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Ferroptosis and mitochondrial
ROS are central to SARS-CoV-2-
iInduced hepatocyte death
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Rosa Nicole Freiberger, Cynthia Alicia Marcela Lopez,
M. Victoria Delpino and Jorge Quarleri*

Universidad de Buenos Aires (UBA), Consejo de Investigaciones Cientificas y Técnicas (CONICET),
Instituto de Investigaciones Biomédicas en Retrovirus y Sida (INBIRS), Laboratorio de
Inmunopatogénesis Viral, Buenos Aires, Argentina

Background: Although COVID-19 primarily affects the respiratory tract, liver
injury has been increasingly reported in infected individuals. The mechanisms by
which SARS-CoV-2 induces hepatocyte damage remain poorly understood.
Given the role of mitochondrial dysfunction, oxidative stress, and regulated cell
death in COVID-19 pathogenesis, we investigated the impact of SARS-CoV-2
infection on hepatocytes using the Huh7.5 cell model.

Methods: Huh7.5 hepatocytes were infected with either the ancestral Wuhan
(Wh) or Omicron (BA.5) variant of SARS-CoV-2. Viral replication was quantified
via RT-gPCR, nucleocapsid protein detection, and infectious particle titration.
Mitochondrial function was assessed through mitochondrial membrane
potential (A¥m), mROS production, and mitophagy analysis. Lipid metabolism
and regulated cell death (apoptosis, pyroptosis, ferroptosis) were evaluated by
confocal microscopy and flow cytometry. The role of specific cell death
pathways was probed using chemical inhibitors.

Results: Both SARS-CoV-2 variants efficiently infected Huh7.5 cells, with distinct
replication kinetics. Infection induced mitochondrial fragmentation, elevated
mMROS levels, and lipid droplet accumulation. Ferroptosis was identified as a
predominant mode of cell death, as evidenced by increased lipid peroxidation
and the protective effect of ferrostatin-1. Expression of angiotensin-converting
enzyme 2 (ACE2) and transferrin receptor 1 (TfR1), a ferroptosis marker and
alternative viral entry receptor, was significantly upregulated post-infection in a
variant-dependent manner. Additionally, mROS scavenging with MitoTEMPO
impaired viral replication, underscoring the role of oxidative stress in the SARS-
CoV-2 life cycle.

Conclusions: SARS-CoV-2 disrupts mitochondrial homeostasis and lipid
metabolism in hepatocytes, promoting ferroptosis as a major contributor to
virus-induced cytopathology. These findings suggest that ferroptosis may play a
central role in COVID-19-related liver injury and identify mitochondrial ROS and
iron metabolism as potential therapeutic targets.
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1 Introduction

COVID-19 is primarily characterized by respiratory tract
infection and subsequent pulmonary involvement (Proal et al,
2023). However, extrapulmonary manifestations have also been
reported, as SARS-CoV-2 exhibits tropism for various tissues
(Wissler Gerdes et al, 2022). Among these, liver damage of
varying severity has been observed in patients with SARS-CoV-2
infection, and clinical studies have documented the development of
acute liver injury (ALI) (Dufour et al., 2022). However, the
mechanisms underlying liver injury during SARS-CoV-2 infection
remain unclear. Potential contributors include the virus’s direct
cytopathic effects, immune response activation, and drug-induced
hepatotoxicity (Fratta Pasini et al., 2021; Dufour et al., 2022).

Redox homeostasis is critical for cellular function, and viruses,
including SARS-CoV-2, can disrupt mitochondrial dynamics to
promote their replication. Specifically, increased mitochondrial
reactive oxygen species (mROS) levels can enhance viral
replication and regulate cell death pathways (Foo et al, 2022).
Additionally, viral infections often interfere with lipid metabolism,
and lipid droplet (LD) biogenesis has been implicated in SARS-
CoV-2 replication and pathogenesis (Dias et al., 2020; D'Avila
et al., 2024).

SARS-CoV-2 modulates cell death pathways, contributing to
COVID-19 pathogenesis and progression (Yuan et al., 2023). Iron
metabolism is disrupted in SARS-CoV-2 infection (Muhoberac,
2020), and its dysregulation can trigger ferroptosis—a form of
programmed cell death driven by iron-dependent lipid
peroxidation. The human transferrin receptor (TfR1, CD71)
mediates Fe** uptake into cells, is upregulated during ferroptosis,
and serves as a ferroptosis-specific marker. Interestingly, studies in
lung cells have shown that TfR1 can mediate SARS-CoV-2 infection
in an angiotensin-converting enzyme 2 (ACE2)-independent
manner, allowing viral entry into tissues with low or negligible
ACE2 expression (Liao et al., 2024). Ferroptosis plays a key role in
COVID-19-related lung disease, and increased ROS levels may
promote lipid peroxidation and ferroptosis during SARS-CoV-2
infection (Fratta Pasini et al., 2021; Qiu et al., 2024).

This study aims to elucidate the direct effects of SARS-CoV-2
infection on hepatocytes, using the Huh7.5 human hepatocyte cell
line as a model. We evaluated two SARS-CoV-2 strains and found
that the virus efficiently infects Huh7.5 cells, disrupts mitochondrial
homeostasis and lipid metabolism to facilitate replication, and
induces hepatocyte death predominantly via the ferroptosis pathway.

2 Materials and methods

2.1 Cell culture

The human Huh7.5 hepatocellular carcinoma-derived cell line
was obtained from ATCC. Cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10% fetal
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bovine serum (FBS), 2 mM L-glutamine, 100 U/mL penicillin, and
100 pg/mL streptomycin at 37°C in a 5% CO2 atmosphere. All
experiments were conducted under biosafety level 3 (BSL-3)
conditions at INBIRS. Biological materials were autoclaved and
incinerated following institutional guidelines.

