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Oz

COVID-19 enfeksiyonu sirasinda virus ve konaket hiicre etkilesimleri ¢ok giiglii immun mediyatdrlerin akut tiretimine
yol agmaktadir. Agir klinik durum ¢ogunlukla viriislin indiikledigi makrofaj ve graniilositlerden asir1 inflammatuar
sitokin tiretimine baglidir. Enfeksiydz ve inflammatuar kosullar altinda, klinik ve deneysel ¢alismalar gostermistir ki,
ila¢ metabolizmasindan sorumlu olan karaciger ve karaciger dist sitokrom P450 (CYP) enzimleri ve tagtyici proteinler
pek cok sitokinler tarafindan spesifik olarak regiile edilmektedirler. Sitokinler tarafindan bu enzimlerin
downregiilasyonu, plazma ila¢ diizeylerinde yiikselmeye neden olabilir ve/veya advers ilag reaksiyonlarina ve/veya
toksisiteye yol acabilir. Infeksiyon ve inflammasyon kosullarinda olusan sitokin-ilag etkilesimleri bilgilerimiz
temelinde, bu derlemenin amaci, COVID-19 hastalarini tedavi etmek i¢in tek bagina veya kombinasyonla kullanilan
ilaglarin metabolizmalar1 tizerine kontrolsiiz sitokin saliiminin etkisini arastirmak ve advers ilag etkilerine neden
olabilecek ilag- ilag etkilesimlerini 6ngdrmektir.

Anahtar kelimeler: COVID-19, Sitokin - ilag etkilesimleri, Sitokrom p450.

Abstract

During COVID-19 infection, virus and host cell interactions lead to the acute production of very strong immune
mediators. The clinical status caused by damage throughout the body is mostly due to excessive pro-inflammatory
cytokine production from virus-induced macrophages and granulocytes. Under infectious and inflammatory
conditions, clinical and experimental studies have demonstrated that hepatic and extrahepatic cytochrome P450 (CYP)
enzymes and carrier proteins responsible for drug metabolism are specifically regulated by many cytokines.
Downregulation of these enzymes by cytokines can cause an elevation in plasma drug levels and/or lead to adverse
drug reactions and/or toxicity. Based on the knowledge of cytokine-drug interactions occurring in the infection and
inflammation stage, the aim of this review was to ascertain the influence of uncontrolled cytokine release on the
metabolism of drugs used alone or in combination to treat COVID-19 patients and predict drug-drug interactions
causing adverse effects.
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1. Introduction a global pandemic called coronavirus disease 19
Severe acute respiratory syndrome coronavirus-2  (COVID-19) by the World Health Organization (WHO)
(SARS-CoV-2), a novel type of coronavirus, has caused  that has an extensive impact [1]. The disease has been


mailto:ozturktulun@yahoo.com
mailto:tugbagurpinar@gmail.com
mailto:canetbalaban@hotmail.com
mailto:yesim.tuncok@gmail.com

limited by social and/or personal protection methods
such as quarantine and personal hygiene. COVID-19
patients are treated with supportive and targeted
strategies. To date, based on the evidence, there is no
known specific COVID-19 drug with proven efficacy
and safety. Anti-viral, immunomodulatory, anti-
inflammatory, and cytokine-blocking drugs are used in
combination under drug repurposing concept [2]. The
efficacy and safety of these drugs continue to be explored
by many global human clinical trials. Vaccine
development studies against COVID-19 are ongoing [3].
The virus and host cell interactions during COVID-19
lead to the acute production of very strong immune
mediators. The clinical status caused by the damage
throughout the body has mostly due to excessive pro-
inflammatory cytokine production from the virus-
induced macrophage and granulocytes. The level of pro-
inflammatory cytokines and the number of immune cell
subsets are involved in determining the severity of
clinical status. In those severely infected with SARS-
COV-2, acute respiratory distress syndrome (ARDS) can
develop due to cytokine storm [4].

Regarding cytokine profiles, serological markers, and
clinical symptoms, COVID-19 is similar to secondary
hemophagocytic lymphohistiocytosis (SHLH), which is
frequently triggered by viral infections [5,7]. Severe
clinical status is defined as macrophage activation
syndrome (MAS) or sHLH and is the result of “cytokine
storm” that causes severe tissue damage [6,9]. COVID-
19 patients have high levels of circulating TNF-a, IL-18,
IL-1Ra, sIL-2Ra, IL-6, IL-10, IL-17, IL-18, and IFN-y
[9,10].

