?Sp pathophysiology

Article

SARS-CoV-2 Main Protease Dysregulates Hepatic Insulin
Signaling and Glucose Uptake: Implications for
Post-COVID-19 Diabetogenesis

Praise Tatenda Nhau 12, Mlindeli Gamede 2, Andile Khathi 3

check for
updates
Academic Editor: Jonathan

Steven Alexander

Received: 3 May 2025
Revised: 11 July 2025
Accepted: 22 July 2025
Published: 4 August 2025

Citation: Nhau, PT.; Gamede, M.;
Khathi, A ; Sibiya, N. SARS-CoV-2
Main Protease Dysregulates Hepatic

Insulin Signaling and Glucose Uptake:

Implications for Post-COVID-19
Diabetogenesis. Pathophysiology 2025,
32,39. https:/ /doi.org/10.3390/
pathophysiology32030039

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

and Ntethelelo Sibiya 1'*

Pharmacology Division, Faculty of Pharmacy, Rhodes University, Makhanda 6139, South Africa;
tatenhau@gmail.com

Human Physiology Department, University of Pretoria, Pretoria 0002, South Africa;
mlindeli.gamede@up.ac.za

School of Laboratory Medicine and Medical Sciences, University of KwaZulu-Natal,

Durban 4001, South Africa; khathia@Qukzn.ac.za

Correspondence: n.sibiya@ru.ac.za

Abstract

Background: There is growing evidence suggesting that SARS-CoV-2 may contribute to
metabolic dysfunction. SARS-CoV-2 infection is associated with systemic inflammation,
oxidative stress, and metabolic dysregulation, all of which may impair liver function and
promote glucose intolerance. This study investigated the role of SARS-CoV-2, specifically
its Main Protease (MP'), in accelerating insulin resistance and metabolic dysfunction in
HepG2 cells in vitro. Methods: HepG2 cells were treated with varying concentrations of
MP™ (2.5, 5, 10, 20, 40, 80, and 160 nmol/mL) for 24 h to assess cytotoxicity and glucose
uptake. Based on initial findings, subsequent assays focused on higher concentrations
(40, 80, and 160 nmol/mL). The effects of MP™ on cell viability, protein kinase B (AKT)
expression, matrix metallopeptidase-1 (MMP1), dipeptidyl peptidase 4 (DPP4), interleukin-
6 (IL-6) expression, and lipid peroxidation were investigated. Results: Our findings reveal
that the SARS-CoV-2 MP™ treatment led to a concentration-dependent reduction in glucose
uptake in HepG2 cells. Additionally, the MP™ treatment was associated with reduced
insulin-stimulated AKT activation, particularly at higher concentrations. Inflammatory
markers such as IL-6 were elevated in the extracellular medium, while DPP4 expression was
decreased. However, extracellular soluble DPP4 (sDPP4) levels did not show a significant
change. Despite these changes, cell viability remained relatively unaffected, suggesting that
the HepG2 cells were able to maintain overall metabolic functions under MP™ exposure.
Conclusions: This study demonstrated the concentration-dependent impairment of hepatic
glucose metabolism, insulin signaling, and inflammatory pathways in HepG2 cells acutely
exposed to the SARS-CoV-2 MP™. These findings warrant further investigation to explore
the long-term metabolic effects of SARS-CoV-2 and its proteases in the liver and to develop
potential therapeutic approaches for post-viral metabolic complications.
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1. Introduction

The emergence of SARS-CoV-2 has led to a global health crisis, with COVID-19 affect-
ing multiple organ systems beyond the respiratory tract [1]. Among the less understood
yet increasingly recognized complications of COVID-19 is its impact on metabolic health,
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particularly in the development of insulin resistance and new-onset type 2 diabetes mellitus
(T2DM) [2]. With the prevalence of DM increasing worldwide, it is worthwhile to explore
the pathophysiology involved in COVID-19-induced DM. Epidemiological data suggest
that a growing number of COVID-19 survivors present with impaired glucose metabolism,
raising concerns about the long-term consequences of SARS-CoV-2 infection on metabolic
disorders [3]. While pre-existing DM is a known risk factor for severe COVID-19 outcomes,
there is increasing evidence that SARS-CoV-2 itself may contribute to the onset of metabolic
dysfunction, independent of prior diabetic status [2,4]. DM encompasses a group of long-
term endocrine metabolic disorders marked by impaired glycaemic regulation. This results
in elevated blood glucose concentrations, primarily due to insufficient insulin production,
reduced insulin sensitivity, or a combination of both [5]. DM has been implicated as one of
the primary causes of both morbidity and mortality in developing countries such as South
Africa [6]. Globally, it is projected that the prevalence of DM will increase from 415 million
individuals in 2015 to 642 million individuals by the year 2040, indicating a significant rise
in the burden of DM [7].

The liver plays a central role in glucose homeostasis, regulating insulin sensitiv-
ity through key metabolic pathways such as gluconeogenesis, glycogenolysis, and lipid
metabolism [8]. Insulin is a peptide hormone released by the beta cells within the Islets of
Langerhans in the pancreas. It has central regulatory roles in hepatic cells [9,10]. Insulin
can regulate blood glucose concentration in part through regulating gluconeogenesis and
glycogenolysis in the liver [11,12]. SARS-CoV-2 has been shown to trigger a systemic
inflammatory response, potentially affecting liver function and impairing insulin signaling
pathways [5]. However, the precise mechanisms by which SARS-CoV-2 affects the liver
remain poorly understood.

SARS-CoV-2 encodes MP™, which is essential for viral replication [13]. Recent findings
suggest that MP™ may interfere with host cellular pathways [14]. Wenzel et al. reported that
MP'® was stated to cause microvascular brain pathology through the cleaving of the nuclear
factor (NF)-«B essential modulator (NEMO), the critical modulator of nuclear factor-B. The
result of this elimination of NEMO is the death of human brain endothelial cells [14]. The
authors also observed that MP™ triggered apoptosis and oxidative stress in rat cortex neu-
rons, leading to neuronal damage [14]. Various hypotheses have been proposed based on
existing data; however, the precise mechanisms behind this phenomenon remain uncertain.
With this background, examining the impact of MP™ on key metabolic markers, oxidative
stress, and hepatic insulin signaling pathways, this research seeks to identify potential
mechanisms linking SARS-CoV-2 infection to liver-mediated glucose dysregulation.

2. Materials and Methods

2.1. Protein Preparations

In total, 0.2 mg of COVID-19 MP™ (CAE0172-200UG) was sourced from Sigma-Aldrich
(St. Louis, MO, USA) in powdered form. A stock solution (5.900 nmol/mL) was prepared
by dissolving MP™ in 1 mL of DMSO. The working concentrations of 2.5-160 nmol/mL
were prepared from the stock solution via serial dilutions. The solution was filtered through
a 0.22 um membrane and stored at —20 °C. All preparations were conducted under strict
aseptic conditions, utilizing a biosafety cabinet, sterile consumables, and appropriate
personal protective equipment to minimize the risk of contamination.

