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Significance

Hyperglycemia is a prevalent 
complication in hospitalized 
COVID-19 patients that occurs 
regardless of the diabetes history 
and is associated with a worse 
clinical outcome. In this study, we 
found that COVID-19 is 
independently associated with 
in-hospital hyperglycemia and 
that SARS-CoV-2 is capable of 
infecting hepatocytes and 
stimulate these cells to produce 
glucose through 
gluconeogenesis. Moreover, our 
data suggest that SARS-CoV-2’s 
entrance in hepatocytes is 
partially mediated by the 
cooperation between GRP78 and 
ACE2 cotransporters. Our data 
provide mechanistic insights on 
how COVID-19 pathophysiology 
impact glucose metabolism and 
shed light on the importance of 
in-hospital control of hepatic 
glucose production as a means 
to achieve better clinical outcome 
in COVID-19 patients.
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Occurrence of hyperglycemia upon infection is associated with worse clinical outcome 
in COVID-19 patients. However, it is still unknown whether SARS-CoV-2 directly 
triggers hyperglycemia. Herein, we interrogated whether and how SARS-CoV-2 causes 
hyperglycemia by infecting hepatocytes and increasing glucose production. We per-
formed a retrospective cohort study including patients that were admitted at a hospital 
with suspicion of COVID-19. Clinical and laboratory data were collected from the 
chart records and daily blood glucose values were analyzed to test the hypothesis on 
whether COVID-19 was independently associated with hyperglycemia. Blood glucose 
was collected from a subgroup of nondiabetic patients to assess pancreatic hormones. 
Postmortem liver biopsies were collected to assess the presence of SARS-CoV-2 and 
its transporters in hepatocytes. In human hepatocytes, we studied the mechanis-
tic bases of SARS-CoV-2 entrance and its gluconeogenic effect. SARS-CoV-2 infec-
tion was independently associated with hyperglycemia, regardless of diabetic history 
and beta cell function. We detected replicating viruses in human hepatocytes from  
postmortem liver biopsies and in primary hepatocytes. We found that SARS-CoV-2 
variants infected human hepatocytes in vitro with different susceptibility. SARS-CoV-2 
infection in hepatocytes yields the release of new infectious viral particles, though not 
causing cell damage. We showed that infected hepatocytes increase glucose produc-
tion and this is associated with induction of PEPCK activity. Furthermore, our results 
demonstrate that SARS-CoV-2 entry in hepatocytes occurs partially through ACE2- and 
GRP78-dependent mechanisms. SARS-CoV-2 infects and replicates in hepatocytes and 
exerts a PEPCK-dependent gluconeogenic effect in these cells that potentially is a key 
cause of hyperglycemia in infected patients.

SARS-CoV-2 | liver | glucose

Diabetes constitutes a major risk factor for the development of severe forms of COVID-19 
(1, 2). Moreover, several studies indicate that the incidence of hyperglycemia in COVID-19 
patients is associated with longer periods of hospitalization and with worse clinical out-
come (3, 4). Intriguingly, hyperglycemia resulting from COVID-19 is also prevalent in 
patients without a history of diabetes (5), which suggests that like other RNA viruses, 
SARS-CoV-2 may directly interfere with glucoregulatory pathways, resulting in increased 
blood glucose levels.

Other groups have tried to address the mechanistic link between the viral infection and 
hyperglycemia (6, 7). Beta cell infection and damage induced by SARS-CoV-2 was shown 
in vitro, but its clinical relevance is still controversial. On the contrary, COVID-19 is also 
associated with the onset of insulin resistance (8), which potentially contributes to the 
imbalance in blood glucose control. Since other viral infections caused by RNA viruses 
such as hepatitis C and B (HCV and HBV, respectively) can induce hepatic glucose pro-
duction through the stimulation of gluconeogenesis in hepatocytes (9, 10), it is plausible 
that SARS-CoV-2 could act similarly.

A few studies have demonstrated by immunofluorescence in postmortem biopsies that 
SARS-CoV-2 can indeed infect hepatocytes and cause liver damage (11, 12). In addition, 
GP73 is a gluconeogenic protein secreted under SARS-CoV-2 infection and capable of 
stimulating gluconeogenesis in Huh7 hepatoma cell line (13). However, it is still unknown 
whether SARS-CoV-2 can directly stimulate glucose production in hepatocytes. Moreover, 
the mechanism of infection of hepatocytes and whether such an infection is productive 
or not are important questions that remain to be addressed.
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In the present study, we combined a retrospective clinical study 
with ex vivo and in vitro experimental strategies to show that 
SARS-CoV-2 infects hepatocytes through ACE2 and GRP78 
mediated cotransport, thus yielding an increase in hepatic glucose 
production in a PEPCK-dependent manner.

