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ABSTRACT
We recently identified upregulation of a novel aryl hydrocarbon
receptor (AhR) target gene, stanniocalcin 2 (STC2), by an endoge-
nous AhR agonist, cinnabarinic acid (CA). STC2 is a disulfide-
linked homodimeric secreted glycoprotein that plays a role in vari-
ous physiologic processes, including cell metabolism, inflamma-
tion, endoplasmic reticulum (ER) and oxidative stress, calcium
regulation, cell proliferation, and apoptosis. Our previous studies
have confirmed that CA-induced AhR-dependent STC2 expres-
sion was able to confer cytoprotection both in vitro and in vivo in
response to injury induced by variety of ER/oxidative insults. Here,
we used mouse models of chronic and acute ethanol feeding and
demonstrated that upregulation of STC2 by CA was critical for
cytoprotection. In STC2 knockout mice (STC2�/�), CA failed to
protect against both acute as well as chronic-plus-binge ethanol-
induced liver injury, whereas re-expression of STC2 in the liver
using in vivo gene delivery restored cytoprotection against
injury based on measures of apoptosis and serum levels of

liver enzymes, underlining STC2’s indispensable function in
cell survival. In conclusion, the identification of STC2 as an
AhR target gene receptive to CA-mediated endogenous AhR
signaling and STC2’s role in providing cytoprotection against
liver injury represents a key finding with potentially significant
therapeutic implications.

SIGNIFICANCE STATEMENT
We recently identified stanniocalcin 2 (STC2) as a novel aryl
hydrocarbon receptor (AhR) target gene regulated by endoge-
nous AhR agonist and tryptophan metabolite, cinnabarinic acid
(CA). Here, we showed that CA-induced STC2 expression con-
ferred cytoprotection against apoptosis, steatosis, and liver
injury in chronic as well as acute models of ethanol feeding.
Therefore, this study will prove instrumental in developing CA
as a promising lead compound for future drug development
against hepatic diseases.

Introduction
Persistent and excessive hepatocyte apoptosis plays a funda-

mental role in a plethora of liver ailments, including alcohol-
induced diseases (Su et al., 1998; Guicciardi et al., 2013). There-
fore, the development of novel intervention strategies that can
attenuate excessive apoptosis may provide therapeutics against
both acute and chronic hepatic diseases. The aryl hydrocarbon
receptor (AhR) has recently been identified as a potential thera-
peutic target in a variety of liver, oncogenic, immune, and
inflammatory diseases, highlighting AhR ligands as attractive
candidates with beneficial pharmaceutical properties (Mulero-
Navarro and Fernandez-Salguero, 2016). Historically, the AhR

has been examined as a modulator of xenobiotic metabolism
due to its involvement in the activation of cytochrome P450
1A1 (CYP1A1) expression in response to the classic exogenous
ligand 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). In the
canonical pathway, agonist binding initiates AhR nuclear
translocation, followed by heterodimerization with the AhR
nuclear translocator protein (ARNT) and binding to the xenobi-
otic response elements (XREs, harboring a 50-GCGTG-30 core
motif) in the promoter region of AhR controlled genes (Legra-
verend et al., 1982; Probst et al., 1993). We recently established
that the tryptophan catabolite, cinnabarinic acid (CA), is an
endogenous AhR agonist that can regulate expression of a novel
AhR target gene, stanniocalcin 2 (STC2) (Harper et al., 2013;
Lowe et al., 2014; Joshi et al., 2015). CA treatment promoted
direct AhR binding to an enhancer cassette encompassing eight
XREs located within the STC2 promoter (Harper et al., 2013;
Joshi et al., 2015; 2017). Notably, CA does not trigger expres-
sion of the canonical AhR target gene CYP1A1 in the liver
(Harper et al., 2013; Joshi et al., 2015). Conversely, STC2 is
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nonresponsive to exogenous AhR agonists, including TCDD
(Harper et al., 2013). These data reveal that CA and TCDD
drive mutually exclusive AhR-mediated transcriptional pro-
cesses in spite of using a core mechanism that involves the
aryl hydrocarbon receptor/aryl hydrocarbon receptor nuclear
translocator (AhR/ARNT) heterodimer interaction with XRE
enhancer elements.
STC2 is a secreted, glycosylated, disulfide-linked protein

expressed in a wide variety of tissues and is predicted to func-
tion in an autocrine or paracrine manner (Wagner and Dimat-
tia, 2006; Joshi, 2020). STC2’s antiapoptotic role was first
revealed in N2a and PC12 cell lines subjected to thapsigargin-
and tunicamycin-stimulated endoplasmic reticulum (ER) stress
and hypoxia (Ito et al., 2004). Mechanistically, STC2 has been
shown to alter protein kinase RNA-like endoplasmic reticulum
kinase (PERK), protein kinase B (AKT), and extracellular sig-
nal-regulated kinase (ERK) signaling during protection against
ER and oxidative stress-induced apoptosis (Fazio et al., 2011;
Kim et al., 2015). Published findings also indicate involvement
of STC2 in regulating cellular calcium stores, thereby protect-
ing against unfolded proteins response (Zeiger et al., 2011).
Additionally, a recent report suggests that STC2 activates sig-
nal transducer and activator of transcription 3 (STAT3) sig-
naling to ameliorate hepatosteatosis (Zhao et al., 2018). Our
laboratory has previously shown that in primary hepatocytes,
CA-induced STC2 expression protected cultured cells against
apoptosis induced by both ER and oxidative stressors (Joshi
et al., 2015). Furthermore, in vivo studies using AhR-positive
(AhR-floxed) mice and AhR liver-specific conditional knockout
mice subjected to acute ethanol toxicity demonstrated that CA
pretreatment protected the livers against ethanol-induced
overt liver injury manifested as hepatocyte apoptosis and
microvesicular steatosis in a mechanism that was AhR-depen-
dent (Joshi et al., 2015).
In the present study, we further examined CA’s capacity to

