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ABSTRACT

Aging, obesity and diabetes are major risk factors for the severe progression and outcome 
of SARS-CoV-2 infection (COVID-19), but the underlying mechanism is not yet fully 
understood. In this study, we found that the SARS-CoV-2 spike protein physically interacts 
with cell surface GRP78, which promotes the binding to and accumulation in ACE2-
expressing cells. GRP78 was highly expressed in adipose tissue and increased in older and 
obese diabetic human and mouse subjects. The overexpression of GRP78 was attributed to 
hyperinsulinemia in adipocytes, which was in part mediated by the stress-responsive 
transcription factor XBP-1s. Management of hyperinsulinemia by pharmacological 
approaches, including metformin, SGLT2 inhibitor or β3-adrenergic receptor agonist, 
decreased GRP78 gene expression in adipose tissue. Environmental interventions, including 
exercise, calorie restriction, fasting or cold exposure, reduced the gene expression of GRP78 
in adipose tissue. This study provides scientific evidence for the role of GRP78 as a binding 
partner of the SARS-CoV-2 spike protein and ACE2, which might be related to the severe 
progression and outcome of COVID-19 in older and obese diabetic patients. The 
management of hyperinsulinemia and the related GRP78 expression could be a potential 
therapeutic or preventative target.
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INTRODUCTION

The outbreak of the novel β-coronavirus SARS-CoV-2 infection, COVID-19, has rapidly 

spread worldwide and, to date, has resulted in over 169,000,000 human infections and more 

than 3,500,000 deaths. The development of severe acute respiratory syndrome is the major 

factor for serious progression and mortality in COVID-19 patients(1). Emerging studies have 

shown that there is an increased risk of poor outcomes with increasing age, obesity, visceral 

adiposity and diabetes(2-4), but the linked molecular mechanisms have not yet been 

explained. In this severe pandemic, further scientific information and therapeutic targets are 

required.

While adipose tissue plays an important role in the regulation of energy homeostasis, 

its abnormalities have harmful effects on systemic healthy states. The aging- or obesity-

associated pathological expansion of adipose tissue, especially in the visceral region, 

contributes to the development of various metabolic diseases and their complications(5-8). 

Hyperinsulinemia, a chronic state of high insulin levels, is commonly found in older or obese 

patients(9; 10) and causes detrimental cellular stress in adipose tissue, such as reactive 

oxygen species, endoplasmic reticulum stress, hypoxia and inflammation(11-14). Recently, 

adipose tissue has been taken into account as a major reservoir for viral shedding/spread, 

immune activation and cytokine amplification in SARS-CoV-2 infection (COVID-19)(15-

17). However, little is known about the molecular mechanisms.

SARS-CoV-2, like a previous SARS-related coronavirus (SARS-CoV), has been 

known to utilize angiotensin-converting enzyme 2 (ACE2) as a major host binding 

receptor(18). Recent studies have suggested the involvement of other binding molecules in 
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COVID-19, such as GRP78(19-22). Glucose-regulated protein 78 (GRP78), also known as 

BIP/HSPA5, is well known as a molecular chaperone localized in the endoplasmic reticulum 

(ER), where it plays important roles in protein folding and assembly. Under stressed 

conditions, GRP78 is overexpressed and translocated to the cell surface and acts as a receptor 

for various endogenous and exogenous ligands(23; 24). GRP78 can bind many viruses and 

affect multiple stages of the viral life cycle, including entry, replication, egress and 

subsequent spread. This property is applicable not only to MERS-CoV and bCoV-HKU9 

coronaviruses but also potentially to SARS-CoV-2(19; 21; 22; 25). However, scientific 

evidence linking GRP78 and COVID-19 and the expression profiles and possible roles of 

GRP78 in COVID-19 have not been fully explored.

In this study, based on the experimental results of protein interactions and 

transcriptome analyses, we offer a perspective on the possible involvement of adipose tissue 

in the SARS-CoV-2 infection (COVID-19) of older and obese diabetic patients by GRP78 

and provide potential therapeutic and preventative approaches by managing 

hyperinsulinemia and the related GRP78 expression in adipose tissue.
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METHODS

Material information

For the immunoblotting assay, the following antibodies were used: anti-FLAG (Sigma 

#F3165, M2), anti-His (CST #12698, Santa Cruz #sc-8036), anti-C9 (Santa Cruz #sc-57432), 

anti-GRP78 (CST #3177), anti-XBP-1s (CST #12782), anti-ACE2 (Abcam #ab108252), and anti-

SARS-CoV-2 spike (CST #56996). For cellular treatments, the following recombinant proteins 

were used: GRP78 (Abcam #ab78432) and SARS-CoV-2 spike protein (R&D #10549-CV). For 

the HEK293 overexpression assay, the following plasmids were used: pCMV14-3X-Flag-

SARS-CoV-2 (Addgene #145780), pcDNA3.1-Empty, pcDNA3.1-GRP78 (Addgene #145780), 

and pcDNA3.1-hACE2 (Addgene #145033). For plasmid transfection, Lipofectamine 3000 

was utilized per the manufacturer’s instructions. For extracellular crosslinking, DTSSP (3,3'-

dithiobis (sulfosuccinimidyl propionate)); Thermo Scientific #21578) was utilized. For the 

coimmunoprecipitation assay, Dynabeads™ Protein G (Invitrogen # 10003D) and TNE buffer 

(10 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1% NP-40) with protease inhibitor (Nacali # 

25955) and phosphatase inhibitors (Orthovanadate 2 mM, NaF 1 mM) were utilized.

Transcriptome and ChIP-Seq database analysis

The gene expression data of various human and mouse tissues were obtained from the 

Genotype Tissue Expression (GTEx) and mouse ENCODE projects. The gene expression data 
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of adipose tissues were obtained from the Gene Expression Omnibus (GEO). Visceral and 

subcutaneous adipose tissue-related datasets: Genotype Tissue Expression (GTEx) and 

GSE92488. Age-related datasets: Genotype Tissue Expression (GTEx) and GDS6247. Obesity-

related datasets: GDS3602 and GSE71586. Diabetes-related dataset: GDS3665. Insulin 

neutralization-related dataset: GSE35581, 3T3-L1 adipocytes. Insulin and TNFα treatment-

related dataset: GSE87853, 3T3-L1 adipocytes. XBP-1s overexpression-related dataset: 

GDS5065. GRP78/XBP-1 correlation-related transcriptome: Genotype Tissue Expression 

(GTEx). Metformin-related dataset:  GSE107894. TZD-related dataset:  GSE13070. 

