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Abstract

BACKGROUND

The coronavirus disease 2019 (COVID-19), a pandemic contributing to more than
105 million cases and more than 2.3 million deaths worldwide, was described to
be frequently accompanied by extrapulmonary manifestations, including liver

dysfunction. Liver dysfunction and elevated liver enzymes were observed in
about 53% of COVID-19 patients.

AIM

To gain insight into transcriptional abnormalities in liver tissue of severe COVID-
19 patients that may result in liver dysfunction.

METHODS
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The transcriptome of liver autopsy samples from severe COVID-19 patients
against those of non-COVID donors was analyzed. Differentially expressed genes
were identified from normalized RNA-seq data and analyzed for the enrichment
of functional clusters and pathways. The differentially expressed genes were then
compared against the genetic signatures of liver diseases including cirrhosis,
fibrosis, non-alcoholic fatty liver disease (NAFLD), and hepatitis A/B/C. Gene
expression of some differentially expressed genes was assessed in the blood
samples of severe COVID-19 patients with liver dysfunction using qRT-PCR.

RESULTS

Analysis of the differential transcriptome of the liver tissue of severe COVID-19
patients revealed a significant upregulation of transcripts implicated in tissue
remodeling including G-coupled protein receptors family genes, DNAJB1, IGF2,
EGFR, and HDGF. Concordantly, the differential transcriptome of severe COVID-
19 liver tissues substantially overlapped with the disease signature of liver
diseases characterized with pathological tissue remodeling (liver cirrhosis,
Fibrosis, NAFLD, and hepatitis A/B/C). Moreover, we observed a significant
suppression of transcripts implicated in metabolic pathways as well as mitoch-
ondrial function, including cytochrome P450 family members, ACAD11, CIDEB,
GNMT, and GPAM. Consequently, drug and xenobiotics metabolism pathways
are significantly suppressed suggesting a decrease in liver detoxification capacity.
In correspondence with the RNA-seq data analysis, we observed a significant
upregulation of DNAJB1 and HSP90AB1 as well as significant downregulation of
CYP39A1 in the blood plasma of severe COVID-19 patients with liver dysfunction.

CONCLUSION

Severe COVID-19 patients appear to experience significant transcriptional shift
that may ensue tissue remodeling, mitochondrial dysfunction and lower hepatic
detoxification resulting in the clinically observed liver dysfunction.

Key Words: COVID-19; Hepatic dysfunction; Tissue remodeling; Metabolic pathways;
Drug metabolism; Hepatic detoxification

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Liver dysfunction was frequently observed in severe coronavirus disease
2019 (COVID-19) patients. However, the mechanism through which severe acute
respiratory syndrome coronavirus 2 potentially elicits liver function abnormality is not
fully understood. We report a thorough analysis of changes occurring at the gene
expression level in liver tissue of severe COVID-19 patients. Our findings suggest that
severe COVID-19 patients may have a lower hepatic detoxification capacity and may
experience liver tissue remodeling resulting in liver dysfunction.

Citation: Hammoudeh SM, Hammoudeh AM, Bhamidimarri PM, Mahboub B, Halwani R,
Hamid Q, Rahmani M, Hamoudi R. Insight into molecular mechanisms underlying hepatic
dysfunction in severe COVID-19 patients using systems biology. World J Gastroenterol 2021;
27(21): 2850-2870

URL: https://www.wjgnet.com/1007-9327/full/v27/i21/2850.htm

DOI: https://dx.doi.org/10.3748/wjg.v27.i21.2850

INTRODUCTION

The coronavirus disease 2019 (COVID-19) pandemic resulted in 105 million corona-
virus cases and more than 43 million coronavirus cases and more than 2.3 million
deaths worldwide to date[1]. The presentation of COVID-19 varies in severity degree
ranging from asymptomatic or mildly symptomatic to severe disease with pulmonary
and extrapulmonary findings (e.g., hepatic function impairment, kidney failure and
heart failure)[2]. Multiple studies reported elevated levels of liver enzymes (e.g.
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aminotransferases and bilirubin) in up to 53% of COVID-19 patients[3], and others
reported cases of acute liver injury and liver failure in response to syndrome
coronavirus 2 (SARS-CoV-2) infection[2,4,5], Therefore, in consideration of the
continuously rising number of COVID-19 cases worldwide, COVID-19 has contributed
to a significant increase in the incidence of liver dysfunction globally.

The incidence of liver dysfunction in COVID-19 patients was found to correlate with
the severity of the disease, with a higher prevalence in severe COVID-19 cases than
non-severe COVID-19 cases and requiring the administration of liver protective
drugs[6]. Moreover, therapeutic agents administered to COVID-19 patients were
shown to independently correlate with increased elevation of aminotransferases levels
indicating dysregulated hepatic drug metabolism and consequent hepatotoxicity[7].
Therefore, understanding the mechanism through which SARS-CoV-2 infection results
in hepatic dysfunction can contribute to patient management and prognosis.

The observed hepatic dysfunction was speculated to be either a result of liver injury
caused by direct effect of the virus, organ injury induced by drugs used to treat
COVID-19 patients, cytokine storm consequence, or sequelae of multi organ damage
caused by severe disease[8]. However, the mechanism through which SARS-CoV-2
potentially elicits liver function abnormality is yet to be clearly understood. Therefore,
the main aim of this study is to gain some insight into the molecular mechanisms
employed by SARS-CoV-2 infection to induce liver dysfunction. In this study, we
analyzed the transcriptome of liver autopsy samples from severe COVID-19 patients to
identify significantly affected cellular pathways and processes.

MATERIALS AND METHODS

RNA-seq Datasets retrieval

Datasets were retrieved from Gene Expression Omnibus for lung and liver autopsy
samples from 12 patients severely infected with SARS-CoV-2 (GSE150316) (42 lung
samples and 6 liver samples; Table 1), and lung and liver autopsy samples from 4 non-
infected Caucasian male donors (GSE112356) (4 lung samples and 4 liver samples;
Table 1). The COVID-19 autopsy samples were reported by the authors depositing the
dataset[9] to be from donors with severe COVID-19 symptoms. The patients were
hospitalized, required mechanical ventilation (9 out of 12 cases), and presented with
elevated levels of D-Dimer (Cases 1-10 and 12), CRP (Cases 1-10 and 12), and AST
(Cases 2-10 and 12).

