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Coronavirus disease 2019 (COVID-19) is caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2), a virus that has spread worldwide. In addition to affecting respiratory cells, SARS-CoV-2 also impacts the organs of
the digestive system, particularly the liver. It has been established that COVID-19, caused by SARS-CoV-2, significantly
affects liver function in infected patients, which is critical for drug pharmacokinetics and safety. SARS-CoV-2 can affect
liver cells both directly (via the viral receptor angiotensin-converting enzyme 2 (ACE2)) and indirectly, including
through cytokine release and the so-called "cytokine storm."” Viral activity leads to elevated liver enzyme levels (ALT,
AST, GGT, ALP), decreased albumin levels, and disruption of the metabolism of endogenous substances and
xenobiotics. It has been shown that liver injury impairs the function of the system responsible for metabolizing
xenobiotics (the monooxygenase system or cytochrome P450 (CYP) system). Dysfunction of the monooxygenase system,
in turn, leads to altered drug metabolism and additional toxicity, particularly in cases of drug—drug interactions. This
review highlights the main potential mechanisms of liver injury in COVID-19, raising awareness of drug metabolism
pathways. Analysis of the metabolism of anti-coronavirus drugs by different CYP isoforms may help prevent drug
interactions in patients with comorbidities.

SARS-CoV-2 infection also alters CYP expression, including CYP3A4, CYP2B6, and CYP2C9, via cytokine-
mediated regulation, resulting in reduced drug metabolism, increased plasma drug concentrations, and higher risk of
toxicity. Polypharmacy in COVID-19, including antiviral drugs, hydroxychloroguine, anti-inflammatory agents, and
medications for comorbidities, further increases the risk of drug interactions and liver injury. Anti-cytokine therapy
(e.g., tocilizumab) and supportive agents such as melatonin and vitamin D may help restore CYP activity, reduce
inflammation, and improve drug clearance. Understanding the mechanisms of SARS-CoV-2-induced liver dysfunction
and CYP modulation is essential for optimizing pharmacotherapy, minimizing drug-related toxicity, and improving
clinical outcomes in patients with COVID-19.
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Introduction.  Coronavirus  disease 2019 metabolism of drugs through changes in the

(COVID-19) has become a global problem for
human health. Inflammatory processes are
intensively increased on the basis of the body's
immune response in patients with this pathology,
along with fever, cough, headache and shortness of
breath, that is the basis of severe acute respiratory
syndrome in coronavirus infection (SARS-CoV-2)
(Panigrahy et al., 2020). The increase in
inflammatory mediators, which in severe cases of
coronavirus infection reach their peak during the
"cytokine  storm”, can provoke significant
disturbances in the metabolic mechanisms of
cytochrome P450 in the liver and further modulation
of drug clearance. This will lead to an unexpected
therapeutic-toxic  response  (Christmas, 2015).
Patients with COVID-19 are potentially vulnerable
to drug interactions (Hosseini et al., 2020). All this
makes the analysis of therapeutic drug monitoring
relevant, which will ensure optimal clinical results.
The pathophysiological processes occurring in
COVID-19 may have an indirect effect on the
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cytochrome P450 system of infected patients. It is
believed that the virus is tropic to the angiotensin-
converting enzyme 2 (ACE2) receptor of the
oropharyngeal tract in the upper respiratory tract,
which is the main route of transmission of the virus
in humans (Ni et al., 2020). These receptors are
intensively expressed in the epithelial cells of the
lungs, and are also found in the digestive tract,
which correlates with another form of virus
transmission (Kang et al., 2019).

Today, the impact of the pathophysiology of
COVID-19 on liver function, drug metabolism, and
pharmacokinetics in patients with SARS-CoV-2
remains unclear.

The fact that patients with concomitant diseases
(for example, hypertension, diabetes,
hyperlipidemia) are more sensitive to coronavirus
infection than the general population (Yang et al.,
2020; Emami et al., 2020) indicates the importance
of drug metabolism in the liver in order to minimize
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their toxicity under conditions of polypharmacy in
patients with COVID-19.

Given the above, the aim of this artical was
analyze the mechanisms of the impact of COVID-19
on liver dysfunction and evaluate the cytochrome
P450-dependent metabolism of antiviral drugs.

Materials and methods. In this work, an
analysis of contemporary scientific literature,
clinical reports, regulatory documents, and
authoritative international guidelines related to the
impact of the SARS-CoV-2 virus on liver function
and CYP-dependent metabolism of antiviral drugs
was conducted. The literature search was performed
using leading international scientific databases,
including PubMed, Scopus, Web of Science,
ScienceDirect, and Google Scholar, which ensured
access to peer-reviewed studies, systematic reviews,
meta-analyses, pharmacological reports, and
experimental research. Additionally, information
from reputable professional organizations was used,
such as the World Health Organization (WHO), the
U.S. Food and Drug Administration (FDA), the
European Medicines Agency (EMA), as well as
clinical pharmacology recommendations provided
by the Clinical Pharmacogenetics Implementation
Consortium (CPIC) and the International Society for
the Study of Xenobiotics (ISSX).

Search queries were carried out using a set of
English keywords related to the topic of the study:
“SARS-CoV-27, “COVID-19”, “cytochrome P450”,
“CYP450 isoenzymes”, “drug metabolism”,
“xenobiotic  biotransformation”, “‘inflammation-
mediated metabolic changes”, “cytokine storm”,
“drug interactions in COVID-19”, “CYP inhibition”,
“CYP induction”, “pharmacokinetics”, “metabolism
of antiviral therapy”, as well as names of clinically
significant isoenzymes (e.g., CYP3A4, CYP2DS6,
CYP1A2, CYP2C9, CYP2C19). Additional search
gueries included terms associated with coronavirus
and its metabolic pathways, such as “viral
replication”, “effect of coronavirus on the liver”, and
“virus-induced CYP modulation”.

The inclusion criteria covered peer-reviewed
articles and official reports published from 2019 to
2025 that examined: 1) molecular and physiological
mechanisms by which SARS-CoV-2 influences
CYP450 enzyme expression and activity; 2) the
impact of the virus on systemic inflammation,
cytokine dysregulation, and the development of liver
dysfunction; 3) pharmacokinetic changes in
antiviral,  anti-inflammatory, and  supportive
medications used in COVID-19 treatment; 4) drug—
drug interactions associated with CYP450-
modulated pathways; 5) regulatory authority
recommendations and pharmacovigilance data
regarding medication safety in patients with
COVID-19.
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Special attention was given to high-quality
experimental studies on CYP450 regulation during
viral infections, clinical trials involving COVID-19
therapy, and translational research exploring virus-
induced suppression or induction of hepatic
metabolic enzymes. Reviews and meta-analyses
were included to summarize accumulated data and
identify consistent trends. Case reports and small
observational studies were used selectively, mainly
to illustrate specific examples of altered
pharmacokinetics in COVID-19 patients.

All identified sources were critically evaluated
for methodological validity, relevance to the topic,
publication type, and the level of clinical or
experimental evidence. The information was
systematically organized into thematic sections,
allowing the formation of a comprehensive overview
of current knowledge regarding the impact of SARS-
CoV-2 on CYP450-dependent drug
biotransformation.

Results and their discussion. Mechanisms of
the SARS-CoV-2 effect on the functional state of
the liver in infected patients. In the absence of a
proven therapy for COVID-19, scientists are trying
to find an effective drug that can eradicate this
infection. During the study of drugs against COVID-
19, it is necessary to take into account their
pharmacokinetics, which is an important aspect of
the drug metabolism of in the body.
Biotransformation of drugs can significantly affect
the clearance, effectiveness and/or their toxicity.

Since the liver is the main organ involved in drug
metabolism, it is necessary to analyze its functional
state in patients with COVID-19. It is known that the
liver is one of the main organs exposed to the virus
during SARS-CoV-2 infection (Bertolini et al.,
2020).

Angiotensin-converting enzyme 2 (ACE2)
receptor expresse in the liver also (Li et al., 2020).
This indicates that the liver is affected by two factors
- direct viral attack and systemic inflammation (the
actions of inflammatory immunogenic proteins
directed at the liver).

Changes of liver enzymes in the blood is
confirmed of liver dysfunction in patients with
COVID-19. Thus, in patients with COVID-19,
similar to other coronavirus infections, the levels of

alanine  aminotransferase ~ (ALT),  aspartate
aminotransferase (AST), alkaline phosphatase
(ALP), gamma-glutamyl transpeptidase (GGT),

bilirubin and albumin change in the blood serum.
Changes in the activities of these enzymes are
associated with liver damage (Nardo et al., 2021; Li
et al., 2020). As a rule, ALT and AST levels are at
least twice the upper limit of normal, which should
be noted in patients with COVID-19 (Li et al., 2020;
Bertolini et al., 2020). In addition, the ratio of AST
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to ALT (> 1) changes in the direction of progressive
fibrosis or cirrhosis of the liver (Hundt et al., 2020).