protect mice against hepatic injury in models of alcoholic liver
disease. Our data strongly suggest that the CA-driven STC2
elevation is responsible for protection against ethanol-induced
hepatocyte apoptosis, liver steatosis, and injury in both acute
and chronic models of hepatotoxicity. Moreover, the introduc-
tion of an STC2 expression construct into STC2 knockout
mouse livers using in vivo gene transfections protected ani-
mals against hepatic injury after ethanol insult.

Materials and Methods
Animals and In Vivo Treatments. Eight- to ten-week-old

STC21/1 and STC2�/� (STC2 knockout mice obtained from Dr. Gopal
Thinakaran) (Zeiger et al., 2011) female mice, which are more suscep-
tible to both acute and chronic alcohol-induced liver injury than males,
were used as per the Institutional Animal Care and Use Committee,
University of Texas Medical Branch’s guidelines (Iimuro et al., 1997;
Eagon, 2010; Wagnerberger et al., 2013). For chronic alcohol studies,
the National Institute on Alcohol Abuse and Alcoholism (NIAAA)
‘chronic and binge ethanol feeding model’ was used (Bertola et al.,
2013). Mice were initially fed with control Lieber-DeCarli ad libitum
diet (Bio-Serv, Flemington, NJ) for 5 days, followed by Lieber-DeCarli
diet containing 5% v/v ethanol (Bio-Serv) for 10 days. The control
mouse group had free access to an isocaloric control diet (Bio-Serv)
(Bertola et al., 2013). On day 11, a single dose of ethanol at 6 gm/kg
body weight (binge) or 10.8 gm isocaloric maltose dextrin per kg body
weight (for the control group), were administered through oral gavage.
Mice were euthanized after 9 hours by inhalant anesthetic overdose of

isoflurane followed by removal of a vital organ as a secondary assur-
ance method. Mice livers were subsequently harvested. For mice in
‘control 1 CA’ and ‘ethanol 1 CA’ groups, 12 mg/kg CA (dissolved
with 2% DMSO in saline) was administered daily for 11 days via
intraperitoneal injections (i.p.). CA was synthesized by Synthetic
Organic Chemistry Core at the University of Texas Medical Branch
(Joshi et al., 2017). For chronic and binge ethanol feeding studies,
mice were housed individually for the measurement of diet and were
provided with environmental enrichments to mitigate stress.

For acute alcohol model, mice were treated with 6 gm/kg body
weight ethanol oral gavage for 12 hours (Zhou et al., 2001; 2003). For
‘ethanol 1 CA’ group, mice were pretreated with 12 mg/kg CA via i.p.
for 12 hours (Joshi et al., 2015). Twelve hours after CA injection, etha-
nol was administered. Twelve hours after the ethanol treatment, mice
were euthanized.

Detection of CA in Liver Extracts by High-Performance
Liquid Chromatography-Tandem Mass Spectrometry. Livers
from different treatment groups collected after chronic and acute etha-
nol studies were sonicated in 4% trichloroacetic acid. Liver homoge-
nates were centrifuged at 2200 × g for 30 minutes. Pellets were
resuspended in 300 ll of acetonitrile. Samples were vortexed and cen-
trifuged at 9000 × g for 5 minutes, and 200 ll of supernatants was
air-dried by speed vacuum centrifuge. The pellets were suspended
with 100 ll of formic acid and injected into the high-performance
liquid chromatography (HPLC). Chromatographic separation was per-
formed at the University of Texas Medical Branch Mass Spectrometry
Facility on a reversed-phase column (50 × 2.0 mm; Luna C18, 5 lm,
100-Å pore size), equipped with a security guard pre-column (Phenom-
enex, Torrance, CA), containing the same packing material as
described previously (Fazio et al., 2012). The mass spectrometry was
performed using Orbitrap Fusion (Thermo Fisher Scientific, Waltham,
MA) at the Mass Spectrometry Facility (University of Texas Medical
Branch). The high-performance liquid chromatography-tandem mass
spectrometry (HPLC-MS/MS) experimental setup and parameters
were identical as previously described (Fazio et al., 2012). CA concen-
trations were measured by establishing a concentration curve using
different concentrations of CA, which were dissolved in acetonitrile
and processed exactly as the liver samples.