Bioinformatics analysis and identification of differentially expressed genes

The general workflow is summarized in Figure 1. Initially, raw gene counts data were
retrieved from the deposited datasets and the successfully mapped genes overlapping
between the samples from both datasets (28131 genes) were filtered and normalized
using the quantile normalization function in AltAnalyze software[10]. Differentially
expressed genes (DEGs) were identified by comparing each SARS-CoV-2 infected
tissue against a healthy control tissue according to cutoff values of > 2 or < -2 for the
fold change and 0.25 for the adjusted P value (q-value), based on the P value cut-off
described by Li etal[11] and Subramanian et al[12]. Commonly upregulated and
downregulated DEGs between infected lung and liver tissues were intersected and
identified using InteractiVenn[13].

In silico functional analysis

Functional clustering and pathways enrichment analysis of DEGs was performed
using Metascape[14]. We further validated the significance of the differential
expression of some DEGs by conducting two-tailed Student’s f test statistical analysis
using GraphPad Prism.

The transcriptomic signature that map to liver cirrhosis (C0023890, C0023893,
C0156189, C0400943), liver fibrosis (C0239946), non-alcoholic fatty liver disease
(NAFLD) (C0400966), hepatitis A (C0019159 and C0276434), hepatitis B (C0019163,
C0524909, C4728019, and C0276609), and hepatitis C (C0019196, C0524910, C3872662,
and C0400914) were retrieved from DisGeNET[15]. The signatures were then
compared against the upregulated transcriptome of SARS-CoV-2 infected liver tissue
samples to identify overlapping transcripts.

Quantitative real-time PCR (QRT-PCR) analysis of gene expression
Blood Serum was isolated from fresh blood samples collected from 4 healthy donors, 4
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Table 1 List of analyzed non-coronavirus disease 2019 and severe coronavirus disease 2019 lung and liver autopsy samples retrieved

from the datasets GSE112356 and GSE150316 deposited in Gene Expression Omnibus

Non-COVID-19

Tissue Total number of
autopsy COVID-19 autopsy samples
source analyzed samples
samples
Lung Hi1Lu; H2Lu; Casel: Samples 1, 2, 3, 4; Case2: Samples 1, 2, 3; Case3: Samples 1, 2; Case4: Samples 1, 2; Caseb: 4 healthy samples
H3Lu; H4Lu Samples 1, 2, 3, 4, 5; Case6: Samples 1, 2, 3, 4, 5; Case7: Samples 1, 2, 3, 4, 5; Case8: Samples 1, 2,3, and 42 COVID-19
4, 5; Case9: Samples 1, 2, 3, 4, 5; Casel0: Samples 1, 2, 3; Casell: Samples 1, 2, 3 samples
Liver HI1Li; H2Li; H3Li; Case3: Sample 1; Case4: Sample 1; Case5: Sample 1; Case8: Sample 1; Casel0: Sample 1; Casel2: 4 healthy samples
H4Li Samplel and 6 COVID-19
samples

COVID-19: Coronavirus disease 2019.

GSE150316 GSE112356
Gene Expression Omnibus l
Severe COVID-19 patients Non-COVID-19 tissue
tissue autopsy samples autopsy samples

6 liver tissue 42 lung tissue 4 liver tissue 4 lung tissue
samples samples samples samples

o @ |

Quantile normalization and Identification of DEGs between tissue samples from severe COVID-19 patients and non-
COVID-19 donors
DEGs selection criteria: fold change > 2 or < -2 and adjusted P value < 0.25

DisGeNET:é..r

Functional clustering and pathway analysis Comparison between transcriptomic signature
of liver tissue from severe COVID-19 patients

and the disease signature of cirrhosis, NAFLD,
liver fibrosis, and hepatitis A/B/C

Figure 1 General Workflow of the in-silico analysis of the coronavirus disease 2019 and healthy tissue autopsy samples RNA-seq data.
Figure was created with BioRender.com. DEGs: Differentially expressed genes; DisGeNET: Disease Gene Network; NAFLD: Non-alcoholic fatty liver disease.

severe COVID-19 patients without liver dysfunction, and 9 severe COVID-19 patients
with liver dysfunction (elevated alanine aminotransferase levels: > 41 U/L). The
samples were collected following the approval of the ethical committee by Dubai
Scientific Research Ethics Committee (DSREC-04/2020_09). Histopaque gradient

Bishidengs WIG | https://www.wjgnet.com 2853 June7,2021 | Volume27 | Issue2l |



Hammoudeh SM et al. Hepatic dysfunction mechanisms in severe COVID-19

Jaishideng®

separation (Sigma) was used to extract blood plasma and the RNA content was
extracted from 300 pl of plasma using QIAamp Viral RNA Mini Kit (Qiagen). cDNA
synthesis was carried out using the High-Capacity cDNA Reverse Transcription Kit
for RT-PCR (applied Biosystems) and qRT-PCR was performed using about 50 ng of
c¢DNA in triplicates with the Maxima SYBR Green/ROX qPCR Master Mix (Thermos-
cientific) using QuantStudio3 real-time PCR instrument (applied biosystems). qRT-
PCR was performed using primers for 18SrRNA, DNAJB1, HSP90A1 and CYP39A1 as
per the sequences in Table 2.

Statistical analysis

Unpaired, two-tailed ¢ test statistical analysis was performed using GraphPad Prism
(version 5.01) to analyze the statistical significance of the gene expression. The
significance was taken to be P < 0.05. Heatmap representations were generated using R
(version 3.6.0); boxplot representations were generated using GraphPad Prism
(version 5.01).

RESULTS

General effect of SARS-CoV-2 infection on the transcriptome liver and lung tissues
Initially, we aimed at investigating the general transcriptomic changes in the liver
tissues of severe COVID-19 patients in comparison to those of lung tissues. Our
analysis of the differential transcriptome of the two tissue types revealed the dysregu-
lation of a larger number of genes in liver tissue (8686 genes) in comparison to lung
tissue (7349 genes) (Figure 2). 2085 genes were commonly differentially expressed in
the two types of tissues (Figure 2A). Functional clustering and pathway analysis of the
commonly upregulated transcripts revealed their contribution to transmembrane
transport and vesicle formation, cell adhesions, tissue morphogenesis, development,
and intracellular signaling pathways [e.g. G-coupled protein receptor (GPCR) and
Hippo signaling] (Figure 2B). On the other hand, the commonly downregulated genes
(2264 genes) were significantly implicated in cellular metabolic pathways and
mitochondrial function (Figure 2C and D). The enrichment of these pathways suggests
that SARS-CoV-2 elicits similar molecular effects in lung and liver tissue that may
translate into similar phenotypic presentations (e.g. tissue remodeling and dysfun-
ction). As the number of the lung tissue samples used in the analysis was relatively
higher than that of the liver tissue samples, we repeated the analysis and comparison
using subset with a smaller number of lung tissue samples and observed similar
results.