Under infectious and inflammatory conditions, clinical
and experimental studies have shown that hepatic and
extrahepatic cytochrome P450 (CYP) enzymes and
carrier proteins responsible for drug metabolism are
specifically regulated by many cytokines [11-22].
Downregulation of these enzymes by cytokines can cause
an elevation in plasma drug levels and/or can lead to
adverse drug reactions and/or toxicity [15,18-22]. Many
drug combinations are used to treat COVID-19 patients
with increased uncontrollable cytokine responses, who
are hemodynamically unstable, and/or require intensive
care. In this infection environment, it is not yet known
how the drug responses are affected due to changes in the
drugs’ pharmacokinetics and pharmacodynamics.
Regarding the decrease in hepatic extraction and/or
activity of CYP enzymes due to cytokine release, when
treating COVID-19 in clinical practice, drug-drug
interactions and drug-masked adverse drug reactions will
increase the frequency of possible patient harm. Based on
the knowledge of cytokine-drug interactions occurring in
the infection and inflammation stage, the aims of this
review are to ascertain the influence of uncontrolled
cytokine release on the metabolism of drugs used alone
or in combination to treat COVID-19 patients and predict
the drug-drug interactions causing adverse effects.

2. Pathogenesis of COVID-19, Clinical Course and
Treatment Protocols

The clinical course of COVID-19 consists of responses
that start with the entry of the virus into the body and are
triggered by the virus itself, and then the host’s immune
and inflammatory responses. Siddigi et al [23] divided
the disease into 3 stages with increasing severity (Figure
1). In the early infection stage (Stage I), the incubation
stage when the virus is hosted and proliferates in the
respiratory tract, mild or non-specific findings prevail.
Similar to other SARS-CoV viruses, SARS-CoV-2 binds
to angiotensin-converting enzyme-2 (ACE2) receptors
and enters human cells [24]. These receptors are most
commonly found in the human lungs, intestinal
epithelium, and vascular endothelium. Since the virus is
inhaled in droplets, its affinity to the lungs is higher than
the other organsDuring this period, COVID-19 patients
are treated to relieve their symptoms. Drugs that prevent
viral entry to the cell (chloroguine/hydroxychloroquine
and camostat) and anti-viral drugs that block viral
replication (favipiravir, remdesivir, ritonavir/lopinavir,
darunabir/cobistat, and umifenovir) administered during
this period can shorten the duration of symptoms, reduce
transmission, and prevent disease progression [25-31].
Many patients on these treatments recover, whereas in
cases where treatment is not possible or fails, second
stage (Stage Il) symptoms develop. The second stage
includes viral pneumonia in which the virus multiplies
and localized inflammation develops. This may be
accompanied by hypoxia (PaO/FiO, < 300 mm Hg) with
high (type H hypoxia) or low compliance (type L
hypoxia) [32]. Bilateral infiltrates or ground-glass
opacities are typical in lung imaging studies [5,32]. This
stage requires close observation of hospitalized patients.
Systemic inflammation markers begin to increase. At this
stage, supportive therapy and anti-cytokine and anti-viral
drugs are administered [28-36]. If there is no clear
hypoxia at this stage, corticosteroids are not
recommended. If hypoxia and refractory sepsis occur,
anti-inflammatory drug treatment including low-dose
systemic corticosteroids are applied. At this stage,
hypoxia may require oxygen support and mechanical
ventilation. However, recent reports showed that earlier
administration of corticosteroids reduced the need for
intubation and mortality [37,38]. The last stage (Stage
1) involves systemic hyperinflammation. CD4, CDS8,
and regulator T cell numbers decrease and biomarkers
such as IL-2, IL-6, IL-7, granulocyte colony-stimulating
factor, macrophage inflammatory protein 1-a, tumor
necrosis factor-a, C-reactive protein, ferritin, and D-
dimers increase significantly [23,24]. Troponin and N-
terminal pro B-type natriuretic peptides increase.
Secondary hemophagocytic lymphohistiocytosis occurs
[4]. Multiple organ failure (shock, vasoplegia, respiratory
failure, and even cardiopulmonary collapse and
myocarditis) progresses. At this stage,
immunomodulatory agents, corticosteroids, and cytokine
inhibitors such as tocilizumab (IL-6 inhibitor) or
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Figure 1. Clinical course of COVID-19 and the drugs used for the treatment.

anakinra (IL-1 receptor antagonist) are used to regulate
systemic inflammation to prevent multiple organ failure
[5,33-42].