NovoRapid® insulin (100 units/mL) was used for the study. To ensure uniform distri-
bution, the insulin vial was gently agitated before use. A stock solution of 0.05 units/mL
was prepared by diluting 5 pL of insulin in 10 mL of DMEM under sterile conditions,
followed by thorough mixing with a vortex mixer. The prepared solution was filtered using
a 0.22 pm membrane to maintain sterility and subsequently stored at 2-8 °C until use.
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2.2. Cell Culture Protocol

The assays were performed using HEPG2 cells sourced from Cellonex, Johannesburg,
South Africa. The HEPG2 cells were cultured in DMEM supplemented with 10% FBS and
1% penicillin-streptomycin. Cells were maintained at 37 °C in a humidified incubator with
5% CO;,. Once they reached approximately 80% confluence, they were trypsinized and
transferred to new tissue culture flasks before being seeded into 24- or 96-well plates.

2.3. Cell Viability Assay: MTT Assay

HepG2 cells were seeded into 96-well plates at a density of 4.15 x 10* cells/mL and
cultured until they reached approximately 80% confluence. The cells were then treated
with varying concentrations of MP™ (2.5, 5, 10, 20, 40, 80, and 160 nmol/mL), while control
wells contained only the culture medium without MP™. Following treatment, the cells were
incubated at 37 °C for 24 h. After incubation, the culture medium was aspirated, and the
MTT solution was prepared by dissolving 1 mg of MTT powder in a solution consisting
of 10% PBS and 90% FBS-free media. The solution was filter-sterilized, and 100 pL was
added to each well. The plates were then incubated in the dark at 37 °C for 3 h to allow the
formation of formazan crystals. The MTT solution was subsequently discarded, and 100 pL
of DMSO was added to each well to dissolve the crystals. The plates were further incubated
for 10 min, after which the absorbance was measured at 570 nm using a spectrophotometer.
The assay was conducted in duplicate, with each concentration tested in sextuplicate to
ensure reproducibility. Cell viability was calculated as a percentage of the absorbance of
the control group using the following equation:

Percentage cell viability — <Average absorbance of treated wells) 100

Average absorbance of control

2.4. Estimated Glucose Utilization Assay

The glucose utilization assay was performed with modifications to an established
protocol by Ventera et al. with some modifications [15]. HepG2 cells (3.79 x 10* cells/mL)
were seeded into 24-well plates and incubated in EMEM at 37 °C with 5% CO; until they
reached approximately 80% confluence. Following cell preparation, the culture media were
removed, and 250 uL of MP™ at concentrations of 2.5, 5, 10, 20, 40, 80, and 160 nmol/mL was
added to the designated wells. A control group received only fresh culture media. Baseline
glucose concentrations (t = 0 h) were recorded, and the cells were incubated for 24 h, after
which glucose levels in the media were measured again. To assess the effect of MP™ on
insulin sensitivity, cells were first exposed to MP™ for 24 h, followed by treatment with
250 pL of insulin-containing media (0.05 units/mL). Media glucose levels were measured
att =0 and 24 h using a glucometer. Each concentration was tested in quadruplicate, and
the experiment was repeated three times for consistency and reliability. The estimation of
glucose uptake was determined using the following equation:

i 1 TO) — i 1 T24
Glucose uptake (%) — (Medlum glucose(T0) — Medium glucose( )) « 100

Medium glucose(TO0)

2.5. In Cell ELISA: Semi-Quantitative Expression of AKT, DPP4, MMP1, and IL-6

HepG2 cells were seeded into 96-well plates and cultured in DMEM for ELISA ex-
periments. After 24 h, the cells were treated with 100 uL of MP™ at concentrations of 40,
80, and 160 nmol/mL and incubated overnight. On the following day, the media was
aspirated and stored at 4 °C in vials. Control wells included a blank control, consisting
of DMEM without cells or MP™, and a negative control, which contained cells treated
with primary and secondary antibodies but without MP™. The blank control assessed the
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background signal from DMEM and potential reagent contaminants, while the negative
control accounted for any non-specific binding of antibodies in the absence of MP™. Then,
100 pL of 8% paraformaldehyde was added to each well to fix and cross-link the cells to
the plate. The plate was shaken at 300 rpm and at room temperature for 15 min. The
fixative was then aspirated, followed by three washes with 200 uL of 1X PBS per well. After
the final wash, the plate was blotted dry. Next, cells were permeabilized using 250 uL of
permeabilization buffer (Triton X-100 in 1X PBS) for 30 min at room temperature while
shaking. The permeabilization buffer was then aspirated, and 200 pL of blocking buffer
(prepared by dissolving 2 g of bovine serum albumin in 20 mL of 1X PBS) was added. The
plate was incubated for 2 h at room temperature with shaking at 300 rpm.

Following blocking, 100 pL of primary antibodies against protein kinase B (AKT),
matrix metalloproteinase-1 (MMP1), dipeptidyl peptidase-4 (DPP4), and interleukin-6
(IL-6), each diluted 1:5000, was added to designated wells for each in the cell-based ELISA
experiment. The plate was incubated overnight at 4 °C. On the next day, the primary
antibody was aspirated, and wells were washed three times with 250 uL of the wash buffer
(prepared by adding 625 puL Tween-20 to 250 mL of 1X PBS) to remove unbound antibodies.
A 100 pL solution of secondary antibody (anti-rabbit IgG, diluted 1:5000) was then added
to each well, followed by incubation at room temperature for 2 h with gentle shaking. After
incubation, wells were washed four times with 250 uL of wash buffer before adding 100 pL
of TMB horseradish peroxidase substrate. The plate was incubated in the dark for 30 min.
To stop the reaction, 100 puL of 0.1M HCl was added, inducing a color change from blue
to yellow. Absorbance was measured at 450 nm using a UV-VIS spectrophotometer. The
assay was conducted in duplicates, with each concentration tested in triplicate to ensure
reproducibility. The relative expression of each protein was calculated as follows:

Average absorbance of treated wells) < 100

Relative percentage expression =
P 8¢ exp ( Average absorbance of control

2.6. Extracellular Protein Analysis: IL-6, MMP1, and DPP4

To assess the extracellular levels of IL-6, DPP4, and MMP1, the collected media were
centrifuged at 300-500x g, and the supernatant (50 puL) was carefully transferred into a
high-binding plate for analysis and incubated for 6 h at room temperature. After incubation,
the media was removed, and the plate was gently blotted dry to eliminate any residual
liquid. Unlike the in-cell ELISA, fixation and permeabilization steps were not required.
However, all subsequent ELISA procedures, including antibody incubation, washing, and
detection, were performed as previously described. The relative protein expression for
each target was calculated using the formula above.