Methods

Human Subjects of Clinical Study. Clinical data were collected from 269 
patients from the Clinics Hospital of Ribeirão Preto Medical School of the 
University of Sao Paulo (HCFMRP-USP) admitted to ICUs and regular bed and 
663 patients from Center for Study and Research in Intensive Care Medicine 
(CEPETI) of Curitiba. The inclusion criteria were patients with suspected COVID-
19 hospitalized from March to August 2020 who underwent a SARS-CoV-2 PCR 
test and had the measurement of blood glucose levels at admission. Given the 
dates of hospitalization, we assume that our clinical data only include patients 
infected with the original variant. We excluded patients with liver dysfunction, 
HIV infection, and cancer (SI Appendix, Fig. S1). COVID-19-positive patients were 
those with a positive SARS-CoV-2 PCR test, while those with suspected COVID-19 
based on clinical presentation, but subsequently had a negative SARS-CoV-2 PCR 
test, were defined as COVID-19 negative. The data were recorded in REDCap soft-
ware, which included medical history, laboratory information, and daily maximum 
glycemia value until discharge or death. Diabetes was assessed according to pre-
vious history or antidiabetic drug use. Severity of the disease at presentation was 
estimated by the Sequential Organ Failure Assessment (SOFA) score at admission, 
which assesses organ dysfunction. A higher SOFA score is associated with higher 
probability of mortality. The protocol approval numbers of the Human Research 
Ethics Committee of HCFMRP-USP and CEPETI were 4,763,062 and 3,573,668, 
respectively. Eligible patients were invited to participate in the study. Informed 
consent was waived for this study due to its retrospective nature.

Serum Analysis. We used serum samples from a subgroup of nondiabetic 
patients from the HCFMRP-USP site, collected at their admission in the hospital, 
in order to measure glucometabolic profile, thus assessing whether the glucose 
increase in COVID-19 patients was due to beta cell dysfunction. The quantifications 
were performed using the following ELISA kits: c-peptide (80,954), glucagon 
(81,520), and glycated serum protein (80,109) (ChrystalChem™).

Immunofluorescence and Confocal Microscopy. Slides of liver tissue section 
from four nondiabetic COVID-19 fatal cases from HCFMRP-USP were fixed with 
4% PFA, blocked with blocking buffer (Millipore, 20773-M), and stained with the 
primary antibodies (PA). The slides were washed with Tris-Buffered Saline with 
Tween-20 (TBS-T) and incubated with secondary antibodies (SA). Autofluorescence 
was quenched using Quenching Kit (Vector Laboratories™, SP-8400-15). Cells 
were fixed using 3.7% formaldehyde and blocked with 0.1% tween-20 plus 1% 
BSA in PBS. The cells were incubated with PA, washed with PBS, and incubated 
with SA. The slides were then mounted using the medium with DAPI (Vector 
Laboratories™, H-1200-10). Images were acquired by Axio Observer combined 
with LSM 780 confocal microscope (Carl Zeiss™) and analyzed with Image 
J. Antibodies were indicated in SI Appendix, Table S2.

Cell Culture and Treatments. Human primary hepatocytes (Lonza™, HUCPG) 
from three different donors (HUM193101, HUM17299A, and HUM183001) were 
thawed and plated using appropriated media (Lonza™, MCHT50 and MP100) in 
collagen-coated plates (Corning™, 354,236). HUCPG cells were cultured in appro-
priate medium (Lonza™, CC-3198) and Vero E6 and Vero CCL-81 cells in DMEM 
high-glucose medium (CultiLab™, 620) supplemented with 10% fetal bovine 
serum, FBS (Gibco™, 10,437), and 1% streptomycin/penicillin (Gibco™, 15,140). 
Neutralizing antibodies such as anti-ACE2 (R&D Systems™, AF933, 20 μg/mL) or 
the selective GRP78 antagonist HM03 (MedChemExpress™, HY-125974/5) were 
used for investigating viral entry mechanism.

SARS-CoV-2 Stock Propagation and In Vitro Infection. The SARS-CoV-2 Brazil/
SPBR-02/2020, gamma (P1) strain MAN87209, delta, and omicron variants were 
used under strict BSL3 conditions (14). Viral inoculum (1:100 ratio) was added 
in Vero CCL-81 cells and incubated (48 h) in the media without FBS under stand-
ard conditions. After confirmation of viral cytopathic effects using Olympus ix51 
microscope, monolayers were harvested with a cell scraper, snap-frozen in liquid 

nitrogen, thawed, and clarified by centrifugation (1,000 × g). Supernatants were 
aliquoted and stored at −80 °C until use. Virus titration was performed on Vero 
CCL81 cells using standard limiting dilution to determine the 50% tissue cul-
ture infectious dose (TCID50) of viral stock. Cells were incubated with SARS-CoV-2 
strains according to the desired viral MOI in culture medium without BSA for 
1h at RT on agitation in orbital shaker in a BSL3 laboratory. Then, the cells were 
washed with PBS and incubated with culture medium under standard conditions 
for time indicated in text.

Quantification of SARS-CoV-2 Viral Load and Gene Expression by RT-qPCR. 
RNA was extracted by the Trizol® (Invitrogen™) and converted to cDNA according 
to manufacturer’s instructions (Applied Biosystems™, 4,374,966). SARS-CoV-2 
viral load was performed by quantification of the N1 gene using the QuantStudio 
five Real-Time PCR System (Applied Biosystems™). To access the N1 number 
of copies, a standard curve was made using a plasmid (PTZ57R/T CloneJetTM 
Cloning Kit, ThermoFisher™) in accordance with the US Centers for Disease 
Control (CDC). The qPCR reaction was performed. The amplification protocol was 
95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s, and 60 °C for 1 min. 
Gene expression was performed using specific primers (SI Appendix, Table S3) 
and SYBR Green/ROX (ThermoFisher™, K0223). The amplification protocol was 
95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s, 60° for 30 s, and 72° for 
30 s. Amplification plots, melting curves, and Ct values were obtained using the 
CFX Manager (Bio-Rad). Relative gene expression was calculated using 2-ΔΔCt.