CL316,243-related dataset: GSE98132. Exercise-related dataset: GSE68161. Calorie 

restriction-related dataset: GSE60596. Fasting-related datasets: GSE154612 and GDS4918. 

Cold exposure-related dataset: GDS3804, SGLT2i-related transcriptome was from previous 

research(26). The ChIP-Seq data of XBP-1 were obtained and analyzed from ChIP-Atlas: 

GSM2292560 and GSM3449388.

Cellular and mouse experiment

ACE2-overexpressing HEK293T or Calu3 cells were cultured with SARS-CoV-2 spike protein 

for 24 hours, followed by washing (ice-cold PBS 3 times), cell lysis and immunoblotting. For 

the binding assay, HEK293T cells overexpressed with ACE2 with/without GRP78 were 

treated with SARS-CoV-2 spike protein (0.5-1 µg/ml) at 4°C for 1 hour, followed by DTSSP 

crosslinking according to the manufacturer's instructions. 3T3-L1 adipocyte experiments 
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were performed as follows. Briefly, 3T3-L1 adipocytes were differentiated with standard 

differentiation media for 2 days (1 µM insulin, 1 µM dexamethasone and 0.5 µM IBMX in 

DMEM with 10% FBS and 1% PS) and then replaced with maintenance medium (DMEM with 

10% FBS and 1% PS). Fully differentiated adipocytes (days 7-9) were treated with 1 nM 

and/or 100 nM insulin with/without XBP-1 splicing inhibitor (STF-083010, 100 µM) for 48 

hours and then snap-frozen in liquid nitrogen for Western blotting analysis.  Mouse adipose 

tissues from the interventions of 24 hours fasting/feeding cycle and SGLT2 inhibitor 

treatment(26) were snap-frozen in liquid nitrogen for Western blotting analysis.   Protein 

samples were prepared in SDS sample buffer containing dithiothreitol (DTT) and heated to 

95°C for 5 min prior to loading on SDS-PAGE gels. After electrophoresis, the gel was 

transferred to PVDF, and the membrane was blotted with specific antibodies. Densitometry 

was performed using ImageJ (National Institutes of Health).

Statistics analysis

For the results shown in Figure 2 (C, G, H and I), Figure 3 (A and E), Figure 4 (A, B, D, E, F, G 

and H) and Supplemental Figure 1B, statistical analyses were made using by Student’s t test. 

For the results shown in Figure 1 (C, D and E), Figure 2 (D and F), Figure 3B and Supplemental 

Figure 1C, statistical analyses were made using Tukey-Kramer test.  For the result of Figure 

4C, statistical analysis for each pair was made using Wilcoxon's paired tests.  For the results 

shown in Figure 2E and Supplemental Figure 1A, statistical analyses were made using 
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Wilcoxon/Kruskal-Wallis test (Rank Sums) followed by post hoc tests for each pair using 

Wilcoxon's paired tests. All data were expressed as mean ± SEM values. Significant 

differences were considered at *p < 0.05, **p < 0.01, ***p < 0.001.

Data and Resource Availability

The datasets and source data generated during and/or analyzed during the current study 

are available from the corresponding author upon reasonable request.
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RESULTS

GRP78 physically interacts with the SARS-CoV-2 spike protein, which promotes binding 
and accumulation in ACE2-expressing cells.

Viral infections begin with the binding of viral particles to host cell surface receptors. The 

spike protein of SARS-CoV-2, an envelope protruding glycoprotein of the virus, is 

responsible for entry into a host cell by attaching to and fusing with the membrane of a host 

cell. First, we investigated whether GRP78 could physically interact with the SARS-CoV-2 

spike protein. We overexpressed SARS-CoV-2 spike and human GRP78 proteins in 

HEK293T cells and then estimated the interaction by coimmunoprecipitation (IP). The 

coexpression assays showed the physical binding of the SARS-CoV-2 spike protein with 

GRP78 (Figure 1A). The expression of endogenous GRP78 protein is much lower than that 

of exogenously overexpressed GRP78, but it can still physically bind with SARS-CoV-2 

spike protein (Figure 1B).

Next, we evaluated whether GRP78 could act as an independent receptor or binding 

partner for ACE2. HEK293T cells were overexpressed with GRP78 and/or ACE2 and were 

then treated with the SARS-CoV-2 spike protein in the culture medium for 24 hours, followed 

by immunoblotting to evaluate the cellular accumulation of the SARS-CoV-2 spike protein. 

Overexpression of ACE2, but not GRP78 alone, significantly accumulated SARS-CoV-2 

spike protein compared to the empty vector control (Figure 1C). Notably, the coexpression 

of ACE2 with GRP78 markedly enhanced the accumulation compared to that of ACE2 alone 

in HEK293T cells (Figure 1C), and the level was dependent on GRP78 expression (Figure 

1D). We also assessed whether exogenously treated GRP78, as a mimetic condition of 
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soluble GRP78 in circulation, could enhance the accumulation of SARS-CoV-2 spike protein 

in lung epithelial cells. The treatment of recombinant human GRP78 protein with Calu3 cells, 

a widely used ACE2-expressing lung epithelial cell line for SARS-CoV-2 infection, 

enhanced the cellular accumulation of SARS-CoV-2 spike protein in a dose-dependent 

manner (Figure 1E).

Finally, we investigated whether GRP78 could form a protein complex with ACE2 

and the SARS-CoV-2 spike protein in HEK293T cells. A coexpression assay showed the 

physical binding of ACE2 not only with the SARS-CoV-2 spike protein but also with GRP78 

(Figure 1F). Independent experiments with DTSSP-mediated extracellular crosslinking 

confirmed that exogenously treated SARS-CoV-2 spike protein physically interacts with cell 

surface GRP78 and ACE2 (Figure 1G and 1H). The expression of GRP78 promoted the 

binding of the SARS-CoV-2 spike protein to ACE2 (Figure 1I). The results suggest that cell 

surface GRP78 could facilitate the binding of SARS-CoV-2 spike protein to ACE2-

expressing host cells.

GRP78 is highly expressed in adipose tissue and is elevated with increasing age, obesity, 
and diabetes.