In some cases, ALT levels rise to 7590 U/L in
patients with COVID-19. Approximately 30% of
patients with COVID-19 have AST and ALT values
higher than normal, which correlates with the
severity of the disease (Musa, 2020). Since the liver
is one of the main organs of protein synthesis, even
minor changes in metabolism during COVID-19 will
have a significant impact on the functioning of
hepatocytes. Biosynthesis of endogenous substances
and biotransformation of xenobiotics will be
disturbed due to changes in enzyme systems. At the
same time, a decrease in albumin and an increase of
liver enzymes level indicate that the inflammatory
process in patients with COVID-19 damages the
liver (Feng et al., 2020; Lei et al., 2020).

The exact mechanisms of the COVID-19 impact
on the liver are inexplicable. However, viral
hepatotropic can be attributed to the relatively high
expression of ACE2 in liver cells. ACE2 expression
is more pronounced in cholangiocytes than in
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hepatocytes, which makes them more vulnerable to
viral attack (Guan et al., 2020; Chai et al., 2020).
This assumption is supported by an increase in GGT
in patients with COVID-19 (Zhang et al., 2020).
COVID-19 can exert an indirect effect on the liver,
the mechanism of which is the development of
inflammatory reactions in the target organs. Thus,
severe acute respiratory syndrome coronavirus 2
leads to severe tissue damage that initiates a stress
response in the endoplasmic reticulum (ER) and
regulates its inflammatory enzymes, including
microsomal prostaglandin E synthase-1 (MPGES-1)
and prostaglandin  endoperoxide synthase 2
(cyclooxygenase 2 (COX-2)). These enzymes
catalyze the synthesis reactions of eicosanoids,
including prostaglandins (PG), leukotrienes (LT)
and thromboxanes (TX) (Hammock et al., 2020).
The formed pro-inflammatory lipid derivatives cause
a "cytokine storm" in the body, which contributes to
organ damage in a severe form of coronavirus
disease, and in particular the liver (Fig. 1).
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Fig. 1. Mechanisms of SARS-CoV-2 effects on the liver
Note: ER — endoplasmic reticulum; mPGES-1 — microsomal prostaglandin E synthase-1; COX-2 — cyclooxygenase-
2; PG — prostaglandins; LT — leukotrienes; TX — thromboxanes; IL — interleukin; TNF — tumor necrosis factor.

Systemic inflammatory response caused by
SARS-CoV-2 may be the cause of multi-organ
dysfunction, including liver damage (despite the
absence of viral antigens in the liver) (Papic et al.,
2012). Inflammatory processes in the body can
cause multiple organ failure. The systemic
inflammatory response syndrome caused by SARS-

240

CoV-2 infection is strongly associated with the
activation of both humoral and cellular immunity. In
fact, the virus is capable of directly inducing
multiple pro-inflammatory signals through Toll-like
receptors and activation of T-lymphocytes,
particularly — T-killers (Biswas et al., 2020;
Felsenstein et al., 2020). Then, T-lymphocytes attack
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the infected cells of the body, which leads to their
apoptosis and necrosis. Molecules released from
dead infected cells can further amplify inflammatory
signals through Toll-like receptors (Biswas et al.,
2020). At the same time, T-lymphocyte depletion
cannot control viral and bacterial infections, thereby
activating multiple inflammatory signaling pathways

that lead to macrophage activation and secondary
inflammatory responses (Felsenstein et al., 2020).

After infection with SARS-CoV-2, activated T
cells produce granulocyte-macrophage colony-
stimulating factor (GM-CSF), interleukin (IL)-6, and
other proinflammatory factors (Fig. 2).
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Fig. 2. Development of the systemic inflammatory response syndrome in patients with COVID-19
Note: IL — interleukin; TNF — tumor necrosis factor; GM-CSF — granulocyte-macrophage colony-stimulating factor

GM-CSF additionally activates CD14+ and
CD16+ inflammatory monocytes, which produce
more IL-6 and other pro-inflammatory factors,
thereby causing a systemic inflammatory reaction
syndrome that leads to immune damage of liver cells
(Fig. 2).

Such a vicious cycle can cause numerous injuries
not only to the liver, but also to the heart and
kidneys. Liver abnormalities can be caused of
treatment start disease under the conditions of the
use of hepatotoxic agents: antipyretics (for example,
acetaminophen); antiviral drugs (for example,
oseltamivir and lopinavir); antibiotics and steroids
(Feng et al., 2020; Sun et al., 2020).

Therefore, hepatocellular damage can occur both
due to the direct effect of SARS-CoV-2 on liver
cells and through pro-inflammatory molecules,
which will negatively affect the metabolism of
endogenous substances and xenobiotics in the body,
including altered physiological, therapeutic and
toxic consequences.

Inflluance of COVID-19 on cytochrome P450
expression and drug metabolism.

The cytochrome P450 system plays an important
role in the biotransformation and pharmacokinetics
of most drugs. The inflammatory process observed
in COVID-19 can inhibit or induce some isoforms of
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cytochrome P450, which will lead to a change in the
profile of the drug in the blood plasma and its
excretion from the body. These changes will
increase the side effects and toxicity of drugs,
leading to a fatal outcome (Zhang et al., 2021).

One of the possible mechanisms of the COVID-
19 effect on the cytochrome P450 system may be
increased synthesis of cytokines in the body.
Immunogenic proteins such as IL-1, IL-6, IFNy, and
TNFa can inhibit CYP enzymes during viral
infection (Knudsen et al., 2018). Today, there is
limited data on CYP regulation during SARS-CoV-2
infection. However, CYP regulation, which is
controlled by cytokines and other inflammatory
proteins, has been studied in other viral infections
other than SARS-CoV-2. The mechanism of CYP
regulation in other viral infections may be similar in
patients with COVID-19. In vitro studies with
hepatocytes showed that IL-6 decreased the
expression of the main CYP isoforms to 40%.
Differential IL-6-mediated downregulation of
CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2C19,
and CYP3A4 expression was observed. It was
shown that during the inflammatory process in the
body, the most sensitive isoforms are CYP2B6 and
CYP3A4, as their expression decreases to the
greatest extent (Fig. 3) (Kim et al., 2012).
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Fig. 3. Risk mechanisms of drug hepatotoxicity in patients with COVID-19

Currently, acute damage lung, heart, liver injury
and antiviral therapy are considered to be the main
factors of complications observed in patients with
COVID-19 (Ejaz et al., 2020; Azevedo et al., 2021).
Damage to the liver and myocardium can be the
result of direct viral invasion of these organs, as well
as an indirect consequence of severe lung damage
(mediated by hypoxia and inflammatory processes in
the body) (Hammock et al., 2020).

Simultaneous pharmacological load on the body
with drugs used to combat viral invasion/replication
(chloroquine/hydroxychloroguine), protease
inhibitors  (lopinavir/ritonavir) and macrolides
(azithromycin) may increase the risk of liver
complications (Ali et al., 2020). Inflammatory
cytokines, in particular IL-6, increase the half-life of
drugs due to a decrease in CYP activity. A study in
human hepatocytes demonstrated that IL-6-mediated
reduction of CYP enzymes depends on the
concentration of 1L-6 (Darakjian et al., 2021).

The cytokines such as TNFa, IFNy, TGF, IL-6,
and IL-1 are most often present in COVID-19
patients. Have been shown that these cytokines to
significantly reduce CYP3A4 expression (Darakjian
et al., Khan, 2021; et al., 2024; Shukla et al., 2024).
It is not known whether the effect of cytokines on
CYP enzymes is additive or synergistic under the
conditions of the "cytokine storm™ that occurs in
patients with COVID-19. The type of inflammation
commonly experienced by patients with COVID-19
can be greatly affected on drug metabolism.
Mechanisms of CYP downregulation associated with
242

inflammation can be very diverse. The main
regulators of CYP1, CYP2 and CYP3 enzymes are
aryl hydrocarbon receptors (AhR), constitutive
androstane receptors (CAR) and pregnane X
receptors (PXR), respectively (Danek et al., 2024).
Inhibition of AhR, CAR, and PXR with subsequent
reduction of CYP mRNA transcription and protein
expression is the most common pathway of cytokine
exposure in inflammation (Danek et al., 2024; Zhang
et al.,, 2023). For example, IL-1B downregulates
CAR expression (Danek et al., 2024). Anti-IL-1b
monoclonal antibodies inhibit CYP enzymes.
Another mechanism of CYP3A4 inhibition of
inflammation involves the C/EBPB protein
(Nwabufo et al., 2023).

The decrease in CYP expression during
coronavirus infection may occur due to free radical
mechanisms that initiate oxidative stress. this is
common during infection and inflammation in
patients with COVID-19. It was shown that these
changes were corrected during the addition of a
vitamin E analogue, which quenches free radicals
(Wieczfinska et al., 2022).

The main function of CYP enzymes is to increase
the hydrophilicity of the drug by hydroxylation.
Therefore, the decrease in CYP expression
associated with viral infection and cytokines has a
direct impact on drug distribution and
pharmacokinetics in humans.