Current COVID-19 treatment modalities are not based on
the evidence, but on the results of a limited number of
observational studies or strong expert opinions. In the
context of drug repurposing, in addition to the known
drug indications, the possible efficacy of COVID-19
treatment has been investigated by in vitro and in vivo
experimental studies and human clinical trials.
According to the COVID-19 Treatment Guidelines by
the National Institutes of Health and the Turkish Ministry
of Health, no specific treatment is recommended for
suspected asymptomatic COVID-19 cases [33, 34,
respectively]. Evidence-based or opposite
recommendations for anti-viral or immunomodulatory
therapy in patients with mild-moderate to severe clinical
course and require intensive care are not yet available
[2,33].

In the majority of clinical studies currently conducted
worldwide, high-dose or low-dose
chloroquine/hydroxychloroquine (CQ/HCQ) are used in
most cases with mild and moderate symptoms that do not
require intensive care [clinicaltrials.gov, accessed
December 27, 2020]. In these studies, CQ/HCQ is
administered alone, together with azithromycin and/or
anti-viral agents (lopinavir/ritonavir,
darunavir/cobicistat, favipiravir, or remdesivir) failure
[24-31].

Observational and interventional clinical studies using
cytokine inhibitors (anakinra or tocilizumab) and specific
immunoglobulins dominate in patients requiring
intensive care and are aggravated by the host's excessive
cytokine response. Interferon-alpha, gamma, and
corticosteroids are other drugs used [35, 39-42].
Although the primary endpoint in none of these studies
was drug interactions, observational studies with Q/HQ
alone or azithromycin found that lethal ventricular
arrhythmia and mortality rates were higher in these
patients than those who did not take this medication [43-
45].

3. Cytokines in The Inflammatory Response and
Their Influence on Cytochrome P450 Enzymes
Cytokines are proteins that trigger specific controlled
responses to inflammation and infection in the body and
are not secreted under normal conditions. They are
secreted from stimulated monocytes, macrophages, T
cells, mast cells, and non-hematopoietic cells such as
adipocytes, fibroblasts, hepatocytes, epithelial cells, and
chondrocytes [46]. They are involved in changes in drug
pharmacokinetics and pharmacodynamics by activating
intracellular signaling systems [47, 48].  They
demonstrate the same effect not only in the liver but also
in the intestine, kidneys, immune system, and cancer
cells [47-49].

The liver is the key drug metabolism organ. Disorders in
the activity or expression of drug-metabolizing enzymes
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alter hepatic clearance. Although cytochrome P450
(CYP) enzymes have approximately 50 subtypes,
CYP1A2, CYP2C9, CYP2C19, CYP2D6, CYP3AA4,
CYP3A5, CYP2B6, and CYP2E1 subtypes are mainly
responsible for the metabolism of 90% of drugs [27, 50,
51].