Aging, obesity and diabetes are major risk factors for the severe progression and outcomes 

of COVID-19, but the relationships with GRP78 expression have not yet been explored. To 

understand the expression profiles of GRP78, we analyzed transcriptome datasets of human 

and mouse tissues. The GRP78 gene was highly expressed in both human and mouse adipose 

tissue, and the level was much higher than that of the ACE2 gene (Figure 2A-B). Visceral 
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adipose tissue showed significantly higher gene expression levels of GRP78 than 

subcutaneous adipose tissue in both human and mouse adipose tissue (Figure 2C-D). The 

gene expression of GRP78 was significantly increased with aging in human adipose tissue 

(Figure 2E and Supplemental Figure 1A); the inductions were more prominent in VAT (1.32-

fold in 20-39 vs 60-79) than in SAT (1.21-fold in 20-39 vs 60-79 age). There were no 

significant sexually dimorphic differences in GRP78 gene expression in human adipose 

tissue (Supplemental Figure 1B). GRP78 gene expression was significantly increased with 

increasing age in mouse adipose tissue (Figure 2F). Obesity and diabetes were associated 

with increased GRP78 expression in both human and mouse adipose tissue (Figure 1G-I).

GRP78 is upregulated by hyperinsulinemia, which is mediated by XBP-1s in adipocytes.

Next, we investigated the regulatory mechanism of GRP78 in adipocytes. Aging, obesity, 

and diabetes are known to be associated with elevated circulating insulin levels, called 

hyperinsulinemia(9; 10). Neutralization of insulin by anti-insulin serum in vivo reduced the 

gene expression level of GRP78 in chicken adipose tissue (Figure 3A). Chronic insulin 

exposure of 3T3-L1 adipocytes increased the gene expression level of GRP78, but TNFα, an 

inflammatory cytokine, did not affect the expression level (Figure 3B). Insulin treatment 

significantly increased the protein expression of GRP78 in a dose-dependent manner in 3T3-

L1 adipocytes (Figure 3C). Increasing glucose concentrations in the culture media from 5.5 

mM (99 mg/dL) to 25 mM (450 mg/dL) had no effect on the protein expression of GRP78 

(Supplemental Figure 1C). The expression of GRP78 was correlated with the cellular stress-

responsive transcription factor XBP-1s (Figure 3D). The pharmacological inhibition of XBP-
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1 splicing, which blocks IRE1α-mediated XBP1 mRNA splicing, markedly reduced insulin-

mediated XBP-1s protein expression and decreased GRP78 protein levels in 3T3-L1 

adipocytes (Figure 3D). Overexpression of XBP-1s alone was enough to increase the gene 

expression of GRP78 (Figure 3E). ChIP-Seq analyses showed the direct binding of XBP-1 

in the promoter regions of the human and mouse GRP78 genes spanning exon 1 (Figure 3F). 

The gene expression of GRP78 was correlated with that of XBP-1 in human visceral adipose 

tissue (Figure 3G and 3H, Supplemental Figure 2A and 2B); similarly, correlations were 

observed in human subcutaneous adipose tissue (Supplemental Figure 2C-2F). The 

correlation levels were more significant in the older age group (60-79 years of age; Figure 

3H) than in the younger age group (20-39 years of age; Figure 3G). The expression of the 

XBP-1 and GRP78 genes was also correlated in the subcutaneous adipose tissue of lean and 

obese subjects (Figure 3I). A similar result was observed in the visceral adipose tissue of 

control (normal glucose tolerant; NGT) and diabetic (T2DM) subjects (Figure 3J). Notably, 

increased gene expression of GRP78 during feeding was correlated with that of XBP-1 in 

human subcutaneous adipose tissue (Figure 3K), indicating the involvement of insulin. 

Furthermore, decreased GRP78 gene expression by acute insulin deprivation (anti-insulin 

serum) during feeding was significantly correlated with XBP-1 gene expression in chicken 

adipose tissue (Figure 3L), suggesting a direct insulin effect on the correlative expression. 

These results suggested that hyperinsulinemia induced the overexpression of GRP78 in 

adipocytes, which was in part mediated by the stress-responsive transcription factor XBP-1s.
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GRP78 expression can be managed by pharmacological and environmental interventions 
in adipose tissue.

We next estimated the potential management of GRP78 gene expression by generally 

prescribed and easily applicable interventions for hyperinsulinemia. There are various 

pharmacological drugs that control hyperinsulinemia, such as metformin, PPAR agonists 

and SGLT2 inhibitors(27). Metformin is the most widely prescribed antidiabetic drug. The 

administration significantly reduced the expression level of GRP78 in the subcutaneous 

adipose tissue of human subjects (Figure 4A). Thiazolidinediones (TZDs), such as 

pioglitazone and rosiglitazone, are antidiabetic drugs that activate adipose PPAR action and 

enhance insulin sensitivity. Treatment with TZD did not affect the expression of GRP78 in 

the subcutaneous adipose tissue of human subjects (Figure 4B). SGLT2 inhibitors are a new 

class of antidiabetic agents that block reabsorption of glucose in the kidney, thereby lowering 

circulating glucose and insulin levels. Treatment with an SGLT2 inhibitor abrogated the 

induction of GRP78 gene and protein expressions in the adipose tissue of an obese diabetic 

mouse model (KKAY) (Figure 4C and Supplemental Figure 3A). Chronic activation of the 

β3-adrenalgic receptor by a specific agonist enhances the thermogenic action of adipose 

tissue and improves insulin sensitivity(28; 29). Treatment with a β3-adrenalgic receptor 

agonist, CL316243, reduced the expression of GRP78 in the adipose tissue of the mouse 

model (Figure 4D).

Circulating insulin levels are closely related to lifestyle habits and can be handled by 

various environmental management practices(30). Exercise enhances the utilization of excess 

energy sources mainly in the muscle, therefore effectively reducing circulating glucose and 
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insulin levels(31). Exercise intervention reduced the gene expression level of GRP78 in the 

adipose tissue of the mouse model (Figure 4E). Calorie restriction inhibits excess energy 

intake, thus lowering circulating glucose and insulin levels(32). The implementation of 

calorie restriction decreased GRP78 gene expression in the adipose tissue of the mouse model 

(Figure 4F). Fasting enhances fat oxidation in adipose tissue and reduces circulating glucose 

and insulin levels(33). Fasting intervention decreased GRP78 gene and protein expressions 

in the adipose tissue of the mouse model (Figure 4G and Supplemental Figure 3B). Cold 

exposure enhances catecholamine-associated thermogenic activation in adipose tissue, which 

enhances energy expenditure and insulin sensitivity(34). Cold acclimation reduced the gene 

expression level of GRP78 in the adipose tissue of the mouse model (Figure 4H).
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DISCUSSION

In summary, we show that GRP78 physically interacts with the SARS-CoV-2 spike protein, 

which facilitates the binding to and accumulation in ACE2-expressing cells (Figure 1). 