Today, the influence of several viruses (hepatitis
A virus, influenza virus A and B, adenovirus, herpes
simplex virus, and human immunodeficiency virus
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(HIV)) on CYP-dependent drug metabolism has
been studied in detail (Thomas et al., 2025; Schneide
et al., 2023). As for the impact of SARS-CoV-2 on
enzyme systems that metabolize drugs, these issues
are only being studied. Different results are shown
when researching different drugs against COVID-
19. It has been shown that during the use of
cyclosporine, as a substrate for the CYP3A4
isoform, the level of this drug in the blood plasma
increases and its elimination decreases. This fact
may be due to the high levels of IL-6 in patients with
COVID-19 (McGonagle et al., 2020). Similar
interactions between drugs and simvastatin were
confirmed for cyclosporine using physiologically
based pharmacokinetic modeling (Mahmood et al.,
2023). Metabolism of midazolam, as a CYP3A
substrate, was reduced 12 hours after induction of
inflammatory  states by  glucose-6-phosphate
isomerase. Increase in serum of IL-6 and TNFa
levels led to inhibition of CYP3A mRNA synthesis
(Denisov et al., 2022). Hepatic clearance of
theophylline, mediated by CYP1A2, decreases under
conditions of adenovirus or influenza virus presence
in the body (Drozdzik et al., 2023). Similarly,
inflammatory effects reduced of CYP3A4 protease
inhibitors metabolism in patients with HIV
(Schneider et al., 2023).

Therefore, the analysis of the viral infections
effect on the expression of various CYP forms
showed that immunogenic proteins suppress the
clearance and other pharmacokinetic parameters of
drugs. Such proteins include cytokines, which are
synthesized in the body in response to the presence
of a viral pathogen. Such changes in the body
directly influence on the individual variability of the
therapeutic and toxic effects of the drugs used.

Pharmacokinetics of drugs used in COVID-19
patients. Treatment regimens for patients with
COVID-19 are combined because they target both
the pathophysiology of the disease and the
symptoms. The pharmacokinetic profile of the
studied drugs in patients with COVID-19 primarily
concerns antiviral and antiprotozoal agents.
Remdesivir, which is the only drug approved by the
USFDA for the treatment of COVID-19, has very
limited studies on its pharmacological effects in
patients with COVID-19. Only 10% of remdesivir is
metabolized by CYP enzymes (Chang et al., 2025).
So, it is unclear whether the renal failure that can be
observed with this drug is specifically related to its
metabolism by CYP.

Lopinavir/ritonavir and darunavir, which belong
to the antiretroviral drugs approved for the treatment
of HIV, are increasingly used in patients with
SARS-CoV-2 today (Le et al., 2020).

Studies have shown that lopinavir plasma
concentrations were six times higher in patients with
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COVID-19 compared to HIV patients (Le et al.,
2020). At the same time, the level of lopinavir in the
blood was correlated with the level of serum C-
reactive protein (CRP). Thus, patients with higher
CRP (>75 mg/L) had lower lopinavir concentrations
compared to patients with CRP <75 mg/L. Age (<65
or >65 vyears) did not effect on lopinavir
concentrations when compared between patients
with similar CRP values (Marzolini et al., 2020).

Interestingly, lopinavir levels were lower after
administration of monoclonal antibodies against the
IL-6 receptor. The established fact indicates that the
downregulation of drug metabolism is associated
with inflammation. At the same time, hepatic
clearance decreases, which plays an important role
in disrupting the metabolism of drugs against
COVID-19 (Marzolini et al., 2020). This supports
the concept that the expression of certain CYP
isoforms is suppressed by inflammatory proteins
during active infection or inflammation (Nwabufo et
al., 2023; Denisov et al., 2022). Indeed, lopinavir
and darunavir are predominantly metabolized by
CYP3A4, but equally the enzyme plays a minor role
in the metabolism of hydroxychloroquine (HCQ).
This suggests that infection-mediated
downregulation of CYP3A4 may lead to decreased
metabolism, decreased clearance, and increased
plasma concentrations of the drug in patients with
COVID-19. Therefore, when using drugs that are
substrates for CYP3A4, it is necessary to combine
them with anti-inflammatory drugs. Thus, the anti-
inflammatory effect of tocilizumab can reduce
cytokine levels and drug levels in blood plasma,
thereby protecting patients from increased toxicity
(AlOmeir et al., 2025).

As already mentioned above, HCQ-based drugs
are one of the most promising in the treatment of
coronavirus infection (Corréa et al., 2023).
Previously, several studies found HCQ's antiviral
activity against some strains of HIV and the
influenza virus. Recently been shown that HCQ
prevent of SARS-CoV-2 reproduction in several
ways (Paniri et al., 2020): 1) the effect of HCQ on
enzymes involved in glycosylation and activation of
angiotensin-converting enzyme, including
glycosyltransferases and sugar-modifying enzymes;
2) blocks the fusion of the virus and the membrane;
3) interferes with the glycosylation of the adhesion
protein (S-protein) and disrupts the fusion of viral
particles mediated by endosomes; 4) HCQ prevents
the cleavage of the S-protein, which is a key point
for the fusion of SARS-CoV-2 with cells. This
happens by increasing of lysosome pH level and
inhibiting their proteases (Fig. 4) (Gautret et al.,
2020; Yao et al., 2020).
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Fig. 4. Mechanism of the anti-coronavirus action of hydroxychloroquine

HCQ prevents activation of inflammatory
cascades during SARS-CoV-2 virus propagation
through increasing endosomal and lysosomal pH. In
addition, HCQ may exert its antiviral effect through
interfering with SARS-CoV-2 replication. It was
shown that HCQ inhibit viral genome release
through altering the number, size, and morphology
of early endosomes or endolysosomes (Roldan et al.,
2020). HCQ can reduce of the inflammatory
response through inhibiting of major
histocompatibility complex (MHC) Il-mediated
activation of T cells. At the same time, the release of
such cytokines as IL-1, IL-6, TNF-a are inhibited.
The anti-inflammatory mechanism of HCQ action is
manifested precisely due to a decrease of the
cytokine level. Such changes in the body will lead to
reduced damage of organs, especially the lungs and
possibly the liver, in patients with COVID-19
(Tripathy et al., 2020).

Inhibition of metabolism and excretion of drugs
in patients with COVID-19 should be considered
with other drugs that are intended for the treatment
of concomitant diseases. For example, the
immunosuppressive drug everolimus, used in
transplant patients, may decrease its activity when
CYP3A4 expression is decreased (Nagy et al.,
2022).

Therefore, in patients with COVID-19, liver
dysfunction is sharply increased. This confirms the
increase of liver enzymes level in blood serum. In
this regard, it becomes clear that the liver is under
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severe stress during SARS-CoV-2 infection (Feng et
al., 2020; Sun et al.,, 2020; Qiu et al., 2025).
However, the acute phase of the disease is relatively
short, so it remains unknown what happens to the
liver after recovery. Depending on the severity of
inflammatory and infectious liver damage, patients
may experience long-term liver abnormalities,
including necrosis and organ failure (Sun et al.,
2020; Qiu et al., 2025; Stasi, 2025). Regardless of
the prognosis of liver dysfunction through increasing
cytokine levels patients will experience an acute
suppressive effect on CYP expression. These
changes are less pronounced in other viral infections
of the respiratory tract. At the same time, the
metabolism of drugs, the excretion of drugs will be
decrease, and eventually, local and systemic toxicity
of drugs will appear already 48-72 hours after an
active infection (Seifert et al., 2017). Similar to other
viral infections, local and systemic inflammation as
well as the “cytokine storm” during the progression
of COVID-19 can potentially cause downregulation
of major CYP enzymes including CYP3A4,
CYP2B6, and CYP2C9 (Paniri et al., 2020).
Drug-drug interactions in patients with COVID-
19. Increasing of toxic drug concentration is one of
the most common causes of drug-induced liver
injury. Destruction of liver parameters during
SARS-CoV-2 infection can be caused both viral
events and hepatotoxicity from drugs used during
treatment against concomitant diseases (Pollmann et
al., 2025). Patients with existing concomitant
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diseases are most sensitive to SARS-CoV-2
infection. These patients often take drugs for
concomitant diseases (along with drug therapy for
COVID-19) (Emami et al., 2020). So, drug-drug
interactions occur in patients with COVID-19 and
comorbidities compared to patients with COVID-19
without comorbidities. In a meta-analysis of patients
with COVID-19 and comorbidities, the three most
common underlying diseases were 16% of patients
with  hypertension, 12% of patients with
cardiovascular disease, and 8% of patients with type
2 diabetes (Emami et al., 2020). These patients
usually take drugs that are metabolized by CYP

enzymes. The CYP3A4 isoform metabolizes
antihypertensive agents, including most
dihydropyridine  calcium  channel  blockers

(amlodipine and nifedipine), all non-dihydropyridine
calcium channel blockers (verapamil and diltiazem),
and propranolol (Chen et al., 2025). Irbesartan and
losartan are antihypertensive drugs that are
metabolized by CYP2C9 (Park et al., 2021) [61].

Cholesterol-lowering drugs such as statins
(except pravastatin and rosuvastatin) are also often
used in patients with arterial hypertension and are
metabolized by CYP3A4 (Chen et al., 2025).
Antidiabetic agents such as glimepiride, glipizide,
and glyburide are metabolized by CYP2C9 also
(Becker et al., 2013).