In 1978, Chang et al [52], for the first time reported that
drug pharmacokinetics changed in humans under
inflammation and infection conditions, and this change
was later attributed to the effects of cytokines on hepatic
CYP enzymes [53]. Studies on how cytokines affect
different CYP enzymes are primarily in vivo experiments
or in vitro cell cultures with lipopolysaccharide (LPS)
and experimental models including different
inflammatory mechanisms created by the administration
of active virus or direct cytokines [11,52-55]. These
interactions in humans have mostly been studied in
patients with chronic inflammation [13,21,56,57]. In
these studies, IL-6, IL-1, TNF, and IFN downregulate
MRNA or reduce the activity of essential CYP enzymes.
Zhou J and Li F [55], summarized eleven studies
involving the effects of cytokines on different CYPs in
primary cultured human hepatocytes. The effects of
cytokines on CYP enzymes in human hepatocytes were
investigated in an extensive in vitro study by Aetkins et
al [14]. In this study, IL-6 decreased CYP3A4 mRNA by
over 90% in human hepatocytes. IL-6 and TGF
downregulated CYP2C9 and 2C19 mRNAs but did not
affect TNF, IL-1, IFN, or LPS. IL-6 and IFN
downregulated both protein and RNA of CYP2B6, but
TNF did not affect IL-1, IFN, or LPS [4]. Tumor
necrosis factor, TGF, and IL-1 showed a very low effect
on CYP2B6 mRNA, but a significant downregulation of
CYP2B6 protein. TGF downregulated CYP2Cs and
CYP3A4 at the mRNA level, but CYP2B6 mRNA was
not affected. IL-1 did not affect CYP2C9 18 or 19, but
decreased CYP2C8 and CYP3A4 mRNA expression by
75% and 95%, respectively. Cytokines minimally
affected CYP2C18 expression in the liver. The same
study reported that human CYP450 enzyme activity was
independently regulated in infection and inflammation
[14]. A decrease in CYPs 2C11, 2C12, 1A1, 2E1, and
3A2 protein and mRNA levels was observed after
administration of IL-6, IL-1, or TNF5 [4]. Interferon-
gamma was released from T cells in response to LPS or
antigen stimulation. In rat hepatocyte cultures, IF gamma
did not affect CYP2C11 at the mRNA or protein levels
but changed CYP3A expression [14]. while
downregulating CYP2C8 mRNA and CYP2C9 protein in
human hepatocytes [58]. IFN downregulated CYP1A2,
2A6, 2B6, and 3A4 activities in human hepatocytes as
well as mRNA and the protein expression of CYP1A2
and 3A4 [4]. Dickmann et al [19]. reported that 1L-6
reduced CYP2C8, CYP2C9, CYP2C19, and CYP3A4
MRNA expression and blocked CYP1A2 and CYP3A4
activity in human hepatocyte cultures. Anti-I1L-6
monoclonal antibody resolved this suppression or
partially blocked it [19].

Morgan et al, [13] screened the clinical drug-disease and
drug-drug relationship for the regulation of CYP450
enzymes related to inflammation. The severity of the
inflammatory response in chronic human inflammatory
diseases is lower than that of the acute inflammatory
response in infection and tissue damage because the cells
adapt to stress and dysfunction [13]. The downregulating
effects of cytokines on CYP enzymes have been shown
in cases with rheumatoid arthritis, cancer, and
inflammatory bowel disease [13, 20,21]. In rheumatoid
arthritis patients with high IL-6 levels, the metabolism of
simvastatin (CYP3A4 substrate) is lower. When 1L-6
inhibitors are administered these cases, CYP enzyme
activity has also been shown to normalize and
simvastatin metabolism returns to normal [21]. Anti-
cytokine drugs used in chronic inflammatory diseases
such as rheumatoid arthritis, inflammatory bowel
disease, and sclerosing dermatitis targeting IL-1, IL-6,
and TNF-alpha receptors have a potential risk of
decreased clinical effectiveness by directly modulating
CYP enzymes while resolving general inflammatory
conditions or increasing drug clearance secondary to
relieve general inflammation [13]. Ashino et al [59].
found that in a mouse model with rheumatoid arthritis,
CYP3A1l mRNA and CYP3A were selectively
downregulated to 45% of the control. Downregulation of
the level and activity of CYP3A1ll mRNA protein
returned with a single dose injection of anti-IL-6
antibodies [59].

In patients with chronic inflammation, administration of
IL-6, IL-1, or TNF has been reported to reduce CYP 3A2,
1A1, 2C11, 2C12, and 2E1 enzymatic activities
[13,54,56,57]. Rendic and Guengerich [20], screened the
effects of diseases and environmental factors on the
expression and/or activity of human cytochrome P450
(CYP) enzymes and transporters and found that the basic
CYP enzymes were modulated in most cancer cases.
However, the effects of CYP enzyme modulation on drug
metabolism in acute COVID-19 patients and its
reflection on their clinical status have not yet been
elucidated. It is also estimated that the responses of CYP
enzymes to cytokines can be regulated differently in the
various stages of inflammation using different
mechanisms [14,60]. While the expression of CYP2D,
CYP2E1, CYP3A1, and CYP4A was found to decrease
to 20% of the control, CYP2B1 expression decreased to
65% of the control in an acute rat inflammation model
[61]. In acute adenovirus hepatitis in mice, selective
downregulation of acetaminophen metabolizing CYP
enzymes (CYP1A2 and CYP2E1L) resulted in a lower rate
of toxic acetaminophen metabolite production and a low
risk of acetaminophen hepatotoxicity [62]. In this case,
paracetamol was safe in intensive care units. Studies in
humans on CYP enzyme modulations under acute
infection and inflammation conditions are limited. In the
influenza B virus epidemic, as a result of the decrease in
CYP1A2 enzyme activity in young children, the
metabolism of theophylline, which is the substrate of
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Table 1. Interections between Cytokines in COVID-19 and Drugs Used to Treat COVID-19