Aberrant class A (rhodopsin-like) and class F (frizzled and smoothened) GPCRs

signaling in the liver tissue of severe COVID-19 patients

We next aimed at analyzing the effect of SARS-CoV-2 infection on the dysregulation of
liver function at advanced stages in more detail. Functional clustering and pathway
analysis of the upregulated genes in the liver tissues of severe COVID-19 patients
revealed the enrichment of transcripts implicated in DNA and RNA transcription
mechanisms, GPCRs signaling, and transmembrane transport (Figure 3A).

Multiple GPCR classes are dysregulated in liver tissue collected from severe
COVID-19 patient autopsies including class A-rhodopsin-like receptors (R-HSA-
373076: class A/1 rhodopsin-like receptors) and class F-frizzled and smoothened
receptors (R-HSA-3238698: WNT ligand biogenesis and trafficking; hsa04310: Wnt
signaling pathway) (Figure 3B and C). Consequently to the dysregulation of these
GPCRs, numerous downstream signaling pathways, including WNT signaling
pathway, sonic hedgehog signaling and hippo signaling pathways, are dysregulated
affecting thereby cell proliferation, cell survival, host response to infection, immune
response, chemotactic pathways, and tissue and local microenvironment remodeling
[16-19]. Moreover, Wnt signaling pathway through frizzled binding has been shown to
be hijacked by viral infections (e.g., influenza virus) to increase viral production[20].
GPCRs were found as well to be exploited by viruses (e.g., Filoviruses) to facilitate
viral cellular entry, they can be explored as potential facilitators of SARS-CoV-2 entry
into hepatocytes in the absence of ACE2 and TMPRSS2[21]. Therefore, the significant
dysregulation of GPCRs and Wnt signaling, coupled with the significant upregulation
of transmembrane and intracellular transport, in liver tissue of severe COVID-19
patients may indicate that SARS-CoV-2 may hijack these mechanisms to facilitate and
enhance viral infectivity and production.
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Table 2 List of primer designs used in the qRT-PCR validation of some differentially expressed genes (DNAJB1, HSP90AB1, and

CYP39A1) and housekeeping gene (18SrRNA)

Gene symbol Forward primer sequence Reverse primer sequence Amplicon size (bp)
18SrRNA TGACTCAACACGGGAAACC TCGCTCCACCAACTAAGAAC 114
DNAJB1 GTITTTAAAGGACAAGCCCCACA TCCAGAGTGGGGACGTTCA 119
HSP90AB1 CTCTGTCAGAGTATGTTTCTCGC GTTTCCGCACTCGCTCCACAAA 114
CYP39A1 GTTCCAGTGTCCTGCAAGGT TGGGTAATGGGTCCAGAAGAC 101

bp: base pair; 18SrRNA: 18S ribosomal RNA; DNAJB1: Dna]J heat shock protein family (Hsp40) member B1; HSP90AB1: Heat shock protein 90 alpha family
class B member 1; CYP39A1: Cytochrome P450 family 39 subfamily A member 1.

One of the top 10 upregulated genes in the liver tissue of severe COVID-19 patients
was the Dna] heat shock protein family (Hsp40) member B1, DNAJB1 (Figure 3D),
which was found to contribute to liver inflammation, activation of uncontrolled
fibrosis, and development of fibrolamellar carcinoma as a part of the DNAJB1-
PRKACA fusion[22]. Another top upregulated gene was insulin like growth factor 2 (
IGF2), a pro-steatosis and tissue remodeling factor[23]. Hepatoma-derived growth
factor, HDGF, a pro-fibrogenic protein implicated in liver fibrosis through TGF-beta
pathway, was as well amongst the top 10 upregulated genes[24]. Another significantly
upregulated gene was the epidermal growth factor receptor (EGFR), a transmembrane
receptor implicated in the regulation of various downstream intracellular signaling
pathways including tissue remodeling pathways[25,26]. The upregulation of these
genes suggests that SARS-CoV-2 infection may elicit tissue remodeling and fibrosis-
like changes in liver tissue at advanced stages.

SARS-CoV-2 infection activates tissue remodeling mechanisms observed in liver

steatosis, cirrhosis, fibrosis, and hepatitis infections

Based on the enrichment of transcripts implicated in pathways central to the activation
and regulation of tissue remodeling, we next compared the differential transcriptome
of the liver tissues from COVID-19 patients with the disease signature of liver
cirrhosis, liver fibrosis, and NAFLD, which are commonly associated with pathological
tissue remodeling,.

The comparison revealed that 1027 genes (318 upregulated and 709 downregulated)
from the upregulated transcriptome of COVID-19 patients’ liver samples overlap with
liver cirrhosis disease signature; 630 genes (206 upregulated and 424 downregulated)
overlap with the signature of liver fibrosis; and 583 genes (190 upregulated and 393
downregulated) overlap with the signature of NAFLD (top 20 genes overlapping with
every disease signature are presented in Figure 4A).

The transcriptome shared with the liver cirrhosis, liver fibrosis and NAFLD
signature was significantly enriched in transcripts implicated in response to wounding
and wound healing, cellular response to external stimulus (e.g., peptides, inorganic
substance, growth factors, and hormone stimulus), response to pathogens from
bacterial and viral origins (e.g., human papillomavirus infection, response to lipopoly-
saccharides), metabolic pathways, hormone and insulin mediated signaling pathways,
cytokine-mediated signaling, MAPK signaling cascade, regulation of cell adhesions,
regulation of cell differentiation, tissue/organ development and morphogenesis, blood
vessels morphogenesis and development, regulation of programmed cell death, cell
chemotaxis (e.g., leukocytes, endothelial cells, and epithelial cells), and immune
response activation (Figure 4B).