In patients with COVID-19, cytokines produced
during the inflammatory response, particularly IL-6,
downregulate major  drug-metabolizing CYP
enzymes (eg, CYP2B6, CYP2C9, and CYP3A4).
Therefore, the administration of drugs to treat
comorbidities may be harmful to COVID-19
patients. Thus, even a small increase of IL-6
suppresses of the CYP3A4 expression. In higher
concentrations of IL-6 reduces of the CYP2C9
expression. IL-1p downregulates CAR, which leads
to a decrease in CYP2C9 expression (Zhang et al.,
2023). These changes will lead to a decrease of

antihypertensive drugs metabolism, which can lead
to hypotension and other associated side effects.
This can exacerbate the hypotension already caused
by systemic infection with the SARS-CoV-2 virus.
Similarly, higher concentrations of statins may lead
to rhabdomyolysis, which will exacerbate fever-
induced muscle pain in COVID-19 patients (Maor et
al.,, 2025). Plasma concentrations of antidiabetic
drugs, especially sulfonylureas, above minimally
toxic  concentrations can cause dangerous
hypoglycemia, which in patients with COVID-19 is
exacerbated by difficulty with eating and intubation
(Maor et al., 2025).

Along with drug-drug interactions of therapeutic
agents used in comorbidities, it is extremely
important to understand that experimental therapy of
COVID-19 also modulates CYP functionality. When
administering  drugs for COVID-19, drug
interactions with drugs for concomitant diseases can
be predicted. For example, ritonavir is a strong
inhibitor of CYP3A4. At the same time, the
expression of CYP3A4 is already decreased under
the influence of cytokines in patients with COVID-
19. The elimination of antihypertensive and
antidiabetic drugs can be blocked also (Cao et al.,
2020). Similar metabolic changes of drugs for
concomitant diseases can also occur with the use of
antiviral drugs against COVID-19 - lopinavir and
tocilizumab, which also change the expression of
CYP3A4 and CYP2C9 (Huang et al., 2023). Due to
CYP dysregulation, the excretion of hypotensive,
antidiabetic, and other drugs used to treat
comorbidities in patients with COVID-19 will
decrease. This can be fatal for these patients if they
are not properly monitored.

CYP is an important modulator of HCQ
metabolism, and its isoforms play a crucial role in
HCQ metabolism. CYP isomers convert HCQ into
active metabolites through dealkylation (Fig. 5) (Giri
et al., 2020).

Metoprolol HCQ Methotrexate
CYP3A4 CYP2D6 pH
CYPI1Al
Acti —~ Decreased
Metabolite tcbwﬁt bioavailability and
- JMCEADIRRE - absorption

Fig. 5. Effect of hydroxychloroquine on the metabolism of metoprolol and methotrexate in the body of patients

with COVID-19
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CYP2C8, CYP3A4, CYP2D6 and CYP1Al are
isoforms involved in HCQ metabolism. first three of
them are more important compared to CYP1A1 (Fig.
5) (Giri et al., 2020).

It was shown, that administration of HCQ to
affect the metabolism of other drugs biotransformed
by CYP. metoprolol is one of these drugs.
metoprolol is a beta-blocker used to prevent angina
and control high blood pressure. In the body, this
drug is metabolized by the CYP2D6 isoform. During
the combined administration of metoprolol and
HCQ, the latter interferes with the metabolism of
metoprolol through competing for CYP2D6 (Fig. 5)
(Paludetto et al., 2023).

Another drug-drug interaction may occur during
concomitant use of HCQ and methotrexate in
patients with COVID-19 and rheumatoid arthritis.
HCQ reduces the gastrointestinal absorption and
bioavailability of methotrexate through modulating
the pH level (Fig. 5) (Giri et al., 2020; Paludetto et
al., 2023). HCQ may be a potential antiviral drug for
the treatment of patients with COVID-19, as this
drug is relatively safe and exhibits high antiviral
activity (Gautret et al., 2020), as shown for HIV and
influenza viruses.

Today, more and more researchers are trying to
find plant-based antiviral agents for the treatment of
COVID-19 in clinical settings (Khazir et al., 2024;
Foderl-Hobenreich et al., 2025). In addition, it is
believed that in the fight against COVID-19, a more
effective way is a combination of drugs, which is
always used in the therapy of COVID-19. However,
the simultaneous use of several drugs can cause
clinically significant drug/herb-drug interactions.
Concomitant use of the antiviral agent lopinavir with
the herbal extract of Qingfei paidu (recommended
for the treatment of COVID-19 in China) may also
have adverse effects. It was shown inhibition of
CYP 1A, 2A6, 2C8, 2C9, 2C19, 2D6 and 2E1,
CYP3A isoforms in a dose-dependent manner of
extract. An in vivo test showed that Qingfei paidu
prolongs the half-life of lopinavir (a CYP3A
substrate). Thus, when a plant extract (6 g/kg) is
administered to rats simultaneously with lopinavir
(160 mg/kg), the concentration of lopinavir in the
blood plasma of animals increases in 2.04 times. It
was shown that an extract of Qingfei paidu
contributes to a significant loss of CYP3A activity in
the NADPH-generating system (Zhang et al., 2021).

Therefore, the plant extract of Qingfei paidu
significantly inactivates CYP3A, which can reduce
the pharmacokinetics of CYP3A substrate drugs.
This fact must be taken into account when treating
patients with COVID-19 to avoid potential risks of
drug interactions. In conclusion, it should be noted
that the main strategies of SARS-CoV-2 treatment
should be to reduce the viral load and eliminate the
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source of inflammation. However, the use of anti-
inflammatory drugs to neutralize inflammatory
proteins may be an indirect but effective way to
alleviate several pathophysiological symptoms,
including up-regulation of CYP isoforms. Currently,
two monoclonal antibody drugs (LY-CoV555,
REGN-COV2) are designed to neutralize SARS-
CoV-2 in an emergency situation in patients with
COVID-19 (U.S. National Library of Medicine,
2020). Similarly, the use of anti-TNFa antibodies
(infiximab, adalimumab) may also be promising for
drug metabolism against COVID-19 and co-
morbidities, as it would promote normal CYP
expression (Hamaguchi et al., 2025). Supplements
such as melatonin and vitamin D can be used as
adjuvant therapy because they have the ability to
reduce inflammation, attenuate the "cytokine storm,"
and restore expression and metabolism of CYP.
Melatonin also helps to dispose of reactive oxygen
species that are formed as a result of tissue damage
(Zhang et al., 2020). Therefore, COVID-19 patients
with impaired drug metabolism may demonstrate
improved drug clearance after treatment with anti-
inflammatory agents. Thus, tocilizumab (an anti-
inflammatory antibody to the IL-6 blocker) helps to
reduce the concentration of lopinavir in the blood
plasma of patients with COVID-19. This fact
indicates an increase of clearance and a decrease of
inflammation, which will improve the work of CYP
(Marzolini et al., 2020).

Along with this, alternative drugs can be used in
patients with COVID-19 and related diseases. The
comorbidities often associated with COVID-19 have
many therapeutic opportunities. Patients with
hypertension and heart failure can use ACE2
inhibitors, which are hardly metabolized by CYP
enzymes (Fakhouri et al., 2020). Blocking of the
ACE2 receptor can minimize the entry of the
infectious agent into the body because the virus
spreads through the ACE2 receptor. Such blocking
may have some prophylactic benefit for patients. If
patients have angioedema, hyperkalemia, or risk of
acute heart failure, they can use thiazide diuretics,
which have very low CYP metabolism (Ellison et
al., 2019). Most beta-blockers metabolize by
CYP2D6. simultaneous use of beta-blockers with
hydroxychloroquine may inhibit of CYP2D6 (Stoll
etal., 2024).

Rosuvastatin is mainly not metabolized by CYP
in case of use of cholesterol-lowering drugs. 90% of
the drug is excreted with feces. Therefore, this drug
is better used in comparison with
atorvastatin/simvastatin ~ and  other CYP3A4
substrates. Among antidiabetic drugs that are not
metabolized in the liver, attention should be paid to
liraglutide or semaglutide (Knudsen et al., 2019).
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Therefore, patients with COVID-19 have liver
dysfunction and impaired metabolic capacity,
regardless of the duration and severity of the disease.
In addition, liver dysfunction may increase due to
the hepatotoxicity of antiviral drugs and drugs used
for comorbidities in COVID-19 patients under the
conditions of a cytokine storm. However,
hepatocytes have high regenerative capabilities,
except in a small percentage of patients who may
have severe liver damage. Therefore, CYP enzymes
usually recover very quickly after discontinuation of
the agents.

In the case of simultaneous use of several drugs,
there is a risk of drug interaction, which increases in
COVID-19 patients. This fact should be considered
as a serious clinical problem considering that
seriously ill patients are more prone to drug
interaction. It is necessary to take into account the
fact that CYP is involved in the metabolism of many
prescribed drugs. Moreover, a demographic analysis
of patients with COVID-19 has shown that the
elderly with comorbidities are the most vulnerable
population group (Grasselli et al., 2020). Therefore,
concomitant drug therapy makes elderly patients a
high-risk group, who may experience negative
consequences under the conditions of combined use
of drugs.

