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Myeloid Endoplasmic Reticulum Resident 
Chaperone GP96 Facilitates Inflammation 
and Steatosis in Alcohol-Associated Liver 
Disease
Anuradha Ratna,1 Arlene Lim,1 Zihai Li,2 Josepmaria Argemi,3 Ramon Bataller ,3 Gabriela Chiosis,4 and Pranoti Mandrekar 1

Cellular stress–mediated chaperones are linked to liver macrophage activation and inflammation in alcohol-associated 
liver disease (ALD). In this study, we investigate the role of endoplasmic reticulum (ER) resident stress chaperone 
GP96/HSP90B1/GRP94, paralog of the HSP90 family, in ALD pathogenesis. We hypothesize that ER resident chap-
erone, heat shock protein GP96, plays a crucial role in alcohol-associated liver inflammation and contributes to liver 
injury. We show high expression of GP96/HSP90B1 and GRP78/HSPA5 in human alcohol-associated hepatitis livers 
as well as in mouse ALD livers with induction of GP96 prominent in alcohol-exposed macrophages. Myeloid-specific 
GP96 deficient (M-GP96KO) mice failed to induce alcohol-associated liver injury. Alcohol-fed M-GP96KO mice ex-
hibit significant reduction in steatosis, serum endotoxin, and pro-inflammatory cytokines compared with wild-type mice. 
Anti-inflammatory cytokines interleukin-10 and transforming growth factor β, as well as activating transcription factor 
3 and triggering receptor expressed on myeloid cells 2, markers of restorative macrophages, were higher in alcohol-fed 
M-GP96KO livers. M-GP96KO mice exhibit protection in a model of endotoxin-mediated liver injury in vivo, which 
is in agreement with reduced inflammatory responses during ex vivo lipopolysaccharide/endotoxin– stimulated bone 
marrow–derived macrophages from M-GP96KO mice. Furthermore, we show that liver macrophages from alcohol-fed 
M-GP96KO mice show compensatory induction of GRP78 messenger RNA, likely due to increased splicing of X-box 
binding protein-1. Finally, we show that inhibition of GP96 using a specific pharmacological agent, PU-WS13 or small 
interfering RNA, alleviates inflammatory responses in primary macrophages. Conclusion: Myeloid ER resident GP96 
promotes alcohol-induced liver damage through activation of liver macrophage inflammatory responses, alteration in 
lipid homeostasis, and ER stress. These findings highlight a critical role for liver macrophage ER resident chaperone 
GP96/HSP90B1 in ALD, and its targeted inhibition represents a promising therapeutic approach in ALD. (Hepatology 
Communications 2021;5:1165-1182).

Alcohol-associated liver disease (ALD) is char-
acterized by steatosis or fatty liver, steato-
hepatitis, and fibrosis, which can progress 

to cirrhosis and hepatocellular carcinoma.(1) The 
mechanisms involved in ALD pathogenesis are 
complex and multifactorial. They primarily include 
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acetaldehyde-mediated toxicity, oxidative and endo-
plasmic reticulum (ER) stress, gut-derived mediators, 
pro-inflammatory response, and cell death. Currently, 
there are no Food and Drug Administration–approved 
therapies for alcoholic hepatitis (AH), and standard of 
care mostly relies on abstinence, corticosteroids, nutri-
tional support, and liver transplantation for end-stage 
liver disease.(1) Understanding pathogenic mecha-
nisms to identify potential molecular targets during 
prolonged alcohol exposure is therefore pertinent to 
develop effective and targeted therapies for ALD.

Exposure of cells to different stressors such as heat 
shock, toxic chemicals, infections, and alcohol leads to 
the induction of stress-mediated proteostasis chaper-
ones, also known as heat shock proteins (HSPs).(2,3) 
Highly conserved HSPs are involved in protein homeo-
stasis. When unable to restore homeostasis during 
chronic cellular stress, HSPs contribute to pathologies 
including cancer, neurodegenerative diseases, and liver 
injury. HSP90 is an extensively studied chaperone that 
plays an important role in disease pathologies. There 
are four different HSP90 paralogs: inducible HSP90α/
HSP90AA1 and constitutive HSP90β/HSP90AB1 
in the cytosol, GP96/HSP90B1 (also called GRP94/
ERp99/endoplasmin) in the ER, and tumor necrosis 
factor receptor–associated protein 1 in mitochondria.(4) 

Chronic insults including alcohol exposure disturb 
cellular homeostasis and induce HSPs in the ER and 
cytoplasm.(5) Previous studies from our lab reported 
that cytosolic stress–induced chaperone HSP90AA1 
contributes to ALD, and its pharmacological inhibition 
can reverse liver injury.(6) On the other hand, an anti-
inflammatory function of cytosolic HSP70/HSPA1A 
in macrophages and monocytes during moderate alco-
hol exposure in vitro and in humans was also reported 
by our group.(3) Here we sought to determine the 
role of ER resident HSP90 family chaperone, GP96/
HSP90B1, in ALD. Glycoprotein 96 (GP96) is an 
indispensable ER resident master chaperone required 
for the folding, processing, and trafficking of several 
client proteins, including toll-like receptors (TLRs), 
integrins, Wnt co-receptors, and insulin-like growth 
factors.(7) In response to ER stress, the unfolded pro-
tein response (UPR) is activated, resulting in induc-
tion of chaperone HSPs, GP96, and GRP78. Various 
ER stress mediators have been directly linked to 
hepatic steatosis and inflammation during ALD.(5,8-10) 
However, the role of ER stress-mediated HSP chaper-
one GP96 in alcohol-induced liver inflammation and 
injury remains unexplored.