One of the identified overlapping genes with the signature of liver cirrhosis and
liver fibrosis was the vascular endothelial growth factor receptor 1 (FLT1), shown to be
significantly upregulated during the pathogenesis of liver cirrhosis in which it
centrally contributes to the tissue remodeling and increased vascularization of liver
tissue[27]. Another overlapping gene with the signatures of the three diseases was
leptin (LEP), a central mediator of hepatic fibrosis and tissue remodeling in response to
chronic liver injury[28]. PNPLA3, overexpressed in the liver tissue of COVID-19
patients, has been previously shown to be implicated in the pathogenesis of non-
alcoholic fatty liver disease, hepatic steatosis, liver cirrhosis and fibrosis[29].

Moreover, we observed the upregulation of a number of metalloproteinases (e.g.,
MMP3, MMP16, MMP17, TIMP1, TIMP2, and TIMP4), collagens (COL6A3, COL18A1-
AS1, COL20A1, COL24A1, COLEC12, COL13A1, COL22A1, COLGALT2), and VCAM1
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Figure 2 General overview of the commonly dysregulated transcriptome in lung and liver tissues in severe coronavirus disease 2019
patients. A and B: Venn diagram representation of the overlapping (A) upregulated and (C) downregulated genes in response to severe acute respiratory syndrome
coronavirus 2 (SARS-CoV2) infection in lung and liver tissues; C and D: Top 20 pathways and functional clusters enriched in the commonly (B) upregulated and (D)
downregulated genes in SARS-CoV-2 infected lung and liver tissues.
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Figure 3 functional clustering analysis of the upregulated transcriptome of severe coronavirus disease 2019 patients liver autopsy
tissues. A: Heatmap representation of the differentially upregulated genes and subsequently enriched pathways and functional clusters in severe acute respiratory
syndrome coronavirus 2 (SARS-CoV2) infected liver samples in comparison to baseline expression in healthy tissue samples; B and C: Heatmap representation of
the log2 of normalized expression of transcripts implicated signaling through (B) Class A-rhodopsin-like receptors and (C) Class F-frizzled and smoothened receptors;
D: Box plot representation of some of the top upregulated transcripts in SARS-CoV-2 infected liver tissue samples. Data presented as mean + SE; 2P < 0.05, °P <
0.01, °P < 0.001, 9P < 0.0005, °P < 0.0001 coronavirus disease 2019 (COVID-19) vs Healthy. DNAJB1: DnaJ heat shock protein family (hsp40) member b1; IGF2:
Insulin growth factor 2; SCARNA10: Small cajal body-specific rna 10; HSPI0AB1: Heat shock protein 90 alpha family class B member 1; HDGF: Hepatoma-derived
growth factor; SDHA: Succinate dehydrogenase complex flavoprotein subunit A.
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which were proposed to contribute to pathological tissue remodeling in liver diseases (
e.g. non-alcoholic fatty liver disease and liver fibrosis)[30]. Furthermore, we observed a
significant upregulation in the expression of TREM2 which was shown to be a
protective mechanism activated in response to liver damage (e.g., immune-mediated
hepatocellular damage and hepatotoxic injuries) (acts as a natural brake on inflam-
mation during hepatocellular injury)[31]; which supports the potential occurrence of
liver inflammation and injury in response to SARS-CoV-2 infection. Altogether, these
results suggest the potential activation of tissue remodeling pathways (e.g., fibrosis,
increased vascularization, and steatosis) in the liver tissue of severe COVID-19 patients
at advanced stages in response to liver injury and inflammation that may result in
cirrhosis/ fibrosis-like phenotype.

We then compared the differential transcriptome of liver samples from severe
COVID-19 patients with the disease signature of hepatitis A, hepatitis B and hepatitis
C infection. We observed the overlap of 84 genes from the upregulated transcriptome
of COVID-19 liver samples overlap with hepatitis A infection signature; 278 genes
overlap with the signature of hepatitis B infection; and 336 genes overlap with the
signature of hepatitis C infection (top overlapping genes are presented in Figure 5A).
The overlapping signatures between the COVID-19 samples and the three types of
hepatitis infections were enriched in transcripts contributing to response to infection,
activation of immune response mechanisms, cytokines-mediated signaling, tissue
remodeling and homeostasis (Figure 5B).
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Figure 4 Comparative analysis of the overlapping transcriptomes mapping to severe coronavirus disease 2019 liver tissue, liver
cirrhosis, liver fibrosis, and non-alcoholic fatty liver disease. A: Top 20 Genes overlapping between the upregulated transcriptome of severe coronavirus
disease 2019 (COVID-19) patients’ liver tissue samples and the signatures of liver cirrhosis, liver fibrosis, and non-alcoholic fatty liver disease retrieved from
DisGeNET; gene disease association score was retrieved from DisGeNET and fold change is calculated using AltAnalyze to represent the difference in expression in
COVID-19 liver tissue samples vs non-COVID-19 liver samples; B: functional clustering and pathway analysis of the overlapping transcriptome (upregulated and
downregulated) of the severe COVID-19 patients’ liver tissues with the disease signature of liver cirrhosis, liver fibrosis, and non-alcoholic fatty liver disease analyzed
using Metascape. GDA score: Gene disease association score; F.C.: Fold change.

Dysregulation of mitochondrial function, metabolic and biosynthetic pathways in the

liver tissue of patients with severe COVID-19

Analysis of the downregulated genes in the liver tissues of severe COVID-19 patients
revealed a significant suppression of various metabolic and biosynthetic pathways
including the metabolism of amines, aromatic compounds, amino acids, steroids,
glycoproteins, lipids, and flavones (Figure 6A). The suppression of these metabolic
pathways is concordant with the dysregulation of mitochondrial function reflected by
the suppression of oxidation-reduction process, electron transport and respiratory
chain, and the assembly of mitochondrial structures. These findings are consistent
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Figure 5 Comparative analysis of the overlapping transcriptomes mapping to severe coronavirus disease 2019 liver tissue, hepatitis A,
hepatitis B, and hepatitis C. A: Table representing the genes overlapping between the upregulated signature of severe acute respiratory syndrome coronavirus
2 (SARS-CoV?2) infected liver tissue samples and the signatures of hepatitis A, B, and C retrieved from DisGeNET; gene disease association score was retrieved
from DisGeNET and fold change is calculated using AltAnalyze to represent the difference in expression in COVID-19 liver tissue samples vs non-COVID-19 liver
samples; B: Top 20 pathways and functional clusters enriched in the commonly upregulated genes between SARS-CoV-2 infected liver tissues and hepatitis A, B,
and C disease signatures analyzed using Metascape. GDA score: Gene disease association score; F.C.: Fold change.