Drug name Metabolization Drug interactions Impact on drug
metabolism and effect
Chloroquine CYP2D6 and CYP3A4 CYP3A4 inhibitors: Using with CYP3A4 inhibitors,

Glucocorticoids, diltiazem,
verapamil, amiodarone,
dronedarone erythromycin,

clarithromycin

decrease chloroquine metabolism

and increase the effect of the drug

Hydroxychloroquine

CYP2D6, CYP3A4,
CYP3AS5, and CYP2C8

CYP3A4 inhibitors:
Glucocorticoids, diltiazem,
verapamil, amiodarone,
dronedarone erythromycin,

clarithromycin

Using with CYP3A4 inhibitors,
decrease hydroxychloroquine
metabolism and increase the effect

of the drug

Lopinavir/Ritonavir

CYP3A4
CYP2D6

CYP3A4 inhibitors:
Glucocorticoids, diltiazem,
verapamil, amiodarone,
erythromycin, clarithromycin

CYP3A4 susbtrates:
Decrease the clearence of
amiodaron, diltiazem,
verapamil, midazolam,
corticosteroids erythromycin.

Using with CYP3A4 inhibitors,
decrease lopinavir/ ritonavir
metabolism and increase the effect
of the drug

Using with CYP3A4 substrates,
increase metabolization of the
CYP3AA4 substrates

Favipiravir

Metabolized by oxidases

Inhibitor of CYP2C8 enzyme.

CYP2C8 substrates:
Amodiaquine

Cerivastatin

Enzalutamide Paclitaxel
Repaglinide

Torasemide

Sorafenib

Rosiglitazone Buprenorphine
Montelukast

Decrease the metabolism of
CYP2C8 substrates.

Tocilizumab 4
Anti-IL-6 receptor (IL-6R)
Monoclonal antibody

Nonspecifically
metabolized

TCZ-reversed IL-6 induced
reduction of CYP isozymes.

CYP1A2
Substrate:
Theophylline, warfarin

CYP2C9

Substrates:

Ibuprofen, warfarin, ACEI, oral
hypoglycemics

Inhibitors:
Amiodaron

Induction:
Rifampin

CYP2C19

Substrates:

Benzodiazepines (diazepam,
midazolam), warfarin

CYP3A4

Substrates:

Cyclosporin, atorvastatin,
simvastatin, calcium channel
blockers (amlodipine, diltiazem,

nifedipine, verapamil)

Using with CYP1A2, CYP2C9,
CYP2C19 and CYP3A4
substrates, increase metabolization

of tocilizumab

Using with CYP2C9, inhibitors,
decrease drug metabolism and

increase the effect of tocilizumab

Using with CYP2C9, inducers
speed up drug metabolism and

decrease the effect of tocilizumab
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Infliximab Not available CYP2E1 Using with CYP2Eland CYP2C19
TNF alfa inhibitor Substrat_es: . substrates increase metabolization
Acetaminophen, isoflurane,
Monoclonal antibody isoniazid, sevoflurane, of inliximab
theophylline
Induction: Using with CYP2Eland CYP2C19
Ethanol, isoniazid A
inhibitors decrease drug
Inhibitor: metabolism and increase the effect
/-\_mltr_lp_tyllne, chlorpromazine, of infliximab
cimetidine
CYP2C19 Using with CYP2E1 and CYP2C9
Substrates:
Clopidogrel, diazepam, inducers, speed up drug
dlphenhyd_ramlne, imipramine, metabolism and decrease the effect
moclobemide, naproxen,
omeprazole, phenobarbital, of infliximab
phenytoin, propranolol, warfarin
Induction:
Barbiturates,carbamazepine,phe
nytoin,rifampin)
Inhibitors:
Benzylphenobarhbital ,chloramph
enicol, cimetidine,clopidogrel,
fluconazole, isoniazid,
moclobemide, omeprazole)
Corticosteroids CYP3A4 CYP3A4 inhibitors Decreased corticosteroid
(Methylprednisolone, . . .
dexamethasone and CYP3A4 inducers metabolism when used with
hydrocortisone CYP3A4 inhibitors
Speed up drug metabolism and
decrease the effect of
corticosteroids when used with
CYP3A4 inducers.