In this study, we investigated induction of GP96/
HSP90B1 in human AH livers and evaluated its role 
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using experimental models in alcohol-induced liver 
injury. We show that GP96 is significantly increased 
in human AH livers as well as in murine livers, prom-
inently in macrophages after chronic alcohol admin-
istration. We hypothesized that myeloid-specific 
GP96 plays a crucial role in alcohol-induced inflam-
mation and ALD. To test our hypothesis, we gener-
ated myeloid-specific GP96 deficient (M-GP96KO) 
mice(11) and subjected them to two models of alcohol-
induced liver injury: 4  weeks of chronic alcohol and 
National Institute on Alcohol Abuse and Alcoholism 
(NIAAA)–Gao chronic-binge alcohol model. We 
demonstrate that myeloid-specific deletion of GP96 
prevents chronic alcohol-mediated liver injury, ste-
atosis, and inflammation. Interestingly, we found 
higher expression of anti-inflammatory genes inter-
leukin (IL) 10 and transforming growth factor β 
(TGF-β) as well as restorative macrophage markers, 
activating transcription factor 3 (ATF3), and trigger-
ing receptor expressed on myeloid cells 2 (Trem-2). 
M-GP96KO mice had increased expression of fatty 
acid (FA) oxidation genes and reduced expression of 
lipogenic genes in hepatocytes. Furthermore, we show 
that liver macrophages from alcohol-fed M-GP96KO 
mice show compensatory induction of GRP78 mes-
senger RNA (mRNA), likely due to increased splic-
ing of X-box binding protein-1 (XBP-1). Finally, 
we demonstrate that a cell permeable GP96 specific 
inhibitor, PU-WS13,(12,13) and GP96-specific small 
interfering RNA (siRNA) markedly reduced pro-
inflammatory cytokine production in murine primary 
macrophages, confirming an important role for GP96 
in macrophage activation.

Materials and Methods
HUMAN LIVER SAMPLES

Human liver tissue samples were obtained from 
the Human Biorepository Core from National 
Institutes of Health–funded InTeam consortium 
(7U01AA021908-05).(14) Patients with asymptom-
atic early stages of alcoholic steatohepatitis (ASH) 
(early_ASH, n = 12), severe AH (severe_AH, n = 17), 
and explants from AH (explant_AH, n  =  10), who 
underwent early liver transplantation,(15) were 
included, as previously described,(14) and liver biop-
sies were obtained. Patients with other liver diseases 

or malignancies were excluded from the study. These 
groups were compared with fragments of nondis-
eased human livers (normal, n  =  10) and disease 
controls (i.e., patients with nonalcoholic fatty liver 
disease (NAFLD; n = 9), noncirrhotic HCV infection 
(HCV; n  =  10), and compensated HCV-related cir-
rhosis (comp_Cirrhosis; n  =  9). Clinical characteris-
tics of these patients are summarized in Supporting 
Table  S1.(14) RNA extraction, RNA sequencing, and 
bioinformatic analysis were carried out as described 
previously.(14) Linear model fitting and differential 
expression analyses were carried out using fit linear 
models to genes, and the eBayes moderated t-statistic 
was used to assess differential expression.

Samples used for immunohistochemistry were 
provided by the Liver Tissue Cell Distribution 
System (Division of Pediatric Gastroenterology and 
Nutrition, University of Minnesota, Minneapolis, 
MN). Alcoholic cirrhotic human livers were obtained 
from patients who underwent transplantation. Normal 
liver tissue was the noninvolved surrounding tissue 
obtained from patients undergoing partial hepatec-
tomy for liver cancer. Biochemical profiles of these 
patients are described in Supporting Table S1.

ANIMAL EXPERIMENTS
All animal experiments were approved by the 

Institutional Animal Care and Use Committee of 
the University of Massachusetts Medical School, 
and animals received humane care in agreement with 
the approved protocols. Hsp90b1flox/flox mice(11) were 
crossed with LysMCre mice ( Jackson Laboratory, 
Bar Harbor, ME) to generate LysMCreHsp90b1flox/

flox (referred as M-GP96KO) and Hsp90b1flox/flox 
Cre-negative littermate wild-type (WT) control (all 
mice on C57BL/6J background). M-GP96KO mice 
were characterized and GP96 deletion from liver 
macrophages was confirmed by real-time polymerase 
chain reaction (RT-PCR) (Supporting Fig.  S2A). 
We isolated neutrophils (Ly6G+), as described pre-
viously by us,(16) from M-GP96KO mice and were 
found to be responsive to TLR4 ligand (Supporting 
Fig.  S2A), as shown earlier,(11) suggesting that 
granulocytes still express GP96, despite the Cre 
activity, likely due to the rapid turnover of neu-
trophils and long half-life of GP96.(11) To induce 
liver injury in female M-GP96KO and WT mice 
(10-25-week-old) mice, we used established models 
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of ALD and inflammation: 4-week chronic alcohol 
model,(17,18) NIAAA-Gao chronic binge model,(6,19) 
and endotoxin-mediated liver injury model.(18) Of 
the total mice subjected to alcohol-feeding regi-
mens, some animals were perfused for liver cell iso-
lation, whereas serum samples from all animals were 
used for assays (n = 12-16 mice per group).

ISOLATION OF HEPATOCYTES 
AND LIVER MACROPHAGES

Hepatocytes and liver macrophages were isolated 
following the protocol as described previously.(20) The 
purity of isolated hepatocytes and liver macrophages 
was determined by evaluating the expression of their 
respective markers, albumin and Clec4f, by RT-PCR 
(Supporting Fig. S2A).

PREPARATION OF NUCLEAR AND 
MICROSOMAL FRACTIONS

Nuclear extracts were prepared from mouse livers 
as described previously.(21) Microsomal fractions were 
prepared from liver tissue by differential centrifuga-
tion, as described previously.(6) Protein content was 
measured using Bio-Rad Dye Reagent (Hercules, 
CA).

CELL CULTURE AND TREATMENT
Mouse bone marrow–derived macrophages 

(BMDMs) were generated as described previ-
ously.(22) BMDMs (0.8 million cells/well) were stim-
ulated with 100  ng/mL lipopolysaccharide (LPS; 
Sigma-Aldrich, St. Louis, MO), 25  mM ethanol, 
1  μM 17-dimethylaminoethylamino-17-demethox
ygeldanamycin (17-DMAG; Invivogen, San Diego, 
CA), and 0.5 μM PU-WS13,(23) as indicated. RAW 
264.7 cells were transiently transfected with GP96 
siRNA (50  nM or 100  nM) or negative siRNA 
control (Thermo Fisher Scientific, Waltham, MA) 
using Lipofectamine 2000 (Invitrogen, Carlsbad, 
CA) for 48 hours and then stimulated with LPS for 
the final 6  hours. RNA, culture media, and whole 
cell lysates were collected for the indicated assays. 
BMDMs were also collected from LPS-injected 
WT and M-GP96KO mice for cytokine expression 
analysis using RT-PCR.