2.7. Lipid Peroxidation: Media Malondialdehyde Concentration

Following cell treatment with Mpro, 250 uL of the supernatant was aspirated and
used for the TBARS assay. The harvested media were mixed with 400 uL of 2% phosphoric
acid, and the resultant solution was further aliquoted into two separate tubes. Afterwards,
phosphoric acid (200 pL of 7%) was added into both glass tubes, followed by the addition
of HCL (400 uL, 3 mM) into one glass test tube (blank) and 400 pL of thiobarbituric acid
(TBA)/butylated hydroxytoluene (BHT) into the other test tube (sample test). To achieve
an acidic pH of 1.5, 200 uL of 1M HCl was added to both the blank and sample test tubes.
All test tubes were boiled at 100 °C for 15 min using the Labotec shaking Eco Bath water
bath. They were then left to cool to room temperature for 10 min. After cooling, 1.5 mL of
butanol was added to each test tube, which was then vortexed for 10 s. The test tubes were
left to stand until the butanol phase (the top layer) became visible. Then, 200 mL of the
butanol phase was added in triplicate to a 96-well plate. The optical density of the samples
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was measured spectrophotometrically at 532 nm, with a reference wavelength of 600 nm,
using the Varioskan Lux microplate reader. MDA concentrations (mM) were calculated by
dividing the average absorbance of the samples by the absorption coefficient (156 Mm™1).
The absorbance from these wavelengths was used to calculate the concentration of MDA
using the Beer-Lambert law as follows:

Final absorbance — Blank

MDA concentration =
MDA coefﬁcient(156 mmolfl)

While MDA concentrations were calculated based on the Beer—Lambert law, the results
are presented as percentage changes relative to the control group to highlight oxidative
stress induction across treatments

2.8. Statistical Analysis

Data are presented as mean =+ standard deviation (SD) from three independent repli-
cates. Graphs were created using GraphPad Prism (Version 8, GraphPad Software, San
Diego, CA, USA, 2019). Normality was evaluated through normality and log-normality
tests in GraphPad Prism. For normally distributed data, one-way ANOVA followed by
Tukey’s multiple comparison test was used to compare the effects of MP™ concentrations
with the control group. For non-normally distributed data, the Kruskal-Wallis test was
applied. Statistical significance was set at p < 0.05, with asterisks (*) indicating significant
differences between the control and treatment groups. Despite the use of a non-parametric
test for non-normally distributed data, the mean and standard deviation were reported for
consistency across all datasets.

3. Results
3.1. Cytotoxic Assay

A cytotoxicity assessment was performed on the HepG2 cell line using MP™ at con-
centrations of 2.5, 5, 10, 20, 40, 80, and 160 nmol/mL, as illustrated in Figure 1. Overall, the
findings demonstrated that MP™ did not exhibit cytotoxic effects on hepatic cells within
this concentration range. Although the lower concentrations (2.5-20 nmol/mL) resulted
in a reduction in cell viability, the decrease was not statistically significant compared to
the untreated control. In contrast, treatment with 40 nmol/mL and 80 nmol/mL led to a
significant decline in cell viability relative to the control.

3.2. Effect of MP"™ on Non-Insulin Stimulated Glucose Uptake

The relative glucose uptake was evaluated in HepG2 cells following a 24 h treatment
with varying concentrations of MP™ (2.5, 5, 10, 20, 40, 80, and 160 nmol/mL). The findings,
depicted in Figure 2, revealed that the insulin-treated control (0’) exhibited a greater glucose
uptake compared to the untreated control (0), confirming insulin’s expected role in en-
hancing glucose transport. This response aligns with insulin’s well-established function in
facilitating cellular glucose uptake, thereby validating both the experimental conditions and
the sensitivity of the HepG2 cells to insulin stimulation. In HepG2 cells, the treatment with
low MP™ concentrations (2.5 to 40 nmol) had no effect on glucose uptake by comparison to
the non-treated control. However, the 80 nmol/mL and 160 nmol/mL concentrations of
MP™ showed a significant decline by comparison to the non-treated control. The glucose
uptake results show a concentration-dependent reduction in glucose uptake across the
different concentrations tested (2.5 to 160 nmol/mL). As the concentration of MP™ increases
from 2.5 to 160 nmol/mL, glucose uptake progressively declines, with the most substantial
reduction observed at the highest concentrations (80 and 160 nmol/mL).
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Figure 1. Cell viability was assessed in HepG2 cells following a 24 h treatment with varying
concentrations of MP™ (2.5, 5, 10, 20, 40, 80, and 160 nmol/mL). The results are presented as a
percentage, with untreated cells serving as the control group. Data are expressed as mean + standard
deviation, with error bars indicating variability (1 = 3). Statistical significance between the treated
groups and the control is denoted by asterisks: (*) p < 0.05 and (****) p < 0.0001.
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Figure 2. The relative glucose uptake was assessed in HepG2 cells following a 24 h treatment with
varying concentrations of MP™ (2.5, 5, 10, 20, 40, 80, and 160 nmol/mL). The results are presented
as a percentage, with untreated cells serving as the control group. Untreated cells are presented as
0, while 0’ represents insulin-treated cells. Untreated cells were used as the control group. Data are
expressed as mean =+ standard deviation, with error bars indicating variability (n = 3). Statistical
significance between the treated groups and the control is denoted by asterisks: (****) p < 0.0001.

3.3. Effect of MP™ on Insulin-Stimulated Glucose Uptake

Figure 3 below represents the effect of SARS-CoV-2 MP™ on insulin-stimulated glucose
uptake in HepG2 cells. The control group (0) shows baseline glucose uptake, while the
insulin control group (0’) demonstrated an increase in glucose uptake, confirming insulin
responsiveness in these cells. Pre-treatment of HEPG2 cells with lower concentrations of
MPT (2.5-20 nmol/mL) did not significantly alter insulin-stimulated glucose uptake. How-
ever, pre-treatment of HEPG-2 cells with higher concentrations (40, 80, and 160 nmol/mL)
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demonstrated a significant reduction in glucose uptake. This suggests that MP™ may impair
insulin signaling and glucose metabolism in HepG2 cells in a concentration-dependent
manner, potentially contributing to insulin resistance mechanisms.

Glucose uptake

0 0 25 5 10 20 40 80 160

Figure 3. Insulin-stimulated glucose uptake was assessed in HepG2 cells following a 24 h treatment
with varying concentrations of MP™ (2.5, 5, 10, 20, 40, 80, and 160 nmol/mL). Untreated cells are
presented as 0, while 0’ represents insulin-treated cells. The results are presented as a percentage,
with untreated cells serving as the control group. Data are expressed as mean + standard deviation,
with error bars indicating variability (n = 3). Statistical significance between the treated groups and
the control is denoted by asterisks: (*) p < 0.05.

3.4. Effect on AKT Expression

Figure 4 illustrates the relative AKT expression in HepG2 cells following treatment
with increasing concentrations of SARS-CoV-2 MP™ (40, 80, and 160 nmol/mL) compared
to the control (untreated cells). AKT expression remains relatively unchanged across all
treatment groups, with no significant reduction observed. This suggests that, while MP™
impairs insulin-stimulated glucose uptake at higher concentrations, it does not significantly
alter total AKT expression in HepG2 cells.