References:

1. Ali, M. J., Hanif, M., Haider, M. A., Ahmed, M. U.,
Sundas, F., Hirani, A., Khan, I. A., Anis, K., & Karim,
A. H. (2020). Treatment options for COVID-19: A
review.  Frontiers in  Medicine, 7, 480.
https://doi.org/10.3389/fmed.2020.00480

2. AlOmeir, O., Alhowail, A. H., Rabbani, S. I., Asdaq,
S. M. B,, Gilkaramenthi, R., Khan, A., Imran, M., &
Dzinamarira, T. (2025). Safety and efficacy of
tocilizumab in COVID-19: A systematic evaluation of
adverse effects and therapeutic outcomes. Journal of
Infection and Public Health, 18(10), 102873.
https://doi.org/10.1016/j.jiph.2025.102873

3. Azevedo, R. B., Botelho, B. G., Hollanda, J. V. G.,
Ferreira, L. V. L., Junqueira de Andrade, L. Z., Qei, S.
S. M. L., Mello, T. S., & Muxfeldt, E. S. (2021).

Covid-19 and the cardiovascular system: A
comprehensive  review. Journal of Human
Hypertension, 35(2), 4-11.

https://doi.org/10.1038/s41371-020-0387-4

4. Becker, M. L., Pearson, E. R., & Tkac, 1. (2013).
Pharmacogenetics of oral antidiabetic drugs.
International Journal of Endocrinology, 2013,
686315. https://doi.org/10.1155/2013/686315

5. Bertolini, A., van de Peppel, I. P., Bodewes, F. A. J.
A., Moshage, H., Fantin, A., Farinati, F., et al. (2020).
Abnormal liver function tests in patients with COVID-
19: Relevance and potential  pathogenesis.
Hepatology, 72(5), 1864-1872.
https://doi.org/10.1002/hep.31480

Bionoriuni cucremu. T.17. Bun.2. 2025

Suppressed CYP metabolism and impaired drug
metabolism may contribute to organ damage and
contribute to higher mortality rates in patients with
COVID-19. Knowledge of the COVID-19
pathophysiology and an understanding of CYP
expression  status, metabolism, and drug
pharmacokinetics ~ will ~ minimize  drug-related
toxicity. This optimize pharmacotherapy of
individuals infected with COVID-19.

Conclusion. The SARS-CoV-2 virus causes liver
dysfunction and reduces the activity of the
cytochrome P450 system, leading to impaired drug
metabolism and an increased risk of toxic reactions,
especially in cases of polypharmacy. Inflammatory
cytokines (IL-6, TNFa, IL-1B) suppress major CYP
isoforms (CYP3A4, CYP2B6, CYP2C9), altering
the pharmacokinetics of antiviral, antihypertensive,
antidiabetic, and other medications. The use of anti-
inflammatory  agents, monoclonal antibodies,
melatonin, and vitamin D can help restore CYP
activity and reduce drug toxicity. Understanding the
mechanisms of COVID-19’s impact on drug
metabolism is crucial for optimizing
pharmacotherapy and improving treatment safety.

6. Bertolini, A., van de Peppel, I. P., Bodewes, F. A. J.
A., Moshage, H., Fantin, A., Farinati, F., Fiorotto, R.,
Jonker, J. W., Strazzabosco, M., Verkade, H. J., &
Peserico, G. (2020). Abnormal liver function tests in
patients with COVID-19: Relevance and potential
pathogenesis.  Hepatology, 72(5), 1864-1872.
https://doi.org/10.1002/hep.31480

7. Biswas, I, & Khan, G. A. (2020). Coagulation
disorders in COVID-19: Role of Toll-like receptors.
Journal of Inflammation Research, 13, 823-828.
https://doi.org/10.2147/JIR.S271768

8. Cao, B., Wang, Y., Wen, D., Liu, W., Wang, J., Fan,
G., et al. (2020). A trial of lopinavir-ritonavir in adults
hospitalized with severe Covid-19. New England
Journal  of Medicine, 382(19), 1787-1799.
https://doi.org/10.1056/NEJM0a2001282

9. Chai, X, Hu, L., Zhang, Y., et al. (2020). Specific
ACE2 expression in cholangiocytes may cause liver
damage after 2019-nCoV infection. BioRxiv, 1-13.
https://doi.org/10.1101/2020.02.03.931766

10.Chang, J., Kim, A., Humeniuk, R., Shaik, N. A,
Winter, H., Peng, C. C., Xiao, D., Abdelghany, M.,
Llewellyn, J., Davies, S., Golden, K., Chen, S.,
Hyland, R. H., & Caro, L. (2025). Characterization of
drug-drug interactions for remdesivir, an intravenous
antiviral for SARS-CoV-2, in healthy participants.
Clinical and Translational Science, 18(11), e70395.
https://doi.org/10.1111/cts.70395

11.Chen, X., Hong, F., Shen, Y., Xia, H., Shi, L., Jiang,
Z., & Xu, R. A. (2025). Inhibitory effects of
nimodipine, nitrendipine and felodipine on tamoxifen
metabolism and molecular docking. Biochemical

247


https://doi.org/10.1101/2020.02.03.931766

Pharmacology, 236, 116854.
https://doi.org/10.1016/j.bcp.2025.116854

12. Christmas, P. (2015). Role of cytochrome P450s in
inflammation. Advances in Pharmacology, 74, 163—
192. https://doi.org/10.1016/bs.apha.2015.03.005

13.Corréa, B. S. G., de Barros, S., Vaz, J. B., Peres, M.
A., Uchiyama, M. K., da Silva, A. A., & Furukawa, L.
N. S. (2023). COVID-19: Understanding the impact of
anti-hypertensive drugs and hydroxychloroquine on
the ACE1 and ACE2 in lung and adipose tissue in
SHR and WKY rats. Physiological Reports, 11(3),
£15598. https://doi.org/10.14814/phy2.15598

14.Danek, P. J., & Daniel, W. A. (2024). The effect of
new atypical antipsychotic drugs on the expression of
transcription factors regulating cytochrome P450
enzymes in rat liver. Pharmacological Reports, 76(4),
895-901. https://doi.org/10.1007/s43440-024-00608-2

15. Darakjian, L., Deodhar, M., Turgeon, J., & Michaud,
V. (2021). Chronic inflammatory status observed in
patients with type 2 diabetes induces modulation of
cytochrome  P450  expression and  activity.
International Journal of Molecular Sciences, 22(9),
4967. https://doi.org/10.3390/ijms22094967

16. Denisov, |. G., Grinkova, Y. V., McLean, M. A,
Camp, T., & Sligar, S. G. (2022). Midazolam as a
probe for heterotropic drug-drug interactions mediated
by  CYP3A4. Biomolecules, 12(6), 853.
https://doi.org/10.3390/biom12060853

17.Drozdzik, M., Lapczuk-Romanska, J., Wenzel, C.,
Skalski, L., Szelag-Pieniek, S., Post, M., Parus, A.,
Syczewska, M., Kurzawski, M., & Oswald, S. (2023).
Protein abundance of drug metabolizing enzymes in
human hepatitis C livers. International Journal of
Molecular Sciences, 24(5), 4543.
https://doi.org/10.3390/ijms24054543

18.Ejaz, H., Alsrhani, A., Zafar, A., Javed, H., Junaid, K.,
Abdalla, A. E., Abosalif, K. O. A., Ahmed, Z., &
Younas, S. (2020). COVID-19 and comorbidities:
Deleterious impact on infected patients. Journal of
Infection and Public Health, 13(12), 1833-1839.
https://doi.org/10.1016/j.jiph.2020.07.014

19.Ellison, D. H. (2019). Clinical pharmacology in
diuretic use. Clinical Journal of the American Society
of Nephrology, 14(8), 1248-1257.
https://doi.org/10.2215/CJN.09630818

20. Emami, A., Javanmardi, F., Pirbonyeh, N., & Akbari,
A. (2020). Prevalence of underlying diseases in
hospitalized patients with COVID-19: A systematic
review and meta-analysis. Archives of Academic
Emergency Medicine, 8(1), e35.