BIOCHEMICAL ASSAYS
Serum levels of alanine aminotransferase (ALT), 

aspartate aminotransferase (AST) and endotoxin, 
hepatic triglyceride (TG), and thiobarbituric acid 
reactive substances (TBARS) levels were determined. 
Additional details are mentioned in the Supporting 
Information.

RNA EXTRACTION AND RT-PCR
Total RNA was isolated from whole liver, isolated 

liver cells, and BMDMs. The complementary DNA 
was synthesized and RT-PCR was performed. Primer 
sequences are listed in Supporting Table S2.

HISTOLOGY AND 
IMMUNOHISTOCHEMISTRY

Mouse liver sections were stained with hematoxylin 
and eosin (H&E) or Oil Red O, analyzed by micros-
copy and quantitated using ImageJ Software. For 
immunohistochemistry, liver sections were incubated 
with GP96 primary antibodies (2104; Cell Signaling 
Technology, Danvers, MA), followed by incubation 
with secondary antibody.

WESTERN BLOT AND ENZYME-
LINKED IMMUNOSORBENT ASSAY

Lysates from BMDM, whole liver, and nuclear 
extract (5-30  μg) were resolved on 7.5% or 10% 
sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis gels and electroblotted onto either nitro-
cellulose or polyvinylidene fluoride membrane 
(Bio-Rad). Antibodies used were GP96 (SMC-105; 
StressMarq Biosciences, Cadboro, Canada), GRP78 
(CST-3183; Cell Signaling Technology), peroxi-
some proliferator-activated receptor alpha (PPAR-α) 
(sc-9000; Santa Cruz Biotechnology, Dallas, TX), 
CyP2e1 (AB1252; MilliporeSigma, Burlington, 
MA), calnexin (ab2295; Abcam, Cambridge, United 
Kingdom), C/EBP-homologous protein (CHOP) 
(sc-7351; Santa Cruz Biotechnology), ATF6α (sc-
166659; Santa Cruz Biotechnology), ATF4 (10835-
1-AP; Proteintech, Rosemont, IL), ATF3 (sc-81189; 
Santa Cruz Biotechnology), β-actin (ab6276; Abcam), 
tubulin (ab6046; Abcam), and TATA-box protein 
(TBP) (ab818, Abcam). Membranes were probed 
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with corresponding secondary antibodies (Abcam) 
and detected using a Western ECL substrate kit 
(Bio-Rad). Densitometric analysis was done using 
Fiji ImageJ 1.51d. Intracellular cytokine levels were 
measured in liver whole-cell lysate and BMDM cul-
ture supernatants using mouse tumor necrosis fac-
tor-α (TNF-α) (430904; BioLegend, San Diego, CA) 
and monocyte chemoattractant protein-1 (MCP-1) 
(432704; BioLegend) enzyme-linked immunosorbent 
assay (ELISA) kits.

STATISTICAL ANALYSIS
All data are presented as mean ± SEM. Differences 

between two groups were assessed using a Student t 
test. One or two-way analysis of variance was used to 
assess differences among multiple groups. Statistical 
analyses were performed using GraphPad Prism 8.0 
(GraphPad, La Jolla, CA) and were considered statis-
tically significance at P < 0.05.

Results
CHRONIC ALCOHOL 
CONSUMPTION INDUCES GP96 IN 
HUMAN AH AND EXPERIMENTAL 
MURINE ALD

GP96/HSP90B1 and GRP78/BiP are induced 
during UPR.(7) Previous studies identify crucial roles 
for GP96 and GRP78 in metabolic disease(8,24) and 
liver cancer.(25) Although Ji and Kaplowitz have 
studied GRP78 during ALD,(8) the role of GP96 is 
not yet identified. We first assessed the expression 
of HSP90B1/GP96 and HSPA5/GRP78 in liver 
biopsies from cohorts of patients with liver disease 
including ASH, AH, NAFLD, and HCV. Expression 
of HSP90B1/GP96 was markedly increased in AH 
livers and explants compared with normal liver 
(Fig.  1A). Similar to previous reports,(8) HSPA5/
GRP78 increased significantly in AH livers. We 
observed high expression of GP96 protein assessed by 
immunohistochemistry in human alcoholic cirrhosis 
livers (Fig. 1B). Next, we assessed levels of GP96 and 
GRP78 in a murine model of ALD. GRP78 mRNA 
and protein levels increased significantly in whole 
livers from alcohol-fed WT littermates (Fig.  1C). 
The mRNA and protein levels of GP96 showed 

an increasing trend in alcohol-fed WT littermates 
(Fig.  1C), whereas the mRNA induction in livers of 
alcohol-fed C57BL/6J compared with pair-fed con-
trols reached significance (Supporting Fig. S1A).

GP96 and GRP78 protein levels in the liver reflected 
mRNA levels in alcohol-fed livers (Fig 1D). Next, we 
found that alcohol significantly induced GP96 expres-
sion in liver macrophages, and increasing trends were 
seen in hepatocytes (Fig.  1E). On the other hand, 
GRP78 was significantly increased in hepatocytes but 
not in macrophages (Fig. 1E). To further substantiate 
macrophage-specific induction of GP96, we isolated 
BMDM from C57BL/6J mice and exposed them 
to physiologically relevant concentrations of alcohol 
(25 mM) in vitro at different time intervals. In vitro, 
25  mM ethanol concentration approximates a 0.1g/
dL blood alcohol level (BAC), which is above the 
legal limit of BAC.(26) Significant induction in GP96 
mRNA was achieved after 12 hours of alcohol expo-
sure, whereas GRP78 mRNA showed no induction 
(Fig. 1F). GP96 protein was detected by 48 hours of 
alcohol exposure (Fig.  1G), and we did not observe 
induction at lower time points (Supporting Fig. S1B). 
These results indicate that GP96 is induced by alco-
hol in human AH livers and in liver macrophages.