120+

100= -

AKT expression
(%)
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0= T T
0 40 80 160

Mpro Concentration
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Figure 4. AKT expression was assessed in HepG2 cells following a 24 h treatment with varying
concentrations of MP™ (40, 80, and 160 nmol/mL). The results are presented as a percentage, with
untreated cells serving as the control group. Data are expressed as mean =+ standard deviation, with
error bars indicating variability (n = 3). No statistically significant difference was observed.
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3.5. Effect on Insulin-Stimulated AKT Expression

Figure 5 illustrates the effect of SARS-CoV-2 MP™ on insulin-stimulated AKT expres-
sion in HepG2 cells. Insulin treatment (0') slightly increased AKT expression compared
to the control (0), confirming its role in insulin signaling activation. However, MP™ pre-
treatment at 40, 80, and 160 nmol/mL leads to a progressive, significant reduction in
AKT expression, with higher concentrations showing greater inhibition (** p < 0.01 at
40 nmol/mL; **** p < 0.0001 at 80 and 160 nmol/mL).

120
100
80
60
40

AKT expression
(%)

20
0

0 0' 40 80 160

Mpro Concentration
(nmol/mL)

Figure 5. Insulin-stimulated AKT expression was assessed in HepG2 cells following a 24 h treatment
with varying concentrations of MP™ (40, 80, and 160 nmol/mL). Results are expressed as a percentage.
Untreated cells are presented as 0, while 0’ represents insulin-treated cells. Insulin-treated cells
were used as the control group. Data are expressed as mean =+ standard deviation, with error bars
indicating variability (n = 3). Statistical significance between the treated groups and the control is
denoted by asterisks: (***) p < 0.0001.

3.6. Relative Cellular and Media DPP4

The relative DPP4 expression in HepG2 cells following treatment with increasing
concentrations of SARS-CoV-2 MP™ (40, 80, and 160 nmol/mL) compared to the control is
shown in Figures 6 and 7. A dose-dependent increase in DPP4 expression is observed, with
the highest concentration (160 nmol/mL) showing significant upregulation (**** p < 0.0001).
Figure 7 represents the relative DPP4 levels in the culture medium of HepG2 cells following
treatment with increasing concentrations of SARS-CoV-2 MP™ (40, 80, and 160 nmol/mL)
compared to the control. Unlike intracellular DPP4 expression, there is no significant
change in the levels of shed DPP4 in the medium across different MP™ concentrations. This
suggests that while MP™ upregulates cellular DPP4 expression, it does not significantly
enhance DPP4 shedding into the extracellular environment.

3.7. Cellular and Medium IL-6

Figure 8 illustrates the relative in-cell expression percentage of IL-6 in the HepG2
cell lines. The HepG2 cells treated with MP™ exhibit a modest increase in IL-6 expression,
with the 80 and 160 nmol/mL concentrations showing no statistical difference compared
to the control. Figure 9 presents the relative IL-6 levels in the culture medium of HepG2
cells following treatment with increasing concentrations of SARS-CoV-2 MP™ (40, 80, and
160 nmol/mL) compared to the control. A concentration-dependent increase in IL-6 secre-
tion was observed, with significantly elevated levels at 80 and 160 nmol/mL (*** p < 0.001).
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This suggests that MP™ induces a pro-inflammatory response in HepG2 cells, leading to
increased IL-6 release.
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Figure 6. Relative DPP4 expression was assessed in HepG2 cells following a 24 h treatment with
varying concentrations of MP' (40, 80, and 160 nmol/mL). The results are presented as a percentage,
with untreated cells serving as the control group. Data are expressed as mean + standard deviation,
with error bars indicating variability (n = 3). Statistical significance between the treated groups and
the control is denoted by asterisks (****) p < 0.0001.
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Figure 7. Relative DPP4 medium level was assessed in HepG2 cells following a 24 h treatment
with varying concentrations of MP™ (40, 80, and 160 nmol/mL). The results are presented as a
percentage, with the untreated cellular medium serving as the control group. Data are expressed as
mean + standard deviation, with error bars indicating variability (n = 3). No statistical significance
between the treated groups and the control was noted.

3.8. Relative Cellular and Media MMP1

Figure 10 depicts the relative cellular expression of MMP1 in HepG2 cells was assessed
after treatment with MP™ at 40, 80, and 160 nmol/mL. The results show no significant
change in MMP1 expression from the control in the HepG2 cell line for all concentrations of
MP when compared to the control (untreated cells). No statistically significant difference
was observed for the HepG2 cell line. Figure 11 depicts the relative MMP1 levels in the
culture medium of HepG2 cells following treatment with increasing concentrations of
SARS-CoV-2 MP™ (40, 80, and 160 nmol/mL) compared to the control. A concentration-
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dependent increase in MMP1 secretion is observed, with a significant rise at 160 nmol/mL

(* p <0.05).
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Figure 8. Relative IL-6 cellular expression was assessed in HepG2 cells following a 24 h treatment
with varying concentrations of MP™ (40, 80, and 160 nmol/mL). The results are presented as a
percentage, with untreated cells serving as the control group. Data are expressed as mean + standard
deviation, with error bars indicating variability (n = 3). No statistically significant differences between
the treated groups and the control were noted.
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Figure 9. Relative IL-6 medium level was assessed in HepG2 cells following a 24 h treatment with
varying concentrations of MP™ (40, 80, and 160 nmol/mL). The results are presented as a percentage,
with untreated cells serving as the control group. Data are expressed as mean + standard deviation,
with error bars indicating variability (n = 3). Statistical significance between the treated groups and
the control is denoted by asterisks: (***) p < 0.001.
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Figure 10. Relative MMP1 expression was assessed in HepG2 cells following a 24 h treatment with
varying concentrations of MP™ (40, 80, and 160 nmol/mL). The results are presented as a percentage,
with untreated cells serving as the control group. Data are expressed as mean + standard deviation,
with error bars indicating variability (n = 3). No statistically significant difference between the treated
groups and the control was observed.

280 N
260 -
240 |

220 1

)
ok N
ARS
= 1=1=)

'_

Relative Medium
MMP1 level
%
=
(=]

0 40 80 160

Mpro Concentration
(nmol/mL)

Figure 11. Relative MMP1 medium level was assessed in HepG2 cells following a 24 h treatment with
varying concentrations of MP™ (40, 80, and 160 nmol/mL). The results are presented as a percentage,
with untreated cells serving as the control group. Data are expressed as mean + standard deviation,
with error bars indicating variability (n = 3). Statistical significance between the treated groups and
the control is denoted by asterisks: (*) p < 0.05.

3.9. Relative MDA Concentration

To evaluate the oxidative stress status, malondialdehyde (MDA) levels were quantified
in cells exposed to increasing concentrations (40, 80, and 160 nmol/mL). The results, as
shown in Figure 12 indicate a concentration-dependent increase in MDA concentrations
compared to the untreated control. At 40 nmol/mL and 80 nmol/mL, the MDA levels
exhibited a slight increase relative to the control, but the differences were not statistically
significant. However, at 160 nmol/mL, a significant elevation in MDA levels was observed
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(p <0.05), as indicated by the asterisk in Figure 12. This suggests that higher concentrations
of MP™ induce oxidative stress, leading to increased lipid peroxidation.
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Figure 12. Relative MDA medium level was assessed in HepG2 cells following a 24 h treatment with
varying concentrations of MP™ (40, 80, and 160 nmol/mL). The results are presented as a percentage,
with untreated cells serving as the control group. Data are expressed as mean + standard deviation,
with error bars indicating variability (n = 3). Statistical significance between the treated groups and
the control is denoted by asterisks: (*) p < 0.05.