GRP78 is highly expressed in adipose tissue and is upregulated in older, obese and diabetic 

patients (Figure 2). This overexpression is likely attributed to hyperinsulinemia and is in part 

mediated by the stress-responsive transcription factor XBP-1s (Figure 3). Pharmacological 

or environmental interventions that are clinically feasible and easily applicable for the 

management of circulating insulin levels can effectively reduce the expression of GRP78 in 

adipose tissue (Figure 4).

This research provides scientific evidence that cell surface GRP78 can act as a 

binding partner of the SARS-CoV-2 spike protein and ACE2 (Figure 1), and the interactions 

might aggravate the binding and infection of SARS-CoV-2 to host cells. The roles of GRP78 

as a host binding factor have been reported in other coronaviruses, including MERS-CoV 

and bCoV-HKU9, which also bind to spike proteins and promote attachment and entry(19; 

25). Similarly, other viruses, such as dengue virus, coxsackievirus A9 (CAV-9), Japanese 

encephalitis virus (JEV) and Tembusu virus (TMUV), utilize GRP78 as the host binding 

receptor or partner and facilitate entry into target cells(35-38). Of note, recent published 

paper from Amy S Lee group showed very similar results with our biochemical experiments 

that GRP78 directly forms protein complex with spike protein and ACE2(39). They showed 

the possible stabilization of ACE2 by GRP78 on the cell surface; antibody-mediated 

reduction of cell surface GRP78 could attenuate the infection of SARS-CoV-2 psuedovirus 

virus in ACE2-expressing cells(39). Taken together, these findings suggest that cell surface 
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GRP78 might play an important role in SARS-CoV-2 infection via physical interaction with 

the spike protein and ACE2 (Figure 5).

Aging, obesity, diabetes and visceral adiposity are major risk factors for the severe 

progression and outcome of COVID-19. In this study, we showed that these risk factors are 

all associated with increased GRP78 expression in adipose tissue (Figure 2). The observed 

hyperinsulinemia is likely attributable to the induction of GRP78, which is markedly 

correlated with the expression of XBP-1 (Figure 3). GRP78 is found not only in cellular 

compartments but also in circulation and is also increased in obese and diabetic patients(40). 

GRP78 facilitates the entry of binding substances via the endocytosis pathway(41). 

Importantly, we found that soluble GRP78, a mimetic of the circulating form, can facilitate 

the accumulation of SARS-CoV-2 spike protein in lung epithelial cells in vitro (Figure 1E). 

These results might suggest that soluble GRP78 in circulation, possibly from adipose tissue, 

could bind to SARS-CoV-2 and potentially induce the systemic viral spreading, entry and 

infection of ACE2-expressing cells (Figure 5).

Although a preliminary study showed SARS-CoV-2 infection in human adipocytes 

(https://agencia.fapesp.br/adipose-tissue-may-be-a-reservoir-for-sars-cov-2-brazilian-

researchers-suggest/33729/), it is still uncertain whether SARS-CoV-2 could infect the 

adipocytes of patients. Adipose tissue is widely distributed throughout the body not only in 

visceral (mesenteric/omental fat) and subcutaneous (subcutaneous fat) regions but also in 

parts of the lung (intrathoracic fat), pancreas (pancreatic fat), heart (epicardial fat) and kidney 

(perirenal fat). Because the virus can infect multiple organs beyond the respiratory tract, 
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including the kidneys, heart, liver, brain, pancreas and blood(42; 43), SARS-CoV-2 could 

also possibly invade, infect and reside in the adipose tissue found in these organs. The 

COVID-19 pandemic is still a severe threat worldwide, and further clinical research is needed 

to address these points.

In the current study, we show that various insulin-sensitizing drugs (metformin, 

SGLT2 inhibitor and β3-adrenalgic receptor agonist) and environmental interventions 

(exercise, calorie restriction, fasting and chronic cold exposure) can reduce the expression of 

GRP78 in adipose tissue (Figure 4). These interventions are sometimes associated with 

weight loss, and this might also be an important factor for reduced GRP78 expression in 

adipose tissue. In that acute and direct deprivations of insulin (fasting and anti-insulin 

treatment in Figure 3L and 3M) are enough to reduce the gene expression level of GRP78 

with XBP-1 (Figure 3L and 3M), we speculate that better insulin sensitivity or low insulin 

levels reduces GRP78 expression first, and then weight loss is likely to be accompanied by 

chronic or long-term pharmacological and environmental effects. TZDs had little effect on 

GRP78 expression in the human adipose tissue (Figure 4B). The forced PPAR activation 

might act as a stress for adipocytes and be associated with unchanged GRP78 expression in 

adipose tissues. TZDs still have great systemic insulin sensitizing and protective effects for 

many other tissues and cells; thus, their potential therapeutic/preventative roles in COVID-

19 need to be defined in future studies.

Viruses such as SARS-CoV-2 contain various viral proteins, such as spike (S), 

envelope (E), membrane (M) and nucleocapsid (N) proteins, for their life cycle in the host. 
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They exploit the molecular chaperones of host cells for the synthesis of these viral 

components, which is essential for viral replication(25; 44; 45). GRP78 is well known as a 

molecular chaperone for a wide range of proteins and plays a central role in viral protein 

synthesis and maturation(19). GRP78 plays an important role in the viral protein production, 

folding and/or assembly of many viruses, including dengue virus, Japanese encephalitis virus, 

human cytomegalovirus, Ebola virus, and hepatitis B virus (37; 46-50). The inhibition of 

GRP78 can disrupt the entry and/or production of these viruses(19). A recent study has shown 

that AR12 (OSU-03012), a potent inhibitor of PDK1/AKT signaling, reduces GRP78 

expression and inhibits SARS-CoV-2 replication(22). During the course of evolution, viruses 

have somehow acquired the ability to utilize GRP78 functions not only for entry into host 

cells but also for the production and assembly of viral proteins facilitating the viral replication 

(Figure 5).