MYELOID-SPECIFIC DELETION 
OF GP96 ALLEVIATES ALCOHOL-
INDUCED LIVER INJURY

Based on the role of GP96 in immune signal-
ing and its significant induction in macrophages 
of alcoholic livers, we next sought to investi-
gate the role of myeloid-specific GP96 deletion 
on chronic alcohol-induced liver injury. Using 
LysMCre mice and Hsp90b1flox/flox mice, we gener-
ated M-GP96KO mice. For rigorous analysis, two 
ALD models were used: (1) 4 weeks of chronic 
alcohol and (2) NIAAA-Gao chronic binge alco-
hol. Chronic alcohol feeding resulted in liver injury 
and steatosis, as evidenced by increased liver/body 
weight ratio (Fig  2A), serum ALT (Fig  2B), TG 
level (Fig 2C), and H&E staining (Fig. 2D) in WT 
mice and were significantly attenuated in alcohol-
fed M-GP96KO mice (Fig. 2B-D). Consistent with 
increased TG, we found a significant increase in Oil 
Red O staining in livers of alcohol-fed WT mice, 
which was reduced in M-GP96KO mice (Fig. 2E). 
Furthermore, we observed that M-GP96KO mice 
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showed a similar protective effect on liver injury in 
the NIAAA-Gao chronic binge alcohol administra-
tion model (Supporting Fig. S2B-F). These studies 
confirm that GP96 deletion in macrophages pre-
vents alcohol-induced liver injury.

MYELOID-SPECIFIC GP96 
IS CRUCIAL IN ALCOHOL-
MEDIATED LIPID METABOLISM

Prolonged alcohol exposure leads to increased TG 
through reduction in β-oxidation of FA and simulta-
neous enhancement of lipogenesis in hepatocytes.(27) 
Based on decreased TG in alcohol-fed M-GP96 liv-
ers, we investigated whether myeloid-specific GP96 
deletion reduces steatosis through regulation of lipid 
homeostasis genes. We evaluated hepatocyte mRNA 
abundance of PPAR-α, an important transcription 
factor that drives FA oxidation, and its target genes: 
carnitine palmitoyltransferase 1a (CPT1a), acyl-CoA 
oxidase-1 (ACOX1), long-chain acyl-CoA dehydro-
genase (LCAD), and medium-chain acyl-CoA dehy-
drogenase (MCAD). Alcohol-exposed M-GP96KO 
livers exhibit increased nuclear PPAR-α protein 
level compared with WT counterparts (Fig.  3A). 
Expression levels of PPAR-α, downstream target 
gene CPT1a, was significantly increased in hepato-
cytes of alcohol-fed M-GP96KO mice with trends 
of high LCAD and MCAD mRNA in M-GP96KO 
hepatocytes but no change in ACOX1 mRNA level 
(Fig.  3B-E). Concomitantly, we found significant 
down-regulation of chronic alcohol-induced lipogenic 
target genes sterol regulatory element-binding protein 
1 (SREBPF1), stearoyl-CoA desaturase-1 (SCD-
1), and fatty acid synthase (FAS) in hepatocytes of 
alcohol-fed M-GP96KO mice (Fig. 3F-H). Together, 
our results indicate elevated FA oxidation genes and 
reduced lipogenesis in hepatocytes from alcohol-fed 
M-GP96KO mice, identifying mechanisms related to 
reduced steatosis.

MYELOID-SPECIFIC GP96 
DEFICIENCY INHIBITS PRO-
INFLAMMATORY CYTOKINE 
PRODUCTION

Alcohol consumption is linked to gut permeability 
and increased leakage of endotoxin in circulation.(28) In 
addition, alcohol metabolism induces oxidative stress 
sensitizing liver macrophages to endotoxin, resulting in 
a pro-inflammatory profile in the liver. Chronic alcohol 
exposure led to significant elevation in serum endo-
toxin/LPS levels, which was significantly reduced in 
M-GP96KO mice (Fig 4A). Interestingly, microsomal 
CyP2e1 level, an alcohol-metabolizing enzyme linked 
to oxidative stress, was similar in livers of alcohol-fed 
M-GP96KO and WT mice (Fig. 4B), suggesting that 
myeloid-specific GP96 deficiency did not alter alco-
hol metabolism. We found that chronic binge alco-
hol exposure also showed similar levels of CyP2e1 
in WT and M-GP96KO livers, whereas oxidative 
stress marker TBARS was significantly decreased in 
alcohol-fed M-GP96KO livers (Supporting Fig. S3A, 
B). Next, we observed that elevated expression of 
pro-inflammatory cytokines TNF-α, IL-6, IL-1β, 
and MCP-1 in WT alcoholic livers was significantly 
inhibited in M-GP96KO mice in both ALD models 
(Fig.  4C and Supporting Fig.  S3C). We also found 
a significant decrease in nucleotide-binding domain 
and leucine-rich repeat containing proteins (NLRP3) 
expression in alcohol-fed M-GP96KO livers, concom-
itant to reduced IL-1β, supporting decreased LPS/
TLR4 responses. Interestingly, mRNA expression of 
anti-inflammatory restorative macrophage markers, 
IL-10, TGF-β, and ATF3 was high in alcohol-fed 
M-GP96KO livers (Fig.  4C). Interestingly, deletion 
of myeloid GP96 itself significantly induced protein 
and mRNA levels of ATF3 compared with WT whole 
livers, indicating phenotypic change in liver macro-
phages of M-GP96KO mice (Fig. 4E and Supporting 
Fig. S3H). Analysis of representative pro-inflammatory 

FIG. 1. HSP90B1 and HSPA5 genes and GP96 are induced in ALD. (A) mRNA abundance of HSP90B1 and HSPA5 genes (in 
transcripts per million) was evaluated by RNA sequencing in patients with normal liver (n  =  10), early ASH (n  =  12), severe_AH 
(n = 17), explants_AH (n = 10), and livers from NAFLD (n = 10), HCV (n = 10), and comp_Cirrhosis (n = 9). (B) Representative 
immunohistochemistry of GP96 in human normal and alcoholic liver (magnification ×200). WT mice were fed with control liquid diet 
(pair-fed) or diet containing 5% alcohol for 4 weeks. The mRNA expression of GP96 and GRP78 was measured by RT-PCR in livers 
(C) and isolated hepatocytes (E) and liver macrophages (n = 4-10). (D) Protein level of GP96 and GRP78 in liver lysate was analyzed 
by western blotting (n = 6). (F) BMDMs were treated with 25 mM ethanol and mRNA expression of GP96 and GRP78 (n = 6). (G) 
The protein level of GP96 was analyzed at different time intervals (n = 3). Data are represented as mean ± SEM. *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001. Abbreviations: EtOH, alcohol; comp, compensated; tpm, transcripts per million.
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cytokines, TNF-α, and MCP-1 protein by ELISA 
showed lack of induction in alcohol-fed M-GP96KO 
livers compared with the corresponding pair-fed control 
mice and WT counterparts (Fig.  4D and Supporting 