2.2 SARS-CoV-2 stocks and viral titration

Viral stocks were obtained, titrated, and maintained as
previously described (Sviercz et al., 2024). Briefly, the ancestral
Wuhan (Wh) strain was provided by Dr. Sandra Gallego
(Universidad Nacional de Cordoba, Argentina). In contrast, the
Omicron (BA.5) strain was isolated from a nasopharyngeal swab,
characterized, propagated, and titrated in Vero cells, yielding a titer
of 2.0x10° plaque-forming units (PFU)/mL. Vero E6 cells (ATCC,
Rockville, MD) were maintained as monolayers at 37°C in a 5%
CO2 atmosphere in DMEM supplemented with 2 mM L-glutamine,
10% FBS, 100 U/mL penicillin, and 100 pg/mL streptomycin.

2.3 Determination of ACE2 and TfR
expression in Huh?7.5 cells

The cell surface expression of ACE2 and TfR (CD71) was
quantified 72 hours post-infection (hpi) using flow cytometry.
Cells were incubated with a rabbit polyclonal anti-ACE2 antibody
(#ab272690, Abcam, UK) or a rabbit polyclonal anti-TfR/CD71
antibody (#ab84036, Abcam, UK), followed by a PE-conjugated
secondary anti-rabbit IgG antibody (cat#31210, Invitrogen, US).
Data were acquired using Full Spectrum Flow Cytometry Cytek®
Northern Lights 3000™ (Cytek Biosciences Inc.) and analyzed with
FlowJ]o.v10.6.2 (Ashland).

2.4 Infection of Huh7.5 cells with SARS-
CoV-2

Huh7.5 cells were seeded at 5x10* cells/well in 24-well plates
and infected with SARS-CoV-2 Wh or BA.5 at a multiplicity of
infection (MOI) of 0.05 for 1 hour at 37°C in a 5% CO2 atmosphere.
After infection, monolayers were washed three times with
phosphate buffered saline (PBS) and maintained in DMEM
supplemented with 2 mM L-glutamine, 10% heat-inactivated FBS,
100 U/mL penicillin, and 100 pug/mL streptomycin. Huh7.5 cells
were left untreated for each condition as a negative control (mock).

2.5 Assessment of infection and viral
replication

Viral infection and replication efficiency were assessed at 24-,
48-, and 72-hpi using the following approaches:
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2.5.1 Intracellular detection of SARS-CoV-2
nucleocapsid protein by flow cytometry

Cells were fixed, permeabilized, and stained with a rabbit anti-
nucleocapsid antibody (clone EPR24334-118, #ab271180, Abcam),
followed by a PE-conjugated secondary antibody. Fluorescence was
analyzed by flow cytometry (Cytek Biosciences Inc.) to quantify
infected cells with FlowJo.v10.6.2 (Ashland).

2.5.2 Confocal microscopy

SARS-CoV-2-infected Huh7.5 cells at 72 hpi were fixed,
permeabilized, and stained to visualize viral nucleocapsid protein
for the qualitative visualization of the SARS-CoV-2 nucleocapsid
protein in infected Huh7.5 cells. Images were acquired using
confocal microscopy.

2.5.3 Quantification of SARS-CoV-2 genomic
RNA in culture supernatants

Viral RNA was extracted using the ChemagicTM Viral DNA/
RNA Kit Special H96 on the automated ChemagicTM 360
instrument (PerkinElmer, Germany). RNA concentration was
assessed using a NanoDropTM spectrophotometer (Thermo
Scientific'™) for quality control. SARS-CoV-2 RNA was
quantified by RT-qPCR using the DisCoVery SARS-CoV-2 RT-
PCR Detection Kit Rox, targeting the ORFlab and N genes. Viral
load was determined by interpolating Ct values with a standard
curve generated from quantified SARS-CoV-2 positive RNA
controls (GISAID EPI_ISL_420600). The assay’s limit of detection
(LOD) was 100 SARS-CoV-2 genomic RNA copies/mL.

2.5.4 Titration of infectious viral particles
Supernatants from infected Huh7.5 cells were used to infect
Vero E6 cells. After one hour of adsorption, the inoculum was
replaced with DMEM containing 2% FBS. Plates were incubated for
72 hours, after which visible plaques were counted. Infectious viral
titers were calculated based on plaque formation and expressed as
plaque-forming units (PFU)/mL, using the formula:

PFU/mL = Number of plaques/(dilution factor

x volume of inoculum) .

2.6 Detection and scavenging of
mitochondrial reactive oxygen species

mROS levels were quantified by flow cytometry (Cytek
Biosciences Inc.) following staining with 5 uM MitoSOX ' Red
(Thermo Fisher Scientific) for 15 minutes at 37°C in PBS. Rotenone
(10 uM) was used as a positive control for mROS induction. To
assess mROS scavenging, cells were pretreated with 50 pM
MitoTEMPO (#SMLO0737, Sigma-Aldrich) for 24 hours before
infection. MitoSOXTM fluorescence intensity (excitation: 510 nm,
emission: 580 nm) was measured at 24-, 48-, and 72-hpi. Analysis
was done with Flow]o.v10.6.2 (Ashland).
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2.7 Measurement of mitochondrial mass
and membrane potential

The mitochondrial membrane potential was assessed as
previously described (Ojeda et al., 2018). At 24, 48, and 72 hpi,
cells were incubated with 100 nM MitoTracker " Deep Red
(MTDR, Thermo Fisher Scientific) for 15 minutes at 37°C in
appropriate culture conditions. After incubation, fluorescence
intensity was analyzed by flow cytometry. A decrease in MTDR
fluorescence intensity indicated mitochondrial depolarization.

Mitochondrial mass and membrane potential (A¥m) in Huh7.5
cells were assessed using MitoTracker ™ Green FM (MTG; Thermo
Fisher Scientific) and MitoTracker " Deep Red FM (MTDR;
Thermo Fisher Scientific), respectively. Briefly, cells were
incubated with 100 nM MTG and 100 nM MTDR in pre-warmed
complete medium at 37°C for 30 minutes, protected from light.
After staining, cells were washed twice with PBS, resuspended in
fresh medium, and immediately analyzed by flow cytometry (Cytek
Biosciences Inc.) and FlowJo.v10.6.2 (Ashland). MTG fluorescence
was used to evaluate total mitochondrial content (independent of
membrane potential), while MTDR fluorescence reflected
mitochondrial membrane potential.