21.Fakhouri, E. W., Peterson, S.J., Kothari, J., Alex, R.,
Shapiro, J.1., & Abraham, N.G. (2020). Genetic
polymorphisms complicate COVID-19 therapy:
Pivotal role of HO-1 in cytokine storm. Antioxidants,
9(7), 636. https://doi.org/10.3390/antiox9070636

22.Felsenstein, S., Herbert, J. A., McNamara, P. S., &
Hedrich, C. M. (2020). COVID-19: Immunology and
treatment options. Clinical Immunology, 215, 108448.
https://doi.org/10.1016/j.clim.2020.108448

23.Feng, G., Zheng, K. I, Yan, Q. Q., Rios, R. S,
Targher, G., Byrne, C. D., et al. (2020). COVID-19
and liver dysfunction: Current insights and emergent

248

therapeutic strategies. Journal of Clinical and
Translational Hepatology, 8(1), 18-24.
https://doi.org/10.14218/JCTH.2020.00018

24.Feng, G., Zheng, K. I., Yan, Q.-Q., et al. (2020).
COVID-19 and liver dysfunction: Current insights and
emergent therapeutic strategies. Journal of Clinical and
Translational Hepatology, 8(1), 18-24,
https://doi.org/10.14218/JCTH.2020.00018

25.Foderl-Hobenreich, E., Izadi, S., Hofacker, L., Kienzl,
N.F., Castilho, A., Strasser, R., Tarrés-Freixas, F.,
Cantero, G., Roca, N., Pérez, M., Lorca-Ord, C., Usai,
C., Segalés, J., Vergara-Alert, J., Mach, L., &
Zatloukal, K. (2025). An ACE2-Fc decoy produced in
glycoengineered plants neutralizes ancestral and

newly emerging SARS-CoV-2 variants and
demonstrates therapeutic efficacy in hamsters.
Scientific Reports, 15(2), 11307.

https://doi.org/10.1038/s41598-025-95494-w

26. Gautret, P., Lagier, J. C., Parola, P., & Raoult, D.
(2020). Hydroxychloroquine and azithromycin as a
treatment of COVID-19: Results of an open-label non-
randomized clinical trial. International Journal of
Antimicrobial Agents, 56(1), 105949.
https://doi.org/10.1016/j.ijantimicag.2020.105949

27.Gautret, P., Lagier, J. C., Parola, P., & Raoult, D.
(2020). Hydroxychloroquine and azithromycin as a
treatment of COVID-19: Results of an open-label non-
randomized clinical trial. International Journal of
Antimicrobial Agents, 56(1), 106063.
https://doi.org/10.1016/j.ijantimicag.2020.105949

28.Giri, A., Das, A., Sarkar, A. K., & Giri, A. K. (2020).
Mutagenic, genotoxic and immunomodulatory effects
of hydroxychloroquine and chloroquine: A review to
evaluate its potential to use as a prophylactic drug
against COVID-19. Genes and Environment, 42, 25.
https://doi.org/10.1186/s41021-020-00164-0

29. Grasselli, G., Zangrillo, A., Zanella, A., et al. (2020).
Baseline characteristics and outcomes of 1591 patients
infected with SARS-CoV-2 admitted to ICUs of the
Lombardy Region, Italy. JAMA, 323(16), 1574-1581.
https://doi.org/10.1001/jama.2020.5394.

30.Guan, G., Gao, L., Wang, J., et al. (2020). Exploring
the mechanism of liver enzyme abnormalities in
patients with novel coronavirus-infected pneumonia.

Chinese Journal of Hepatology, 28, E002.
https://doi.org/10.3760/cma.j.issn.1007-
3418.2020.02.002

31.Hamaguchi, T., Fujita-Nakata, M., Shojima, Y.,
Uchida, N., Nakanishi, M., Itoh, T., & Asahina, M.
(2025). Acute transverse myelitis following SARS-
CoV-2 infection during treatment for ulcerative colitis
with anti-TNFa therapy. Clinical Neurology and
Neurosurgery, 252, 108854.
https://doi.org/10.1016/j.clineuro.2025.108854

32.Hammock, B. D., Wang, W., Gilligan, M. M., &
Panigrahy, D. (2020). Eicosanoids: The overlooked
storm in coronavirus disease 2019 (COVID-19)?
American Journal of Pathology, 190(9), 1782-1788.
https://doi.org/10.1016/j.ajpath.2020.06.010

33.Hosseini, S. E., Kashani, R. N., Nikzad, H.,
Azadbakht, J., Hassani Bafrani, H., & Haddad
Kashani, H. (2020). The novel coronavirus disease-

Biological systems. Vol.17. Is.2. 2025



https://doi.org/10.1016/bs.apha.2015.03.005
https://doi.org/10.1007/s43440-024-00608-2
https://doi.org/10.3390/ijms22094967
https://doi.org/10.1016/j.jiph.2020.07.014
https://doi.org/10.3390/antiox9070636
https://doi.org/10.14218/JCTH.2020.00018
https://doi.org/10.14218/JCTH.2020.00018
https://doi.org/10.1038/s41598-025-95494-w
https://doi.org/10.1016/j.ijantimicag.2020.105949
https://doi.org/10.1016/j.ijantimicag.2020.105949
https://doi.org/10.1186/s41021-020-00164-0
https://doi.org/10.1001/jama.2020.5394
https://doi.org/10.3760/cma.j.issn.1007-3418.2020.02.002
https://doi.org/10.3760/cma.j.issn.1007-3418.2020.02.002
https://doi.org/10.1016/j.clineuro.2025.108854

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

2019 (COVID-19): Mechanism of action, detection
and recent therapeutic strategies. Virology, 551, 1-9.
https://doi.org/10.1016/j.virol.2020.08.011

Huang, C., Huang, L., Wang, Y., Li, X., Ren, L., Gu,
X., Kang, L., Guo, L., Liu, M., Zhou, X., Luo, J.,
Huang, Z., Tu, S., Zhao, Y., Chen, L., Xu, D., Li, Y.,
Li, C., Peng, L., Li, Y., Xie, W., Cui, D., Shang, L.,
Fan, G., Xu, J., Wang, G., Wang, Y., Zhong, J., Wang,
C., Wang, J., Zhang, D., & Cao, B. (2023). 6-month
consequences of COVID-19 in patients discharged
from hospital: A cohort study. The Lancet,
401(10393), e21-e33. https://doi.org/10.1016/S0140-
6736(23)00810-3

Hundt, M. A., Deng, Y. Ciarleglio, M. M,
Nathanson, M. H., & Lim, J. K. (2020). Abnormal
liver tests in COVID-19: A retrospective observational
cohort study of 1,827 patients in a major U.S. hospital
network. Hepatology, 72(4), 1169-1176.
https://doi.org/10.1002/hep.31487

Kang, S., Peng, W., Zhu, Y., Lu, S., Zhou, M., Lin,
W., et al. (2020). Recent progress in understanding
2019 novel coronavirus (SARS-CoV-2) associated
with  human  respiratory  disease:  Detection,
mechanisms and treatment. International Journal of
Antimicrobial Agents, 55(5), 105950.
https://doi.org/10.1016/j.ijantimicag.2020.105950
Khan, S. (2024). Interleukin 6 antagonists in severe
COVID-19 disease: Cardiovascular and respiratory
outcomes. Protein & Peptide Letters, 31(3), 178-191.
https://doi.org/10.2174/0109298665266730240118054
023

Khazir, J., Ahmed, S., Thakur, R. K., Hussain, M.,
Gandhi, S.G., Babbar, S., Mir, S.A., Shafi, N.,
Tonfack, L. B., Rajpal, V.R., Magbool, T., Mir, B. A.,
& Peer, L.A. (2024). Repurposing of plant-based
antiviral molecules for the treatment of COVID-19.
Current Topics in Medicinal Chemistry, 24(7), 614—
633.
https://doi.org/10.2174/0115680266276749240206101
847

Kim, S., Ostor, A. J, & Nisar, M. K. (2012).
Interleukin-6 and cytochrome-P450, reason for
concern? Rheumatology International, 32(9), 2601-
2604. https://doi.org/10.1007/s00296-012-2423-3
Knudsen, J. G., Bertholdt, L., Gudiksen, A., Gerbal-
Chaloin, S., & Rasmussen, M. K. (2018). Skeletal
muscle interleukin-6 regulates hepatic cytochrome
P450 expression: Effects of 16-week high-fat diet and
exercise. Toxicological Sciences, 162(1), 309-317.
https://doi.org/10.1093/toxsci/kfx258

Knudsen, L. B., & Lau, J. (2019). The discovery and
development of liraglutide and semaglutide. Frontiers
in Endocrinology, 10, 155.
https://doi.org/10.3389/fend0.2019.00155

Le, M. P., Jaquet, P., Patrier, J., Wicky, P. H., Le
Hingrat, Q., Veyrier, M., et al. (2020).
Pharmacokinetics of lopinavir/ritonavir oral solution
to treat COVID-19 in mechanically ventilated ICU
patients. Journal of Antimicrobial Chemotherapy,
75(9), 2657—-2660. https://doi.org/10.1093/jac/dkaa261
Lei, F., Liu, Y. M., Zhou, F., Qin, J. J., Zhang, P.,
Zhu, L., et al. (2020). Longitudinal association

Biosioriuni cucremu. T.17. Bum.2. 2025

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

between markers of liver injury and mortality in
COVID-19 in China. Hepatology, 72(2), 389-398.
https://doi.org/10.1002/hep.31301

Li, J., & Fan, J. G. (2020). Characteristics and
mechanism of liver injury in 2019 coronavirus
disease. Journal of Clinical and Translational
Hepatology, 8(1), 13-17.
https://doi.org/10.14218/JCTH.2020.00019

Li, M. Y., Li, L, Zhang, Y., & Wang, X. S. (2020).
Expression of the SARS-CoV-2 cell receptor gene
ACE2 in a wide variety of human tissues. Infectious
Diseases of Poverty, 9(1), 45,
https://doi.org/10.1186/s40249-020-00662-x
Mahmood, S. B. Z., Majid, H., Arshad, A., Zaib-Un-
Nisa, Niazali, N., Kazi, K., Aslam, A., Ahmed, S.,
Jamil, B., & Jafri, L. (2023). Interleukin-6 (IL-6) as a
predictor of clinical outcomes in patients with
COVID-19. Clinical Laboratory, 69(6).
https://doi.org/10.7754/Clin.Lab.2022.220741