Fig.  S3D, E), suggesting decreased pro-inflammatory 
responses in these livers. Furthermore, investigation 
of macrophage markers demonstrated marked reduc-
tion in alcohol-fed M-GP96KO mice livers (Fig.  4F 

FIG. 2. Myeloid-specific GP96 deficiency alleviates chronic alcohol-induced liver injury. Female WT and M-GP96KO mice were fed 
with isocaloric control liquid diet (pair-fed) or 5% alcohol-containing Leiber-DeCarli diet (alcohol-fed) for 4 weeks, and liver-to–body 
weight ratio (A), serum levels of ALT (n = 10-16) (B), and liver triglycerides (C) were analyzed. Representative photomicrographs of 
hepatic injury and steatosis assessed by H&E (D) and Oil Red O (E) staining in livers of mice of the indicated genotype (magnification ×
100). Percentage of Oil Red O–positive area was quantitated by ImageJ (n = 3-6). Data are presented as mean ± SEM. *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001. Abbreviations: EtOH, alcohol; wt, weight.
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and Supporting Fig.  S3F). Earlier studies showed 
that GP96 serves as a chaperone for TLR4 surface 
expression.(29) We next evaluated pro-inflammatory 
cytokine mRNA profile in isolated liver macrophages 
as well as in BMDMs treated with LPS in vitro. 
Alcohol-induced mRNA expression levels of several 
pro-inflammatory cytokines and NLRP3 was reduced 
in liver macrophages of the alcohol-fed M-GP96KO 
group (Fig.  4G). Trem-2, expressed on Kupffer cells 
(KCs), has been proposed to attenuate TLR4-mediated 
inflammation and limit hepatic injury.(30) Increased 
expression of TGF-β, Trem-2, and ATF3 were indic-
ative of anti-inflammatory restorative macrophages in 
alcohol-fed M-GP96KO mice (Fig.  4H). Reduction 

in pro-inflammatory cytokines was also confirmed 
in LPS-treated BMDMs from M-GP96KO mice 
(Fig.  4I). Supporting earlier findings that endoso-
mal TLR3 does not require GP96,(29) we noted that 
BMDMs from M-GP96KO mice remained responsive 
to TLR3 ligand, polyI:C, and produced high levels of 
pro-inflammatory cytokines (Supporting Fig. S3G). It 
has been previously reported that the differentiation 
and survival of GP96-deficient macrophages is uncom-
promised, and they can be activated through other 
immune pathways using TNF-α, IL-1β, and IFN-γ.(11) 
Our results clearly confirm that macrophages in the 
liver and bone marrow–derived lacking GP96 exhibit 
a reduced pro-inflammatory gene profile.

FIG. 3. Mice lacking myeloid-specific GP96 exhibit altered lipid metabolism after 4 weeks of alcohol consumption. (A) PPAR-α protein 
was detected in nuclear extracts of livers by western blot, and expression was quantitated and normalized to pair-fed group (n = 4). TBP was 
used as loading control. The mRNA expression of genes involved in fatty acid β-oxidation (CPT1a, ACOX1, LCAD, and MCAD) (B-E) 
and lipogenesis (SREBPF1, SCD1, and FAS) (F-H) was analyzed in WT and M-GP96KO hepatocytes by RT-PCR and compared with 
pair-fed control (n = 3-6). Data are presented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Next, we used a model of low-dose endotoxin/
LPS-induced liver injury to further explore the in vivo 
effect of LPS/TLR4 on liver macrophage activation 
and injury. In vivo LPS administration resulted in 
decreased serum ALT (Fig. 5A) and AST (Fig. 5B) 
in M-GP96KO mice compared with control mice. 
Because LPS-induced liver injury is largely medi-
ated by pro-inflammatory cytokines, we estimated 
hepatic cytokine levels and found that LPS-induced 

TNF-α, IL-6, and IL-12p40 cytokines were mark-
edly reduced in livers of M-GP96KO mice (Fig. 5C). 
MCP-1 mRNA in LPS-injected M-GP96KO mice 
remained similar to control mice, which is interest-
ing but not surprising as hepatocytes also produce 
MCP-1.(17) Overall, our data indicate that lack of 
myeloid-GP96 reduces pro-inflammatory response 
in the liver and favors anti-inflammatory responses 
likely contributing to reduced alcoholic liver injury.

FIG. 4. Myeloid-specific GP96 deficiency prevents chronic alcohol-induced endotoxin and pro-inflammatory cytokine production. (A) 
Endotoxin level was measured in serum (n = 8-12). (B) CyP2e1 was detected in liver microsomal fraction by western blot, and calnexin 
was used as an internal loading control (n = 3). Total RNA from liver tissue was subjected to quantitative RT-PCR for analysis of pro-
inflammatory cytokines TNF-α, IL-6, MCP-1, and IL-1β; NLRP3; anti-inflammatory markers IL-10, TGF-β, and ATF3 (C); and 
macrophage markers (n = 6-10) (F). (D) Total liver protein level for TNF-α was measured in tissue extracts of pair-fed and alcohol-fed 
mice by ELISA (n = 6-10). (E) ATF3 protein level was analyzed by western blot in whole-liver extracts using tubulin as an internal 
control (n = 3). The mRNA expression profile of (G) pro-inflammatory, and (H) anti-inflammatory and restorative macrophage markers, 
Trem2 and ATF3, were analyzed in liver macrophages of pair-fed and alcohol-fed mice (n = 5). (I) The mRNA level of pro-inflammatory 
cytokines was analyzed in BMDMs isolated from WT and M-GP96KO mice and stimulated with 100 ng/mL LPS for 2 hours (n = 9). 
Data are represented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