RNA Isolation and Quantitative Reverse-Transcription
Polymerase Chain Reaction. Total RNA was isolated from liver
tissues using TRIzol (Thermo Fisher Scientific). First-strand cDNA
was prepared from total RNA using an oligo(dT) primer (New England
Biolabs, Ipwich, MA) and SuperScript II Reverse Transcriptase
(Thermo Fisher Scientific). Quantitative reverse-transcription poly-
merase chain reaction (qRT-PCR) was performed using ABI 7500 Fast
Real-Time PCR system (Thermo Fisher Scientific) in the Molecular
Genomics Core facility at the University of Texas Medical Branch
with oligonucleotide primers for mouse STC2 (forward: GTCGGTGT
GATTGTGGAGATGAT and reverse: TCCACATAGGGCTCATGCAG)
and mouse CYP1A1 (forward: GCCTAACTCTTCCCTGGATGC and
reverse: TCAATGAGGCTGTCTGTGATGTC).

Western Blot Analysis. Liver extracts were prepared in cell lysis
buffer (Cell Signaling Technology, Danvers, MA). Sodium dodecyl sul-
phate-polyacrylamide gel electrophoresis (SDS-PAGE) transfer to
Hybond P membranes (GE Healthcare Life Sciences, Waukesha, WI)
was followed by probing the membranes with custom rabbit polyclonal
antibody against STC2 (ProSci Inc., Poway, CA) (Joshi et al., 2015).
Cy3 goat antirabbit fluorescent secondary antibody (GE Healthcare
Life Sciences) was used. Typhoon Trio Variable Mode Imager (GE
Healthcare Life Sciences) was used to image Western blots.

Caspase 3 Assays. Assays were performed using a caspase 3
assay kit as per the manufacturer’s directions (BD Biosciences, San
Jose, CA) (Joshi et al., 2015). Briefly, fluorogenic caspase 3 substrate
Ac-DEVD-AFC was added to 50 ll liver lysates and incubated at 37�C
for 1 hour. Fluorescence resulting from the cleavage of 7-amino-4-tri-
fluoromethylcoumarin (AFC) was quantified on GloMax Explorer mul-
timode microplate reader (Promega, Madison, WI).
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Terminal Deoxynucleotidyl Transferase–Mediated Digoxi-
genin-Deoxyuridine Nick-End Labeling Assay. Liver tissues
collected after chronic and acute ethanol treatments were processed
for cryosectioning using Leica CM 1900 cryostat (Leica Biosystems,
Buffalo Grove, IL). Sections were fixed in 4% paraformaldehyde for
20 minutes at room temperature, washed with PBS for 30 minutes,
and permeabilized with 0.1% Triton X-100 and 0.1% sodium citrate
containing permeabilization solution for 2 minutes at 4�C. Terminal
deoxynucleotidyl transferase–mediated digoxigenin-deoxyuridine nick-
end labeling (TUNEL) reaction mixture provided in the in situ cell
death detection kit tetramethylrhodamine (TMR) red (Millipore
Sigma, St. Louis, MO) was added to the permeabilized sections and
incubated for 1 hour at 37�C. Slides were rinsed with PBS and treated
with SlowFade Gold with 40,6-diamidino-2-phenylindole (DAPI)
(Thermo Fisher Scientific). Axiovert 200 epifluorescence microscope
(Zeiss, Thornwood, NY) was used to capture the TUNEL positive apo-
ptotic nuclei.

Alanine Aminotransferase Assay. Serum alanine aminotrans-
ferase (ALT) activity was measured using an fluorometric alanine
aminotransferase activity assay kit (Abcam, Cambridge, MA) accord-
ing to the manufacturer’s instructions.

H&E Staining. Liver tissues collected after a chronic-plus-binge
and acute ethanol treatments were placed in 10% neutral buffered for-
malin and submitted to Anatomic Pathology Laboratory at the Uni-
versity of Texas Medical Branch for paraffin embedding, sectioning,
and staining with H&E.

In Vivo Delivery of STC2. Mouse STC2 (Horizon–Perkin Elmer,
Waltham, MA) was subcloned into a commercially available pLIVE
plasmid (Mirus Bio, Madison, WI). For in vivo delivery of the STC2/
pLIVE plasmid into STC2�/� mouse liver, we employed in vivo-jet
PEI-Gal (Polyplus Transfection, Illkirch, France) system as per the
manufacturer’s instructions. For each mouse, 40 lg of endotoxin-free
STC2/pLIVE was delivered through tail vein injections (Girer et al.,
2021).

Primary Hepatocyte Isolation and Treatments. Hepatocytes
from STC2�/� mice transfected in vivo with pLIVE (control) and
STC2/pLIVE plasmids were isolated using the collagenase perfusion
method as previously described (Park et al., 2005). Isolated hepato-
cytes were plated at a density of 1,000,000 cells/cm2 in Williams E
medium containing penicillin (100 U/ml), streptomycin (100 lg/ml),
and 5% fetal bovine serum. Hepatocytes were treated with 100 mM
ethanol for 24 hours and subjected to immunofluorescence imaging.