Maor, Y., & Zimhony, O. (2025). Hyperimmune
globulins in  COVID-19. Current Topics in
Microbiology and Immunology, 443, 149-164.
https://doi.org/10.1007/82_2024 277

Marzolini, C., Stader, F., Stoeckle, M., Franzeck, F.,
Egli, A., Bassetti, S., et al. (2020). Effect of systemic
inflammatory response to SARS-CoV-2 on lopinavir
and hydroxychloroquine plasma concentrations.
Antimicrobial Agents and Chemotherapy, 64(9),
€01177-20. https://doi.org/10.1128/AAC.01177-20

McGonagle, D., Sharif, K., O’Regan, A., &
Bridgewood, C. (2020). The role of cytokines
including interleukin-6 in  COVID-19 induced

pneumonia and macrophage activation syndrome-like
disease. Autoimmunity Reviews, 19(6), 102537.
https://doi.org/10.1016/j.autrev.2020.102537

Musa, S. (2020). Hepatic and gastrointestinal
involvement in coronavirus disease 2019 (COVID-
19): What do we know till now? Arab Journal of
Gastroenterology, 21(1), 3-8.
https://doi.org/10.1016/j.ajg.2020.03.002

Nagy, 1., Barath, B. R., Mango, K., Shemirani, A. H.,
Monostory, K., & Nemes, B. (2022). The prognostic
role of CYP enzyme in kidney transplantation: A
single centre experience. Transplantation
Proceedings, 54(9), 2584-2588.
https://doi.org/10.1016/j.transproceed.2022.10.046
Nardo, A. D., Schneeweiss-Gleixner, M., Bakail, M.,
Dixon, E. D., Lax, S. F., & Trauner, M. (2021).
Pathophysiological mechanisms of liver injury in
COVID-19. Liver International, 41(1), 20-32.
https://doi.org/10.1111/liv.14730

Ni, W,, Yang, X., Yang, D., Bao, J, Li, R., Xiao, Y.,
Hou, C., Wang, H., Liu, J., Yang, D., Xu, Y., Cao, Z.,
& Gao, Z. (2020). Role of angiotensin-converting
enzyme 2 (ACE2) in COVID-19. Critical Care, 24(1),
422. https://doi.org/10.1186/s13054-020-03120-0
Nwabufo, C. K., Hoque, M. T., Yip, L., Khara, M.,
Mubareka, S., Pollanen, M. S., & Bendayan, R.
(2023). SARS-CoV-2 infection dysregulates the
expression of clinically relevant drug metabolizing
enzymes in Vero E6 cells and membrane transporters
in human lung tissues. Frontiers in Pharmacology, 14,
1124693. https://doi.org/10.3389/fphar.2023.1124693.

249



https://doi.org/10.1016/j.virol.2020.08.011
https://doi.org/10.1016/S0140-6736(23)00810-3
https://doi.org/10.1016/S0140-6736(23)00810-3
https://doi.org/10.1016/j.ijantimicag.2020.105950
https://doi.org/10.2174/0109298665266730240118054023
https://doi.org/10.2174/0109298665266730240118054023
https://doi.org/10.2174/0115680266276749240206101847
https://doi.org/10.2174/0115680266276749240206101847
https://doi.org/10.1007/s00296-012-2423-3
https://doi.org/10.1093/toxsci/kfx258
https://doi.org/10.3389/fendo.2019.00155
https://doi.org/10.1186/s40249-020-00662-x
https://doi.org/10.1007/82_2024_277
https://doi.org/10.1128/AAC.01177-20
https://doi.org/10.1016/j.ajg.2020.03.002
https://doi.org/10.1186/s13054-020-03120-0
https://doi.org/10.3389/fphar.2023.1124693

55. Paludetto, M.-N., Kurkela, M., Kahma, H., Backman,
J.T., Niemi, M., & Filppula, A.M. (2023).
Hydroxychloroquine is metabolized by CYP2D6,
CYP3A4, and CYP2C8, and inhibits CYP2D6, while
its metabolites also inhibit CYP3A in vitro. Drug
Metabolism and Disposition, 51(3), 293-305.
https://doi.org/10.1124/dmd.122.001018.

56. Panigrahy, N., Policarpio, J., & Ramanathan, R.
(2020). Multisystem inflammatory syndrome in
children and SARS-CoV-2: A scoping review.
Journal of Pediatric Rehabilitation Medicine, 13(3),
301-316. https://doi.org/10.3233/PRM-200794

57.Paniri, A., Hosseini, M. M., Rasoulinejad, A., &
Akhavan-Niaki, H. (2020). Molecular effects and
retinopathy induced by hydroxychloroquine during
SARS-CoV-2 therapy: Role of CYP450 isoforms and
epigenetic  modulations.  European Journal of
Pharmacology, 886, 173454,
https://doi.org/10.1016/j.ejphar.2020.173454

58. Papic, N., Pangercic, A., Vargovic, M., Barsic, B.,
Vince, A., & Kuzman, I. (2012). Liver involvement
during influenza infection: Perspective on the 2009
influenza pandemic. Influenza and Other Respiratory
Viruses, 6(3), e2-e5. https://doi.org/10.1111/j.1750-
2659.2011.00287.x

59.Park, Y. A., Song, Y. B., Yee, J.,, Yoon, H. Y., &
Gwak, H. S. (2021). Influence of CYP2C9 genetic
polymorphisms on the pharmacokinetics of losartan
and its active metabolite E-3174: A systematic review
and meta-analysis. Journal of Personalized Medicine,
11(7), 617. https://doi.org/10.3390/jpm11070617

60.Pollmann, N. S., Dondorf, F., Rauchfu}, F.,
Settmacher, U., Pollmann, L., & Selzner, M. (2025).
Impact of recent COVID-19 infection on liver and
kidney transplantation: A worldwide meta-analysis
and systematic review. Frontiers in Immunology, 16,
1626391.
https://doi.org/10.3389/fimmu.2025.1626391

61.Qiu, D., Cao, W., Zhang, Y., Hao, H., Wei, X., Yao,
L., Wang, S., Gao, Z., Xie, Y., & Li, M. (2025).
COVID-19 infection, drugs, and liver injury. Journal
of Clinical Medicine, 14(20), 7228.
https://doi.org/10.3390/jcm14207228

62. Roldan, Q. E., Biasiotto, G., Magro, P., & Zanella, I.
(2020). The possible mechanisms of action of 4-
aminoquinaolines  (chloroquine/hydroxychloroquine)
against SARS-CoV-2 infection (COVID-19): A role
for iron homeostasis? Pharmacological Research, 158,
104904. https://doi.org/10.1016/j.phrs.2020.104904

63. Schneider, J., Wobser, R., Kithn, W., Wagner, D.,
Tanriver, Y., & Walz, G. (2023).
Nirmatrelvir/ritonavir treatment in SARS-CoV-2
positive kidney transplant recipients: A case series
with four patients. BMC Nephrology, 24(1), 99.
https://doi.org/10.1186/s12882-023-03154-w

64. Seifert, S. M., Castillo-Mancilla, J. R., Erlandson, K.
M., & Anderson, P. L. (2017). Inflammation and
pharmacokinetics: Potential implications for HIV-
infection. Expert Opinion on Drug Metabolism &
Toxicology, 13(6), 641-650.
https://doi.org/10.1080/17425255.2017.1311323

250

65. Shukla, A., Singh, A., & Tripathi, S. (2024). Perturbed
lipid metabolism transduction pathways in SARS-
CoV-2 infection and their possible treating
nutraceuticals. Journal of the American Nutrition
Association, 43(7), 614-626.
https://doi.org/10.1080/27697061.2024.2359084

66. Stasi, C. (2025). Post-COVID-19 pandemic sequelae
in liver diseases. Life, 15(3), 403.
https://doi.org/10.3390/1ife15030403

67.Stoll, F., Blank, A., Mikus, G., Czock, D., Weiss, J.,
Meyer-Tonnies, M. J., Gilimiis, K. S., Tzvetkov, M.,
Burhenne, J., & Haefeli, W. E. (2024). Evaluation of
hydroxychloroquine as a perpetrator on cytochrome
P450 (CYP) 3A and CYP2D6 activity with
microdosed probe drugs in healthy volunteers.
European Journal of Drug Metabolism and
Pharmacokinetics, 49(1), 101-109.
https://doi.org/10.1007/s13318-023-00872-2

68.Sun, J., Aghemo, A., Forner, A., & Valenti, L. (2020).
COVID-19 and liver disease. Liver International,
40(6), 1278-1281. https://doi.org/10.1111/liv.14470

69. Thomas, A. M., Litwin, A. H., Tsui, J. I., Sprecht-
Walsh, S., Blalock, K. L., Tashima, K. T., Lum, P. J,,
Feinberg, J., Page, K., Mehta, S. H., Kim, A. Y.,
Norton, B. L., Heo, M., Stein, E. S., Murray-Krezan,
C., Arnsten, J., Groome, M., Waters, E., & Taylor, L.
E. (2025). Retreatment of Hepatitis C virus among
people who inject drugs. Clinical Infectious Diseases.
ciaf08. https://doi.org/10.1093/cid/ciaf082