FIG. 5. Loss of myeloid-specific GP96 prevents LPS-induced liver injury and inflammation. Female WT and M-GP96KO mice were 
injected intraperitoneally with LPS (0.5 mg/kg body weight or saline (n = 4-8). Serum was collected after 18 hours and subjected to 
analysis of ALT (A) and AST (B) and compared with the control group. (C) Livers were collected 2 hours after LPS injection, and liver 
cytokine mRNA was analyzed by RT-PCR. Data are presented as mean ± SEM. *P < 0.05, **P < 0.01, ****P < 0.0001.
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LOSS OF MYELOID-SPECIFIC GP96 
INDUCES COMPENSATORY GRP78 
INDUCTION IN ALCOHOLIC LIVER

Mounting evidence indicates that ER stress 
caused by accumulation of unfolded proteins con-
tributes to ALD pathogenesis.(8,10,31) To identify 
whether deletion of ER resident chaperone GP96 
affects ER stress, we analyzed the relative mRNA 
and protein abundance of representative ER stress–
mediated UPR target genes. The mRNA expression 
of GRP78, ATF4, and CHOP was up-regulated in 
livers of alcohol-fed WT mice, while ATF6α, sXBP-
1, and usXBP-1 remained unchanged (Fig.  6A). 
Interestingly, GRP78, ATF4, and CHOP mRNA 
showed significant reduction, whereas sXBP-1 was 
induced significantly in alcohol-fed M-GP96KO 
mice livers. Increased GRP78 mRNA expression 
was reflected in isolated hepatocytes from alcohol-
fed WT livers, which was reduced in alcohol-fed 
M-GP96KO livers (Fig.  6B). On the other hand, 
liver macrophages of alcohol-fed M-GP96KO 
mice exhibit significant increase in mRNA lev-
els of GRP78, sXBP-1, and usXBP-1, whereas 
ATF4 mRNA was significantly reduced compared 
with alcohol-fed WT mice (Fig.  6C). The bal-
ance between spliced and unspliced XBP-1 was 
maintained in liver macrophages as compared with 
their respective WT alcohol-fed group (Supporting 
Fig.  S4). Alcohol-induced CHOP protein show a 
decreasing trend in alcohol-fed M-GP96KO mice 
livers (Fig.  6D), whereas protein levels of cleaved 
ATF6α and nuclear ATF4 were not significantly 
changed. These data suggest that loss of myeloid-
specific GP96 in alcohol-fed mice leads to compen-
satory induction of GRP78, which is likely due to 
increased splicing of XBP-1 in liver macrophages.

GP96 INHIBITION USING 
SPECIFIC INHIBITOR AND siRNA 
ABROGATES LPS-INDUCED PRO-
INFLAMMATORY CYTOKINE 
PRODUCTION IN BMDMs

Studies from our group have reported that 
HSP90 inhibitors are potential therapeutic can-
didates in ALD.(6,22) Studies on targeted inhibi-
tion of ER paralog of HSP90 in ALD is not yet 
reported. To unravel the therapeutic significance of 

inhibiting GP96, we assessed whether macrophages 
treated with GP96-specific inhibitor show reduced 
pro-inflammatory responses, similar to in vivo mac-
rophages from alcohol-fed M-GP96KO mice. LPS-
challenged BMDMs were treated with 0.5  μM 
PU-WS13, a purine scaffold-based GP96 inhibitor. 
PU-WS13 is a small molecule whose selectivity for 
GP96 arises from its ability to bind to an allosteric 
pocket of GP96 that only partly overlaps with the 
ATP-binding pocket and is not accessible in the 
closely related paralog HSP90.(12) PU-WS13 treat-
ment did not affect BMDM viability (Supporting 
Fig S5A). PU-WS13 treated BMDMs demonstrated 
significant attenuation in LPS-induced mRNA lev-
els of pro-inflammatory cytokines TNF-α, IL-6, 
IL-1β, and MCP-1 (Fig.  7A-D). Complimentary 
to TNF-α mRNA level, the protein level was also 
significantly reduced in PU-WS13-treated BMDMs 
(Fig.  7E). We confirmed selective inhibition of 
HSP90 ER paralog by PU-WS13 in BMDMs by 
comparing the expression of cytoplasmic HSP70, 
induced by other HSP90 inhibitors, such as 17-
DMAG.(6,18) Unlike 17-DMAG, which targets pre-
dominantly cytosolic pools of HSP90, resulting in 
HSP70 induction in the cytoplasm, PU-WS13 failed 
to induce HSP70 mRNA in LPS-exposed BMDMs 
(Supporting Fig.  S5B), confirming specific inhibi-
tion of ER paralog HSP90B1, and not the cytoso-
lic HSP90 isoform. Thus, inhibition of ER-specific 
HSP90B1/GP96 reduces inflammatory responses 
in macrophages, without affecting cytosolic HSP90. 
Next, we validated our results using GP96-specific 
siRNA-mediated knockdown in RAW 264.7 mac-
rophages. Transient transfection of GP96 siRNA 
reduced LPS-induced TNF-α protein level in mac-
rophages (Fig. 7F). Knockdown efficiency of GP96 
by siRNA was confirmed by marked reduction of 
GP96 protein (Supporting Fig.  S5C). These data 
confirm that ER-specific targeting of GP96 in pri-
mary macrophages inhibits pro-inflammatory cyto-
kines, suggesting its potential as a therapeutic target 
to alleviate liver inflammation.