2.8 Colocalization of mitochondria and
lysosomes

Huh?7.5 cells were infected with SARS-CoV-2 Wh or BA.5, and
mitochondria-lysosome colocalization was evaluated at 24-, 48-,
and 72-hpi. Mock-infected cells served as controls. Mitochondria
were stained with MitoTracker = Red CMXRos, lysosomes with
LysoTrackerTM Green, and nuclei with DAPI (Invitrogen). Mdivi-1
(mitophagy inhibitor) was added to the medium at a final
concentration of 50 umol/L for 2 h before infection. Cells were
fixed with 4% paraformaldehyde and mounted in PBS-glycerol (9:1
v/v) with an antifade reagent for confocal microscopy analysis
(Zeiss LSM 800, 63x objective). Ten microscopic fields per well
were analyzed in triplicate. To quantify the degree of colocalization,
we calculated the Manders’ correlation coefficient from the
corresponding confocal images using FIJI software (Image],
National Institutes of Health, Bethesda, MD, USA) (Manders
et al., 1993).

2.9 Lipid droplets staining

Lipid content was evaluated using BodipyTM 493/503 staining at
24-, 48-, and 72-hpi, in the presence or absence of 10 pM
Ferrostatin-1 (#SML0583-5MG, Sigma-Aldrich). Mock-infected
cells, treated or untreated with Ferrostatin-1, served as controls.
Cells were fixed with 4% paraformaldehyde, permeabilized with
0.3% Triton X-100, stained with Bodipy 493/503, and analyzed by
confocal microscopy (Zeiss LSM 800, 63x objective). Lipid
accumulation was quantified based on fluorescence intensity,
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analyzing ten microscopic fields per well from three wells per
experimental condition.

2.10 Correlation between viral replication
and mROS production

To assess the correlation between viral replication and mROS
levels, Huh7.5 cells were pretreated with 50 uM MitoTEMPO for 24
hours, infected with SARS-CoV-2 variants, and analyzed at 24-, 48-,
and 72-hpi. mROS production was quantified by flow cytometry
(MitoSOX "™ staining), and viral replication was assessed by RT-
qPCR quantifying SARS-CoV-2 RNA in supernatants. Untreated
and mock-infected controls were included for comparison.

2.11 Measurement of regulated cell death
(apoptosis, pyroptosis, ferroptosis)

Regulated cell death (RCD) was quantified by flow cytometry
using alophycocyanin (APC)-conjugated Annexin V and 7-AAD
(BD Biosciences). Staurosporine (1 uM) was used as a positive
control for apoptosis. Caspase-dependent and independent
pathways were assessed using specific inhibitors, including the
caspase-3 inhibitor Z-DEVD-FMK for apoptosis, the caspase-1
inhibitor Z-YVAD-FMK for pyroptosis, and Ferrostatin-1 (10
uM) for ferroptosis. Caspase activity was measured using the
VybrantTM FAM Caspase-3/-7 Assay Kit and the Caspase-1
Staining Kit, following the manufacturer’s protocols. RCD was
analyzed at 24, 48, and 72 hpi using Full Spectrum Flow
Cytometry Cytek® Northern Lights 3000 (Cytek Biosciences
Inc.) and analyzed with Flow]o.v10.6.2 (Ashland).

2.12 Cytokine measurement

IL-1B levels were assessed using anti-IL-1B-fluorescein
isothiocyanate (FITC) (JK1B-1, BioLegend, US) by flow
cytometry. In parallel, IL-1B concentrations in cell culture
supernatants were quantified using a commercially available
human IL-1 ELISA kit (R&D Systems), following the
manufacturer’s instructions. Absorbance was measured at 450 nm
using a microplate reader, and cytokine concentrations were
interpolated from a standard curve generated with known IL-
1B concentrations.

2.13 Statistical analysis

Statistical analysis was performed wherever applicable.
Statistical analysis was performed with one-way ANOVA.
Multiple comparisons between all pairs of groups were made
using Tukey’s test, and those between two groups were made
using the Mann-Whitney U test. Graphical and statistical analyses
were performed with GraphPad Prism 8.0 software. Each
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experiment was performed in triplicate (technical replicates) with
different culture preparations on 2-4 independent occasions
(biological replicates). Data were represented as mean = SD
measured in triplicate from three individual experiments. A
p<0.05 is represented as *, p<0.01 as **, p<0.001 as ***, and
p<0.0001 as ****. A statistically significant difference between
groups was accepted at a minimum level of p<0.05.

3 Results

3.1 Huh7.5 cells are permissive to SARS-
CoV-2 infection but exhibit variant-
dependent viral kinetics

Liver damage severity may vary depending on the SARS-CoV-2
variant involved in the infection, potentially due to differences in
replication kinetics and infectivity (Bartolomeo et al., 2022; Zhang
et al., 2022). To assess this, viral replication and infection efficiency
were evaluated at three post-infection time points -24, 48, and 72
hpi- by quantifying intracellular SARS-CoV-2 nucleocapsid protein
(N) expression via flow cytometry and measuring viral load in
Huh?7.5 cell supernatants using RT-qPCR.

As shown in Figures 1A, B, N protein expression levels
increased over time for both variants, but significant differences
were observed between the ancestral strain (Wh) and the omicron
BA.5 variant at all-time points: 24 hpi (Wh: 4.1% * 1.2; BA.5: 9.8%
+2.2), 48 hpi (Wh: 38.3% + 4.7; BA.5: 24.7% + 1.9), and 72 hpi (Wh:
76.9% * 4.0; BA.5: 53.9% * 5.3). Similarly, viral load levels (RNA
copies/mL) in Huh7.5 culture supernatants increased from 24 hpi to
72 hpi for both variants, with significant differences observed at 24
hpi (Wh: (1.55 + 0.30) x 10% BA.5: (7.53  1.94) x 107), 48 hpi (Wh:
(2.61 +0.82) x 107; BA.5: (9.64 + 1.54) x 10%), and 72 hpi (Wh: (5.50
+0.39) x 10% BA.5: (1.48 + 0.21) x 10°). Confocal microscopy
further confirmed SARS-CoV-2 infection in Huh7.5 cells
(Figure 1C). These findings demonstrate that SARS-CoV-2
efficiently infects Huh7.5 cells, revealing differences in replication
kinetics between the Wh and BA.5 variants.