Plaque-Forming Unit (PFU) Assay. Vero E6 cells were incubated with serial dilu-
tions of supernatant of infected HUCPG for 1 h under RT. Then, overlay medium 
containing DMEM, 2.5% carboxymethylcellulose, and 2% FBS was added followed 
by 4-d incubation under standard conditions. Then, cells were fixed (10% forma-
lin/PBS) and stained with 0.5% w/v crystal violet solution, and then washed to 
reveal the plates.

Hepatocyte Viability. Cell viability was measured using Cytotox assay 
(Promega™, G1782), while quantification of ALT (Labtest™, 108) and AST 
(Labtest™, 109) was performed according to kit instructions.

Gluconeogenesis Assay. Infected HUPCG cells were incubated for 1 h with 
gluconeogenesis medium (8.3 g/L DMEM Sigma, D5030; 20 mM lactate; 2 
mM pyruvate; 4 mM L-glutamine; 3.7 g/L of sodium bicarbonate) and glucagon 
(50 nM) was added in positive control. Then, supernatant was used to evaluate 
glucose levels according to kit instructions (EnzyChrom™ Glucose Assay Kit, EBGL-
100). For PEPCK activity assay, infected cells were washed with PBS and proceeded 
according to the manufacturer instructions (LSBio™, LS-K444-100).

Single-Cell RNA-Seq Analysis. Liver scRNAseq data were downloaded from GEO 
(GSE115469) (15). We analyzed 8,135 liver cells from five patients using Seurat-R 
package v4.0.0 (PMID: 34062119). To maximize the quality, we discarded cells 
with less than 200 genes and greater than 4,000 genes and cells that express > 
5% mitochondrial genes. Highly variable genes were identified using the “vst” 
method from the Seurat package. Gene expression matrices were scaled and 
centered, and principal component analysis was performed. Cells were clustered 
using the Louvain algorithm and visualized by tSNE using top 10 PCs. Clusters 
were annotated manually using specific markers (SI Appendix, Table S4).

Western Blotting. Cells were lysed in RIPA buffer (Cell Signaling™, 9,806) with 
protease inhibitor (Roche™, 11836170001). After centrifugation at 14,000 × g 
for 20 min at 4 °C, proteins were fractionated through SDS-PAGE (sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis) on 8% acrylamide gel and transferred 
to nitrocellulose membranes (Bio-Rad™), followed by blocking in TBST-T with 5% 
low-fat milk, and then incubated with the PA overnight at 4 °C followed by 1 h of 
SA incubation. Antibodies are indicated in SI Appendix, Table S2.

Statistical Analysis. Statistical analysis was determined by one-way ANOVA 
followed by Tukey’s post-hoc test. Unpaired t test was used for continuous data 
if they meet the criteria for Gaussian distribution or the Mann–Whitney test if 
otherwise. To assess the association between positive COVID-19 and the incidence 
of severe hyperglycemia (glucose blood levels of 300 mg/dL or above), we cal-
culated Kaplan–Meyer estimates and compared the probability of the outcome 
using the log-rank test. Then, we performed a Cox proportional hazard regres-
sion analysis adjusted for age, sex, body mass index (BMI), diabetes, and use of 
corticosteroid (model 1). We further adjusted for the SOFA score at admission 
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(model 2) to account for severity of the disease as a potential confounder. We 
considered statistically significant P < 0.05. Analyses and graphs were performed 
using Stata version 15.1 (Stata Corp, College Station™, TX) or GraphPad Prism™ 
8.4.2 software.

Results

Baseline Data from the Retrospective Cohort Study. In 
our cohort study, we found that a comparable proportion of 
COVID-19-positive and -negative patients (85.8% and 80.3%, 
respectively) included in this study were admitted to the intensive 
care unit (ICU), while others were kept at wards (Table 1). Both 
groups were similar in gender, age, and SOFA index. Glycemia 
at admission was significantly higher in the COVID-19-positive 
group (P = 0.003). Interestingly, we found a slightly higher 
incidence of obesity (P < 0.001) along with elevated average body 
weight (P < 0.001) and BMI (P = 0.001) in the COVID-19-
positive versus the COVID-19 negative group (Table 1), while 
no difference in diabetes prevalence was observed. Also, fewer 
smokers (P < 0.001) and more cases of chronic kidney disease  
(P = 0.021) were found in the COVID-19-positive group 
(Table 1). Laboratory findings at admission revealed no differences 
in ALT, AST, and creatinine levels between groups, although the 
C-reactive protein was elevated in positive cases (Table  1). As 
expected, partial pressure of oxygen (PaO2) was found to be lower 
in the COVID-19-positive group (P < 0.001).

COVID-19 Is an Independent Risk Factor for the Development of 
Hyperglycemia. We assessed whether patients with COVID-19 
were more prone to develop hyperglycemia during hospitalization. 
Daily maximum glycemia was recorded in all patients during 
hospital stay. We considered severe hyperglycemia as any value 
above 300 mg/dL, which was associated with substantial increase 
in hospital mortality in critically ill patients (16). The COVID-
19-positive patients exhibited higher incidence of hyperglycemic 
episodes over their hospital stay (Fig. 1A), which occurred regardless 
of their diabetes status (Fig. 1 B and C). To test whether COVID-19 
is an independent causative factor for hyperglycemia, a Cox 
regression was performed. The hazard ratio (HR) for developing 
hyperglycemia among COVID-19-positive versus COVID-19-
negative was 2.27 (95% CI, 1.52 to 3.39). After adjustment for 
sex, age, gender, BMI, diabetes, and corticosteroid use, we found 
an HR of 2.89 (95% CI, 1.69 to 4.92), while the additional 
adjustment for SOFA score rendered an HR of 2.62 (95% CI, 
1.45 to 4.72) (Table 2). This association remained similar in the 
corticosteroid-naïve patients with an adjusted HR: 2.45 (95%CI 
1.20, 4.98). When analyzed separately, the two cohorts displayed 
similar results as shown for the merged population (Table 2). Of 
note, BMI was not independently associated with the incidence 
of hyperglycemia and there was no significant interaction between 
COVID-19 and BMI (SI Appendix, Table S1). These data indicate 
that COVID-19 holds a strong and independent correlation with 
the occurrence of hyperglycemia.