4. Discussion

The liver has a regenerative ability and carries out a wide range of complex functions,
such as replenishing and storing easily accessible energy in the form of glycogen, regulating
carbohydrate metabolism, and detoxifying and eliminating metabolic byproducts from the
body [16]. Despite their cancerous origin, HepG2 cells retain several key characteristics
of differentiated hepatocytes, including albumin secretion, insulin-stimulated glycogen
synthesis, and glutathione-based detoxification [17,18]. Due to its broad applications in
scientific research, such as in pharmacological and toxicological studies, the HepG2 cell
line is highly popular [18]. Additionally, they have a stable phenotype, normal liver cell
genetic characteristics, high glucose consumption, and active energy metabolism [19].

The liver is vital for metabolic balance, detoxification, and immune function, but
these essential roles also make it vulnerable to stressors that can cause cell damage and
dysfunction [20]. Findings from the post-mortem analyses of individuals infected with
SARS-CoV-2 have identified traces of viral proteins, suggesting that the virus may exhibit
hepatotropic characteristics [21]. In the cytotoxic study, the viability of the cells decreased
slightly; however, the reduction was not significant as cells retained viable metabolism.
Our findings were consistent with the study conducted by Barreto et al., who reported
that infection with SARS-CoV-2 in hepatocytes releases infectious viral particles without
damaging cells [22].

The liver also plays an important role in glucose metabolism. In the liver, insulin
activates insulin receptor tyrosine kinase (IRTK), leading to the phosphorylation of insulin
receptor substrate-1 (IRS1) and insulin receptor substrate-2 (IRS2) and the activation of
AKT2 [23]. This subsequently reduces hepatic glucose production, enhances glycogen syn-
thesis, and stimulates lipogenesis [12]. Furthermore, insulin signaling, especially through
the PI3K/AKT pathway, promotes GLUT2 activity and translocation in hepatocytes, en-
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abling glucose uptake [23]. A disruption in hepatic glucose production has been shown to
exacerbate T2DM hyperglycaemia [8]. In our study, MP™ treatment caused a concentration-
dependent reduction in baseline glucose uptake across the different concentrations of MP™
utilized (2.5 to 160 nmol/mL). Although GLUT?2 is the principal glucose transporter in
hepatocytes, accounting for more than 97% of glucose flux across the plasma membrane,
unlike GLUT4 in skeletal muscle and adipose tissue, GLUT2 is not directly regulated by
insulin [23]. Instead, in hepatocytes, insulin exerts its primary effects via intracellular
signaling cascades that regulate key metabolic pathways such as glycogen synthesis and
gluconeogenesis [23,24]. These include the IRS/PI3K/AKT2/GSK3 pathway that regulates
glycogenesis, gluconeogenesis, and lipogenesis and the IRS/PI3K/AKT2/FOXO1 axis,
which suppresses gluconeogenic gene expression. Importantly, both pathways are sensitive
to inhibition by cellular stress signals and proinflammatory mediators [25]. The observed
reduction in glucose uptake may be attributed to MP™-induced oxidative stress or inflam-
matory signaling, which can impair GLUT2 function or reduce its membrane localization,
rather than direct effects on GLUT2-mediated transport.

In line with these findings, MP™ exposure was associated with altered insulin sig-
naling in HepG2 cells, with more pronounced changes observed at higher concentrations
(40-160 nmol/mL). An investigation into the exact position of the disruption led us to
assess baseline and insulin-stimulated AKT expression. Our findings showed no significant
change in baseline AKT expression. However, insulin-stimulated AKT phosphorylation
was significantly reduced at higher MP™ concentrations (40-160 nmol/mL), suggesting that
MP™ may affect insulin signaling under stimulated conditions. This aligns with previous
studies showing that viral proteins can disrupt insulin pathways through oxidative stress,
inflammation, and disturbances in insulin receptor substrate activity [26-29]. While these
alterations provide insights into MP™'S metabolic impact, further investigation is needed to
delineate whether these effects are transient stress responses or sustained impairments in
insulin signaling.

Building on the observed inhibitory effect of MP™ on insulin-stimulated AKT acti-
vation, we further examined oxidative stress status in HepG2 cells by measuring mal-
ondialdehyde (MDA) levels, a key marker of lipid peroxidation. Our results indicate a
dose-dependent increase in MDA levels with rising MP™ concentrations, suggesting that
oxidative stress is a contributing factor to the observed disruptions in insulin signaling.
Oxidative stress is known to play a major role in metabolic dysfunction, with increased
lipid peroxidation products like MDA being linked to problems with insulin signaling
and -cell function [30]. These findings are in line with previous research showing that
SARS-CoV-2 infection can cause oxidative stress in different cell types, reinforcing the
idea that viral infections contribute to metabolic disturbances [31,32]. Going forward, it
would be valuable to investigate whether antioxidants or ROS inhibitors can help reduce
MPT-induced oxidative stress and protect insulin signaling in hepatocytes.

COVID-19 has also been associated with inflammatory processes involving key medi-
ators such as DPP4 and MMP1, which are known to mediate both tissue remodeling and
systemic inflammation [33,34]. Viruses can trigger chronic inflammation, which may lead
to cellular dysfunction and even transformation [35]. A study conducted by Lepiller and
colleagues demonstrated that the infection of HepG2 cells with human cytomegalovirus
(HCMV) caused the production of IL-6 in the supernatants of HepG2 cells, starting as
early as 2 h post-infection [36]. Similarly, Carlquist et al. reported increased IL-6 gene
transcription and protein expression in human lung fibroblasts following exposure to
HCMV [37]. This suggests that during viral infections, the liver may act as a cytokine
producer, contributing to systemic inflammation. Our data shows that MP™ induced an
increase in extracellular IL-6 levels in the HepG2 cell line, corroborating previous find-
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ings that viral proteins can stimulate hepatic cytokine release [36,37]. Inflammation is a
well-established contributor to insulin resistance, offering a potential mechanism through
which MP™ may contribute to glycaemic dysregulation. In addition to IL-6, we observed
a significant increase in MMP1 levels. While MMP1 is classically known for degrading
extracellular matrix components, it also exerts pro-inflammatory effects via the activation
of protease-activated receptor-1 (PAR1) on hepatocytes [38]. Activation of PAR1 has been
implicated in hepatic fibrosis, cytokine release, and further amplification of inflammatory
signaling [38]. Therefore, the upregulation of MMP1 following MP™ exposure may con-
tribute to liver inflammation and insulin resistance not only through matrix remodelling
but also via PAR1-mediated pro-inflammatory pathways. Given that enzymes like DPP4
and MMP1 play critical roles in immune regulation and metabolic processes, their dys-
regulation in the context of viral infection could be central to the metabolic disturbances
observed in COVID-19 patients.