Discussion
In the present study, we identified an import-

ant role of myeloid cell-specific ER resident HSP 
chaperone, GP96, in ALD. Increased expression 
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FIG. 6. Alcohol-induced ER stress mediators are reduced in M-GP96KO mice livers. Expression of genes associated with ER stress in 
whole-liver lysate (A), hepatocytes (B), and liver macrophages (C) isolated from pair-fed and alcohol-fed WT and M-GP96KO mice 
(n = 6-10). (D) The protein levels of CHOP and cleaved ATF6 in whole-liver lysate and nuclear ATF4 in nuclear extract was analyzed 
by western blot. Tubulin and TBP were used as loading controls (n = 3). Data are presented as mean ± SEM. *P < 0.05, **P < 0.01, 
****P < 0.0001. Abbreviations: cATF6α, cleaved ATF6α; nATF4, nuclear ATF4; n.s., nonspecific.
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of GP96 occurs as a consequence of ER stress and 
downstream of the UPR.(10) Although studies have 
suggested its role in liver oncogenesis(25) and regen-
eration,(32) whether GP96 contributes to alcohol-
mediated hepatic steatosis and inflammation is not 
known. Here, we show induction of GP96 in livers of 
patients with AH and in ALD murine models, sug-
gesting its clinical relevance. Using murine models of 
experimental ALD, we found that myeloid-specific 
GP96 deficiency prevents liver injury, as indicated 
by reduced ALT and steatosis. Deficiency of GP96 
in liver macrophages tips the balance in favor of FA 
oxidation genes with concomitant reduction in FA 
synthesis genes, contributing to decreased steato-
sis in livers of M-GP96KO mice. Loss of myeloid 
GP96 reduced circulating endotoxin, did not alter 

CyP2e1, and attenuated alcohol-induced liver pro-
inflammatory cytokines TNF-α, IL-6, MCP-1 and 
IL-1β, whereas it increased anti-inflammatory cyto-
kine, IL-10, and TGF-β. Furthermore, liver macro-
phages from alcohol-fed M-GP96KO mice exhibit 
compensatory induction of GRP78 and splicing 
of XBP-1, likely contributing to lower proteotoxic 
stress and reduced injury. Finally, our data show 
that pharmacological inhibition of GP96 using an 
ER permeable, specific inhibitor, and gene silencing 
using specific GP96 siRNA, exhibit reduced pro-
inflammatory cytokines in murine macrophages. 
Taken together, we present evidence for patho-
physiological significance of myeloid-specific GP96 
during chronic alcohol-mediated liver inflammation 
and injury (Fig. 8).

FIG. 7. Inhibition of GP96 using specific inhibitor PU-WS13 and siRNA reduces LPS-induced pro-inflammatory cytokine production. 
BMDMs were isolated from C57BL/6J mice and stimulated with LPS (100 ng/mL) for 2 hours and treated with PU-WS13 (0.5 μM) 
either alone for 2 hours or before LPS for 1 hour. DMSO-treated cells served as control group (n = 8). RT-PCR was carried out to evaluate 
the expression of TNF-α (A), IL-6 (B), IL-1β (C), and MCP-1 (D) and compared with the untreated group. (E) Culture supernatant was 
evaluated for secreted TNF-α by ELISA. (F) Murine macrophage RAW 264.7 cell line was transiently transfected with GP96 siRNA 
(100 nM) or negative control siRNA for 48 hours and stimulated with LPS for the final 6 hours. Secreted TNF-α level was measured in 
culture supernatant by ELISA. Data are presented as mean ± SEM. ***P < 0.001, ****P < 0.0001. Abbreviation: ND, not detected.
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The pathological significance of cytoplasmic and 
ER-associated proteostasis mediators in ALD are 
becoming increasingly recognized.(5) Induction of 
UPR signaling in hepatocytes during chronic alcohol-
mediated liver injury has been identified.(8) However, 
the role of ER stress–mediated UPR in liver mac-
rophage activation and inflammation in ALD is not 
completely understood. Here we observed an up-
regulation of GP96 in livers of severe AH and explants 
from patients with AH as well as alcoholic cirrhosis, 
without changes in NAFLD and HCV livers. These 
data suggest that increased GP96 may specifically 
be linked to alcohol-induced inflammation and liver 
injury. Chronic alcohol feeding in mice led to GP96 

induction in livers, and prominently in liver macro-
phages. Similarly, we observed induction of GP96 in 
murine primary macrophages exposed to alcohol in 
vitro. Based on these data, we investigated the role 
of myeloid GP96 on alcohol-mediated inflammation 
and liver injury. Previous studies have shown that 
alcohol-mediated ER stress induces another crucial 
ER chaperone, GRP78, in the liver.(8,33) In agreement, 
we noted increased GRP78 in livers of severe AH and 
explants from patients with AH. GRP78 induction 
was also noted in livers and hepatocytes, but not in 
macrophages of chronic alcohol-fed mice. Our results 
indicate clinical significance of myeloid GP96 in alco-
holic liver injury.

FIG. 8. Schematic representation depicting pathophysiological significance of macrophage-specific GP96 during chronic alcohol-
mediated liver inflammation and injury.
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Prolonged alcohol consumption induces steato-
sis and inflammatory mediators.(5,10) Here we show 
that mice lacking ER resident chaperone, GP96, 
in myeloid cells display protection from alcohol-
mediated liver damage, as evidenced by diminished 
serum ALT and steatosis. It should be noted that in 
liver, GP96 is not only expressed by macrophages but 
also by hepatocytes. In our study, we focus on myeloid-
specific GP96, and report its contribution to liver 
inflammation and injury. Excess fat accumulation in 
hepatocytes during ALD can occur due to de novo FA 
synthesis and impaired FA oxidation. In the present 
study, we found induction of nuclear PPAR-α pro-
tein and its target genes CPT1a, LCAD and MCAD, 
whereas lipogenic genes SREBPF1, SCD1, and FAS 
were reduced in alcohol-fed M-GP96KO mice. It is 
likely that crosstalk between hepatocytes and hepatic 
macrophages suggested previously in ALD(34) occurs 
in M-GP96KO mice. Pro-inflammatory cytokines 
such as liver-macrophage derived TNF-α can regu-
late lipogenesis through hepatic TNFR1.(35) Another 
study revealed crosstalk between KCs and hepatocytes 
regulating hepatic TG storage,(36) through an inhib-
itory effect of IL-1β on PPAR-α promoter activity, 
resulting in decreased FA oxidation.(36) In agree-
ment with these reports, our data suggest that lack 
of GP96 in liver macrophages results in decreased 
pro-inflammatory cytokines (TNF-α and IL-1β) 
and regulates lipid synthesis and oxidation genes in 
hepatocytes. Furthermore, it is likely that ER stress 
mediates hepatocyte–macrophage crosstalk pathways 
facilitated by GP96 in ALD, which will be studied in 
the future.