Glucometabolic Changes in Nondiabetic COVID-19 Patients Did 
Not Involve Pancreatic Failure. Next, we interrogated whether 
hyperglycemia was due to endocrine pancreas damage. Serum 
collected on admission from a subgroup of 119 nondiabetic 
patients from HCFMRP-USP site were categorized as COVID-19 
negative (n = 17), normoglycemic COVID-19 positive (n = 39), 
and COVID-19 positive with high blood glucose (n = 63), 
with 130 mg/dL as the cutoff value to distinguish normal from 
high blood glucose (Fig. 1D). These patients were evaluated for 
glucagon, C-peptide, and glycated protein serum levels. Serum 

was collected on the day of hospital admission. COVID-19-
positive patients with high blood glucose levels displayed increased 
C-peptide, glucagon, and glycated protein levels in comparison to 
COVID-19-negative patients (Fig. 1 E–G). They also had higher 
levels of C-peptide and glycated serum proteins, but not glucagon, 
when compared to normoglycemic COVID-19-positive patients, 
indicating that these patients normally secrete insulin in response 
to hyperglycemia, at least by the time of the admission.

Detection of SARS-CoV-2 Viral Particles in the Liver. Next, we 
interrogated whether SARS-CoV-2 could cause hyperglycemia by 
stimulating hepatic glucose production. First, we investigated the 
presence of SARS-CoV-2 in postmortem liver samples from four 

Table 1. Clinical and etiological characteristics of pa-
tients hospitalized with suspected COVID-19

Negative 
COVID-19

Positive 
COVID-19

n = 203 n = 647 P value

Age, y 62.16 ± 19.57 59.94 ± 15.55 0.10

Women, n(%) 106 (52.2%) 289 (44.7%) 0.06

Weight, Kg 76.15 ± 23.30 83.76 ± 20.55 <0.001

BMI, Kg/m2 27.95 ± 8.04 30.23 ± 6.77 0.001

Obesity, n(%) 34 (26.6%) 224 (47.8%) <0.001

Diabetes, n(%) 52 (25.7%) 199 (30.9%) 0.16

Smoking, n(%) <0.001

No 131 (65.8%) 492 (79.5%)

Current smoker 35 (17.6%) 35 (5.7%)

Former smoker 33 (16.6%) 92 (14.9%)

Chronic kidney 
disease, n(%)

0.021

No 188 (93.1%) 618 (95.8%)

Without dialysis 13 (6.4%) 17 (2.6%)

With dialysis 1 (0.5%) 10 (1.6%)

SOFA 6.34 ± 3.47 6.38 ± 3.49 0.91

ICU admission 163 (80.3%) 555 (85.8%) 0.07

Laboratory at 
admission

ALT 47.88 ± 94.21 48.84 ± 46.48 0.87

AST 53.34 ± 91.72 61.57 ± 81.25 0.32

AST/ALT ratio 1.50 ± 1.10 1.43 ± 0.79 0.44

Glycemia, 
mmol/L

8.96 ± 4.51 10.32 ± 5.45 0.003

Creatinine, mg/
dL

1.24 ± 1.01 1.18 ± 1.17 0.59

C-reactive 
protein

58.53 ± 80.60 95.44 ± 87.98 <0.001

pH 7.38 ± 0.10 7.40 ± 0.10 0.016

PaO2 97.09 ± 44.67 82.39 ± 32.48 <0.001

Corticosteroid, 
n(%)

66 (33.0%) 324 (50.8%) <0.001

Ribeirao city 55 (27.1%) 200 (30.9%) 0.30

Days from 
symptom 
onset

3.0 [1.0, 7.0] 7.0 [4.0, 9.0] <0.001

Comparison was made with unpaired t test or Mann–Whitney test. BMI–Body mass index. 
SOFA–Sequential Organ Failure Assessment. ALT–Alanine transaminase. AST–Aspartate 
transaminase. PaO2 –Partial pressure of oxygen.

http://www.pnas.org/lookup/doi/10.1073/pnas.2217119120#supplementary-materials
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nondiabetic patients of our cohort who developed hyperglycemia 
while at the ICU and died due to complications of COVID-19. We 
identified the presence of the spike protein within approximately 
40% of the hepatocytes screened, which were comarked with 
albumin immunolabeling (Fig.  1 H and I and SI  Appendix, 
Fig.  S2A). We also found that spike protein colocalized with 
double-strand RNA (dsRNA), suggesting that the virus can 
replicate in the liver (Fig. 1 J and K and SI Appendix, Fig. S2B). 
Evidence of SARS-CoV-2 replication in the liver was also assessed 

by fluorescent in situ labeling with an antibody specific for the 
nonstructural protein NSP-16 (Fig. 1L and SI Appendix, Fig. S3). 
We observed that liver biopsies from COVID-19 patients were 
positive for NSP-16, which in turn were focally distributed into 
parenchymal hepatocytes.