Fig. 1. CA upregulates STC2 expression. (A) STC21/1 and STC2�/� mice were placed in individual cages and subjected to chronic-plus-binge
model of ethanol feeding (the NIAAA model). Lieber-DeCarli diet containing 5% v/v ethanol and isocaloric control diet was measured daily (n 5 4
mice per treatment group). (B) Body weights of STC21/1 and STC2�/� mice in various groups were monitored for 16 days (n 5 4). HPLC-MS/MS
detection of cinnabarinic acid concentration in (C) liver and (D) serum of control and ethanol-treated STC21/1 mice (± CA). Data are represented
as mean ± S.D. from four mice in each treatment group. *P < 0.05; difference compared with control and ethanol-only groups. (E) Quantitative
RT-PCR was conducted on RNA isolated from livers of STC21/1 mice in various treatment groups to detect STC2 and CYP1A1 RNA expression
and normalized to 18S ribosomal RNA (rRNA). *P < 0.05 compared with control; n 5 4 mice in each group. (F) qRT-PCR was performed on liver
RNA isolated from STC2�/� mice. Data are represented as mean ± S.D. from four mice in each group. (G) Western blotting on total liver lysates
was used to detect STC2 protein expression. Actin was used as a loading control. Representative image is shown (n 5 3).
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Immunohistochemistry and Immunocytochemistry. Livers
from STC2�/� mice transfected in vivo with pLIVE and STC2/pLIVE
plasmids were paraffin embedded and sectioned at the Anatomic
Pathology Laboratory, University of Texas Medical Branch. Moreover,
primary hepatocytes isolated from the aforementioned mice were
plated on Laboratory-Tel II chamber slides (Thermo Fisher Scientific)
at a density of 20,000 cells/1.7 cm2 and subjected to immunocytochem-
istry. Both tissue sections and primary hepatocytes were fixed with
4% paraformaldehyde for 30 minutes at 4�C, permeabilized with 0.2%
Triton X-100 for 30 minutes, and blocked with 5% bovine serum albu-
min (BSA) for 1 hour. Liver tissue sections were treated with anti-
STC2 antibody (ProSci Inc.) and SlowFade Gold with DAPI (Thermo
Fisher Scientific). For primary hepatocytes, slides were coimmunos-
tained with anti-STC2 (ProSci Inc.) and anti-cleaved caspase 3 (Cell
Signaling Technologies) antibodies. Tissue sections and cells were
incubated with primary antibodies overnight at 4�C. Secondary anti-
bodies Alexa Fluor 488 and 594 (Thermo Fisher Scientific) were used
for fluorescent detection using Axiovert 200 epifluorescence micro-
scope (Zeiss).

Statistical Analysis. Chronic-plus-binge as well as acute ethanol
studies performed in this study were conducted with a predetermined
plan. The animal/sample sizes per group, data acquisition and analysis
methods, and blinding were preset (Michel et al., 2020). Animal sample

size was determined by calculating an effect size based on our previous
experiments (Joshi et al., 2015) and by performing power analysis cal-
culations for ANOVA using G*Power statistical suite (Faul et al.,
2009) with type I error set at 5% and type II error at 80%. Sample size
used for the current study is consistent with our previously performed
in vivo studies (Joshi et al., 2015; Girer et al., 2021). Ethanol and CA
treatments in chronic and acute models were performed using appro-
priate blinding methods. Data were analyzed by a Sigma Plot software
(Systat Software, San Jose, CA) using a mixed-effects multivariate
ANOVA (MANOVA) model unless noted in the figure legends. After
the overall significant F test from the mixed-effects multivariate
ANOVA model, the post hoc multiple comparison tests were performed
for the prespecified comparisons adjusted by the Tukey procedure.
Data are shown as mean ± S.D. The differences between the groups
are considered statistically significant only if the P value < 0.05.

Results
Cinnabarinic Acid Induces STC2 Expression in the

Mouse Model of Chronic and Binge Ethanol Feeding.
We previously showed that CA-induced AhR-mediated STC2
upregulation confers cytoprotection after injury induced by

Fig. 2. CA protects against chronic
ethanol-induced apoptosis. (A) STC21/1

and STC2�/� mice were treated with
chronic and binge regimen of alcohol
with daily i.p. administration of CA (12
mg/kg) or vehicle (control). Liver
lysates were subjected to fluorometric
caspase 3 assays. The results are
shown as the mean ± S.D. from four
independent experiments (four mice in
each treatment group). * Represents a
statistically significant difference
between ethanol-treated and ethanol 1
CA-treated samples. Data are normal-
ized to caspase activity in the control
group. (B) Liver sections from control,
control 1 CA, ethanol, and ethanol 1
CA groups were fixed with paraformal-
dehyde. TMR red TUNEL reaction
mixture labeled apoptotic nuclei (red),
whereas DAPI stained all nuclei (blue).
Images were acquired using Axiovert
200 epifluorescence microscope (Zeiss).
(C) Quantitation of apoptosis was from
four independent STC21/1 and STC2�/�

mice in each treatment group and per-
formed by counting TUNEL positive
nuclei as a percentage of total nuclei in
eight random fields. *P < 0.05 differ-
ence between ethanol and ethanol 1
CA treatment groups. Data are repre-
sented as mean ± S.D.
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ER/oxidative stressors (Joshi et al., 2015). The focus of this
study is to demonstrate that CA-driven STC2 expression can
protect against hepatocyte apoptosis, steatosis, and liver
injury in both chronic and acute models of ethanol-induced
liver disease. We subjected STC2 positive (STC21/1) and
knockout (STC2�/�) mice to both chronic and acute alcohol-
induced liver injury, without and with CA treatment. The
chronic-plus-binge ethanol administration protocol, developed
at the National Institute on Alcohol Abuse and Alcoholism
(NIAAA) of the National Institutes of Health, represents an
animal model that mirrors heavy drinker consumption pat-
terns that trigger a strong neutrophil-mediated liver injury
reflective of alcoholic hepatitis (Bertola et al., 2013). The pro-
tocol involves an 11-day alcohol feeding paradigm followed by
a final ethanol bolus and results in hepatocyte apoptosis, liver
injury, inflammation, and fatty liver (Bertola et al., 2013). We
measured caloric intake and body weights of STC21/1 and
STC2�/� mice over the study period. During the acclimatiza-
tion phase, total caloric intake by STC2�/� mice was notice-
ably less than that of STC21/1 (Fig. 1A), although caloric
intake in ethanol-fed STC2�/� mice did transiently increase—
that is, between days 6 and 10. Overall, however, caloric
intakes by the STC21/1 and STC2�/� mice during the 11-day
ethanol feeding period were comparable (Fig. 1A). Addition-
ally, body weights and weight gain between the various treat-
ment groups in STC21/1 and STC2�/� mice were similar
(Fig. 1B). In this study, CA and vehicle (control) were admin-
istered daily by intraperitoneal injections, and the serum and
liver CA concentrations were measured using HPLC-MS/MS
(Fazio et al., 2012). As expected, there was an increase in the
liver (Fig. 1C) and serum (Fig. 1D) CA in the CA treatment
groups. Despite the substantial increase in serum CA, the
basal liver CA level in control mice (�10 pg/mg) increased by

only about 50% (�15 pg/mg) after daily CA administration,
suggesting that liver CA levels are tightly regulated. These
data closely approximate previous CA measurements in rat
livers, which ranged from 7 to 10 pg/mg (Fazio et al., 2012).
The increased CA concentration in STC21/1 mice is associated
with a �3-fold induction of liver STC2 expression (Fig. 1E)
and absent in the STC2�/� mice (Fig. 1F). Immunoblotting
confirmed that CA-induced STC2 mRNA elevation is comple-
mented by increased protein expression (Fig. 1G). These data
also demonstrate that CA-induced AhR activation of STC2 is
not reflected in a comparable induction of CYP1A1, consistent
with the previously shown agonist specificity (Fig. 1, E and F)
(Joshi et al., 2015).
Cinnabarinic Acid Protects against Chronic Etha-

nol-Induced Apoptosis. We next assessed CA’s ability to
protect against hepatocyte apoptosis in STC21/1 and STC2�/�

mice subjected to a chronic and binge ethanol diet (Bertola
et al., 2013). We did not observe any overt adverse phenotypic
changes in either strain due to alcohol or CA administration.
Caspase 3 assay demonstrated that CA treatment protected
STC21/1 mouse livers from chronic ethanol-induced cell
death (Fig. 2A). In contrast, CA-mediated cytoprotection was
not seen in the livers isolated from STC2�/� mice (Fig. 2A).
TUNEL analysis performed on liver sections from STC21/1

and STC2�/� mice corroborated these findings (Fig. 2B). Eth-
anol-induced liver apoptosis was markedly attenuated in CA-
treated STC21/1 mice only. Quantitation of the TUNEL
results reveals a CA-dependent 4-fold reduction in apoptosis
in STC21/1 mice not observed in the STC�/� mice (Fig. 2C).
These data complement our previous findings in cultured pri-
mary hepatocytes (Joshi et al., 2015) and highlight the physi-
ologic importance of STC2 in mitigating tissue injury by
hepatotoxins (Joshi, 2020). In a separate measure of liver

Fig. 3. CA protects against chronic
alcohol-mediated hepatotoxicity. (A)
ALT enzyme levels were measured in
serum collected from chronic and binge
ethanol-fed STC21/1 and STC2�/�

mice. Data are represented as mean ±
S.D. * Indicates a statistically signifi-
cant difference between ethanol and
ethanol 1 CA treatments (P < 0.05).
(B) H&E staining of liver sections from
STC21/1 and STC2�/� mice fed with
chronic-plus-binge ethanol diet as
described in the Fig. 1 legend. Repre-
sentative images are shown for each of
the treatments (n 5 4).
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injury, serum alanine transaminase (ALT) levels established
that chronic ethanol feeding resulted in significant liver dam-
age that was suppressed by CA only in STC21/1 mice (Fig.
3A). Histologic evaluation confirmed that ethanol feeding
induced pronounced steatosis consistent with alcoholic liver
disease, which was preventable in CA-treated STC21/1 mice
but not in STC2�/� mice (Fig. 3B). The STC2 status did not
noticeably affect liver histology in the control mice or those
treated with CA alone.
Cinnabarinic Acid-Driven STC2 Expression Pro-

vides Hepatoprotection against Acute Alcohol Treat-
ment. Binge drinking constitutes a significant health concern
that is responsible for numerous deaths annually (Crabb
et al., 2020). Hence, the potential for CA to protect the liver
against acute alcohol hepatotoxicity was examined in STC21/1

and STC2�/� mice upon an administration of a single oral dose
of 6 mg/kg ethanol for 12 hours in the presence or absence of
CA (Zhou et al., 2001). A significant elevation in CA concentra-
tion was observed in the liver (Fig. 4A) and serum (Fig. 4B)
of CA-pretreated STC21/1 animals. The CA concentrations