Exaggerated inflammatory responses are associated with the severe progression and 

outcome of COVID-19 patients(51). Proinflammatory transcription factors, including 

nuclear factor κB (NF-κB) and Janus kinase (JNK)/signal transducer and activator of 

transcription 3 (STAT3), play central roles in the regulation of inflammatory responses and 

are associated with immune cell activation and cytokine amplification in many 

pathophysiological conditions. Cell surface GRP78 has been shown to be associated with the 

activation of proinflammatory transcription factors(23). Cell surface GRP78 promotes NF-

κB activation in endothelial cells and increases the expression levels of ICAM-1 and VCAM-

1, accelerating the development of atherosclerotic lesions(52). JNK/STAT3 activation 

mediated by cell surface GRP78 increases the cell growth and migration of breast cancer(53). 
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The binding of SARS-CoV-2 to GRP78 might induce the activation of proinflammatory 

transcription factors and possibly contribute to deleterious inflammatory responses, such as 

immune activation and cytokine amplification, in COVID-19 patients (Figure 5).

Viral infection can selectively block host protein synthesis and hijack the host ER 

translational function to produce viral proteins in massive quantities(19). This causes ER 

overload and results in ER stress-mediated GRP78 overexpression, as shown in many cases 

of viral infections(19; 46; 50). The induction of GRP78 induction physiologically protects 

cells from apoptosis and exerts pro-survival effects in various stress conditions, but this 

ironically supports the long-lasting life cycle of viruses in the host cells(19). Cell surface 

GRP78 can also bind and stabilize ADAM17, which is known to enhance the entry of SARS-

CoV by shedding ACE2(54). A recent study showed that GRP78 is also involved in the egress 

of β-coronaviruses, including SARS-CoV-2, and is released together with viruses via the 

lysosomal exocytic pathway(21). These pathophysiological features of GRP78 might also 

contribute to the severe progression and outcome of COVID-19.

The spike protein of SARS-CoV-2 can bind its receptor ACE2, and mediates 

membrane fusion and viral entry. In the current study, we utilized a recombinant spike protein 

of SARS-CoV-2 to analyze the binding and/or accumulation in ACE2-expressing 

mammalian cells. Interestingly, the spike protein, when treated in the condition medium yet 

without all other proteins and membrane structures from a virion, can somehow also be 

absorbed by the cells. Absorbance of spike protein is well described in previous SARS-CoV 

research that the binding of spike protein to ACE2 induces translocation to cytoplasmic 
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compartments(55). Similar results were observed in SARS-CoV-2 research; localization of 

spike protein both in the cell surface and intracellular compartments(39). Mechanistically, 

binding of SARS-CoV-2 to ACE2 induces endocytosis in several ways including clathrin-, 

caveolae-, flotillin-, micropinocytosis-dependent pathways(56). Biochemical assays utilizing 

the recombinant spike protein might be a useful and simple tool for analyzing the binding 

and endocytosis of SARS-COV-2 circumventing technical and safety issues of the viral use.

Collectively, we offer a perspective on the possible involvement of adipose tissue in 

COVID-19. In older and obese diabetic patients, hyperinsulinemia causes adipose cellular 

stress and induces the XBP-1-mediated overexpression of GRP78, which may potentially 

increase its localization to the cell surface and circulation(23; 24; 39; 40). The high 

expression of GRP78 might aggravate viral infection, spread, replication and inflammatory 

response as a binding partner of the SARS-CoV-2 spike protein and ACE2, which possibly 

contributes to the severe progression and outcome of COVID-19 in older and obese diabetic 

patients (Figure 5). We hope this prospective study will aid in better understanding COVID-

19 and emphasize that the management of hyperinsulinemia and the related GRP78 

expression might be a therapeutic or preventative approach for COVID-19. It is also worth 

noting that GRP78 could be a potential target for COVID-19 drugs to disrupt multiple steps 

of the viral life cycle, and further clinical and experimental studies need to be done. 

This study is based on scientific evidence of GRP78 protein interactions, expression 

profiles and regulation in adipose tissue. The biochemical experiments employed over-

expression experiments or treatments with high-dose (micro grams) soluble proteins to 
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investigate the interaction between GRP78 and the SARS-CoV-2 spike protein. Future 

studies are required to determine whether GRP78 is a critical host factor for COVID-19, 

especially in older and obese diabetic patients, as well as the relationships with 

hyperinsulinemia. This study does not contradict or alert insulin treatments for patients with 

diabetes but suggests the potential significance of chronic hyperinsulinemia and the related 

GRP78 expression in older and obese diabetic patients with COVID-19.   
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 FIGURE and FIGURE LEGEND

