Fig. 4B). In keeping with this, the oxidative
stress-induced lipid peroxidation evaluated by 4-HNE immunoblotting
(Supplementary Fig. S1 and Fig. 4C) and immunostaining (Fig. 4D), was
significantly lower in ethanol-fed LPTP1B KO mice compared with
controls. Thus, hepatic PTP1B disruption in vivo was associated with
diminished ethanol-induced activation of critical components in oxida-
tive stress signaling and lipid peroxidation.
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Fig. 3. Hepatic PTP1B disruption attenuates ethanol-induced steatosis. Ctrl (Plpnlﬂ/ﬂ) and KO (Plpnlﬂ/ﬂ, Alb-Cre) female mice were used in the chronic plus
binge model. Pair: control diet + maltose gavage, EtOH: ethanol diet + ethanol gavage. A) Hepatic triglycerides concentrations presented as means + SEM (n = 5
pair-fed Ctrl mice and n = 6 for each of the remaining groups). *p < 0.05, **p < 0.01 Pair vs. EtOH and p < 0.05 Ctrl vs. KO by one-way ANOVA with post-hoc
Tukey’s test. B) Hepatic mRNA of Pparg, Srebf1, Fasn, Cd36, and Scd were determined by qPCR normalized to Thp then expressed as means + SEM (n = 3 per group).
*p < 0.05, **p < 0.01 Pair vs. EtOH and 'p < 0.05, Tp < 0.01 Ctrl vs. KO by a two-tailed t-test. A.U.: arbitrary unit. C) H&E-stained liver sections of Ctrl and KO mice
demonstrating lipid accumulation and boxed areas are enlarged. Scale bar: 100 pm.
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Having established that hepatic PTP1B disruption can attenuate
ethanol-induced oxidative stress in vivo, we next evaluated whether this
might occur in ex vivo. To this end, we isolated primary hepatocytes from
control and LPTP1B KO mice and determined the impact of ethanol on
oxidative stress. Ethanol increased ROS in primary hepatocytes but to a
significantly lower level in LPTP1B KO compared to control hepatocytes
(Fig. 5A). To ascertain that alterations in intracellular ROS contribute to
the effects of PTP1B deficiency, we sought to refashion the ROS levels
using pharmacological approaches. To this end, we treated primary
hepatocytes from control and LPTP1B KO mice with NAC and H,0; to
diminish and increase intracellular ROS, respectively. We found that
these interventions altered ROS levels as expected and rendered them
comparable between genotypes (Fig. 5A). Subsequently, we evaluated
inflammation, and oxidative stress signaling in the hepatocytes from

control and LPTP1B KO mice. The ethanol-induced suppression of AKT
and elevation of NF-xB and ERK phosphorylation were lower in LPTP1B
KO compared to control hepatocytes (Fig. 5B and C). Remarkably, NAC
treatment of control hepatocytes rendered them comparable to LPTP1B
KO cells with lower ethanol-induced AKT suppression and NF-kB and
ERK activation (Fig. 5B). On the other hand, treating LPTP1B KO he-
patocytes with HyO» abolished the protective effects of PTP1B defi-
ciency, and the cells exhibited elevated ethanol-induced AKT
suppression and NF-kB and ERK activation (Fig. 5C). Collectively, these
findings established that the beneficial effects of hepatic PTP1B
disruption are mediated, at least in part, by diminished ethanol-induced
oxidative stress, and are consistent with being cell-autonomous.
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Fig. 5. PTP1B disruption modulates oxidative stress signaling in ethanol-
treated hepatocytes. Primary hepatocytes isolated from Ctrl (Ppn’¥%) and KO
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3.4. PTP1B pharmacological inhibition alleviated the harmful effects of
ethanol feeding