analyzed in various acute treatment groups of STC2�/� mice
were similar to that of STC21/1 (data not shown). Moreover,
the CA concentration detected in the liver and serum approxi-
mated the values observed after daily administration in the
chronic ethanol feeding study (Fig. 1). Accordingly, induction of
liver STC2 mRNA was similar (�3-fold) in the binge-fed
STC21/1 mice (Fig. 4C) while absent in the STC2�/� mice
(Fig. 4D). Assessment of liver apoptosis revealed that CA treat-
ment conferred cytoprotection in an STC2-dependent manner
in the acute drinking model (Fig. 5, A–C), reminiscent of the
findings obtained in the chronic-plus-binge drinking paradigm.
Serum ALT assay likewise indicated attenuation of acute etha-
nol-induced liver injury upon CA pretreatment in the STC21/1

animals but not in the STC2�/� mice (Fig. 5D). These data indi-
cate that CA-induced expression of STC2 confers protection
against both acute and chronic ethanol exposures.
STC2 Promotes Cytoprotection against Ethanol-

Induced Hepatotoxicity. Reconstitution of STC2 expres-
sion in STC2�/� knockout mouse livers involved using nanopo-
lyplexes to direct plasmid DNA delivery (Lungwitz et al.,

Fig. 4. Quantitation of CA concentration and STC2
message in an acute model of ethanol-induced hepa-
totoxicity. STC21/1 and STC2�/� mice were treated
with saline (control) for 12 hours, 12 mg/kg CA for
12 hours, 6 gm/kg ethanol oral gavage for 12 hours,
or CA for 12 hours prior to ethanol for 12 hours (eth-
anol 1 CA). CA concentrations in (A) liver and (B)
serum of STC21/1 mice were determined using
HPLC-MS/MS. * Indicates statistically significant
difference compared with saline (control) and etha-
nol-only treatment groups; n 5 3 mice in each group.
Quantitative RT-PCR for STC2 and CYP1A1 in total
liver RNA is shown for (C) STC21/1 and (D) STC2�/�

mice treated with acute alcohol (± CA). Data are nor-
malized to 18S rRNA. * Indicates statistically signifi-
cant difference compared with control group; n 5 3
mice in each group.
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2005; Girer et al., 2021). Twenty-four hours after in vivo trans-
fection of STC2/pLIVE plasmid using in vivo-jetPEI-Gal, STC2
mRNA expression was readily detectable (Fig. 6A), as was
STC2 protein expression (Fig. 6B). Immunohistochemistry
revealed that STC2 expression predominated around the por-
tal triads and extended into the acini (Fig. 6C). It is notewor-
thy that expression remained immunologically detectable for
at least 21 days (Girer et al., 2021).
To verify that STC2 expression conferred in vivo cytoprotec-

tion, STC2�/� mice were transfected with STC2/pLIVE plas-
mid 24 hours prior to treatment with 6 gm/kg ethanol via oral
gavage for 12 hours. Caspase 3 activity measured in liver
lysates showed that introduction of STC2 protected livers from
ethanol-induced apoptosis to a degree observed in CA-treated
wild-type mice (Fig. 5A). STC2�/� mice transfected with the
empty pLIVE vector exhibited elevated levels of apoptosis sim-
ilar to untransfected livers (Fig. 7A). Furthermore, primary
hepatocytes isolated from in vivo transfected mice and cul-
tured in the presence of 100 mM ethanol for 24 hours revealed
that staining for cleaved caspase 3 and STC2 were mutually
exclusive (Fig. 7B). These data indicate that cytoprotection
against ethanol-induced injury correlated directly with STC2
expression. Finally, serum ALT levels corroborated the cas-
pase 3 findings, indicating that liver damage by ethanol was
markedly diminished in the STC2�/� mice expressing the
STC2 transgene (Fig. 7C).

Discussion
Excessive alcohol use is a global crisis contributing to

around three million deaths annually (Iranpour and Nakhaee,

2019). Alcoholic liver disease is one of the most significant clin-
ical manifestations of alcohol abuse that encompasses steato-
sis (fatty liver), alcoholic hepatitis (inflammation and fibrosis),
and cirrhosis (sclerosis) (Subramaniyan et al., 2021). Almost
90% of all heavy drinkers develop fatty livers, 15% to 20% of
patients with alcoholic fatty liver disease will develop alcoholic
hepatitis, and about 20% to 50% of this population will ulti-
mately progress to cirrhosis (Mann et al., 2003; Osna et al.,
2017; Zhu et al., 2017; Crabb et al., 2020). The major pathologic
causes of alcoholic liver diseases are oxidative and endoplasmic
reticulum stress-induced apoptosis, necrosis, inflammation,
metabolic changes, and aldehyde toxicity (Nanji, 1998; Casey
et al., 2001; Ishii et al., 2003; Subramaniyan et al., 2021). In
healthy livers, primary hepatocyte apoptosis is a rare event,
but alcoholic liver disease is associated with significant hepato-
cyte death (Benedetti et al., 1988; Goldin et al., 1993; Krammer,
1996; Sodeman et al., 2000; Ribeiro et al., 2004; Park et al.,
2005; Madesh et al., 2009). Additionally, in vivo experiments
indicate that inhibiting hepatocyte apoptosis lessens alcohol-
induced liver injury (Wang et al., 2016; Zhu et al., 2017). The
severity of alcohol-induced liver disease is a function of the
amount and duration of alcohol consumption (Mann et al.,
2003; Askgaard et al., 2015). Long-term alcohol consumption
patterns in the population often contain relative self-restraint
from drinking followed by binges of heavy alcohol consumption
(i.e., chronic episodic binge). Consequently, experimental mod-
els that effectively mimic human drinking patterns, including
the severity and span of alcohol-induced liver damage in
humans, are essential for the identification of mechanisms that
prevent hepatocyte apoptosis and may prove instrumental in
the development of therapeutic strategies targeting alcoholic