SARS-CoV-2 Infect, Replicate, and Stimulate Gluconeogenesis in 
Primary Human Hepatocytes. Then, we sought to test whether 
and how SARS-CoV-2 infects primary human hepatocytes. For 

Fig.  1. Risk of hyperglycemia and glycometabolic 
alterations in COVID-19 cases. Kaplan–Meyer curve 
for the cumulative probability of COVID-19 patients 
developing hyperglycemia above or equal to 300 mg/
dL in all patients (A) or categorized by the absence (B) 
and presence of diabetes (C). Evaluation of glycemia at 
admission (D), serum levels of C-peptide (E), glucagon 
(F) and glycated proteins (G) in serum collected at 
admission. ANOVA followed by Bonferroni post-hoc test 
was performed. (H) Evaluation of spike in hepatocytes. 
Green—albumin (hepatocytes). (Scale bar: 60  µm 
and 30 µm.) (crop images). (I) Percentage of albumin 
cells colocalized with spike protein in the liver of four 
individuals. (J) Evaluation of spike and double-stranded 
RNA in the human liver. Blue—DAPI (nuclear marker). 
Magenta—SARS-COV-2 spike protein. Green—J2 (dsRNA 
marker). (K) Percentage of cells with J2 and spike protein 
with colocalized liver tissue in four individuals’ cases. (L) 
Immune staining of liver biopsies with the nonstructural 
viral protein NSP-16 (red). *P < 0.05.
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this purpose, we exposed the hepatocytes (Lonza, HUCPG) to 
the ancestral SARS-CoV-2 B lineage, here called SPBR-02, at a 
multiplicity of infection (MOI) of 0.1 and 1. We found that 
human hepatocytes are susceptible to the SARS-CoV-2 infection 
by detecting the presence of the spike protein within the hepatocytes 
using immunofluorescence or quantification of viral RNA copies 
(Fig. 2 A and B). Importantly, SPBR-02 was found to replicate in 
hepatocytes and generate infective viral particles as detected by PFU 
assay (Fig. 2C), thus corroborating our findings in liver biopsies. 
Surprisingly, infection with SPBR-02 did not result in cell damage 
as indicated by the quantification of lactate dehydrogenase (LDH), 
alanine aminotransferase (ALT), and aspartate aminotransferase (AST) 
in the medium after either 24 or 48 h post infection (Fig. 2 D–F). 
Next, we investigated whether the infection with SPBR-02 could 
stimulate hepatic glucose production. The virus increased glucose 
production in human primary hepatocytes by about twofold at 48 
h post infection, in a magnitude comparable to the positive control 
glucagon (Fig. 2G), while it did not increase glucose production 
at 24 h post infection (SI Appendix, Fig. S4A). Interestingly, while 
mRNA expression of genes related to either gluconeogenesis or 
glycogenolysis was unchanged or even reduced upon infection 
with SPBR-02 (Fig. 2H and SI Appendix, Fig. S4 B–D), a twofold 
and fourfold increase in the activity of phosphoenolpyruvate 
carboxykinase (PEPCK), a rate-limiting enzyme for hepatic glucose 
production through gluconeogenesis, was observed in 0.1 and 1 
MOIs, respectively, at 48 h post infection (Fig. 2I). In addition, 
we also found that the inactive SPBR-02 virus was uncapable of 
increasing glucose production in primary human hepatocytes 
(SI Appendix, Fig. S4E). Collectively, these data indicate that SARS-
CoV-2 exerts a progluconeogenic effect associated with the activation 
of PEPCK. When infecting hepatocytes with the other three major 
variants of concern (gamma, delta, and omicron) at an MOI of 0.1, 
we found that our cells displayed comparable susceptibility to all of 
them (Fig. 2J). We also analyzed infective particle production in the 
supernatant from cells infected with those variants and we found 
that gamma and delta variants also induced plaque formation, while 
omicron did not (Fig. 2K). Similarly, to SPBR-02, infection with 

any of the other variants of concern did not result in cell damage 
as measured by LDH, ALT, and AST (SI Appendix, Fig. S4 F–H). 
Finally, all the variants were equally able to stimulate both hepatic 
glucose production and PEPCK activity (Fig. 2 L and M).

Virus Entry in Hepatocytes Partially Relies on a Short-Molecular-
Weight ACE2 and the Chaperone GRP78. The role of ACE2 as 
a viral transporter in hepatocytes is still controversial as its RNA 
expression is low in such cells (17). We decided to start evaluating 
whether SARS-CoV-2’s entry into hepatocytes might be mediated 
by ACE2 or other proteins by analyzing a public scRNAseq dataset 
obtained from a healthy human liver (15). Confirming previous 
findings, we also found a low expression of ACE2 in hepatocytes, 
while the chaperone glucose-regulated protein 78 (GRP78, gene 
name HSPA5), was the most highly expressed transporter found in 
hepatocytes (Fig. 3 A–C and SI Appendix, Fig. S5 A–E). We further 
investigated the expression of ACE2 by immunofluorescence in livers 
from patients who died because of COVID-19. ACE2 colocalized 
with spike protein in hepatocytes (Fig. 3D). Furthermore, ACE2 
detection by western blotting of primary human hepatocytes 
revealed that these cells express a low-molecular-weight ACE2 
isoform (50  kDa) instead of the regular one (120 to 130  kDa) 
(Fig. 3E). We also decided to investigate the expression profile of 
GRP78, since it was the most expressed entry factor in hepatocytes. 
GRP78 is a chaperone that normally resides in the endoplasmic 
reticulum (18) but can translocate to the plasma membrane under 
stress (19). Moreover, GRP78 can serve as an entry factor for several 
viruses (20, 21). Indeed, we found that GRP78 is highly expressed 
in liver tissue in colocalization with spike (Fig. 3F).