with previously published data on the accumulation of amino acids and steroids in the
sera of COVID-19 patients in consequence to the suppression of lipid and amino acid
metabolism[32]. These data show that metabolic pathways are potentially hijacked in
severe COVID-19 patients’ liver tissue through the dysregulating of mitochondrial
function. Analysis of key transcriptional regulators of the dysregulated gene
implicated in mitochondrial function using TRRUST database suggested SP1, GATA®6,
SP3, HNF4A, and SMAD3 as candidates. SP1 has been previously implicated in

pathogenesis of diseases characterized by mitochondrial dysfunction such as
schizophrenia[33].

WJG | https://www.wjgnet.com 2860 June7,2021 | Volume?27 | Issue2l |

Jaishideng®



Hammoudeh SM et al. Hepatic dysfunction mechanisms in severe COVID-19

>

Healthy_1
Healthy_2
Healthy_3
Healthy_4
COvID 19_1
COVID 19_2
COVID 19_3
‘covm 19_4
COvID 19_5
COVID 19_6

G0:0044282: Small molecule catabolic process
G0:0032787: Monocarboxylic acid metabolic process
G0:0006753: Nucleoside phosphate metabolic process
R-HSA-556833: Metabolism of lipids

G0:1901615: Organic hydroxy compound metabolic process
G0:0006091: Generation of precursor metabolites and energy
G0:0006790: Sulfur compound metabolic process
G0:0005975: Carbohydrate metabolic process
G0:1901361: Organic cyclic compound catabolic process
G0:0007005: Mitochondrion organization

G0:0009074: Aromatic amino acid family catabolic process
G0:0042737: Drug catabolic process

R-HSA-211859: Biological oxidations

G0:0006720: Isoprenoid metabolic process
R-HSA-8953854: Metabolism of RNA

G0:0010498: Proteasomal protein catabolic process
G0:0009117: Nucleotide metabolic process

G0:0097190: Apoptotic signaling pathway
R-HSA-2262752: Cellular responses to stress
R-HSA-199991: Membrane Trafficking

R-HSA-1640170: Cell Cycle

G0:0006914: Autophagy

5 ACAD11 5 CIDEB 5 GNMT 5 GPAM
*

S S IS o IS

wn [} [} [}

o o o o

5 101 5 101 5 10 | R 3 10
o el hel hel

[0} (0] (7] (7]

N N N N

© © © ©

£ S S S

o o o o

= f= f= f=

o o o o

8 5- e & 5 & 5 € & 5

| - - -

e
 ———.
0 0 0 0

T T T T T T T T
Healthy COVID-19 Healthy COVID-19 Healthy COVID-19 Healthy COVID-19

Figure 6 functional clustering analysis of the downregulated transcriptome of severe coronavirus disease 2019 patients liver autopsy
tissues. A: Heatmap representation of the differentially downregulated genes and subsequently enriched pathways and functional clusters in severe acute
respiratory syndrome coronavirus 2 (SARS-CoV?2) infected liver samples in comparison to baseline expression in healthy tissue samples; B: box plot representation of
some of the top downregulated transcripts in SARS-CoV-2 infected liver tissue samples. Data presented as mean + SE; 2P < 0.05, °P < 0.01, °P < 0.001, 9P < 0.0005,
¢P < 0.0001 COVID-19 vs Healthy. ACAD11: acyl-CoA dehydrogenases 11; CIDEB: cell death-inducing DNA fragmentation factor alpha-like effector B; GNMT:
glycine N-methyltransferase; GPAM: glycerol-3-phosphate acyltransferase and metabolism.

One of the top downregulated genes was acyl-CoA dehydrogenases 11 (ACAD11)
(Figure 6B), a mitochondrial flavoenzyme involved in mitochondrial B-oxidation and
metabolism of long chain fatty acyl-CoAs[34]. Another top downregulated gene was
the cell death-inducing DNA fragmentation factor alpha-like effector B (CIDEB), a
liver-specific regulator of lipid droplet dynamics and lipids metabolism[35]. Glycine
N-methyltransferase (GNMT), another top downregulated gene in SARS-CoV-2
infected liver samples, was found to contribute to the development of liver steatosis
and fibrosis when suppressed due to the metabolic dysregulation and accumulation of
S-adenosylmethionine[36]. Glycerol-3-phosphate acyltransferase and metabolism (
GPAM), another of the top 10 downregulated genes, is implicated triglyceride
biosynthesis[37]. Moreover, 17B-hydroxysteroid dehydrogenase type 4 (HSD17B4), a
regulator of fatty acid B-oxidation and steroid metabolism[38], was downregulated.
Altogether, the downregulation of these genes suggests metabolic and biosynthetic
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pathways are suppressed in the liver tissue of severe COVID-19 patients.

Moreover, our analysis showed a significant enrichment of downregulated
transcripts implicated in iron, copper, sodium, potassium, zinc, and calcium binding,
transport, homeostasis and signaling. Imbalance of some of these ions (e.g. calcium and
potassium ions) has been shown to induce mitochondrial swelling through shifting
osmotic pressure[39].

COVID-19 inhibits drug metabolism potentially resulting in potential hepatotoxicity
The downregulated transcriptome of COVID-19 patients’ liver tissue samples was
enriched in members of the cytochromes P450 family enzymes (CYPs), including
CYP39A1, CYP11A1, CYP4X1, CYP2Ul, and CYP1A2, which play central roles in
various metabolic pathways including the metabolism of drugs and xenobiotics
(Figure 7A). Moreover, we observed the downregulation of the CYPs, CYP2C8 (fold
change -4.18) and CYP3A4/5 (fold change -2.44), which have been shown to be
centrally implicated in the metabolism of chloroquine and hydroxychloroquine;
therapeutic agents administered to COVID-19 patients[40,41]. Functional clustering
analysis revealed the enrichment of transcripts implicated in xenobiotic and drug
metabolism processes (GO:0006805 and GO:0017144) in the downregulated
transcriptome of SARS-CoV-2 infected liver samples (adjusted P values 0.01215 and
0.06111, respectively for xenobiotic and drug metabolism processes). KEGG pathway
enrichment analysis confirmed the suppression of the metabolism of various types of
drugs through CYPs as well as other enzymes (Figure 7B).