To assess the infectivity of viral particles released into the
Huh7.5 culture supernatants, samples collected at 24, 48, and 72
hpi were used to infect Vero E6 cells, following a previously
described protocol. Infectious titers of SARS-CoV-2 in Vero E6
monolayers were determined at 72 hpi and expressed as PFU/mL.
Results confirmed the infectivity of viral particles released from
Huh7.5 cells and revealed variant-dependent differences in
infection titers. Specifically, the viral titer obtained at 72 hpi for
Vero E6 monolayers infected with supernatants collected at 24 and
48 hpi was (1.09 + 0.10) x 10° PFU/mL for Wh and (1.09 + 0.10) x
10® PFU/mL for BA.5. However, no differences were observed in
viral titers when Vero E6 cells were infected with Huh7.5
supernatants collected at 72 hpi, with both variants yielding titers
of (1.09 # 0.10) x 10° PFU/mL (Figure 1D).

In summary, both the Wh and BA.5 variants efficiently infect
and replicate in hepatocytes, suggesting that hepatocyte infection
may contribute, at least in part, to liver injury observed in COVID-
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FIGURE 1

SARS-CoV-2 infection dynamics and receptor expression in Huh7.5 cells. (A, B) Flow cytometry analysis of intracellular SARS-CoV-2 nucleocapsid
(N) protein expression in Huh7.5 cells infected with the ancestral Wuhan (Wh) or Omicron BA.5 variants at 24-, 48-, and 72-hours post-infection
(hpi). (C) Representative confocal images of N protein expression (red) in infected cells at 72 hpi. Nuclei were stained with DAPI (blue). (D) Viral titers
in culture supernatants determined by plague-forming units (PFU/mL) using Vero E6 cells. (E) Surface expression of ACE2 and transferrin receptor 1
(TfR1) was assessed by flow cytometry at 72 hpi. Data represent mean + SD of three independent experiments. Statistical significance was
determined by one-way ANOVA with Tukey's multiple comparisons test. **p<0.01, ***p<0.001, ****p<0.0001.

19 patients. Furthermore, the accelerated replication kinetics of the
Omicron (BA.5) compared to the ancestral (Wh) variant in
hepatocytes may be linked to differences in cellular entry efficiency.

3.2 ACE2 and TfR1 (CD71) expression are
differentially modulated in a variant-
dependent manner

Although ACE2 is the primary receptor for SARS-CoV-2 entry,

viral particles have been detected in multiple organs regardless of
ACE2 expression levels (Liao et al., 2024). Other molecules expressed
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in extrapulmonary tissues can mediate viral entry into cells. One such
molecule, the human transferrin receptor (TfR1), is a ubiquitously
expressed membrane protein that interacts with the SARS-CoV-2
Spike protein with high affinity and facilitates viral entry via the
endocytic pathway (Luo et al, 2022). Given that Huh7.5 cells are
susceptible to SARS-CoV-2 infection, we evaluated the expression
levels of ACE2 and TfR1 in these cells before and after infection.
Huh7.5 cells were infected with the Wh and BA.5 variants at a
multiplicity of infection (MOI) of 0.05. After 72 hpi, ACE2 and TfR1
expression levels were measured using flow cytometry.

The results showed that, following infection with either
variant, the expression of ACE2 and TfR1, measured as median

frontiersin.org


https://doi.org/10.3389/fcimb.2025.1625928
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Cevallos et al.

fluorescence intensity (MFI), was significantly higher than in
control cells. Specifically, ACE2 expression levels were: Mock:
106.5 + 2.1; Wh: 151.0 + 8.4; BA.5: 166.0 + 0.1. Similarly, TfR1
expression levels were: Mock: 69.7 + 1.5; Wh: 138.7 + 8.1; BA.5:
170.7 £+ 2.0 (Figure 1E). Moreover, BA.5 induced a significantly
greater increase in TfR1 expression in Huh7.5 cells compared to
Wh. However, ACE2 upregulation occurred to a similar extent
following infection with both variants (Figure 1E).

These findings demonstrate that SARS-CoV-2 infection
upregulates ACE2 and TfR1 levels in a variant-dependent
manner. Although BA.5 exhibits a high affinity for hACE2, it also
harbors multiple Spike (S) protein mutations that may alter its
conformation and reduce S1/S2 cleavage efficiency by TMPRSS2. As
a result, BA.5 may rely on a late endocytic pathway for cell entry
(Erabi et al., 2024). The higher TfR1 expression levels observed at 72
hpi with BA.5 may reflect TfR1’s role in mediating viral entry via
endocytosis, the primary route used by this variant to infect cells.

3.3 SARS-CoV-2 infection induces cell
death in Huh7.5 cells via both caspase-
dependent and caspase-independent
pathways

The SARS-CoV-2 Wuhan (Wh) and BA.5 variants efficiently
infect and replicate in hepatocytes, potentially inducing cytopathic
effects that trigger cell death pathways and contribute to tissue
damage. Liver abnormalities have been observed in individuals
infected with SARS-CoV-2, with postmortem studies revealing
histopathological alterations. Annexin V and 7-AAD staining
were used to assess apoptosis and necrosis by flow cytometry at
24, 48, and 72 hpi.