Finally, we tested whether ACE2 and GRP78 mediate SARS-CoV-2 
entry into hepatocytes. We first performed an in vitro infection on 
hepatocytes in which SARS-CoV-2 was in contact with the cells 
for only 50 min to allow for the detection of viral particles at the 
cell membrane, rather than inside the cell, and thus confirm 
whether ACE2 or GRP78 was present in cell membrane while 
colocalizing with spike protein. The cells were incubated with a 
cell membrane marker (CellMask, Invitrogen), and immunoflu-
orescence without permeabilization was performed. We observed 
that both GRP78 and ACE2 were present on the cell membrane 
and colocalized with spike protein (Fig. 4 A and B), suggesting 
that both GRP78 and ACE2 are present on in hepatocyte mem-
branes and interact with viral particles during SARS-CoV-2 
adsorption.

Next, we pretreated primary hepatocytes with either neutral-
izing anti-ACE-2 antibody (22) or GRP78 inhibitor, HM03 (23), 
at different concentrations 1 h before infection. Since GRP78 is 
a chaperone that can assist viral protein folding (21, 24), we also 
evaluated whether it could be playing an intracellular chaperoning 
role upon SARS-CoV-2 internalization. For this purpose, we 
added HM03 either before infection or after viral adsorption. 
The inhibition of GRP78 led to a decrease in viral copies, indi-
cating that these receptors are indeed related to the entry of 
SARS-CoV-2 into hepatocytes (Fig. 4C). Also, the reduction 
observed with the postinfection inhibition of GRP78 suggested 
that this transporter could exert a role as a viral chaperone into 
hepatocytes upon SARS-CoV-2 infection. Of note, ACE2 block-
ade and pharmacological inhibition of GRP78 partially reduced 
the viral copy number and the number of infectious viral particles 
generated (Fig. 4D), while the combination of both ACE2 and 
GRP78 blockers does not yield an additive effect and diminished 
the effects of individual blockades (Fig. 4D). Furthermore, we 
also detected that ACE2 or GRP78 blockade normalized induc-
tion of glucose production upon viral infection to control levels; 
however, the simultaneous blockade of both receptors also 

Table 2. Determination of hazard ratio (HR) after Cox 
regression, for assessing whether there is an independ-
ent association between COVID-19 and the occurrence 
of in-hospital hyperglycemia

n HR (95% CI) P value

All sites
Unadjusted 752 2.27 (1.52, 3.39) <0.001

Adjusted for model 1(*) 525 2.89 (1.69, 4.92) <0.001

Adjusted for model 
2(**)

343 2.62 (1.45, 4.72) 0.001

Ribeirão Preto site
Unadjusted 255 3.01 (1.40, 6.52) 0.005

Adjusted for model 1(*) 170 4.03 (1.61, 10.08) 0.003

Adjusted for model 
2(**)

66 2.97 (1.04, 8.54) 0.043

Curitiba site
Unadjusted 507 1.98 (1.24, 3.18) 0.004

Adjusted for model 1(*) 355 2.10 (1.08, 4.12) 0.030

Adjusted for model 
2(**)

277 2.50 (1.20, 5.18) 0.014

*Model 1: Adjusted by age, sex, BMI, diabetes, use of corticosteroid.
**Model 2: Adjusted as Model 1 + SOFA score at admission.

http://www.pnas.org/lookup/doi/10.1073/pnas.2217119120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217119120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217119120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217119120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217119120#supplementary-materials
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Fig. 2. Evaluation of SARS-CoV-2 in vitro infection in primary hepatocytes. (A) Representative immunofluorescence of human primary hepatocyte at MOI 1 for 
24 h after infection. Blue—DAPI (nuclear marker). Magenta—SARS-COV-2 spike. (Scale bar: 60 µm.) Quantification of viral RNA (B) in human primary hepatocytes 
lysate and, quantification of plaque-forming units (C), LDH (lactate dehydrogenase) (D), AST (aspartate aminotransferase) (E), and ALT (alanine aminotransferase) 
(F) in the media of primary hepatocytes infected with SARS-CoV-2 variant SPBR-02 at MOIs of 0.1 and 1 after 24 h and 48 h. Glucose levels (G), expression of 
gluconeogenesis genes (H), and PEPCK activity (I) in primary hepatocytes infected with SARS-CoV-2 at MOIs of 0.1 and 1 at 48 h post infection. Viral RNA dosage 
at infection in different variants (SPBR-02, gamma, delta, omicron) of SARS-CoV-2 at MOI of 0.1 after 48 h (J). Plaque-forming units of supernatant of primary 
hepatocytes infected with SARS-CoV-2 with different variants of SARS-CoV-2 at MOIs of 0.1 and 1 after 48 h (K). Glucose levels (L) and PEPCK activity (M) in primary 
hepatocytes infected with different SARS-CoV-2 variants at MOI of 0.1 at 48 h post infection. ANOVA followed by Bonferroni post-hoc test was performed. Data 
are presented as mean ± SEM. *P < 0.05. In vitro data are representative of the N of three biological replicates, each performed in triplicate.
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Fig. 3. Proteins related to SARS-CoV-2 entry into the different cell types of the liver. Human liver single-cell sequencing data were analyzed to identify the 
clusters of single populations and gene expression of proteins related to SARS-CoV-2 entry (A). The size of the circle represents the percentage of gene expression 
in the indicated cell types, while the color scale refers to the average expression. The expression distribution of ACE2 (B) and HSPA5 genes (C). Representative 
immunofluorescence of the human liver from autopsy of a COVID-19 patient (D). Arrows indicate sites of colocalization between spike and ACE2. Cyan – DAPI, 
yellow–ACE2, magenta–SARS-CoV-2 spike protein. (Scale bar: 50 µm.) Western blot of primary human hepatocytes infected with SARS-CoV-2 at MOIs of 0.1 
and 1 and in ACE2 overexpressing A549 cells (E). Representative immunofluorescence of the human liver from a COVID-19 patient (F). Arrows indicate sites 
of colocalization between spike and GRP78. Cyan–DAPI, yellow—GRP78, magenta–SARS-COV-2 spike protein. (Scale bar: 50 µm.) *P < 0.05. In vitro data are 
representative of the N of three biological replicates, each performed in triplicate.
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prevented this inhibitory effect. These results suggests that ACE2 
and GRP78 serve as viral transporters that likely cooperate for 
the viral internalization in hepatocytes and also indicate the pres-
ence of another compensatory mechanism in the absence of both 
transporters.