Figure 1. GRP78 physically binds with the SARS-CoV-2 spike protein, which promotes the 
binding to and accumulation in ACE2-expressing cells. A: Western blot images of GRP78 
(Anti-GRP78) and SARS-CoV-2 spike protein (Anti-Flag) after the coimmunoprecipitation of 
HEK93T cells overexpressed with Flag-tagged SARS-CoV-2 spike protein and GRP78. B: 
Western blot images of GRP78 (Anti-GRP78) and SARS-CoV-2 spike protein (Anti-Flag) after 
the coimmunoprecipitation of HEK93T cells overexpressed with Flag-tagged SARS-CoV-2 
spike protein. C and D: Western blot images and densitometry of the SARS-CoV-2 spike 
protein (Anti-His), ACE2 (Anti-C9) and GRP78 (Anti-GRP78) after treatment with His-tagged 
SARS-CoV-2 spike protein for 24 hours in HEK293T cells overexpressed with Empty, C9-
tagged ACE2 and/or GRP78 plasmids. E: Western blot images and densitometry of the SARS-
CoV-2 spike protein (Anti-His) and ACE2 (Anti-ACE2) after treatment with His-tagged SARS-
CoV-2 spike protein for 24 hours in Calu3 cells. F: Western blot images of GRP78 (Anti-
GRP78), SARS-CoV-2 spike protein (Anti-Spike) and ACE2 (Anti-C9) after the 
coimmunoprecipitation of HEK93T cells overexpressed with Flag-tagged SARS-CoV-2 spike 
protein and GRP78. G: Brief description of the DTSSP-mediated extracellular crosslinking 
protocol. H and I: Western blot images of GRP78 (Anti-GRP78), SARS-CoV-2 spike protein 
(Anti-His) and ACE2 (H:Anti-ACE2, I:Anti-C9) after the coimmunoprecipitation of HEK293T 
cells overexpressed with Empty, C9-tagged ACE2 and/or GRP78 plasmids and treated with 
His-tagged SARS-CoV-2 spike protein for 1 hour at 4°C. Data are mean ± SEM. *p < 0.05, 
**p < 0.01, ***p < 0.001.
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Figure 2. GRP78 is highly expressed in adipose tissue and is elevated with aging, obesity, 
and diabetes. A and B: Gene expression of ACE2 and GRP78 in human and mouse tissue 
(human GTEx and mouse ENCODE transcriptomes: dark gray colors indicate GRP78 gene 
expression in adipose tissue). C: GRP78 gene expression in the visceral (VAT) and 
subcutaneous (SAT) adipose tissue of human subjects (GTEx, SAT n=442 and VAT n=355). D: 
GRP78 gene expression in the visceral adipose tissue (VAT), subcutaneous adipose tissue 
(SAT) and brown adipose tissue (BAT) of a mouse model (GSE92488, n=3). E: GRP78 gene 
expression in human visceral and subcutaneous adipose tissue in the indicated age groups; 
GTEx, 20-39 years of age: n=53 (VAT) and n=70 (SAT), 40-59 years of age: n=181 (VAT) and 
n=223 (SAT), 60-79 years of age: n=121 (VAT) and n=149 (SAT). F: GRP78 gene expression in 
mouse visceral adipose tissue from the indicated age groups (GDS6247, n=3 each). G: GRP78 
gene expression in the subcutaneous adipocytes of obese subjects compared with that of 
lean control subjects (GDS3602, n=10 each). H: GRP78 gene expression in the visceral 
adipose tissue of diabetic subjects compared with that of age- and BMI-matched control 
subjects (GDS3665, n=5 each). I: GRP78 gene expression in the visceral adipose tissue of a 
diet-induced obesity (DIO; 12 weeks of high-fat diet) mouse model (GSE71586, n=3 each). 
Data are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 3. GRP78 is upregulated by hyperinsulinemia, which is mediated by XBP-1s in 
adipocytes. A: GRP78 gene expression in chicken adipose tissue after 5 hours of insulin 
neutralization with porcine anti-insulin serum during feeding (GSE35581, n=5 each). B: 
GRP78 gene expression after chronic insulin or TNF-alpha (TNF) treatment in 3T3-L1 
adipocytes (GSE87853, Control and TNF: n=3 each, Insulin: n=2). C: Western blot image of 
GRP78 protein after 48 hours of insulin treatment in 3T3-L1 adipocytes. D: Western blot 
image of GRP78 protein after 48 hours of insulin (10 nM) treatment with/without XBP-1 
splicing inhibitor (XBP-1i, 100 µM). E: GRP78 gene expression after XBP-1s overexpression 
in 3T3-L1 adipocytes (GDS5065, n=4). F: XBP-1 ChIP-Seq peaks (promoter regions of the XBP-
1 gene spanning exon 1) in the human and mouse GRP78 genes (human LNCaP cells: 
GSM3449388, mouse liver: GSM2292560). G and H: Correlation between GRP78 and XBP-1 
gene expression in human visceral adipose tissue from GTEx; young (G: 20-39 years of age, 
VAT n=53) and older (H: 60-79 years of age, VAT n=121); visualized GRP78 expression 
ranging from 0 to 800 TPM, XBP1 from 0 to 300 TPM. I: Correlation between GRP78 and 
XBP-1 gene expression in the subcutaneous adipose tissue of lean and obese women 
(GDS3602; n=5 each). J: Correlation between GRP78 and XBP-1 gene expression in the 
visceral adipose tissue of control (age- and BMI-matched) and diabetic women (GDS3665, 
n=5 each). K: Correlation between GRP78 and XBP-1 gene expression in the subcutaneous 
adipose tissue of feeding (evening, two hours after standardized meal) and fasting (evening, 
26 hours after standardized meal) subjects (GSE154612, n=11 each). L: Correlation between 
GRP78 and XBP-1 gene expression in chicken adipose tissue after 5 hours of insulin 
neutralization with porcine anti-insulin serum during feeding (GSE35581, n=5 each). Data 
are mean ± SEM. **p < 0.01, ***p < 0.001.
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Figure 4. GRP78 expression can be managed by pharmacological and environmental 
interventions in adipose tissue. A: GRP78 gene expression in subcutaneous adipose tissue 
after 6 weeks of metformin treatment at 500 mg twice daily, and increased incrementally 
to 2000 mg daily at the end of 2 weeks (GSE107894, n=14). B: GRP78 gene expression in 
human subcutaneous adipose tissue after 3 months of TZD treatment (GSE13070, n=40). C: 
GRP78 gene expression in mouse visceral adipose tissue after 5 weeks of SGLT2 inhibitor 
(SGLT2i: dapagliflozin) treatment (n=4). D: GRP78 gene expression in mouse visceral adipose 
tissue after 3 days of CL316,243 treatment (GSE98132, n=3). E: GRP78 gene expression in 
mouse subcutaneous adipose tissue after 11 days of wheel running exercise (GSE68161, 
n=7). F: GRP78 gene expression in mouse visceral adipose tissue after 10 weeks of 30% 
calorie restriction (GSE60596, n=3). G: GRP78 gene expression in mouse visceral adipose 
tissue after 24 hours of fasting (GDS4916, n=5). H: GRP78 gene expression in mouse 
subcutaneous adipose tissue after 1 week of 30°C thermoneutrality or 4°C cold exposure 
(GSE13432, n=3). Data are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 5. Potential roles of GRP78 in COVID-19. In older and obese diabetic patients①, 
hyperinsulinemia② causes cellular stress and induces the XBP-1-mediated overexpression 
of GRP78③ in adipose tissue, which promotes the localization of GRP78 to the circulation④ 
and cell surface⑤, not only to endoplasmic reticulum (ER)⑥. GRP78 physically interacts 
with SARS-CoV-2 spike protein, which might play a number of crucial roles in the viral 
lifecycle. The interaction of the spike protein with soluble and cell surface GRP78 might 
facilitate the binding and infection of SARS-CoV-2 to ACE2-expressing host cells. Soluble 
GRP78 attached to SARS-CoV-2 in circulation possibly induces the systemic viral spread and 
infection. Binding of SARS-CoV-2 to cell surface GRP78 or the related stimuli could activate 
the NF-κB or JNK/STAT3 transcriptional pathway and induce cellular inflammatory 
responses. SARS-CoV-2 potentially exploits ER-located GRP78 as a molecular chaperone to 
produce and assemble viral particles, which enables successful viral replication (brown 
colored virus indicates newly replicated SARS-CoV-2). The high expression of GRP78 in older 
and obese diabetic patients may contribute to the severe progression and outcome of 
COVID-19.