Alcohol-induced oxidative stress and hepatic 
inflammation are critical drivers of tissue injury 
during ALD.(37) Hepatic inflammation is triggered by 
binding of gut-derived pathogen-associated molec-
ular patterns, such as LPS, to their specific TLRs 
expressed on liver macrophages, leading to production 
of pro-inflammatory cytokines.(38) Chronic alcohol-
mediated increase in gut-derived, circulating endo-
toxin(39) was significantly reduced in M-GP96KO 
mice. Studies have identified a role for GP96 in intes-
tinal epithelial homeostasis.(40) Interestingly, lack of 
GP96 in myeloid cells appears to prevent gut perme-
ability, suggesting an important role for this chaper-
one in gut inflammation and permeability. The role 
of inflammation-mediated intestinal barrier dysfunc-
tion has been reported earlier in ALD(41) and will be 

investigated in context with intestinal GP96 in the 
future. Chronic alcohol-induced hepatic inflammatory 
response and macrophage activation were reduced in 
M-GP96KO mice. Interestingly, anti-inflammatory 
cytokines IL-10 and TGF-β were elevated in alcohol-
fed M-GP96KO mice. Increased mRNA transcripts 
of TGF-β, Trem-2, and ATF3 suggest transition 
from inflammatory to restorative phenotype of mac-
rophages in liver of alcohol-fed M-GP96KO mice. 
LysMCre-mediated deletion of GP96 induced ATF3 
protein, further supporting that phenotypic change in 
liver macrophages may be facilitated by loss of GP96. 
Detailed phenotypic characteristics of these mac-
rophages will be characterized in our future studies. 
Pathophysiological role of macrophage GP96 was also 
noted in a model of endotoxin-mediated liver injury, 
in which M-GP96KO mice showed lower serum 
ALT and inflammatory responses. Previous studies 
have reported that GP96 is a master chaperone for 
maturation and functioning of TLRs.(11) Our find-
ings support the notion that in the absence of mac-
rophage GP96, cell-surface expression of TLR4 is 
affected, resulting in blunted inflammatory response. 
It is known that inhibition of liver macrophages or 
blocking circulating endotoxin alleviates ALD in ani-
mal experiments.(1,42) Our data suggest that targeting 
GP96 in macrophages inhibits endotoxin responses, 
which could be beneficial in curbing the inflammatory 
response during ALD.

Alcohol consumption leads to accumulation of 
misfolded proteins, disrupts ER homeostasis, and 
induces UPR in both primary hepatocyte cultures and 
in mouse livers.(8,43) In line with this, we observed ele-
vated expression of ER chaperones, GRP78 and GP96, 
as well as ATF4 and CHOP, two major downstream 
mediators of PERK (PKR-like endoplasmic reticulum 
localized kinase) pathway in murine alcoholic liver. 
UPR signaling in alcoholic liver is induced to cope 
with increased proteotoxic and lipotoxic burden. Our 
data show that myeloid GP96 modulates ER stress 
in alcoholic livers, likely favoring lower proteotoxic 
stress. Interestingly, we found reduced ATF4 expres-
sion, whereas GRP78 expression was elevated in iso-
lated liver macrophages from alcohol-fed M-GP96KO 
mice. Previous studies showed that ATF4 can directly 
regulate IL-6 and CCL2 expression in macro-
phages.(44,45) It is likely that reduced IL-6 and CCL2 
in alcohol-fed M-GP96KO is due to decreased ATF4. 
Moreover, increased GRP78 in alcoholic macrophages 
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may occur due to compensatory induction of another 
chaperone due to deficiency of GP96,(46) suggesting 
that increased GRP78 retains cellular homeostasis 
and relieves ER stress in M-GP96KO mice. Increased 
splicing of XBP-1 in liver macrophages of alcohol-
fed M-GP96KO mice suggest that activation of this 
pathway is likely responsible for the higher expression 
of GRP78. Detailed analysis of specific UPR pathway 
in M-GP96KO alcoholic livers leading to GRP78 
induction will be investigated in the future.

Because myeloid-specific GP96 deficiency reduces 
inflammation, we used specific GP96 siRNA and phar-
macological GP96-specific inhibitor, PU-WS13,(12,13) 
to evaluate macrophage-mediated pro-inflammatory 
responses. Consistent with our in vivo data, inhibi-
tion of GP96 using PU-WS13 or siRNA significantly 
decreased LPS-mediated pro-inflammatory cytokine 
production in primary macrophages. Thus, future 
exploration of targeting GP96 using specific inhibi-
tors in vivo to alleviate alcohol-induced liver damage 
deserves further investigation.

In summary, we report an important pathophys-
iological role for myeloid-specific ER resident HSP 
family chaperone GP96 in ALD. The contribu-
tion of ER stress mediators have been implicated in 
alcohol-related hepatocyte apoptosis,(47) hepatocel-
lular injury(48) and hyperhomocysteinemia.(8) Using 
different models of alcohol-mediated and endotoxin-
mediated liver injury, we identified that selective 
macrophage GP96 deletion protected mice from 
liver injury and inflammation. Our findings on the 
pathophysiological significance of macrophage GP96 
adds to our understanding of the mechanisms associ-
ated with ALD and have implications in developing 
therapeutics. In fact, mutations in GP96 can reduce 
macrophage activation while retaining antigen pre-
sentation activity(49) to combat infections in ALD. 
Although complete inhibition of liver macrophage 
activation and inflammatory responses in ALD can 
be a clinical limitation, targets that promote recov-
ery/restorative phenotype to facilitate elimination of 
damaging triggers in the liver could be beneficial. Our 
ongoing studies are focused on investigating the effect 
of GP96 deletion in myeloid cells on selective induc-
tion of anti-inflammatory or restorative macrophage 
phenotype. We are also assessing the involvement of 
upstream mediators of UPR pathways such as PERK, 
eukaryotic initiation factor 2α, and inositol-requiring 
enzyme-1α in macrophage activation during alcoholic 

liver injury. Overall, our studies indicate that inhi-
bition of myeloid GP96 may represent an attractive 
therapeutic strategy in the management of ALD.
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