CYP1AZ2, decreased and theophylline toxicity developed
[63].

4. Cytochrome P450 Enzymes and Drug-Drug
Interactions of Drugs Used to Treat COVID-19
Drugs commonly used to treat COVID-19 and their
possible interactions with CYP enzymes are discussed on
Tablel. Cytokine release is expected in acute infection
of SARS-CoV-2, as in other infections. Cytokines
regulate the metabolism of drugs by changing the
expression and activity of drug metabolizing CYP
enzymes (Figure 2).

Drugs commonly used to treat COVID-19, their
metabolization with CYP enzymes and impact of
cytokines are discussed below:

4.1. Chloroquine(Q) and hydroxychloroquine (HQ)

In addition to its anti-malarial and immunomodulating
actions, hydroxychloroquine and has been shown to be
effective against SARS-CoV-2 in vitro [64, 65]. Q and
HCQ are viral entry inhibitors. Increasing endosomal pH
required for virus/cell fusion as well as interfering with
the glycosylation of cellular receptors of SARS-CoV
(ACE-2) are their possible mechanisms of action [66].
Both drugs are complex in terms of pharmacokinetics and

pharmacodynamics. Due to their large distribution
volumes and strong tissue binding properties, their
terminal half-life is prolonged to 1-2 months [67]. The
main drug interaction concern with Q/HCQ is the
prolongation of the QT interval, possibly increasing the
risk of arrhythmias or other serious clinical effects. As
chloroquine is metabolized by the major enzymes
CYP2C8 and CYP3A4/5, the risk of adverse effects is
even higher in COVID-19 patients. Hydroxychloroguine
is a substrate of CYP2C8, CYP3A4/5, and CYP2D6
enzymes. Depending on the clinical stage, plasma levels
of Q and HQ can reach the toxic range because of the
inhibition of CYP enzymes by increased cytokine
responses. Hydroxychloroquine itself has also been
shown to increase plasma levels of metoprolol
metabolized by CYP2D6 [67].

Polymorphism in the CYP enzymes also causes variable
drug effects [68]. IL-6, IFN, TNF, TGF, and IL-1 have
been shown to downregulate CYP2C8, CYP3A4/5, and
CYP2D6 enzymes in human liver cells [14]. Potentially
lethal ventricular arrhythmia risk should be predicted in
COVID-19 cases with increased uncontrolled cytokine
response, as both CQ and HCQ metabolism will
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Figure 2. Cytokines affect pharmacokinetics of drugs through regulation of expression and activity of drug

metabolizing CYP enzymes in COVID-19.

decrease. Except for cytokines, using other drugs that
inhibit CYP450 enzymes in combination with
chloroquine and hydroxychloroquine may potentially
result in increased blood levels of both chloroquine and

hydroxychloroquine. Cimetidine is the most common
agent causing increased blood levels of both chloroquine
and hydroxychloroquine as a CYP450 enzyme
paninhibitor [68].When chloroquine and
hydroxychloroquine, inhibitors of CYP2C8 (gemfibrozil
and clopidogrel) and inhibitors of CYP 3A4/5
(verapamil, diltiazem, azole anti-fungal agents, most
macrolide antibiotics, and ciprofloxacin, among others),
are used together, chlorogquine and hydroxychloroquine
blood levels are possibly elevated. Clinicians should be
aware of multiple cardiac side effects such as
prolongation of the QT interval, QRS widening, and
negative inotropy when using Q or HQ in the transition
to the cytokine response period and when used together
with these medications. The use of these drugs in

combination with other QT-prolonging agents such as
amiodarone, methadone, quinolones, tricyclic anti-
depressants, and anti-emetics (promethazine,
haloperidol, droperidol, and ondansetron) may also lead
to the development of toxic arrhythmia such as
ventricular fibrillation [69]. ECG should be closely
monitored for follow-up of QT prolongation in COVID-
19 cases.

Borba et al [44] found that high-dose CQ, especially in
combination with azithromycin and oseltamivir in
patients with severe COVID-19, led to a higher mortality
rate (39% vs 15%) compared to a low-dose group. In
another retrospective observational study, the hospital
mortality rate was higher in a group receiving HQ
compared to a group not receiving HQ (45). In COVID-
19 cases, ventricular sensitivity to CQ and HCQ may be
due to myocarditis that develops over the course of the
disease, the susceptible comorbidity background of
COVID-19 patients, cytokine-CYP interactions caused
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by inflammation, or interactions with other
prolonging drugs.