As shown in Figure 2A, a significant increase in Huh7.5 cell
death was observed at 48 hpi (Mock: 6.5% + 2.6; Wh: 14.0% + 1.8;
BA.5:24.6% + 1.7) and 72 hpi (Mock: 4.6% + 2.0; Wh: 60.1% + 4.8;
BA.5: 30.0% + 4.5). At 48 hpi, cell death in Wh-infected cells was
significantly lower than in BA.5-infected cells. However, by 72 hpi,
this trend reversed, with Wh-infected cells exhibiting significantly
higher cell death levels than BA.5-infected cells (Figure 2B).
Additionally, IL-1B production increased during viral replication
in Huh7.5 cells. Notably, at 72 hpi, both extracellular and
intracellular levels of IL-1B were significantly higher in Wh-
infected cells compared to BA.5-infected cells (Figure 2C).

To investigate the involvement of specific cell death pathways,
Huh7.5 cells were pretreated with inhibitors of caspase-3-
dependent apoptosis (Z-DEVD), caspase-1-dependent pyroptosis
(Z-YVAD), and ferroptosis (ferrostatin-1) before infection.
Cell death levels at 72 hpi are shown in Figure 2D. Infected
Huh7.5 cells showed 54.3% + 6.9 (Wh) and 45.0% + 4.7
(BA.5) cell death. Pretreatment with inhibitors significantly
reduced cell death: Wh/ferrostatin-1: 9.8% =+ 2.6; Wh/Z-DEVD:
17.1% + 3.4; Wh/Z-YVAD: 28.2% + 3.5; BA.5/ferrostatin-1: 14.0% +
1.9; BA.5/Z-DEVD: 21.0% + 3.4; BA.5/Z-YVAD: 28.5% + 1.6.

The roles of caspase-dependent pathways were further explored
by measuring caspase-3/7 and caspase-1 activity. Both were
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significantly elevated in infected cells compared to mock-infected
controls, with caspase-1 activity showing a more pronounced
increase (Figure 2E). These findings suggest that SARS-CoV-2
activates multiple cell death pathways in hepatocytes. Notably,
ferroptosis, a caspase-independent mechanism, appears to
contribute substantially to cell death regardless of the viral
variant. The extent of SARS-CoV-2-induced regulated cell death
in hepatocytes may vary by variant, likely reflecting differences in
viral entry efficiency and replication kinetics.

3.4 SARS-CoV-2 infection induces
mitochondrial dysfunction and mROS
imbalance

Mitochondria play a crucial role in regulating multiple cell
death pathways, including apoptotic and non-apoptotic
mechanisms such as necroptosis, ferroptosis, pyroptosis,
parthanatos, and paraptosis (Nguyen et al., 2023). Viruses,
including SARS-CoV-2, can manipulate mitochondrial function,
disrupting reactive oxygen species (ROS) homeostasis and
contributing to cellular damage (Ren et al, 2020; Shang et al,
2021). Oxidative stress arises when excessive ROS production
overwhelms the cellular antioxidant defenses, with mitochondrial
respiration serving as a primary source of these free radicals.

To assess the impact of SARS-CoV-2 infection on
mitochondrial function, intracellular mitochondrial ROS (mROS)
levels were measured at 24-, 48-, and 72-hpi in Huh7.5 cells infected
with the Wh and BA.5 variants. Compared to mock-infected
controls, both viral variants significantly increased mROS
production at study time points. At 24 hpi, mROS levels were
6.1% + 1.2 in mock-infected cells, 11.5% + 0.5 in Wh-infected cells,
and 14.2% + 2.1 in BA.5-infected cells. At 48 hpi, the levels
increased to 6.9% + 1.5, 46.6% + 3.4, and 62.0% * 3.2,
respectively. By 72 hpi, mROS production reached 6.5% * 1.3 in
mock-infected cells, 90.7% =+ 3.9 in Wh-infected cells, and 84.7% +
6.6 in BA.5-infected cells. At 48 hpi, mROS levels were significantly
higher in BA.5-infected cells compared to Wh-infected cells. Still,
this difference was no longer significant at 72 hpi, even when both
variants substantially increased mROS production (Figures 3A, B).

To assess the impact of SARS-CoV-2 infection on mitochondrial
function, Huh7.5 cells were analyzed by flow cytometry to evaluate
mitochondrial mass (MitoTrackerTM Green FM (MTG) and
mitochondrial membrane potential ~A¥'m- (MitoTrackerTM Deep
Red FM (MTDR) following infection with either the ancestral (Wh)
or omicron (BA.5) variants. Infected cells exhibited widespread
mitochondrial fragmentation while largely maintaining A¥Ym
(MTG+/MTDR+, indicating fragmented mitochondria with
maintained membrane potential). Thus, at 24 hpi, the relative
abundance of MTG+/MTDR+ was 10.6 + 5.8% in mock-infected
controls, 31.7 + 10.4% in Wh-infected cells, and 20.1 + 14.4% in
BA 5-infected cells. The frequency of MTG+/MTDR- single-positive
cells was 1.1 + 0.8% (mock), 1.8 + 0.9% (Wh), and 1.5 + 1.3% (BA.5).

At 48 hpi, the abundance of double-positive cells was 4.6 £ 3.3%
(mock), 19.4 + 6.1% (Wh), and 11.5 + 5.3% (BA.5), while MTG
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FIGURE 2

SARS-CoV-2 infection triggers regulated cell death pathways in Huh7.5 cells. (A, B) Quantification of cell death by Annexin V and 7-AAD staining at
24, 48, and 72 hpi in mock- and virus-infected cells. (C) IL-1B levels released to Huh7.5 culture supernatant and intracellular were measured at 72
hpi by ELISA and flow cytometry, respectively. (D) Effects of specific inhibitors of apoptosis (z-DEVD-FMK), pyroptosis (Y-VAD-FMK), and ferroptosis
(ferrostatin-1) on virus-induced cell death at 72 hpi. (E) Activity of caspase-3/7 and caspase-1 at 72 hpi in infected cells. Data are presented as mean
+ SD from three independent experiments. Statistical analysis was performed using one-way ANOVA with Tukey's post-hoc test. **p<0.01,

***p<0.001, ****p<0.0001.

+/MTDR- cells increased to 2.1 + 1.1% (mock), 7.7 + 4.7% (Wh),
and 10.3 + 7.5% (BA.5).