Cross-validation of some differentially expressed genes in severe COVID-19

patients’ blood plasma

We next aimed at investigating the potential of utilizing some of the identified DEGs
as putative biomarkers for liver dysfunction in COVID-19 patients. Therefore, we
assessed the gene expression of some of the differentially expressed genes in the liver
tissue of severe COVID-19 patients using blood plasma samples of severe COVID-19
patients with liver dysfunction. In correlation with the RNA-seq data analysis, qRT-
PCR analysis confirmed the significant elevation in the gene expression of DNAJB1
and HSP90ABI and the significant downregulation of CYP39A1 in response to liver
dysfunction in severe COVID-19 patients (Figure 8).

DISCUSSION

Manifestations of SARS-CoV-2 infection were observed systemically and included
indications of liver dysfunction. However, the molecular changes underlying the
phenotypic systemic observations linking to liver dysfunction at advanced stages of
COVID-19 are yet to be thoroughly explored. Therefore, in this study, we explored an
RNA-seq dataset of severe COVID-19 patients’ liver tissues to get some insight on the
dysregulated molecular mechanisms resulting in the observed phenotypic manifest-
ations (summary of findings in Figure 9).

Our analysis of the RNA-seq data revealed that severe COVID-19 patients
experience transcriptional shifts in their liver tissue that supersede those observed in
lung tissue at advanced stages. These transcriptional shifts include the significant
dysregulation of signaling through GPCRs [class A-rhodopsin-like receptors (R-HSA-
373076: class A/1 Rhodopsin-like receptors] and class F-frizzled and smoothened
receptors). Subsequently, various intracellular signaling pathways (e.g., WNT, hippo
and SHH signaling pathways) are dysregulated resulting in the transcriptional dysreg-
ulation of viral reproduction, cell proliferation, cells survival, cellular chemotaxis as
well as local environment, inflammation, and tissue remodeling[16,19,20].

A number of the top upregulated transcripts, including DNAJB1, IGF2, and HDGF,
were implicated in the activation of tissue remodeling pathways[22-24]. The upregu-
lation of these genes suggests that severe COVID-19 patients may experience tissue
remodeling of the liver tissue. IGF2 overexpression was proposed to induce fatty liver
and hepatic steatosis by increasing lipid accumulation in liver tissue[23]. In our
analysis of the SARS-CoV-2 infected liver samples, we observed an increase in the pro-
steatosis factor, IGF2, and a concordant decrease of the steatosis and tissue remodeling
preventive factors, IGF1 and GHR (growth hormone receptor)[42]. In addition to IGF2,
numerous genes proposed to contribute to the pathogenesis of liver diseases charac-
terized by tissue remodeling (e.g. liver steatosis, liver fibrosis, and liver cirrhosis) were
upregulated in the liver tissue of severe COVID-19 patients (e.g. FLT1, LEP, PNPLA3,
VCAMI1, TREM2, metalloproteinases-expressing genes, and collagen-expressing
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Figure 7 Enrichment of cytochromes P450 family members involved in drug and xenobiotics metabolism in the downregulated

transcriptome of severe coronavirus

disease 2019 patients liver tissues. A: Box plot representation of some of the significantly downregulated

cytochrome P450 family members; B: Kegg pathway representations of the suppressive effect of severe acute respiratory syndrome coronavirus 2 infection in liver on
xenobiotic and drug metabolism through cytochrome P450 and other enzymes. Data presented as mean + SE; P < 0.05, °P < 0.01, °P < 0.001, 9P < 0.0005, °P <
0.0001 coronavirus disease 2019 (COVID-19) vs Healthy. CYP39A1: Cytochrome P450 family 39 subfamily A member 1; CYP11A1: Cytochrome P450 family 11
subfamily A member 1; CYP4X1: Cytochrome P450 family 4 subfamily X member 1; CYP2U1: Cytochrome P450 family 2 subfamily U member 1; CYP1A2:
Cytochrome P450 family 1 subfamily A member 2.
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genes)[27-31].

Furthermore, consistently with the upregulation of these genes implicated in liver
tissue remodeling, we observed the significant upregulation of EGFR which was
proposed to contribute to the development of pulmonary fibrosis[25]. The enrichment
of these transcripts in the transcriptome of SARS-CoV-2 infected liver samples
suggests the potential activation of tissue remodeling and fat accumulation in liver
tissue. Consistently with these findings, immunohistochemical analysis of liver tissue
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Figure 8 Validation of differentially expressed genes identified from the RNA-seq analysis of the severe coronavirus disease 2019
patients liver samples using blood plasma samples of severe coronavirus disease 2019 patients. Box plot representation of the gene expression
of DNAJB1, HSP90AB1, and CYP39A1 in the blood plasma of severe coronavirus disease 2019 (COVID-19) patients without liver dysfunction (Severe) or with liver
dysfunction (Severe (liver dysfunction)) in comparison to non-COVID-19 controls (Healthy); The expression was detected in 4 healthy samples (DNAJB1 expression
was only detected in 3 samples), 4 severe COVID-19 samples, and 9 severe COVID-19 samples with liver dysfunction (CYP39A1 expression was only detected in 8
samples); Data presented as mean + SE; 'P < 0.05, 9P < 0.001 Severe with liver dysfunction vs Healthy. DNAJB1: DnaJ heat shock protein family (Hsp40) member
B1; HSP90AB1: Heat shock protein 90 alpha family class B member 1; CYP39A1: Cytochrome P450 family 39 subfamily A member 1.
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from COVID-19 patients revealed signs of hepatic steatosis and hepatic siderosis
[43,44]. These morphologic changes might be attributed to the activation of the tissue
remodeling mechanisms in response to inflammation; to the dysregulation of
intracellular signaling pathways (e.g., EFGR, WNT, and SHH signaling pathways) in
response to direct viral infection; or to the dysregulation of metabolic and biosynthetic
pathways resulting the accumulation of lipids and other metabolic substrates in liver
tissue and subsequently the development of liver steatosis.