DPP4 is a serine protease that exists in two forms: a soluble form, sDPP4, predomi-
nantly found in plasma and interstitial fluid and a membrane-bound form expressed in
vascular smooth muscle, endothelial cells, blood, kidneys, and intestines [33,39,40]. While
much of the research on DPP4 has focused on its role in T2DM treatment, studies have
also suggested that DPP4 functions as an adipokine [22,40-42]. Although few studies
have directly explored the impact of viral proteins or proteases on DPP4 shedding, MMPs,
including MMP1, are known to regulate DPP4 cleavage and activity [33].

Liver damage and its subsequent regeneration are intricately connected to complex
extracellular matrix signaling pathways, which are influenced by proteases like MMP1 [43].
Our data showed high levels of extracellular MMP1, which would typically correlate with
increased sDPP4. However, we observed a decrease in sDPP4, suggesting that MP™ expo-
sure may alter DPP4 shedding dynamics, potentially by affecting the cleavage process or
shifting cellular priorities under stress. In hepatocytes, pro-inflammatory or fibrogenic stim-
uli like IL-6 or transforming growth factor (TGF-3) can upregulate MMP1 expression [34].
Although extracellular IL-6 levels were elevated in our study, intracellular IL-6 expression
remained low in HepG2 cells, which may explain why MMP1 levels were not as high as
expected, potentially limiting DPP4 shedding.

Interestingly, MP™-induced stress may prompt a prioritisation of acute-phase protein
synthesis over the cleavage and release of proteins such as DPP4. During metabolic stress
or inflammation, hepatocytes often shift towards producing inflammatory mediators to
manage systemic responses [44]. In the liver, decreased sDPP4 might serve as a regulatory
mechanism to limit excessive inflammation. Since sDPP4 is associated with immune
activation, HepG2 cells may retain DPP4 to avoid exacerbating inflammation, especially if
extracellular IL-6 is already elevated [33]. Therefore, the increase in intracellular DPP4 in
HepG2 cells could be a protective mechanism. By limiting DPP4 shedding, HepG2 cells
may be attempting to control sustained systemic inflammation.

While this study provides important insights into the potential effects of SARS-CoV-2
Mpro on hepatic insulin signalling, oxidative stress, and inflammatory responses, several
limitations should be considered when interpreting the findings. Firstly, in a physiological
SARS-CoV-2 infection, MP™ functions intracellularly. Therefore, the observed effects may
not result from direct interference with insulin signaling by MP™ but rather from stress
responses triggered by protease exposure. These include oxidative stress and the increased
production of proinflammatory cytokines such as IL-6 and MMP1. It is well known that
stress-activated pathways can impair insulin receptor function and downstream signaling.
Secondly, all experiments were conducted using HepG2 cells, a hepatocellular carcinoma-
derived cell line, which may not fully replicate the physiological responses of healthy
hepatocytes. Future studies using more physiologically relevant models, such as intracellu-
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lar MP™ expression systems or viral infection models, are needed to further elucidate the
mechanisms involved.

Ultimately, these findings suggest that SARS-CoV-2 MP™ may contribute to hepatic
insulin resistance, which could help explain the metabolic disturbances observed in some
COVID-19 patients. The disruption of insulin signaling, combined with proinflammatory
and oxidative effects, supports the hypothesis that MP™ could play a role in the develop-
ment of post-infection glucose dysregulation. Further studies using animal models and
clinical samples are needed to determine whether these cellular changes contribute to
the increased incidence of new-onset diabetes following COVID-19. Understanding the
metabolic impact of viral proteases like MP™ may offer new insights into the prevention
and management of long-term complications in COVID-19 survivors.

5. Conclusions

This study demonstrates that SARS-CoV-2 MP™ exerts multiple effects on HepG2 cells,
influencing glucose uptake, insulin signaling, and inflammatory responses. The observed
inhibition of baseline glucose uptake, disruption of insulin-stimulated AKT activation,
and alterations in IL-6 and DPP4 expression suggest that MP™ may contribute to hepatic
metabolic dysregulation. While our data provide insights into the potential mechanisms by
which MP™ affects liver cells, further studies are necessary to fully elucidate its role in hep-
atic glucose metabolism and its implications for post-COVID-19 metabolic complications.

Author Contributions: Conceptualization, P.T.N. and N.S.; investigation, P.T.N.; validation, M.G.,
A K, and N.S,; writing—original draft, PT.N. and N.S.; writing—review and editing, M.G., A.K,, and
N.S. All authors have read and agreed to the published version of the manuscript.

Funding: This study is funded by the National Research Foundation (NRF), South Africa:
TTK220318196.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author(s).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Abegunde, D.O.; Mathers, C.D.; Adam, T.; Ortegon, M.; Strong, K. The burden and costs of chronic diseases in low-income and
middle-income countries. Lancet 2007, 370, 1929-1938. [CrossRef]

2. Metwally, A.A.; Mehta, P; Johnson, B.S.; Nagarjuna, A.; Snyder, M.P. COVID-19-Induced New-Onset Diabetes: Trends and
Technologies. Diabetes 2021, 70, 2733-2744. [CrossRef]

3.  Dissanayake, H. COVID-19 and metabolic syndrome. Best Pract. Res. Clin. Endocrinol. Metabolism. 2023, 37, 101753. [CrossRef]
[PubMed]

4. Singh, AK,; Khunti, K. COVID-19 and Diabetes. Annu. Rev. Med. 2022, 73, 129-147. [CrossRef] [PubMed]

5.  Kiernan, K.; Maclver, N.J. Viral Infection “Interferes” with Glucose Tolerance. Immunity 2018, 49, 6-8. [CrossRef]

6. Sifunda, S.; Mbewu, A.D.; Mabaso, M.; Manyaapelo, T.; Sewpaul, R.; Morgan, ].W.; Harriman, N.W.; Williams, D.R.; Reddy, S.P.
Prevalence and Psychosocial Correlates of Diabetes Mellitus in South Africa: Results from the South African National Health and
Nutrition Examination Survey (SANHANES-1). Int. ]. Environ. Res. Public Health 2023, 20, 5798. [CrossRef]

7. Khetan, A K.; Rajagopalan, S. Prediabetes. Can. J. Cardiol. 2018, 34, 615-623. [CrossRef]

8. Sharabi, K.; Tavares, C.D.J.; Rines, A K.; Puigserver, P. Molecular Pathophysiology of Hepatic Glucose Production. Mol. Asp. Med.
2015, 46, 21-33. [CrossRef]

9. Govender, N.; Khaliq, O.P.; Moodley, J.; Naicker, T. Insulin resistance in COVID-19 and diabetes. Prim. Care Diabetes 2021, 15,