Given the salutary effects of PTP1B disruption, we determined the
effects of its pharmacological targeting in the chronic plus binge model
as outlined (Fig. 6A). To this end, we used the potent, non-competitive
and orally bioavailable PTP1B inhibitor methyl (3,7a)-3-((4-((pyr-
idin-2-ylmethyl)amino)butyl)amino)-7-hydroxycholan-24-oate
(PTP1Bi; DPM-1001) [34]. Briefly, wild-type female mice were fed the
ethanol diet without and with the PTP1B inhibitor (5 mg/kg orally).
Notably, PTP1B inhibition alleviated ethanol-induced hepatic injury and
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inflammation, as evidenced by decreased plasma ALT and hepatic
expression of Il1b, Ccl2, and Tnfa mRNA (Fig. 6B). Moreover,
ethanol-induced triglycerides accumulation and expression of key
lipogenesis-related genes (Pparg, Srebf1) were lower in inhibitor-treated
mice compared with non-treated control animals (Fig. 6C). Further,
PTP1B pharmacological inhibition attenuated ethanol-evoked hepatic
NF-xB and ERK activation, reduced NOX2 and NOX4 expression, and
increased AKT activation as well as SOD1 and GPx1/2 expression
(Fig. 6D). Altogether, these findings are consistent with PTP1B inhibi-
tion alleviating ALD in a preclinical mouse model, at least partly, by
attenuating ethanol-induced inflammation and oxidative stress.

4. Discussion

ALD is a significant cause of liver-related death, and alcohol cessa-
tion is the mainstay of therapy for this deadly malady. Given the chal-
lenges of sustaining changes in lifestyle and heavy alcohol consumption,
there is an unmet need for pharmacotherapeutic interventions. The
current findings implicated PTP1B, a long-standing therapeutic target
for obesity and T2D, in ALD. Ethanol increased the expression of hepatic
PTP1B, suggesting that dysregulation of its signaling might be relevant
in ALD. Indeed, using a tissue-specific loss-of-function approach, we
reported beneficial effects of hepatic PTP1B deficiency in a preclinical
mouse model of the disease. Importantly, we explored a pharmacolog-
ical intervention with translational potential by targeting PTP1B in vivo
and identified this phosphatase as a likely target for ALD.

Several interrelated factors, including the regulation of expression,
fine-tune PTP1B signaling. The observed elevation of hepatic PTP1B
could be ascribed, in large part, to changes in hepatocytes as they
constitute about 80% of the liver volume [35]. The functional signifi-
cance of PTP1B upregulation remains to be elucidated but may exac-
erbate the disease. Indeed, the converse, PTP1B deficiency and
pharmacological inhibition, elicited beneficial effects, and ameliorated
ALD. Additionally, the ethanol-induced increase of PTP1B in mice is in
keeping with the elevated expression of this phosphatase in animal
models of disease [36-38]. In particular, chronic ethanol consumption
increases PTP1B protein expression and activity in rat skeletal muscle
[22] and liver [24], as well as macaque [23]. Notably, the elevated
hepatic PTP1B in AH patients endowed potential translational relevance
to the current observations. The expression of the closely-related T cell
phosphatase (TCPTP) [39] that is also implicated in hepatic function
[40] was not altered in biopsies of AH patients compared with healthy
subjects indicating differential expression of these PTPs (Hsu and Haj,
unpublished data). The molecular mechanism by which PTP1B is
upregulated in ALD is currently uncharted. Also, the level of regulation
is undetermined and may include alterations in translation and protein
expression and degradation. Of note, HFD-induced inflammation in
mice increases PTP1B mRNA and protein expression in vivo (liver, adi-
pose tissue, and skeletal muscle) with TNFo inducing PTP1B transcrip-
tion through NF-xB [38]. So it is reasonable to speculate that
ethanol-triggered inflammation may contribute, at least in part, to the
marked upregulation of hepatic PTP1B in ALD. Also, it is not clear if the
elevated expression translates to a concomitant increase in enzymatic
activity. Numerous post-translational modifications including, but not
limited to, oxidation regulate PTP1B activity. Indeed, PTP1B contains an
essential catalytic cysteine with a low pKa that enhances the catalytic
function but also renders the phosphatase susceptible to oxidation
leading to reversible inactivation [41-43]. Of note, hepatic PTP1B is
oxidized in mice fed a HFD [44] and those with hepatic GPx-1 deficiency
[45]. The ROS that is generated by ethanol metabolism may amplify
PTP1B oxidation and contribute to irreversible oxidation, but the
magnitude and ensuing impact on phosphatase activity and expression
remain to be determined.