Altogether, the dysregulation of these transcripts and pathways in the liver tissue of
severe COVID-19 patients may indicate that the patients may experience pathological
tissue remodeling similar to that observed in liver steatosis/cirrhosis/fibrosis that
potentially contributes to the phenotypically observed liver dysfunction. Moreover,
despite the observed recovery of liver function in some patients in response to
treatment, the activation of tissue remodeling mechanisms may have long-term
consequences in patients experiencing advanced stages of COVID-19 and would
require long term follow-up.

On the other hand, the downregulated transcriptome of the SARS-CoV-2 infected
liver tissue samples was enriched in transcripts implicated in metabolic and biosyn-
thetic pathways regulation, including ACAD11, CIDEB, GNMT, GPAM, and HSD17B4.
Previous investigations in the metabolomic profile of the SARS-CoV-2 infected
patients’ sera similarly revealed the suppressive effect of SARS-CoV-2 infection on
lipid and amino acid metabolism[32]. Moreover, accumulating evidence suggested the
localization of SARS-CoV-2 viral RNA in the mitochondrial matrix and the direct viral
interaction with mitochondrial proteins and metabolic regulators (e.g. MRPS2, MRPS5,
MRPS25, MRPS27, NDUFAF1, NDUFB9, NDUFAF2, ATP1B1, ATP6V1A, ACADM,
AASS, PMPCB, PITRM1, COQ8B, and PMPCA)[45-47]. By localizing to the mitochon-
dria, SARS-CoV-2 was speculated to usurp mitochondrial machineries to generate
hide-out like double membrane vesicles, regulate intra-organelle crosstalk (e.g. ER-
mitochondrial cross-talk), modulate immune response, and modulate cellular
metabolic and biosynthetic processes. These speculations are consistent with the
dysregulation of mitochondrial, metabolic and biosynthetic pathways revealed in our
analysis. Altogether, these findings suggest that SARS-CoV-2 infection hijacks cellular
metabolism resulting in the suppression of metabolic and biosynthetic pathways
potentially through dysregulating mitochondrial function. Intriguingly, one of the
mechanisms of action through which hydroxychloroquine might counteract SARS-
CoV-2 infection is through the regulation of dysregulated metabolic pathways and
protecting against the development of liver steatosis and subsequent tissue remo-
deling [48].
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Further investigations on the potential secondary mechanisms resulting in
mitochondrial dysfunction divulged the imbalance in ions (e.g. calcium, potassium,
sodium) due to dysregulated ionic transport and homeostasis as a potential
underlying mechanism. Ionic imbalance can shift the osmotic pressure resulting in
mitochondrial swelling and consequent dysfunction[39]. Moreover, ionic imbalance
can have critical consequences on intracellular signaling and cellular morphology
which can be another mechanism through which SARS-CoV-2 induces the observed
transcriptomic shifts[49,50].

Clinical assessment of SARS-CoV-2 infected liver tissues revealed mitochondrial
swelling which can be an underlying cause for the mitochondrial dysfunction
observed in the infected cells. One of the potential mechanisms resulting in the
mitochondrial swelling is the dysregulation of ions binding, transport and balance
within the cell and its compartments. Our analysis showed a significant enrichment of
downregulated transcripts implicated in iron, copper, sodium, potassium, zinc, and
calcium binding, transport, homeostasis and signaling. Imbalance of some of these
ions (e.g., calcium and potassium ions) have been shown to induce mitochondrial
swelling through shifting osmotic pressure[39]. Ionic imbalances were similarly found
to be induced by SARS-CoV and Influenza virus resulting in cellular morphology
changes as well as stimulation of the inflammasome and subsequent inflammatory
mechanisms such as IL-1B production and signaling[49,50]. Potassium levels
imbalance and absorption dysregulation has been reported in Covid-19 patients in the
form of hypokalemia and the patients were found to respond well to potassium
supplements during recovery[51]. Taken together, we speculate that SARS-CoV-2
hijacks cellular metabolic and biosynthetic pathways by disrupting ion imbalance and
mitochondrial function.

One of the main targets that appear to be suppressed in response to SARS-CoV-2
infection is the CYPs family which plays a central role in xenobiotic and drug
metabolism in liver tissues. The suppression of the members of this family of
metabolic enzymes may potentially result in hepatoxicity and acute liver injury upon
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the administration of treatments. Currently used therapeutic agents for the treatment
of COVID-19 patients including chloroquine and hydroxychloroquine are metabolized
by members of the CYPs family enzymes (e.g., CYP2C8 and CYP3A4/5)[40,41], which
we observed to be downregulated in SARS-CoV-2 infected liver samples. Therefore,
the downregulation of these enzymes might dysregulate the metabolism of these
therapeutic agents resulting in hepatotoxicity, autoimmune hepatitis, and liver injury
as observed histologically[44]. In concordance with these findings, metabolomic
profiling of covid-19 patients’ sera suggested a decline in liver detoxification function
[32]. Moreover, the downregulation of CYPs has been implicated in the dysregulation
of metabolic pathways in cirrhotic patients[52]. Therefore, the downregulation of the
CYPs may contribute to the liver injury through the dysregulation of drug metabolism
as well as the activation of tissue remodeling mechanisms that ensure the pathogenesis
of other liver diseases (e.g., cirrhosis).

Whilst the main limitation of this study is the lack of validation on patients’ liver
tissue samples, we cross-validated and confirmed the dysregulation of some DEGs (
DNAJB1, HSP90AB1, and CYP39A1) using blood plasma samples of severe COVID-19
patients with liver dysfunction. The systems biology analysis carried out in this study
highlighted some molecular mechanisms which may potentially elucidate the
clinically observed haptic dysfunction in severe COVID-19 patients. Moreover, the
findings of this study shed the light on the potentially activation of fibrosis/
cirrhosis/steatosis patterns in response to the activation of wound healing and tissue
remodeling mechanisms in severe COVID-19 patients which may require long-term
follow up. These findings may prove to be critical in cases presenting with long
COVID, as the chronic exposure to the infection and disease symptoms may induce
irreversible tissue remodeling of the liver. Furthermore, based on the observed
significant reduction in the metabolic pathways and hepatic detoxification in our
study, serious consideration is required for the administered hepatotoxic treatments to
severe COVID-19 patients (e.g., chloroquine, hydroxychloroquine, and remdesivir).
However, it remains to be ascertained whether the observed transcriptional shifts
observed in the liver tissue of severe COVID-19 patients are the result of viral
infection, systemic inflammation, or drug induced liver injury and toxicity.