4.2. Azithromycin

Azithromycin is a macrolide anti-bacterial drug. It is a
weak substrate for CYP3A4, is minimally metabolized
by this enzyme, and neither induces nor inhibits CYP3A4
activity. The interaction of azithromycin with proteins
and genetic variances is weak and has activity against
gram-negative bacteria [70]. The combination of HCQ
and azithromycin is commonly used for COVID-19
treatment. This combination causes additive/synergistic
QT prolongation concerns [43].

4.3. Lopinavir/ritonavir and darunavir/cobicistat

These are anti-HIV protease inhibitors that inhibit viral
protein synthesis. As both lopinavir/ritonavir and
darunavir/cobicistat are metabolized by the CYP3A4
enzyme and are also inhibitors of this enzyme, many
significant drug interactions can occur. Ritonavir and
cobicistat are pharmacologically supportive agents that
are used to deliberately inhibit drug metabolism.
CYP3A4 substrates can be used in combination with
other CYP3A4 drugs (such as amiodarone, diltiazem,
verapamil, midazolam, cortisol, and erythromycin),
which can accelerate their onset of action, increase blood
levels, and cause toxic side effects. When anti-HIV
protease inhibitors are combined with CYP3A enzyme-
inducing rifampicin, corticosteroids, or anti-epileptic
drugs (carbamazepine and phenobarbital), the
therapeutic blood levels of these drugs may decrease due
to increased CYP3A activity (Table 1) [71].

4.4. Favipiravir

Favipiravir is an RNA polymerase inhibitor. Drug
interactions with favipiravir are minimal or of uncertain
clinical significance. In a case report, significant QT
prolongation was identified, but this result was
suspicious as the patient had other QT interval
prolongation risk factors such as encephalitis and central
nervous system pathology [72]. Favipiravir is
metabolized with Nicotinamide adenine dinucleotide
phosphate (NADPH)-independent enzymes and partially
by NADPH-dependent enzymes. There are no drug
interactions clinically known by CYP450 enzyme-related
mechanisms. Favipiravir is also a weak CYP2C8
inhibitor, but clinically significant interactions have not
been reported [73].

4.5. Umifenovir

Umifenovir exerts its anti-viral effects via both direct-
acting virucidal activity and by inhibiting one (or several)
stage(s) of the viral life cycle. Enzymes involved in the
metabolism of umifenovir include members of the
cytochrome P450 family (primarily CYP3A4) [74].

QT-

4.6. Remdesivir

Remdesivir (GS-5734) is a viral RNA-dependent RNA
polymerase inhibitor. It has been clinically investigated
as a broad-spectrum nucleotide analog against
coronavirus. There’s risk of reduced antiviral activity of
remdesivir when used in combination with chloroquine

and hydroxychloroquine. Little information is available
on its pharmacokinetics (absorption, distribution,
metabolism, and elimination). Metabolism of remdesivir
to remdesivir triphosphate has been demonstrated in
multiple cell types. Data regarding remdesivir overdoses
are not readily available [73]. It is difficult to predict
whether other drugs affect the pharmacokinetics of
remdesivir during COVID-19 therapy or how remdesivir
affects the pharmacokinetics of other drugs. In vitro
studies have shown that remdesivir is sensitive to
CYP3A4-mediated drug interactions, but clinical
interactions with CYP3A4 have not been demonstrated
[73].

4.7. Immunomodulating drugs

Anti-cytokine drugs are used to control the cytokine
response in COVID-19. Theoretically, the neutralization
of cytokines with anti-cytokine agents is targeted.
However, with the activation of CYP enzymes
suppressed with cytokines in terms of drug metabolism,
an increase in the clearance, a decrease in plasma
concentrations, and a decrease in the therapeutic efficacy
of CYP enzyme-substrate drugs may be expected [13,
16].

Anakinra

Anakinra, an IL-1 receptor antagonist (IL-1ra), is a
naturally occurring glycoprotein that blocks the binding
of IL-1 to IL-1 receptors. Thus, it blocks IL-1-mediated
effects. Anakinra is primarily eliminated from the
kidneys and its clearance is directly dependent on renal
function. Dose adjustment is not recommended in
patients with mild and moderate renal impairment.
However, in severe renal impairment, dose schedule
changes should be made daily [75]. CYP2EL1 levels are
directly influenced by a variety of cytokines including
interferon (IFN)-g, tumor necrosis factor (TNF)-a, and
interleukins IL-1b, IL-4, and IL-6. For the most part,
cytokines act by altering CYP2EL gene transcription.
However, CYP2EL's role in drug metabolization is low,
while it is closely related to ethanol and acetaminophen-
related hepatotoxicity [76].