Lastly, at 72 hpi, the proportion of double-positive cells rose to
5.2 £ 6.7% (mock), 53.1 £ 19.4% (Wh), and 30.4 + 23.0% (BA.5),
whereas MTG+/MTDR- single-positive cells were detected at 1.3 +
0.4% (mock), 20.9 £ 7.0% (Wh), and 17.2 + 8.3% (BA.5). These
results indicate a time-dependent and variant-specific modulation
of mitochondrial dynamics in infected cells. Notably, the
accumulation of MTG+/MTDR- cells, indicative of
mitochondrial depolarization, coincided with viral replication,
suggesting that mitochondrial functionality may be compromised
in a variant-dependent manner (Figure 3C).

Frontiers in Cellular and Infection Microbiology

Despite the marked increase in mROS production,
mitochondrial fragmentation occurred without a complete loss of
A%m, suggesting the activation of compensatory mechanisms such
as mitophagy. To investigate this possibility, the colocalization of
mitochondria with lysosomal markers was analyzed by confocal
microscopy at 48 hpi. SARS-CoV-2-infected cells exhibited a
significant increase in mitochondrial-lysosomal colocalization
compared to mock-infected controls, as quantified using Mander’s
overlap coefficient. Notably, this colocalization was abolished when
Huh7.5 cells were pretreated with the mitochondrial division
inhibitor Mdivi, further supporting the involvement of
mitochondrial fission in the activation of mitophagy (Figure 3D).
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These findings reveal a dynamic mitochondrial response in
Huh7.5 cells infected with SARS-CoV-2, characterized by an early
increase in the population of cells with polarized mitochondria and
preserved mitochondrial mass. This suggests a transient adaptive
phase, possibly supporting viral replication by maintaining cellular
bioenergetics and redox balance. However, at 48- and 72-hours
post-infection, we observed an accumulation of depolarized
mitochondria with preserved mass, accompanied by increased
mitochondrial ROS (mROS), indicating progressive mitochondrial
dysfunction. By 72 hours, features compatible with mitophagy were
evident, suggesting an attempt by the cell to eliminate
damaged mitochondria.

3.5 mROS scavenging impairs SARS-CoV-2
replication in Huh7.5 cells

To assess the contribution of mitochondrial reactive oxygen
species (mROS) to SARS-CoV-2 replication, Huh7.5 cells were
pretreated with either the mROS scavenger mitoTEMPO or the
lipid peroxidation inhibitor ferrostatin-1, and subsequently infected
with the ancestral Wuhan (Wh) or Omicron BA.5 variants. Viral
replication was evaluated by quantifying viral RNA in culture
supernatants using real-time PCR at 24, 48, and 72 hpi.

As previously described (Figure 3B), SARS-CoV-2 infection is
associated with a progressive increase in mROS levels from 24 to 72
hpi. As shown in Figure 4A, pretreatment with either antioxidant
significantly reduced mROS accumulation by approximately
twofold in infected cells, with similar effects observed for both
viral variants. This reduction in oxidative stress was accompanied
by a significant decrease in viral replication, with viral RNA levels in

Frontiers in Cellular and Infection Microbiology

antioxidant-treated cells reduced by up to 100-fold compared to
untreated controls (Figure 4B). This inhibitory effect was observed
at study time points and was most pronounced at 48 and 72 hpi,
coinciding with peak mROS production in untreated infections.
Notably, mitoTEMPO exerted an inhibitory effect on viral
replication comparable to that of ferrostatin-1, regardless of the
viral variant.

Together, these findings indicate that SARS-CoV-2 replication
in Huh7.5 cells is closely linked to mROS generation and that
pharmacological scavenging of mitochondrial ROS significantly
impairs viral replication in a variant-independent manner.

3.6 SARS-CoV-2 infection modulates the
lipid metabolism in Huh7.5 cells

Lipid synthesis, storage, and degradation are tightly regulated
processes, with lipid droplets (LDs) functioning as dynamic
organelles in infection, inflammation, and cellular homeostasis.
To evaluate whether SARS-CoV-2 infection influences LD
synthesis in Huh7.5 cells, cells were infected with the Wh and
BA.5 variants (MOI=0.05). By using confocal microscopy, the LD
accumulation was assessed at 24, 48, and 72 hpi. The results indicate
that SARS-CoV-2 infection induces LD formation at 24 hpi, with
sustained accumulation up to 72 hpi. The Wh variant induced
significantly greater LD accumulation than BA.5 (Figures 5A, B).

Previous results demonstrated that ferroptosis contributes to
regulated cell death in SARS-CoV-2-infected Huh7.5 cells.
Moreover, disturbances in lipid metabolism are known to
promote ferroptosis. Huh7.5 cells were pretreated with
ferrostatin-1 for 24 hours before infection with either variant to
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FIGURE 5

SARS-CoV-2 infection induces lipid droplet accumulation modulated by ferroptosis. (A) Representative confocal microscopy images of lipid droplet
(LD) accumulation in Huh7.5 cells infected with Wh or BA.5 variants at 24, 48, and 72 hpi, stained with Bodipy™ 493/503 (green). Nuclei were
stained with DAPI (blue). (B, C) Quantification of LD accumulation in untreated and ferrostatin-1-treated cells over time. Ferrostatin-1 pretreatment
increased LD accumulation at early time points (24 and 48 hpi), but this effect was no longer observed at 72 hpi. Data represent mean + SD from
three independent experiments. Statistical analysis was performed using one-way ANOVA. **p<0.01, ***p<0.001, ****p<0.0001. ns, not significant.