629-634. [CrossRef]


https://doi.org/10.1016/S0140-6736(07)61696-1
https://doi.org/10.2337/dbi21-0029
https://doi.org/10.1016/j.beem.2023.101753
https://www.ncbi.nlm.nih.gov/pubmed/36907785
https://doi.org/10.1146/annurev-med-042220-011857
https://www.ncbi.nlm.nih.gov/pubmed/34379444
https://doi.org/10.1016/j.immuni.2018.06.013
https://doi.org/10.3390/ijerph20105798
https://doi.org/10.1016/j.cjca.2017.12.030
https://doi.org/10.1016/j.mam.2015.09.003
https://doi.org/10.1016/j.pcd.2021.04.004

Pathophysiology 2025, 32, 39 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

Li, M.; Chi, X.; Wang, Y.; Setrerrahmane, S.; Xie, W.; Xu, H. Trends in insulin resistance: Insights into mechanisms and therapeutic
strategy. Signal Transduct. Target. Ther. 2022, 7, 216. [CrossRef]

Saltiel, A.R.; Kahn, C.R. Insulin signalling and the regulation of glucose and lipid metabolism. Nature 2001, 414, 799-806.
[CrossRef]

Lee, S.H.; Park, S.Y.; Choi, C.S. Insulin Resistance: From Mechanisms to Therapeutic Strategies. Diabetes Metab. ]. 2022, 46, 15-37.
[CrossRef] [PubMed]

Anand, K.; Ziebuhr, J.; Wadhwani, P.; Mesters, ].R.; Hilgenfeld, R. Coronavirus Main Proteinase (3CLpro) Structure: Basis for
Design of Anti-SARS Drugs. Science 2003, 300, 1763-1767. [CrossRef] [PubMed]

Wenzel, J.; Lampe, J.; Miiller-Fielitz, H.; Schuster, R.; Zille, M.; Miiller, K.; Krohn, M.; Kérbelin, J.; Zhang, L.; Ozorhan, U.; et al.
The SARS-CoV-2 main protease Mpro causes microvascular brain pathology by cleaving NEMO in brain endothelial cells. Nat.
Neurosci. 2021, 24, 1522-1533. [CrossRef] [PubMed]

van de Venter, M.; Roux, S.; Bungu, L.C.; Louw, J.; Crouch, N.R.; Grace, O.M.; Maharaj, V.; Pillay, P.; Sewnarian, P.; Bhagwandin,
N.; et al. Antidiabetic screening and scoring of 11 plants traditionally used in South Africa. J. Ethnopharmacol. 2008, 119, 81-86.
[CrossRef]

Arzumanian, V.A ; Kiseleva, O.I; Poverennaya, E.V. The Curious Case of the HepG2 Cell Line: 40 Years of Expertise. Int. J. Mol.
Sci. 2021, 22, 13135. [CrossRef]

Kammerer, S.; Kiipper, ].H. Human hepatocyte systems for in vitro toxicology analysis. J. Cell. Biotechnol. 2018, 3, 85-93.
[CrossRef]

Guo, L,; Dial, S.; Shi, L.; Branham, W.; Liu, J.; Fang, ].L.; Green, B.; Deng, H.; Kaput, J.; Ning, B. Similarities and Differences in the
Expression of Drug-Metabolizing Enzymes between Human Hepatic Cell Lines and Primary Human Hepatocytes. Drug Metab.
Dispos. 2011, 39, 528-538. [CrossRef]

Pillay, Y.; Nagiah, S.; Chuturgoon, A. Patulin Alters Insulin Signaling and Metabolic Flexibility in HepG2 and HEK293 Cells.
Toxins 2023, 15, 244. [CrossRef]

Protzer, U.; Maini, M.K.; Knolle, P.A. Living in the liver: Hepatic infections. Nat. Rev. Immunol. 2012, 12, 201-213. [CrossRef]
Hanley, B.; Naresh, K.N.; Roufosse, C.; Nicholson, A.G.; Weir, J.; Cooke, G.S.; Thursz, M.; Manousou, P.; Corbett, R.; Goldin, R,;
et al. Histopathological findings and viral tropism in UK patients with severe fatal COVID-19: A post-mortem study. Lancet
Microbe 2020, 1, e245—-e253. [CrossRef]

Barreto, E.A.; Cruz, A.S.; Veras, EP,; Martins, R.; Bernardelli, R.S.; Paiva, LM.; Lima, T.M.; Singh, Y.; Guimaraes, R.C.; Damasceno,
S.; et al. COVID-19-related hyperglycemia is associated with infection of hepatocytes and stimulation of gluconeogenesis. Proc.
Natl. Acad. Sci. USA 2023, 120, €2217119120. [CrossRef] [PubMed]

Sun, B.; Chen, H,; Xue, J.; Li, P; Fu, X. The role of GLUT2 in glucose metabolism in multiple organs and tissues. Mol. Biol. Rep.
2023, 50, 6963-6974. [CrossRef] [PubMed]

Vargas, E.; Joy, N.V,; Carrillo Sepulveda, M.A. Biochemistry, Insulin Metabolic Effects. In StatPearls [Internet]; StatPearls Publishing:
Treasure Island, FL, USA, 2025. Available online: http://www.ncbi.nlm.nih.gov/books/NBK525983/ (accessed on 3 June 2025).
Kubota, N.; Kubota, T.; Kadowaki, T. Physiological and pathophysiological actions of insulin in the liver. Endocr. ]. 2025, 72,
149-159. [CrossRef] [PubMed]

Freeman, A.M.; Acevedo, L.A.; Pennings, N. Insulin Resistance. In StatPearls [Internet]; StatPearls Publishing: Treasure Island, FL,
USA, 2024. Available online: http://www.ncbi.nlm.nih.gov/books/NBK507839/ (accessed on 6 December 2024).

de Luca, C.; Olefsky, ].M. Inflammation and insulin resistance. FEBS Lett. 2008, 582, 97-105. [CrossRef]

Rehman, K.; Akash, M.S.H. Mechanisms of inflammatory responses and development of insulin resistance: How are they
interlinked? J. Biomed. Sci. 2016, 23, 87. [CrossRef]

Cao, R;; Tian, H.; Zhang, Y.; Liu, G.; Xu, H.; Rao, G.; Tian, Y.; Fu, X. Signaling pathways and intervention for therapy of type 2
diabetes mellitus. MedComm 2023, 4, €283. [CrossRef]

Tangvarasittichai, S. Oxidative stress, insulin resistance, dyslipidemia and type 2 diabetes mellitus. World ]. Diabetes 2015, 6,
456-480. [CrossRef]

Georgieva, E.; Ananiev, J.; Yovchev, Y.; Arabadzhiev, G.; Abrashev, H.; Abrasheva, D.; Atanasov, V.; Kostandieva, R.; Mitev,
M.; Petkova-Parlapanska, K. COVID-19 Complications: Oxidative Stress, Inflammation, and Mitochondrial and Endothelial
Dysfunction. Int. J. Mol. Sci. 2023, 24, 14876. [CrossRef]

Losso, J.N. The Potential of Dietary Bioactive Compounds against SARS-CoV-2 and COVID-19-Induced Endothelial Dysfunction.
Molecules 2022, 27, 1623. [CrossRef]