Fig. 5. CA-mediated cytoprotection against acute ethanol-induced apoptosis and liver injury. (A) Fluorometric caspase 3 activity assays were per-
formed on liver homogenates from STC21/1 and STC2�/� mice treated with 6 gm/kg ethanol gavage or 12 mg/kg i.p. injections of CA. Data are normal-
ized to caspase 3 activity in saline (control) group and shown as mean ± S.D. from three independent experiments (three mice per treatment group).
*P < 0.05 difference between ethanol and ethanol 1 CA-treated samples. (B) Liver sections from STC21/1 and STC2�/� mice treated with saline, CA,
ethanol, and ethanol 1 CA were subjected to TUNEL staining. DAPI was used to visualize all hepatic nuclei (blue) and TMR red TUNEL reaction
mixture probed apoptotic nuclei (red). (C) Quantitation of TUNEL assays. TUNEL positive nuclei labeled with TMR red are normalized to the percent-
age of total nuclei labeled by DAPI in 8–10 random fields. Each group contained liver sections from three mice. Data are represented as mean ± S.D. *
Indicates statistically significant difference between ethanol and ethanol 1 CA groups. (D) Serum ALT activity assays were performed on all treatment
groups (n 5 3 mice per treatment group). *P < 0.05 difference between ethanol-treated and ethanol 1 CA-treated samples.
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liver disease (Lamas-Paz et al., 2018). The current study pro-
vides compelling evidence that the tryptophan metabolite and
known endogenous AhR agonist CA facilitates cytoprotection
against hepatocyte apoptosis, steatosis, and liver injury in both
acute and chronic models of alcohol-induced hepatotoxicity.
Conventionally, AhR was studied within the context of toxic-

ity in response to various exogenous agonists that are persis-
tent environmental pollutants (Nebert and Gelboin, 1968a,b;
Hankinson, 1979; 1980; Legraverend et al., 1982; Denison
et al., 2002). However, recently diverse AhR ligands with bene-
ficial pharmaceutical properties have been identified, which
include the selective AhR modulators (SAhRMs) (Jin et al.,
2012), StemRegenin 1 (Boitano et al., 2010), bilirubin (Kerkvliet
et al., 2002), 2-(1’H-indole-30-carbonyl)-thiazole-4-carboxylic
acid methyl ester (Abron et al., 2018), indole-3-carbinol and
indolo[3,2b]carbazole (Bjeldanes et al., 1991), and flavonoids
(Kawai et al., 2007; Benavente-Garcia and Castillo, 2008).
CA, a byproduct of the kynurenine pathway of tryptophan
catabolism, was identified as an AhR agonist that was effec-
tive in inducing Interleukin22 expression in T lymphocytes
(Lowe et al., 2014). First observation of CA’s protective role
emerged from cultured cortical cells, where CA treatment pro-
tected neuronal death against 1-methyl-4-phenyl-1,2,3,6- tet-
rahydropyridine toxicity (Fazio et al., 2012). Systemic
administration of CA (0.1–10 mg/kg) also provided protection
against experimental autoimmune encephalomyelitis, a model
of multiple sclerosis in mice (Fazio et al., 2012). Previous work
by our group indicated that CA-driven protection against
thapsigargin, hydrogen peroxide, and ethanol induced apopto-
sis in mouse primary hepatocytes (Joshi et al., 2015).

Furthermore, in vivo studies using AhR-floxed (control) and
liver-specific AhR conditional knockout mice demonstrated
that the CA treatment attenuated acute ethanol-induced apo-
ptosis, steatosis, and injury in an AhR-dependent manner
(Joshi et al., 2015).
The findings reported here demonstrate that the CA-acti-

vated AhR confers hepatic protection in response to both acute
and chronic alcohol-induced injury through a mechanism that
requires STC2 induction and function. Previous dose-response
studies established that administration of 12 mg/kg CA to
wild-type C57BL/6 mice maximally induced STC2 by 24 hours
but that STC2 expression was transient, returning to near
basal levels within 48 hours (Joshi et al., 2015; Patil et al.,
2022). Hence, sustained STC2 expression needed to protect
mice in the chronic alcohol studies necessitated daily CA
administration. Therefore, from a clinically relevant therapeu-
tic standpoint, understanding tryptophan catabolism and
endogenous CA production warrant further investigation. This
study exclusively validated that the AhR-mediated CA-
induced STC2 expression is critical for cytoprotection against
alcohol-induced hepatocyte apoptosis and subsequent liver
damage. We used a novel in vivo gene delivery methodology
using a polymer-based transfection reagent (jetPEI-Gal) to
introduce STC2 into liver cells (Fig. 6). The reagent is conju-
gated to galactoside and is engineered to facilitate plasmid
delivery into cells expressing galactose-specific membrane
lectins, such as hepatocytes bearing the asialoglycoprotein
receptors or N-acetylgalactosamine receptors (Nickerson
and Colledge, 2004; Xia et al., 2012; Girer et al., 2021). In vivo
transfection of STC2 was able to confer protection against