explore a potential link between lipid droplet dynamics and
ferroptosis. Under these conditions, LD accumulation was more
pronounced in ferrostatin-1-treated cells at both 24 and 48 hpi for
both variants. However, by 72 hpi, no differences in LD levels were
» O).
These findings suggest that SARS-CoV-2 infection rapidly
induces lipid droplet formation in Huh7.5 cells, with a variant-

observed between treated and untreated cells (

specific temporal profile that may be influenced by ferroptosis-
related mechanisms. The transient effect of ferrostatin-1 on LD
accumulation highlights a potential interplay between lipid
metabolism and ferroptotic pathways during infection.
Altogether, these results support the notion that SARS-CoV-2
modulates host lipid homeostasis, potentially contributing to viral
replication and pathogenesis.
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The present study provides new insights into the direct effects of
SARS-CoV-2 infection on hepatocytes, highlighting the contribution
of mitochondrial dysfunction and ferroptosis to virus-induced liver
injury. Although COVID-19 is primarily characterized as a
respiratory illness, extrapulmonary manifestations—including
hepatic dysfunction—are increasingly recognized (

; ). Consistent with recent
reports ( ; ), our findings
demonstrate that hepatocytes are permissive to SARS-CoV-2
infection. Histopathological and virological analyses of human liver

biopsy and autopsy samples provide strong evidence for hepatic
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involvement in the clinical outcome of COVID-19 (Wanner et al.,
2022; Maffia-Bizzozero et al., 2023; Oprinca et al., 2024; Rodriguez-
Espada et al., 2024; Chen et al., 2025; Pita-Juarez et al., 2025; Sacco
et al., 2025). Viral ancestral and Omicron variants modulate host
cellular pathways to facilitate replication and promote cell death.

In line with a previous report (Foo et al., 2022), we observed a
marked loss of mitochondrial membrane potential (Aym) while
total mitochondrial mass remained preserved, suggesting an early
phase of mitochondrial stress and dysfunction. Then, an increased
colocalization of mitochondria with lysosomes further supports the
activation of mitophagy as a potential compensatory response to
infection-induced mitochondrial stress, indicating that damaged
mitochondria were selectively targeted for degradation. This
sequence of events—depolarization with maintained mass
followed by mitophagy—is consistent with previous studies
demonstrating that SARS-CoV-2 disrupts mitochondrial
homeostasis to modulate host cell responses. In particular, viral
proteins such as ORF9b have been shown to localize to
mitochondria and interfere with mitochondrial dynamics and
antiviral signaling pathways, promoting mitochondrial
depolarization and autophagic clearance (Gordon et al., 2020;
Singh et al, 2020; Bhowal et al., 2023; Shoraka et al., 2023).
Similar observations of mitophagy following Aym dissipation
have been reported in other viral contexts, underscoring the
conserved nature of this stress response (Li et al., 2022). These
alterations indicate mitochondrial stress and align with prior
reports that describe mitochondrial manipulation as a hallmark of
SARS-CoV-2 pathogenesis (Shang et al., 2021; Yu et al., 2023). The
correlation between mROS levels and viral replication suggests a
potential feed-forward loop wherein oxidative stress promotes viral
propagation, possibly by altering antiviral signaling or supporting
biosynthetic demands (Singh et al., 2020).

In support of this, we found that pharmacologic scavenging of
mROS with mitoTEMPO or ferrostatin-1 significantly impaired
SARS-CoV-2 replication in Huh7.5 cells, as shown by reduced viral
RNA levels in the culture supernatants. These findings underscore
the functional relevance of oxidative stress in sustaining efficient
viral replication. Notably, mitoTEMPO, by specifically targeting
mitochondrial superoxide, produced a slightly greater reduction in
viral load than ferrostatin-1, particularly with the BA.5. This
suggests that mitochondrial ROS may play a more direct role in
viral replication than lipid peroxidation, which are interconnected
(Guarnieri et al., 2024; Xie et al., 2024). Importantly, antioxidant
pretreatment blunted the progressive increase in mROS observed
during infection, supporting the idea that SARS-CoV-2 hijacks
mitochondrial redox signaling to support its life cycle. These data
support that antioxidant strategies, particularly those targeting
mitochondrial ROS, could be therapeutic adjuncts to limit viral
replication and protect hepatocellular integrity (Gain et al., 2022;
Galli et al., 2022; Guarnieri et al., 2024; Xie et al., 2024).

In addition, infection induced lipid droplet (LD) accumulation
and lipid peroxidation—hallmarks of ferroptosis, a regulated cell
death (RCD) pathway characterized by iron-dependent lipid
damage (Endale et al., 2023; Wang et al., 2023a).
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Clinical evidence increasingly supports a role for ferroptosis in
the development of COVID-19. Elevated serum ferritin and
malondialdehyde (MDA), which are key markers of iron overload
and lipid peroxidation, have been consistently observed in
hospitalized and critically ill patients (Qiu et al., 2024). This
reflects increased oxidative stress and ferroptotic cell death (Chen
et al., 2022; Jankauskas et al., 2023; Peleman et al., 2023). At the
same time, reduced levels of glutathione (GSH) and glutathione
peroxidase 4 (GPX4) have been found in patient plasma and tissues
exposed to SARS-CoV-2. These substances are essential for
maintaining redox balance and preventing ferroptosis (Li et al,
2023; Zhao et al,, 2024). Notably, losing GPX4 has been linked to
greater disease severity and a higher risk of long COVID (Qiu et al.,
2024). These findings are further supported by studies showing that
serum from non-survivors of COVID-19 triggers lipid peroxidation
and reduces GPX4 in human endothelial cells (Jankauskas et al.,
2023). Together, these results suggest that ferroptosis may lead to
multi-organ injury in COVID-19 and point to it as a possible
treatment target.

Interestingly, we observed a progressive enlargement of LD in
infected Huh7.5, becoming increasingly prominent from 24 to 72
hours post-infection, with the largest droplets correlating with the
peak of cell death at 72 hours. This temporal pattern suggests that
LD expansion may be linked to the intensification of oxidative stress
and ferroptotic cell death. The temporal association between LD
accumulation and ferroptosis inhibition with ferrostatin-1 suggests
a functional interplay between disturbed lipid metabolism and
ferroptotic cell death pathways in hepatocytes (Wu et al., 2020).
These observations extend recent findings in lung, heart, and CNS
tissues (Dias et al., 2020; Alizadeh Saghati et al., 2024; Jia and Han,
2024; Qiu et al, 2024) and suggest that ferroptosis may also
contribute to COVID-19-associated liver pathology (Chen
et al.,, 2022).