The increase of hepatic PTP1B suggested that the upregulation of this
enzyme might be benign or a contributor to ALD pathogenesis. To
differentiate between the two scenarios and investigate the role of
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hepatic PTP1B in ALD, we generated mice with liver-specific PTP1B
disruption using PTP1B floxed mice [27] that have been used to ablate
PTP1B in various tissues [15,46,47]. The Alb-Cre transgenics yield
efficient disruption in hepatocytes [48-50] but do not significantly
impact nonparenchymal cells that also are implicated in ALD. Several
rodent models of ALD are available, each with limitations and trans-
lational relevance [51]. While no animal model faithfully recapitulates
all the human disease features, the model herein reproduces several
aspects [28] but is not amenable for assessing fibrosis as with the hybrid
model (high cholesterol/fat diet with intragastric ethanol) [52]. Of note,
the present studies were performed using female mice, given their
higher sensitivity to ethanol than males, as observed in patients [53].
Also, the current studies addressed the effects of PTP1B disruption,
mostly in the liver. It is plausible that hepatic PTP1B disruption, via a
direct and/or indirect mechanism, might grant protection against the
deleterious effects of alcohol in other tissue(s). In keeping with this
notion, hepatic PTP1B deficiency protects against HFD-induced endo-
thelial dysfunction [54].

We demonstrated beneficial effects of hepatic PTP1B disruption in a
mouse model of ALD and established mitigation of ethanol-induced
injury, inflammation, and steatosis (Figs. 2-4). The attenuation of
ethanol-induced injury is in line with the protective effects of PTP1B
deficiency in hepatic injury. Indeed, PTP1B deficiency decreases hepa-
tocyte apoptosis in a FAS-induced injury model [17], improves liver
regeneration and decreases liver injury during partial hepatectomy [18,
19], and mitigates APAP-induced cell death and ROS [20]. Also, hepatic
PTP1B disruption attenuated ethanol-induced hepatic and systemic
inflammation, as evidenced by reduced ethanol-induced inflammatory
cytokines, inflammatory cell infiltration, and NF-«xB activation (Fig. 2).
Consistent with this observation, it was recently reported that PTP1B
silencing attenuates alcohol and LPS-induced inflammatory response

and NF-kB signaling in macrophages, whereas overexpression induces
inflammation [26]. PTP1B is an established modulator of the inflam-
matory response but is likely to be a tissue- and stimulus-dependent
[55]. Further, hepatic PTP1B disruption attenuated hepatic steatosis
caused by ethanol, as evidenced by decreased hepatic triglycerides,
expression of genes involved in lipogenesis, and histology (Fig. 3). These
findings are consistent with the impact of PTP1B deficiency on steatosis
in response to xenobiotic and metabolic challenges. In particular,
chronic ethanol consumption induces hepatic steatosis in rats and is
associated with increased PTP1B and fatty acid translocase [24]. Addi-
tionally, in response to a HFD challenge, hepatic PTP1B disruption de-
creases hepatic and serum triglycerides and reduces the expression of
lipogenic genes [15].