Discussion

We combined a retrospective clinical study with ex vivo and 
in vitro experimental approaches to show that COVID-19 is inde-
pendently associated with the onset of hyperglycemia. We propose 
that this occurs as a result of the direct action of the virus in 
hepatocytes. Supporting a potential role of liver infection in 
COVID-19-induced hyperglycemia, we detected replicating infec-
tious viruses in human hepatocytes. We also showed that infected 
hepatocytes increase glucose production, and this is associated 
with the stimulation of PEPCK activity. Furthermore, our results 

demonstrate that SARS-CoV-2 entry in hepatocytes partially 
occurs through ACE2- and GRP78-dependent mechanisms.

In-hospital COVID-19-related increase in blood glucose has 
been observed in previous studies and is related to worse out-
comes (3). Most studies associated the highest daily glycemic 
values with higher length of hospital stay (4–5, 8), ICU admission 
rate (6), ventilation (25), and mortality rate (8, 24–26). Reiterer 
et al. (8) monitored glucometabolic profile of COVID-19-positive 
patients and reported that the incidence of insulin resistance and 
hyperglycemia was associated with the presence of acute respira-
tory distress syndrome. Our retrospective clinical study design 
differs from these previous studies as we aimed to understand 
whether COVID-19 is independently associated with in-hospital 
hyperglycemia when compared to a cohort of COVID-19-negative 
patients admitted at the same period for other pathologies and who 
were also kept at ICU at the same proportion as the COVID-19- 
positive group.

Fig. 4. ACE2 and GRP78 are involved in SARS-CoV-2 entry into hepatocytes. Immunofluorescence staining for ACE2 (A), or GRP78 (B), with spike protein and CellMask 
labeling in human hepatocytes infected with SARS-CoV-2 at MOI 0.1 for 50 min. Cyan–DAPI, magenta–viral spike protein, yellow–GRP78, white–CellMask. (Scale bar: 
50 µm.) Viral dosage in primary hepatocytes infected with SARS-CoV-2 variant SPBR-02 in MOI of 1 treated with different concentrations of the GRP78 inhibitor 
(0.1, 1, and 10 µM) 1 h pre- or 24 h post-infection (C). Quantification of viral copies (D), plaque-forming unit assay (E), and glucose release (F) in primary human 
hepatocytes pretreated or not with the neutralizing anti-ACE2 antibody, or HM03, or with the combination of both. ANOVA followed by Bonferroni post-hoc test 
was performed. Data are presented as mean ± SEM. *P < 0.05. In vitro data are representative of the N of three biological replicates, each performed in triplicate.
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Whether COVID-19-induced dysglycemia could be due to 
SARS-CoV-2 infection in the pancreas is still controversial. 
In vitro viral infection of beta cells causing cell death and defective 
insulin secretion has been shown (5, 7, 27–30). Herein, we 
observed that hyperglycemic COVID-19 patients display increased 
c-peptide and glycated serum protein levels compared to 
COVID-19 normoglycemic and negative patients at hospital 
admission. We have chosen to use samples collected at the admis-
sion day because that was the only time in which we were sure 
that none of the patients were under glucocorticoid therapy. The 
concomitant increase in blood glucose, glycated proteins, and 
c-peptide in COVID-19 patients may suggest that these individ-
uals were already displaying some degree of insulin resistance at 
admission as a consequence of the infection but did not display a 
compromised pancreatic function. Even though the elevated gly-
cated serum protein levels in COVID+ HG group can reflect the 
alterations within the past 2 to 3 wk, this parameter is also likely 
affected by the rise in blood glucose undergone by the patients 
after viral infection. Important to mention that the lack of a 
HbA1c assessment is a limitation of this study, since it could better 
predict patient’s glycemic status during the 2 to 3 mo preceding 
the viral infection. Other studies also showed that COVID-19 
patients have elevated levels of c-peptide compared with 
non-COVID-19 patients (5, 8, 31–33).