Single-cell RNA sequencing studies have shown ACE2 expression
in 1-14% of cholangiocytes and 0.3-10% of hepatocytes (Ko et al,
2025). Hepatic ACE2 expression is elevated in patients with
nonfibrotic MASH and shows a positive association with age, liver
fat content, and fibroinflammatory markers. Similarly, increased
hepatic ACE2 levels are observed in COVID-19 patients with liver
injury (Cano et al., 2024; Jacobs et al., 2024; Rodriguez-Espada et al.,
2024). Here, we demonstrate that ACE2 and TfR1 expression
increased following infection, with variant-specific differences.
While ACE2 remains the primary entry receptor for SARS-CoV-2,
TfR1 has been shown to mediate viral entry independently of ACE2,
especially in tissues with low ACE2 expression (Wang et al.,, 2023b;
Liao et al.,, 2024). The upregulation of TfR1 could enhance viral entry
through endocytosis while supporting ferroptosis via disturbed iron
homeostasis (Habib et al., 2021). This dual role implies a plausible
convergence of entry mechanisms and cell death pathways that may
exacerbate liver injury (Wu et al., 2022). Together, in SARS-CoV-2-
infected hepatocytes, ferroptosis appears to be triggered by a
synergistic interaction between the rise of mROS, TfRl
overexpression, and lipid droplet accumulation, thus playing a role
in hepatocellular damage during SARS-CoV-2 infection.
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As previously reported (Scheuermann et al., 2023), differences
in replication kinetics and cell death between variants were also
observed. The ancestral strain showed faster replication and
induced greater cell death at later time points than BA.5. These
discrepancies may stem from differences in viral entry routes,
membrane fusion efficiency, or immune evasion strategies.
Importantly, both variants activated caspase-dependent (apoptosis
and pyroptosis) and caspase-independent (ferroptosis) pathways,
reflecting a multifaceted RCD response shaped by mitochondrial
and immunometabolic stress (Vabret et al., 2020).

While pathway-specific chemical inhibitors helped delineate
these responses, it is important to recognize the inherent
complexity and overlap among regulated cell death (RCD)
mechanisms (Eskander et al., 2025). For example, caspase-3
activity (apoptosis), caspase-1 activation, and IL-1B production
(pyroptosis) were significantly elevated in infected cells.
Nevertheless, inhibition of ferroptosis provided the most
pronounced cytoprotective effect, reducing cell death by more
than fivefold compared to untreated infected controls.
Consequently, the data indicate that ferroptosis may play a
prominent, though not exclusive, role, though additive or
synergistic contributions from caspase-dependent pathways
cannot be excluded.

Moreover, RCD pathways often share upstream signals, such as
mitochondrial stress, ROS, and metabolic imbalance, that create
extensive crosstalk (Marchi et al,, 2012; Kist and Vucic, 2021).
mROS, which was markedly increased during infection, can trigger
ferroptosis and modulate caspase activity, illustrating the
interdependency of these processes. Compensatory signaling may
obscure the inhibition of one pathway when others remain active.
Therefore, accurately quantifying the relative contribution of each
RCD mechanism in the context of dynamic infection remains
methodologically challenging, particularly in the absence of
targeted genetic tools or single-cell resolution techniques.

Future studies employing time-resolved analyses, multi-
parameter imaging, or integrative omics may better resolve the
sequence and hierarchy of cell death events. Understanding this
interplay is not only of mechanistic importance but may also inform
therapeutic strategies to mitigate tissue damage by selectively
modulating host responses.

Overall, this study underscores the relevance of regulated cell
death, particularly ferroptosis, in SARS-CoV-2-infected hepatocytes
and highlights the central role of mitochondrial dysfunction and
oxidative stress in shaping disease outcomes. Considering the
frequency of liver abnormalities in patients with COVID-19, our
findings have significant implications for understanding the
pathophysiology of extrapulmonary SARS-CoV-2 infection and
identifying novel therapeutic targets. Pharmacologic modulation
of mitochondrial ROS or ferroptosis may offer promising strategies
to protect hepatic tissue during acute infection and reduce long-
term sequelae in COVID-19 survivors.

Limitations of our study should be acknowledged. First, we
employed the Huh7.5 hepatoma-derived cell line, which, while
widely accepted as a hepatocyte model, does not fully capture the
complexity of primary hepatocytes or the liver microenvironment.
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The transformed nature of these cells may alter mitochondrial
behavior and stress responses, potentially limiting generalizability.
Second, although we demonstrated upregulation of ACE2 and TfR1
and highlighted the functional relevance of mROS and ferroptosis,
we did not examine the upstream signaling pathways in depth.
Third, the absence of in vivo validation limits our ability to assess
immune-mediated effects or multicellular interactions that occur in
liver tissue during infection. Fourth, Bodipy 493/503 mainly detects
neutral lipids and cannot differentiate oxidized lipid species. As a
result, it might underestimate the level of lipid peroxidation.
Furthermore, measuring GPX4 enzymatic activity directly or
quantifying specific lipid peroxidation markers like
malondialdehyde (MDA) or 4-hydroxynonenal (4-HNE) would
offer stronger evidence for the role of ferroptosis. Finally, while
we analyzed two viral variants, expanding the scope to include
emerging lineages would enhance the translational value of
our findings.

Despite these limitations, our study provides novel insights into
the mechanisms underlying SARS-CoV-2-induced liver injury and
offers a foundation for future investigations using primary
hepatocytes, organoid models, or in vivo systems. A deeper
understanding of how viral replication intersects with host stress
responses and immune signaling will be essential for developing
effective interventions to prevent or treat liver damage in COVID-
19 and related viral diseases.
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