Fig. 6. In vivo transfection of STC2. Forty
micrograms of STC2/pLIVE or empty pLIVE
plasmids were transfected in vivo into STC2�/�

mice livers using commercially available poly-
mer-based in vivo-jet PEI-Gal reagent (6.4 ll).
Livers were extracted 24 hours after transfec-
tions. (A) STC2 mRNA message in the liver
was quantitated using qRT-PCR from STC2�/�

mice transfected with STC2 or empty vectors.
18S rRNA was used as a normalization control.
Data were examined using a paired t test
(Sigma Plot software); n 5 6; * indicates P <
0.05. (B) Immunoblotting was performed to
detect the expression of STC2 protein from liver
homogenates upon in vivo delivery of STC2/
pLIVE into STC2�/� mice. A representative
blot is shown (n 5 3). (C) Liver sections from
STC2�/� mice transfected in vivo with control
pLIVE and STC2/pLIVE plasmid were fixed
with 4% formaldehyde, permeabilized with
0.2% Triton X-100. Sections were stained with
an anti-STC2 primary antibody and an Alexa
fluor 488 secondary antibody (green). Axiovert
200 epifluorescence microscope (Zeiss) was used
for image acquisition (n 5 3 mice in each
group).
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alcohol-induced apoptosis and liver injury (Fig. 7), strongly
implicating STC2 as a critical downstream mediator of AhR-
regulated antiapoptotic signaling.
STC2 is known to regulate various biologic functions,

including tumorigenesis, cell metabolism, cellular calcium
homeostasis, cell proliferation, and apoptosis (Wagner and
Dimattia, 2006; Joshi, 2020). Overexpression of STC2 was
able to attenuate thapsigargin-induced apoptosis in N2a neu-
roblastoma cells (Ito et al., 2004). Subsequent experiments
performed in the mouse model of cerulein-induced pancreatitis
indicated that STC2 altered the PERK signaling pathway, spe-
cifically phosphorylation of PERK and downstream activating
transcription factor 4 (ATF4) signaling to attenuate acinar cell
apoptosis and pancreatic injury (Fazio et al., 2011). Kim et al.
(2015) showed that activation of phosphorylated protein kinase
B (AKT) and phosphorylated extracellular signal-regulated
kinase 1/2 (ERK1/2) by STC2 induces cell cycle regulators and
concomitantly protects against hydrogen peroxide-induced cell
death. In the current study, STC2�/� mice exhibited increased

hepatocyte apoptosis compared with their STC21/1 counter-
parts in response to both chronic and acute ethanol treatments,
strongly suggesting significant physiological role of STC2 in
cytoprotection irrespective of exogenous CA treatment (Figs. 2
and 5). Distinct from its documented antiapoptotic role, STC2
activates STAT3 signaling to alleviate hepatosteatosis (Zhao
et al., 2018). In high-fat diet-fed mice, STC2 induced STAT3
signaling downregulated expression of lipogenic SREBP1c,
FASN, ACC1, and SCD1 genes, thereby dramatically inhibit-
ing palmitate-induced cellular triglyceride deposition and ame-
liorating hepatosteatosis (Zhao et al., 2018). Therefore, STC2
may modulate multiple molecular signaling pathways contrib-
uting to cell survival, especially in response to ethanol-induced
hepatotoxicity. However, future mechanistic studies directed
toward understanding role of STC2 in necrosis, oxidative
stress, and inflammation are needed.
In summary, this study confirmed that the endogenous AhR

agonist CA bestowed cytoprotection in both chronic and acute
ethanol-induced hepatotoxicity models. Moreover, the recently

Fig. 7. STC2 can protect against ethanol-
induced hepatotoxicity. (A) Twenty-four hours
after in vivo transfections using pLIVE and
STC2/pLIVE vectors into STC2�/� mice, 6 gm/
kg ethanol was administered via oral gavage.
Twelve hours after ethanol treatment, livers
were extracted, and fluorometric caspase 3
assays were performed. Data are presented as
mean ± S.D. (n 5 3; *P < 0.05 significant dif-
ference between two ethanol-treated groups).
(B) Immunocytochemistry performed on pri-
mary hepatocytes isolated from STC2�/� mice
transfected in vivo with empty pLIVE vector
and with STC2/pLIVE for 24 hours. Hepato-
cytes were isolated and then treated with 100
mM ethanol for 24 hours, fixed with 4% form-
aldehyde, permeabilized with 0.2% Triton X-
100, and probed with anti-STC2 antibody
(green) and anti-cleaved caspase 3 antibodies
as an apoptotic marker (red). DAPI was used
to stain nuclei (blue). Axiovert 200 epifluores-
cence microscope was used to capture the
images (Zeiss). (C) Serum ALT assays were
performed using a fluorometric alanine trans-
aminase activity assay kit (Abcam). * Denotes
statistically significant difference between two
ethanol-treated groups; P < 0.05; n 5 3 mice
in each group.
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identified AhR target gene STC2 was responsible for the CA-
induced AhR-mediated cytoprotection. In conclusion, the
observations described in this report establish the AhR-STC2
signaling axis as an attractive target and CA as a promising
lead compound for the development of future therapeutics to
ameliorate the effects of prevalent hepatotoxins.
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