Amelioration of ethanol-induced oxidative stress is a substantial
mediator of the salutary effects of hepatic PTP1B deficiency. Ethanol
oxidative metabolism generates a significant amount of ROS, including
superoxide anion (03 ), hydrogen peroxide (H205), and the hydroxyl
radical (*OH) [56], and is a contributor to ALD pathogenesis [30,31].
The augmented production of reactive oxygen/nitrogen species
(ROS/RNS) and the depletion of antioxidants result in an imbalance of
redox homeostasis [6]. Importantly, oxidative stress is reported in pa-
tients with ALD, and the severity of disease correlates with elevated lipid
peroxidation and reduced antioxidants [57]. Biochemical evaluation of
oxidative stress provided compelling evidence supporting the attenua-
tion of this pathway in LPTP1B KO mice. Chronic alcohol abuse in-
creases CYP2E1 [32], which leads to elevated ROS [58]. We observed
comparable ethanol-induced upregulation of CYP2E1 in control and
LPTP1B KO mice suggesting similar ethanol metabolism. The associa-
tion of ethanol-impaired AKT activation [59,60] and elevated ERK
activation [61,62] and hepatic injury is documented. In line with these
reports, the ethanol-altered AKT and ERK phosphorylation was
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significantly mitigated in LPTP1B KO mice. Moreover, eNOS activation
is attenuated under chronic ethanol feeding [63], whereas AKT-induced
eNOS phosphorylation (Ser1177) enhances its activity [64]. In keeping
with this, the ethanol-induced attenuation of eNOS phosphorylation was
mitigated in LPTP1B KO mice compared with controls. Furthermore,
alcohol-induced activation of iNOS and NOX is observed in multiple
hepatic cell types, including hepatocytes [65]. Consistently, the
ethanol-induced upregulation of oxidative stress proteins and down-
regulation of antioxidants in control animals were diminished in
LPTP1B KO mice. The highly reactive hydroxyl radicals contribute to
various reactions, including lipid peroxidation that leads to hepatic
injury by the formation of toxic aldehydes such as 4-HNE [66,67]. In
keeping with the decreased oxidative stress in LPTP1B KO mice, the lipid
peroxidation was diminished in these mice. Notably, primary hepato-
cytes recapitulated the effects of hepatic PTP1B disruption in vivo
consistent with those being cell-autonomous. Furthermore, pharmaco-
logical modulations that refashioned ROS in hepatocytes established
diminished oxidative stress as a mediator of the beneficial effects of
PTP1B deficiency under ethanol challenge. Noteworthy is that PTP1B
disruption may modulate additional signaling pathways including, but
not limited to, endoplasmic reticulum (ER) stress to impact ALD. Indeed,
ethanol and its metabolites impair proper protein folding within the ER
lumen leading to stress that is countered by the unfolded protein
response [68,69]. Hepatic PTP1B disruption attenuates HFD-induced ER
stress [15,16,70], and if its disruption comparably impacts
ethanol-induced stress remains to be established.

Using the orally bioavailable PTP1B inhibitor (DPM-1001) [34], we
demonstrated that targeting PTP1B ameliorated ethanol-induced he-
patic injury, inflammation, steatosis, and oxidative stress. Given the
systemic delivery of DPM-1001, the effects of PTP1B inhibition are likely
ascribed to hepatic and non-hepatic tissue(s). In keeping with this
notion, preliminary studies suggested diminished ethanol-induced anx-
iety in inhibitor-treated mice compared with untreated animals as
evaluated by the open field test (Hsu and Haj, data not shown). Systemic
delivery of PTP1B inhibitor may be of value as alcohol can permeate a
plethora of tissues with adverse consequences [71]. Indeed, PTP1B in-
hibition using antisense oligonucleotides enhances insulin sensitivity
and decreases weight in T2D patients [14]. However, it is worth noting
that myeloid-specific PTP1B deficiency in mice leads to the development
of acute leukemia [72], suggesting the need for a targeted inhibitor
delivery. Indeed, intracerebroventricular administration of a
small-molecule PTPB inhibitor prevents binge drinking-induced sys-
temic insulin resistance and glucose intolerance [25]. Given the
resurging interest in targeting PTP1B [12], newly developed inhibitors
may be repurposed for ALD. Of note, DPM-1001 is a therapeutic agent
for Wilson’s disease [73]. In summary, the current findings identified
hepatic PTP1B as a novel target for ALD. They suggested that PTP1B
pharmacological inhibition, likely in combination therapy, might afford
a viable therapeutic approach for this disease.
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