Page 31 of 40

For Peer Review Only

Diabetes



32

Supplemental Figure 1. Data related to Figure 2 and Figure 3. A: GRP78 gene expression in 
human visceral and subcutaneous adipose tissue in the indicated age groups; GTEx, 20-39 
years of age: n=53 (VAT) and n=70 (SAT), 40-69 years of age: n=290 (VAT) and n=359 (SAT), 
70-79 years of age: n=12 (VAT) and n=13 (SAT). B: GRP78 gene expression in the human 
visceral and subcutaneous adipose tissue of male and female subjects; GTEx, total: n=526 
(male) and n=271 (female), VAT: n=241 (male) and n=114 (female), SAT: n=285 (male) and 
n=157 (female). C: Western blot image and densitometry of GRP78 in 3T3-L1 adipocytes 
treated with the indicated glucose concentrations and insulin for 48 hours; 5.5 mM (99 
mg/dl), 15.25 mM (274.5 mg/dl), 25 mM (450 mg/dl), 25 mM (450 mg/dl) + insulin (10 nM). 
Data are mean ± SEM. *p < 0.05, **p < 0.01.

Supplemental Figure 2. Data related to Figure 3G and 3H. A-F: Correlation between GRP78 
and XBP-1 gene expression in human visceral (total n=355) and subcutaneous (total n=442) 
adipose tissue in the indicated age groups; GTEx, 20-39 years of age: n=70 (SAT), 40-59 years 
of age: n=181 (VAT) and n=223 (SAT), 60-79 years of age: n=149 (SAT) ; visualized GRP78 
expression ranging from 0 to 800 TPM, XBP1 from 0 to 300 TPM.

Supplemental Figure 3. Data related to Figure 4C and 4G. A: C: Western blot image of 
GRP78 protein in mouse visceral adipose tissue after 5 weeks of SGLT2 inhibitor (SGLT2i: 
dapagliflozin) treatment (each n=5). B: Western blot image of GRP78 protein in mouse 
visceral adipose tissue of 24 hours feeding after 24 hours of fasting (each n=3).
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Figure 1. GRP78 physically binds with the SARS-CoV-2 spike protein, which promotes the binding to and 
accumulation in ACE2-expressing cells. A: Western blot images of GRP78 (Anti-GRP78) and SARS-CoV-2 
spike protein (Anti-Flag) after the coimmunoprecipitation of HEK93T cells overexpressed with Flag-tagged 
SARS-CoV-2 spike protein and GRP78. B: Western blot images of GRP78 (Anti-GRP78) and SARS-CoV-2 

spike protein (Anti-Flag) after the coimmunoprecipitation of HEK93T cells overexpressed with Flag-tagged 
SARS-CoV-2 spike protein. C and D: Western blot images and densitometry of the SARS-CoV-2 spike protein 

(Anti-His), ACE2 (Anti-C9) and GRP78 (Anti-GRP78) after treatment with His-tagged SARS-CoV-2 spike 
protein for 24 hours in HEK293T cells overexpressed with Empty, C9-tagged ACE2 and/or GRP78 plasmids. 
E: Western blot images and densitometry of the SARS-CoV-2 spike protein (Anti-His) and ACE2 (Anti-ACE2) 

after treatment with His-tagged SARS-CoV-2 spike protein for 24 hours in Calu3 cells. F: Western blot 
images of GRP78 (Anti-GRP78), SARS-CoV-2 spike protein (Anti-Spike) and ACE2 (Anti-C9) after the 

coimmunoprecipitation of HEK93T cells overexpressed with Flag-tagged SARS-CoV-2 spike protein and 
GRP78. G: Brief description of the DTSSP-mediated extracellular crosslinking protocol. H and I: Western blot 

images of GRP78 (Anti-GRP78), SARS-CoV-2 spike protein (Anti-His) and ACE2 (H:Anti-ACE2, I:Anti-C9) 
after the coimmunoprecipitation of HEK293T cells overexpressed with Empty, C9-tagged ACE2 and/or GRP78 

plasmids and treated with His-tagged SARS-CoV-2 spike protein for 1 hour at 4°C. Data are mean ± SEM. 
*p < 0.05, **p < 0.01, ***p < 0.001. 
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Figure 2. GRP78 is highly expressed in adipose tissue and is elevated with aging, obesity, and diabetes. A 
and B: Gene expression of ACE2 and GRP78 in human and mouse tissue (human GTEx and mouse ENCODE 

transcriptomes: dark gray colors indicate GRP78 gene expression in adipose tissue). C: GRP78 gene 
expression in the visceral (VAT) and subcutaneous (SAT) adipose tissue of human subjects (GTEx, SAT 
n=442 and VAT n=355). D: GRP78 gene expression in the visceral adipose tissue (VAT), subcutaneous 

adipose tissue (SAT) and brown adipose tissue (BAT) of a mouse model (GSE92488, n=3). E: GRP78 gene 
expression in human visceral and subcutaneous adipose tissue in the indicated age groups; GTEx, 20-39 
years of age: n=53 (VAT) and n=70 (SAT), 40-59 years of age: n=181 (VAT) and n=223 (SAT), 60-79 

years of age: n=121 (VAT) and n=149 (SAT). F: GRP78 gene expression in mouse visceral adipose tissue 
from the indicated age groups (GDS6247, n=3 each). G: GRP78 gene expression in the subcutaneous 

adipocytes of obese subjects compared with that of lean control subjects (GDS3602, n=10 each). H: GRP78 
gene expression in the visceral adipose tissue of diabetic subjects compared with that of age- and BMI-

matched control subjects (GDS3665, n=5 each). I: GRP78 gene expression in the visceral adipose tissue of 
a diet-induced obesity (DIO; 12 weeks of high-fat diet) mouse model (GSE71586, n=3 each). Data are 

mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. 
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Figure 3. GRP78 is upregulated by hyperinsulinemia, which is mediated by XBP-1s in adipocytes. A: GRP78 
gene expression in chicken adipose tissue after 5 hours of insulin neutralization with porcine anti-insulin 

serum during feeding (GSE35581, n=5 each). B: GRP78 gene expression after chronic insulin or TNF-alpha 
(TNF) treatment in 3T3-L1 adipocytes (GSE87853, Control and TNF: n=3 each, Insulin: n=2). C: Western 

blot image of GRP78 protein after 48 hours of insulin treatment in 3T3-L1 adipocytes. D: Western blot image 
of GRP78 protein after 48 hours of insulin (10 nM) treatment with/without XBP-1 splicing inhibitor (XBP-1i, 
100 µM). E: GRP78 gene expression after XBP-1s overexpression in 3T3-L1 adipocytes (GDS5065, n=4). F: 