Previously published studies have already shown liver infection 
by SARS-CoV-2 as a cause of hepatic damage under COVID-19 
(12, 34–39). Interestingly, one of these studies demonstrated that 
SARS-CoV-2-infected liver partially shared the gene expression 
profile of HCV, HBV, and HIV infections. This study also detected 
spike protein in hepatocytes (12); however, it did not demonstrate 
whether the infection was productive. Our study shows that 
SARS-CoV-2 can infect, replicate, and produce infectious viral 
particles in primary human hepatocytes, while providing evidences 
that it is possibly occurring in the liver from COVID-19 patients 
as well. Also, we did not find cellular damage after in vitro infec-
tion, which contrasts with other studies that found increased his-
topathological (34–38) and serological (39) liver damage markers. 
The fact that we evaluated acute infection in cells without a liver 
microenvironment may justify this discrepancy.

The COVID-19 waves showed differences in clinical pattern 
and severity (40, 41) as they were caused by SARS-CoV-2 variants 
that differ in pathogenicity (42). Given these substantial differ-
ences, we decided to assess whether the other variants could phe-
nocopy the original strain effects in hepatocytes. Interestingly, the 
production rate of infectious viral particles is higher in SPBR-02 
and delta than that in gamma, while it was undetected in omicron 
infection. These findings highlight the lower pathogenicity of 
omicron, regardless of its capacity to infect cells, as previously 
reported (43, 44). Indeed, omicron’s lower capacity to form 
plaques in vitro was previously reported and attributed to its lower 
fusogenicity (45). Interestingly, omicron infection induced glu-
coneogenesis in hepatocytes while the inactive virus did not. It 
may suggest that omicron can still replicate into the cells and 
trigger a gluconeogenic signaling pathway, although it is not capa-
ble of producing viable viral particles. The participation of repli-
cation intermediates in the mechanism of gluconeogenesis in 
hepatocytes warrants further investigation.

To understand the potential causes of hyperglycemia in 
COVID-19, we wondered whether SARS-CoV-2 infection in 
hepatocytes leads to gluconeogenesis. Our data showed that 
infected hepatocytes produce more glucose than that of the unin-
fected controls. Previous study has shown that COVID-19 
induced the increase of the glucogenic hormone GP73 that was 
capable of promoting glucose production in Huh7 cells while 

increasing gene expression of gluconeogenic genes (13). In con-
trast, we found that the infection of primary human hepatocytes 
with SARS-CoV-2 increased PEPCK activity but not gene expres-
sion. This discrepancy may be explained by the fact that we used 
primary hepatocytes while they used hepatoma cells, which are 
largely modified at both phenotypic and genotypic levels. The 
unchanged expression of gluconeogenesis or glycogenolysis path-
ways agrees with previously published liver proteomics studies in 
COVID-19 patients (12, 46, 47). PEPCK activity can also be 
modulated by posttranslational regulation through acetylation of 
residues Lys-19 and Lys-514 (48), which might be a potential 
mechanism underlying its induction upon SARS-CoV-2 infec-
tion. The elucidation of the signaling pathways regulating PEPCK 
activity in response to SARS-CoV-2 infection warrants further 
investigation.

SARS-CoV-2 infection in hepatocytes is still a controversial 
topic, since preliminary evidence from scRNAseq analysis indi-
cated that ACE2 is expressed at very low levels in hepatocytes 
(17). In fact, our scRNAseq analysis from a public dataset cor-
roborated these findings from the literature. However, we found 
that hepatocytes express the short ACE2 isoform, which was 
previously reported to lack many residues previously shown to be 
important for viral binding, thereby resulting in a low shuttling 
capacity. This may explain our data that the ACE2 blockade only 
partially reduces virus entry into the cell. In addition, the scR-
NAseq analysis also revealed GRP78 as the SARS-CoV-2 entry 
factor expressed at the highest levels in hepatocytes. GRP78 is an 
endoplasmic reticulum chaperone that can also be translocated 
to the cell surface, especially under stress conditions (49). GRP78 
was previously reported as an auxiliary receptor for SARS-CoV-2 
entry (20, 50). Our findings show that both ACE2 and GRP78 
colocalizes with spike protein at cell membrane, and their indi-
vidual blockades significantly impede virus entrance in hepato-
cytes. However, the concomitant blockade of both receptors did 
not result in additive or synergistic blocking effect, reinforcing 
the evidence that these receptors likely cooperate in the same 
pathway for internalizing the virus. Curiously, when the receptors 
were simultaneously blocked, there was a mitigation of the block-
ing effect, suggesting that there is an alternative pathway that 
operates in parallel and compensates for the absence of GRP78 
and ACE2 action. In fact, several other receptors were described 
for SARS-CoV-2 in different tissues and/or cell lines, which may 
need to be further investigated in hepatocytes.

In conclusion, our data evidence that SARS-CoV-2 is a direct 
trigger of hepatic glucose production, which in turn may contribute 
to the hyperglycemia observed in COVID-19 patients. We showed 
that all the variants of concern are able to infect hepatocytes and 
increase hepatic gluconeogenesis associated with PEPCK activity. 
This study also demonstrates that the cooperation of the trans-
porters GRP78 and the short ACE2 isoform is partially respon-
sible for SARS-CoV-2 entry into hepatocytes, while an unidentified 
shuttling mechanism may also mediate viral internalization in a 
parallel pathway. Our results shed light into an important aspect 
underlying COVID-19 pathophysiology that is the need for a 
better control of hepatic glucose production in order to achieve a 
better glycemic control, thus protecting COVID-19 patients 
against the deleterious impact of in-hospital hyperglycemia for 
their clinical outcomes.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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