CONCLUSION

In conclusion, we aimed at getting some insight into the molecular mechanisms
underlying liver dysfunction in severe COVID-19 patients using RNA-seq data of
severe COVID-19 liver autopsy samples. Through systems biology analysis, we
observed a significant upregulation in transcripts implicated in GPCRs signaling,
tissue remodeling, and intracellular/transmembrane transport (e.g., DNAJB1, IGF2,
EGFR, and HDGF). On the other hand, we observed a significant downregulation in
transcripts implicated in metabolic pathways and mitochondrial function (e.g.,
ACAD11, CIDEB, GNMT, and GPAM). Moreover, we observed a significant suppres-
sion of CYPs, which play central roles in the metabolism of drugs and xenobiotics
metabolism suggesting a compromised hepatic detoxification capacity. Moreover, the
dysregulation of some genes (e.g., DNAJB1, HSP90AB1, and CYP39A1) in the tissue
autopsies correlated with their dysregulation in the blood plasma of severe COVID-19
patients with hepatic dysfunction suggesting their potential as putative biomarkers of
liver dysfunction.

ARTICLE HIGHLIGHTS

Research background

The coronavirus disease 2019 (COVID-19), a pandemic contributing to more than 105
million cases and more than 2.3 million deaths worldwide is associated with extrapul-
monary manifestations, including liver dysfunction. Liver dysfunction and elevated
liver enzymes were observed in about 53% of COVID-19 patients. However, the
molecular mechanistic aspect of this is not clear but can be of importance in
understanding how the virus infects the hepatocytes and the infection leads to liver
dysfunction. Understanding this can help in the diagnosis and treatment of liver
dysfunction caused by COVID-19.
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Research motivation

Liver is an important organ in human health as it is involved in the detoxification of
many compounds accumulated through pollution or using the wrong diet. Liver
dysfunction can lead to many systemic diseases in the body. One of the organs affected
by SARS-CoV-2 infection is the liver and therefore understanding the mechanism of
infection and the cause of liver dysfunction can help COVID-19 patients whose liver is
affected but also the results can shed light on the molecular mechanism of liver
dysfunction that may results from other liver diseases including cirrhosis, fibrosis,
non-alcoholic fatty liver disease (NAFLD), and hepatitis A/B/C.

Research objectives

The main objectives of this research are: (1) Obtain genetic data from COVID-19
patients who had hepatic dysfunction; (2) Compare the genetic signature of COVID-19
patients with hepatic failure with that of other liver diseases including cirrhosis,
fibrosis, NAFLD, and hepatitis A/B/C; and (3) Carry out in vitro validation of the
biomarkers identified using blood samples from severe COVID-19 patients with liver
dysfunction.

Research methods

The transcriptome of liver autopsy samples from severe COVID-19 patients against
those of non-COVID donors was analyzed. Differentially expressed genes were
identified from normalized RNA-seq data and analyzed for the enrichment of
functional clusters and pathways. The differentially expressed genes were then
compared against the genetic signatures of liver diseases including cirrhosis, fibrosis,
NAFLD, and hepatitis A/B/C. Gene expression of some differentially expressed genes
was assessed in the blood samples of severe COVID-19 patients with liver dysfunction
using qRT-PCR.

Research results

Analysis of the differential transcriptome of the liver tissue of severe COVID-19
patients revealed a significant upregulation of transcripts implicated in tissue
remodeling including GPCRs, DNAJB1, IGF2, EGFR, and HDGF. Concordantly, the
differential transcriptome of severe COVID-19 liver tissues substantially overlapped
with the disease signature of liver diseases characterized with pathological tissue
remodeling (liver cirrhosis, Fibrosis, NAFLD, and hepatitis A/B/C). Moreover, we
observed a significant suppression of transcripts implicated in metabolic pathways as
well as mitochondrial function, including cytochrome P450 family members, ACAD11,
CIDEB, GNMT, and GPAM. Consequently, drug and xenobiotics metabolism
pathways are significantly suppressed suggesting a decrease in liver detoxification
capacity. In correspondence with the RNA-seq data analysis, we observed a significant
upregulation of DNAJB1 and HSP90AB1 as well as significant downregulation of
CYP39A1 in the blood plasma of severe COVID-19 patients with liver dysfunction.

Research conclusions

Some insights into the molecular mechanisms underlying liver dysfunction in severe
COVID-19 patients was obtained using RNA-seq data of severe COVID-19 liver
autopsy samples. Through systems biology analysis, we observed a significant
upregulation in transcripts implicated in GPCRs signaling, tissue remodeling, and
intracellular/transmembrane transport (e.g., DNAJB1, IGF2, EGFR, and HDGF). On the
other hand, we observed a significant downregulation in transcripts implicated in
metabolic pathways and mitochondrial function (e.g., ACAD11, CIDEB, GNMT, and
GPAM). Moreover, we observed a significant suppression of cytochrome P450 family
members, which play central roles in the metabolism of drugs and xenobiotics
metabolism suggesting a compromised hepatic detoxification capacity. Moreover, the
dysregulation of some genes (e.g., DNAJB1, HSP90AB1, and CYP39A1) in the tissue
autopsies correlated with their dysregulation in the blood plasma of severe COVID-19
patients with hepatic dysfunction suggesting their potential as putative biomarkers of
liver dysfunction.

Research perspectives

This study identified key cellular pathways involved in liver dysfunction in general
but also liver dysfunction linked to COVID-19 patients. The analysis identified key
molecular biomarkers which can be used in future to general a biomarker panel that
can assess the degree of hepatic dysfunction in patients from a blood test since the
biomarkers identified in this study was shown to follow the same trend when
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compared with blood samples from COVID-19 patients with hepatic dysfunction.
Mechanistically, the study showed that severe COVID-19 patients appear to
experience significant transcriptional shift that may ensue tissue remodeling,
mitochondrial dysfunction and apparent hepatic toxification resulting in the clinically
observed liver dysfunction. The finding from this study can be used in future to assess
the degree of hepatic dysfunction but also to differentiate patients with COVID-19
related hepatic dysfunction from hepatic dysfunction caused by other liver diseases.
This can be of importance in the management of COVID-19 patients including those
with long COVID who have experienced hepatic dysfunction.
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