Sebastidn-Martin, A.; Sdnchez, B.G.; Mora-Rodriguez, ] M.; Bort, A.; Diaz-Laviada, I. Role of Dipeptidyl Peptidase-4 (DPP4) on
COVID-19 Physiopathology. Biomedicines 2022, 10, 2026. [CrossRef]

Hemmann, S.; Graf, J.; Roderfeld, M.; Roeb, E. Expression of MMPs and TIMPs in liver fibrosis—A systematic review with special
emphasis on anti-fibrotic strategies. J. Hepatol. 2007, 46, 955-975. [CrossRef]


https://doi.org/10.1038/s41392-022-01073-0
https://doi.org/10.1038/414799a
https://doi.org/10.4093/dmj.2021.0280
https://www.ncbi.nlm.nih.gov/pubmed/34965646
https://doi.org/10.1126/science.1085658
https://www.ncbi.nlm.nih.gov/pubmed/12746549
https://doi.org/10.1038/s41593-021-00926-1
https://www.ncbi.nlm.nih.gov/pubmed/34675436
https://doi.org/10.1016/j.jep.2008.05.031
https://doi.org/10.3390/ijms222313135
https://doi.org/10.3233/JCB-179012
https://doi.org/10.1124/dmd.110.035873
https://doi.org/10.3390/toxins15040244
https://doi.org/10.1038/nri3169
https://doi.org/10.1016/S2666-5247(20)30115-4
https://doi.org/10.1073/pnas.2217119120
https://www.ncbi.nlm.nih.gov/pubmed/37186819
https://doi.org/10.1007/s11033-023-08535-w
https://www.ncbi.nlm.nih.gov/pubmed/37358764
http://www.ncbi.nlm.nih.gov/books/NBK525983/
https://doi.org/10.1507/endocrj.EJ24-0192
https://www.ncbi.nlm.nih.gov/pubmed/39231651
http://www.ncbi.nlm.nih.gov/books/NBK507839/
https://doi.org/10.1016/j.febslet.2007.11.057
https://doi.org/10.1186/s12929-016-0303-y
https://doi.org/10.1002/mco2.283
https://doi.org/10.4239/wjd.v6.i3.456
https://doi.org/10.3390/ijms241914876
https://doi.org/10.3390/molecules27051623
https://doi.org/10.3390/biomedicines10082026
https://doi.org/10.1016/j.jhep.2007.02.003

Pathophysiology 2025, 32, 39 17 of 17

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Tay, M.Z.; Poh, C.M.; Rénia, L.; MacAry, P.A.; Ng, L.EP. The trinity of COVID-19: Immunity, inflammation and intervention. Nat.
Rev. Immunol. 2020, 20, 363-374. [CrossRef]

Lepiller, Q.; Abbas, W.; Kumar, A.; Tripathy, M.K.; Herbein, G. HCMV Activates the IL-6-JAK-STAT3 Axis in HepG2 Cells and
Primary Human Hepatocytes. PLoS ONE 2013, 8, €59591. [CrossRef]

Carlquist, ].E; Edelman, L.; Bennion, D.W.; Anderson, J.L. Cytomegalovirus Induction of Interleukin-6 in Lung Fibroblasts Occurs
Independently of Active Infection and Involves a G Protein and the Transcription Factor, NF-«B. J. Infect. Dis. 1999, 179, 1094-1100.
[CrossRef]

Naim, A.; Pan, Q.; Baig, M.S. Matrix Metalloproteinases (MMPs) in Liver Diseases. J. Clin. Exp. Hepatol. 2017, 7, 367-372.
[CrossRef]

Neidert, L.E.; Mobley, C.B.; Kephart, W.C.; Roberts, M.D.; Kluess, H.A. The serine protease, dipeptidyl peptidase IV as a myokine:
Dietary protein and exercise mimetics as a stimulus for transcription and release. Physiol. Rep. 2016, 4, €12827. [CrossRef]
[PubMed]

Lamers, D.; Famulla, S.; Wronkowitz, N.; Hartwig, S.; Lehr, S.; Ouwens, D.M.; Eckardt, K.; Kaufman, ].M.; Ryden, M.; Miiller, S.;
et al. Dipeptidyl Peptidase 4 Is a Novel Adipokine Potentially Linking Obesity to the Metabolic Syndrome. Diabetes 2011, 60,
1917-1925. [CrossRef] [PubMed]

Richter, B.; Bandeira-Echtler, E.; Bergerhoff, K.; Lerch, C. Emerging role of dipeptidyl peptidase-4 inhibitors in the management of
type 2 diabetes. Vasc. Health Risk Manag. 2008, 4, 753-768. [CrossRef] [PubMed]

Raschke, S.; Eckardt, K.; Holven, K.B.; Jensen, J.; Eckel, J. Identification and Validation of Novel Contraction-Regulated Myokines
Released from Primary Human Skeletal Muscle Cells. PLoS ONE 2013, 8, e62008. [CrossRef]

Malhi, H.; Guicciardi, M.E.; Gores, G.J. Hepatocyte Death: A Clear and Present Danger. Physiol. Rev. 2010, 90, 1165-1194.
[CrossRef]

Ehlting, C.; Wolf, S.D.; Bode, ].G. Acute-phase protein synthesis: A key feature of innate immune functions of the liver. Biol. Chem.
2021, 402, 1129-1145. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/s41577-020-0311-8
https://doi.org/10.1371/annotation/35a1ab77-2ece-4fc7-9f1e-11c276f9d7c8
https://doi.org/10.1086/314734
https://doi.org/10.1016/j.jceh.2017.09.004
https://doi.org/10.14814/phy2.12827
https://www.ncbi.nlm.nih.gov/pubmed/27335432
https://doi.org/10.2337/db10-1707
https://www.ncbi.nlm.nih.gov/pubmed/21593202
https://doi.org/10.2147/VHRM.S1707
https://www.ncbi.nlm.nih.gov/pubmed/19065993
https://doi.org/10.1371/journal.pone.0062008
https://doi.org/10.1152/physrev.00061.2009
https://doi.org/10.1515/hsz-2021-0209

	Introduction 
	Materials and Methods 
	Protein Preparations 
	Cell Culture Protocol 
	Cell Viability Assay: MTT Assay 
	Estimated Glucose Utilization Assay 
	In Cell ELISA: Semi-Quantitative Expression of AKT, DPP4, MMP1, and IL-6 
	Extracellular Protein Analysis: IL-6, MMP1, and DPP4 
	Lipid Peroxidation: Media Malondialdehyde Concentration 
	Statistical Analysis 

	Results 
	Cytotoxic Assay 
	Effect of Mpro on Non-Insulin Stimulated Glucose Uptake 
	Effect of Mpro on Insulin-Stimulated Glucose Uptake 
	Effect on AKT Expression 
	Effect on Insulin-Stimulated AKT Expression 
	Relative Cellular and Media DPP4 
	Cellular and Medium IL-6 
	Relative Cellular and Media MMP1 
	Relative MDA Concentration 

	Discussion 
	Conclusions 
	References