70. Tripathy, S., Dassarma, B., Roy, S., Chabalala, H., &
Matsabisa, M. G. (2020). A review on possible modes
of action of chloroquine/hydroxychloroquine:
Repurposing against SARS-CoV-2 (COVID-19)
pandemic. International Journal of Antimicrobial
Agents, 56(2), 106028.
https://doi.org/10.1016/j.ijantimicag.2020.106028

71.U.S. National Library of Medicine. (2020).
ClinicalTrials.gov: A database of privately and publicly
funded clinical studies conducted around the world.
https://clinicaltrials.gov

72.Wieczfinska, J., Kleniewska, P., & Pawliczak, R.
(2022). Oxidative stress-related mechanisms in SARS-
CoV-2 infections. Oxidative Medicine and Cellular
Longevity, 2022, 5589089.
https://doi.org/10.1155/2022/5589089

73.Yang, J., Zheng, Y., Gou, X., Pu, K., Chen, Z., Guo,
Q., et al. (2020). Prevalence of comorbidities and its
effects in patients infected with SARS-CoV-2: A
systematic review and meta-analysis. International
Journal of Infectious Diseases, 94, 91-95.
https://doi.org/10.1016/j.ijid.2020.03.017

74.Yao, X., Ye, F., Zhang, M., Cui, C., Huang, B., Niu,
P., & Song, C. (2020). In vitro antiviral activity and
projection of optimized dosing design of
hydroxychloroquine for the treatment of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2).
Clinical  Infectious Diseases, 71(15), 732-739.
https://doi.org/10.1093/cid/ciaa237

75.Zhang, C., Shi, L., & Wang, F. S. (2020). Liver injury
in COVID-19: Management and challenges. The
Lancet Gastroenterology & Hepatology, 5(5), 428—
430. https://doi.org/10.1016/S2468-1253(20)30057-1

Biological systems. Vol.17. Is.2. 2025



https://doi.org/10.3233/PRM-200794
https://doi.org/10.1016/j.ejphar.2020.173454
https://doi.org/10.1111/j.1750-2659.2011.00287.x
https://doi.org/10.1111/j.1750-2659.2011.00287.x
https://doi.org/10.3390/jpm11070617
https://doi.org/10.3390/jcm14207228
https://doi.org/10.1016/j.phrs.2020.104904
https://doi.org/10.1080/17425255.2017.1311323
https://doi.org/10.3390/life15030403
https://doi.org/10.1007/s13318-023-00872-2
https://doi.org/10.1111/liv.14470
https://doi.org/10.1016/j.ijantimicag.2020.106028
https://clinicaltrials.gov/
https://doi.org/10.1016/j.ijid.2020.03.017
https://doi.org/10.1016/S2468-1253(20)30057-1

76.Zhang, F., Huang, J., Liu, W., Wang, C. R,, Liu, Y. F., pharmacotherapy. Food and Chemical Toxicology, 149,

Tu, D. Z., Liang, X. M., Yang, L., Zhang, W. D., 111998. https://doi.org/10.1016/j.fct.2021.111998
Chen, H. Z., & Ge, G. B. (2021). Inhibition of drug-  78.Zhang, J., Jia, Q., Li, Y., & He, J. (2023). The
metabolizing enzymes by Qingfei Paidu decoction: function of xenobiotic receptors in metabolic diseases.
Implication of herb-drug interactions in COVID-19 Drug Metabolism and Disposition, 51(2), 237-248.
pharmacotherapy. Food and Chemical Toxicology, 149, https://doi.org/10.1124/dmd.122.000862
111998. https://doi.org/10.1016/j.fct.2021.111998 79.Zhang, R., Wang, X., Ni, L., Di, X., Ma, B., Niu, S., et
77.Zhang, F., Huang, J., Liu, W., Wang, C. R., Liu, Y. F., al. (2020). COVID-19: Melatonin as a potential
Tu, D. Z,, Liang, X. M., Yang, L., Zhang, W. D., adjuvant treatment. Life Sciences, 250, 117583.
Chen, H. Z., & Ge, G. B. (2021). Inhibition of drug- https://doi.org/10.1016/j.1fs.2020.117583

metabolizing enzymes by Qingfei Paidu decoction:
Implication of herb-drug interactions in COVID-19

BILJIUB SARS-CoV-2 HA IMTOXPOM P450-3AJIEXKHUI METABOJII3M
JIKAPCBKHUX ITPEITAPATIB: OI'JISI

0O.B. Kena

Yepniseyvkuii Hayionanvruil yHisepcumem imeni IOpia @edvkosuua,
syn. Koyrobuncokoeo, 2, m. Yepnisyi, 58012
e-mail: o0.ketsa@chnu.edu.ua

Koponasipycna xeopoba 2019 poxy (COVID-19) cnpuuunena 8adxckum 20CMpum pecnipamopHum CUHOPOMOM
xoponagipycy 2 (SARS-CoV-2) — gipycom, nowupenum y 6cbomy ceimy. OKpim ypasicenHs KiimuH OUXaibHol cucmemu,
SARS-CoV-2 ypaoicae opeanu mpasnoi cucmemu, 30kpema neuinky. Bcmanoesneno, wo COVID-19, cnpuuunenuii SARS-
CoV-2, cymmeso enmusac Ha QYHKYilO nevwinku y IH@IKOBAHUX NAYIEHMIE, WO € KPUMUYHO BANCIUGUM OIS
Gapmaxokinemuxu ma oeznexu nikie. Ha xnimunu neuinku SARS-COV-2 mooice eniusamu sx 6e3nocepednvo (uepes
GipyCcHULL peyenmop auciomensunnepemsopoowo2o gepmenmy 2 (AIID2)), max i onocepedko8ano, GKIIOUAIOHU
BUBLILHEHHS YUMOKIHI6 ma «yumokinoguil wmopmy. i 6ipycy npuzeooums 00 NiOGUWEHHS DI6HA NEYiHKOBUX
pepmenmis (AJIT, ACT, I'TT, JID), 3nudicenns pisHs arvOyminy ma nopyulenms memaobonizmy eHO02eHHUX Pe1osul ma
Kkcenobiomuxig. Iloxkaszano, wo 6HACHIOOK NOWKOONCEHHS NEeHIHKU HOPYUWYEMbCA (QYHKYIOHY8AHHSA CUCTEMU, SKd
Memabonizye  kcenobiomuxku — (MOHOOKcucenazHoi  cucmemu  abo  cucmemu  yumoxpomy P450  (CYP)).
Jluchynryionysanus MOHOOKCUSEHA3HOT cucmemu, y C80K uepey, npuzgede 00 3MIHU Memabori3My 1iKie ma
000amko8oi iIHmoxcuxayii opeanizmy, 0codueo y pasi nikapcvkoi 83aemooii. B 0enadi eucsimaeno ocHo6HIi nomenyititi
Mexarnizmu nowkooxcenuss nedinku npu COVID-19, wo nidguwums ycgiooMIAeHHs HANPAMKY Memabonizmy iKis.
Ipoananizosani winaxu memaborizmy NpoOmMuKOPOHAGIPYCHUX npenapamig pisHumu izogopmamu yumoxpomy P450
0onomodcymo 3anobiemu 83aemo0ii NiKi6 Y NAYicHMIG i3 CYnymHIMU 3aX60PHBAHHIMU.

Hokasano, wo ingexyis SARS-CoV-2 maxooc smintoe excnpeciio CYP, soxkpema CYP3A4, CYP2B6 ma CYP2CY,
yepes YUMOKIH-ONOCEPeOKO8any pecyiayilo, wo Npu3eo0ums 00 3HUNCCHH MemabonisMy JNiKi6, NiOGUUeHHS iX
KOHyenmpayii y naazmi ma euuo2o pusuxy moxcuyrnocmi. Iloninpaemasia npu COVID-19, exnouarouu npomusipycui
npenapamu, 2iOpOKCUXTIOPOXIH, NPOMU3ANANLHI 3ACO0U ma npenapamu 6i0 CYNYMHIX 3aX80proganb, uje Oinbule
nioguWye pu3uK 83aeMOOii 1iKi6 ma ypascenHs neyinku. AHmuyumoxinoga mepanis (Hanpuxiad, moyurnizymad) ma
Oonomidichi 3acobu, maxi sK meramowuin ma eimamin D, moocymv Odonomoemu eionogumu axmusnicmo CYP,
3MEHWUMU 3aNANeHH Ma NOKPAWUmMU KAiperc aikie. Posyminna mexarnizmie ouc@yHkyii neyinku, cnpuyunenol sipycom
SARS-CoV-2, ma moodyrsayii CYP € eaxciusum 0na onmumizayii apmaxomepanii, Minimizayii moxcuynocmi,
nO8'A3aH0I 3 AiKamMu, ma NOKpawjeHns KAiHiuHux pezyarvmamis y nayicumie 3 COVID-19.

Kmiouosi cnosa: sipyc; neuinka; COVID-19; yumoxpom P450; ingexyin SARS-CoV-2; kcenobiomuxu
Ompumano peoronezicro 21.10.2025 p.
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