XBP-1 ChIP-Seq peaks (promoter regions of the XBP-1 gene spanning exon 1) in the human and mouse 
GRP78 genes (human LNCaP cells: GSM3449388, mouse liver: GSM2292560). G and H: Correlation between 
GRP78 and XBP-1 gene expression in human visceral adipose tissue from GTEx; young (G: 20-39 years of 

age, VAT n=53) and older (H: 60-79 years of age, VAT n=121); visualized GRP78 expression ranging from 0 
to 800 TPM, XBP1 from 0 to 300 TPM. I: Correlation between GRP78 and XBP-1 gene expression in the 
subcutaneous adipose tissue of lean and obese women (GDS3602; n=5 each). J: Correlation between 

GRP78 and XBP-1 gene expression in the visceral adipose tissue of control (age- and BMI-matched) and 
diabetic women (GDS3665, n=5 each). K: Correlation between GRP78 and XBP-1 gene expression in the 

subcutaneous adipose tissue of feeding (evening, two hours after standardized meal) and fasting (evening, 
26 hours after standardized meal) subjects (GSE154612, n=11 each). L: Correlation between GRP78 and 
XBP-1 gene expression in chicken adipose tissue after 5 hours of insulin neutralization with porcine anti-
insulin serum during feeding (GSE35581, n=5 each). Data are mean ± SEM. **p < 0.01, ***p < 0.001. 
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Figure 4. GRP78 expression can be managed by pharmacological and environmental interventions in adipose 
tissue. A: GRP78 gene expression in subcutaneous adipose tissue after 6 weeks of metformin treatment at 

500 mg twice daily, and increased incrementally to 2000 mg daily at the end of 2 weeks (GSE107894, 
n=14). B: GRP78 gene expression in human subcutaneous adipose tissue after 3 months of TZD treatment 

(GSE13070, n=40). C: GRP78 gene expression in mouse visceral adipose tissue after 5 weeks of SGLT2 
inhibitor (SGLT2i: dapagliflozin) treatment (n=4). D: GRP78 gene expression in mouse visceral adipose 

tissue after 3 days of CL316,243 treatment (GSE98132, n=3). E: GRP78 gene expression in mouse 
subcutaneous adipose tissue after 11 days of wheel running exercise (GSE68161, n=7). F: GRP78 gene 

expression in mouse visceral adipose tissue after 10 weeks of 30% calorie restriction (GSE60596, n=3). G: 
GRP78 gene expression in mouse visceral adipose tissue after 24 hours of fasting (GDS4916, n=5). H: 

GRP78 gene expression in mouse subcutaneous adipose tissue after 1 week of 30°C thermoneutrality or 4°C 
cold exposure (GSE13432, n=3). Data are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. 
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Figure 5. Potential roles of GRP78 in COVID-19. In older and obese diabetic patients①, hyperinsulinemia② 
causes cellular stress and induces the XBP-1-mediated overexpression of GRP78③ in adipose tissue, which 

promotes the localization of GRP78 to the circulation④ and cell surface⑤, not only to endoplasmic reticulum 
(ER)⑥. GRP78 physically interacts with SARS-CoV-2 spike protein, which might play a number of crucial 
roles in the viral lifecycle. The interaction of the spike protein with soluble and cell surface GRP78 might 

facilitate the binding and infection of SARS-CoV-2 to ACE2-expressing host cells. Soluble GRP78 attached to 
SARS-CoV-2 in circulation possibly induces the systemic viral spread and infection. Binding of SARS-CoV-2 
to cell surface GRP78 or the related stimuli could activate the NF-κB or JNK/STAT3 transcriptional pathway 

and induce cellular inflammatory responses. SARS-CoV-2 potentially exploits ER-located GRP78 as a 
molecular chaperone to produce and assemble viral particles, which enables successful viral replication 

(brown colored virus indicates newly replicated SARS-CoV-2). The high expression of GRP78 in older and 
obese diabetic patients may contribute to the severe progression and outcome of COVID-19. 
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Supplemental Figure 1. Data related to Figure 2 and Figure 3. A: GRP78 gene expression in 
human visceral and subcutaneous adipose tissue in the indicated age groups; GTEx, 20-39 
years of age: n=53 (VAT) and n=70 (SAT), 40-69 years of age: n=290 (VAT) and n=359 (SAT), 

5 70-79 years of age: n=12 (VAT) and n=13 (SAT). B: GRP78 gene expression in the human 
visceral and subcutaneous adipose tissue of male and female subjects; GTEx, total: n=526 
(male) and n=271 (female), VAT: n=241 (male) and n=114 (female), SAT: n=285 (male) and 
n=157 (female). C: Western blot image and densitometry of GRP78 in 3T3-L1 adipocytes 
treated with the indicated glucose concentrations and insulin for 48 hours; 5.5 mM (99 

10 mg/dl), 15.25 mM (274.5 mg/dl), 25 mM (450 mg/dl), 25 mM (450 mg/dl) + insulin (10 nM). 
Data are mean ± SEM. *p < 0.05, **p < 0.01.
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15 Supplemental Figure 2. Data related to Figure 3G and 3H. A-F: Correlation between GRP78 
and XBP-1 gene expression in human visceral (total n=355) and subcutaneous (total n=442) 
adipose tissue in the indicated age groups; GTEx, 20-39 years of age: n=70 (SAT), 40-59 years 
of age: n=181 (VAT) and n=223 (SAT), 60-79 years of age: n=149 (SAT) ; visualized GRP78 
expression ranging from 0 to 800 TPM, XBP1 from 0 to 300 TPM.
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20

Supplemental Figure 3. Data related to Figure 4C and 4G. A: C: Western blot image of 
GRP78 protein in mouse visceral adipose tissue after 5 weeks of SGLT2 inhibitor (SGLT2i: 
dapagliflozin) treatment (each n=5). B: Western blot image of GRP78 protein in mouse 
visceral adipose tissue of 24 hours feeding after 24 hours of fasting (each n=3).
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