4.8. Tocilizumab

Tocilizumab (TCZ) is an anti-IL-6 receptor (IL-6R)
monoclonal antibody. It binds both membrane binding
sites and soluble forms of IL-6R by competitive
inhibition, blocking signal transduction pathways [77].
Thus, IL-6 is potentially pleiotropically influenced in
other systemic areas such as the immune system
(lowering signal transduction to inflammatory mediators
that summon B cells and T cells), inflammation
(lowering production of acute-phase reactants), and bone
and blood vessels [39, 77]. It non-specifically
metabolizes to peptides and amino acids. TCZ reduces
the inhibition of CYP450 enzymes with IL-6 and
accelerates the metabolism of drugs metabolized by
CYP3A4. Rivaroxaban is a substrate of CYP3A4 and p-
glycoprotein, and warfarin is a substrate of CYP2BS,
CYP2C9, CYP2C19, and CYP3A4. Concomitant use of
TCZ may lead to reduced bioavailability of anti-
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coagulants and favor the occurrence of thrombosis [68,
78]. KimSetal [79] reviewed three clinical and two in
vitro studies evaluating the effect of IL-6 and TCZ on
CYP activity. In the clinical trials, the bioavailability of
simvastatin and omeprazole was found to be decreased
by TCZ-induced CYP3A4 activity and CYP2C19
activity, respectively. Aitken et al [14]. showed that the
IL-6-induced diminution of CYP2C9 protein levels was
greater (65% of controls) than that of CYP3A4 (5% of
controls) in cell cultures. This suggests that CYP2C9
activity may increase to a greater extent than CYP3A4
with TCZ treatment, resulting in increased warfarin
metabolism. Clinically, this would result in patients
requiring higher doses of warfarin and a possible need for
more frequent INR monitoring. In another human
hepatocyte culture study, it was shown that TCZ
prevented a reduction in CYP3A4 mRNA expression
with a less marked reduction in CYP1A2, 2B6, 2C9,
2C19, and 2D6 mRNA led by IL-6. This reduction in
MRNA expression level was prevented when TCZ was
added to the culture [80].

4.9. Infliximab (TNF-alpha inhibitor)

Anti-tumor necrosis factor (anti-TNF) monoclonal
antibodies suppress physiological responses to TNF-
alpha, which is a pro-inflammatory cytokine. It was
approved by the FDA to treat autoimmune and immune-
mediated disorders such as rheumatoid arthritis,
ankylosing spondylitis, inflammatory bowel disease,

psoriasis, hidradenitis suppurativa, and refractory
asthma.
Infliximab is a TNF-alpha inhibiting monoclonal

antibody. Others are adalimumab, certolizumab pegol,
and golimumab, or with the receptor fusion protein
etanercept [35, 40, 81]. The most important and
common mechanism of action of TNF-alpha inhibitors is
binding to soluble TNF-alpha to neutralize it. TNFs are
key inflammatory factors that trigger cytokine storm.
Clinical and experimental evidence implicates TNF as a
possible mediator of severe immune-based pulmonary
injury that can follow infection with H5N1 influenza and
SARS coronavirus [35].

Inflammatory bowel disease patients with COVID-19 on
anti-TNF therapy were no worse than those receiving
sulfasalazine/mesalamine when compared in terms of
hospital requirement and mortality rates of other drugs,
but there are insufficient data to draw conclusions about
better outcomes [41].  As with other monoclonal
antibodies, infliximab is predicted to be non-specifically
metabolized to peptides and amino acids that can be re-
used in the body for de novo synthesis of proteins or
excretion by the kidney [82]. Its metabolism is not
affected by CYP enzymes. However, TNF-alpha is an
enzyme inhibitor of CYP2E1 [54, 83] and CYP2C19
[83]. The toxicological potential of infliximab in humans
has not yet been fully established. The metabolism of
warfarin can be increased when combined with
infliximab [73].

4.10. Other immunomodulators

4.10.1. Tadekinig alpha

This is a recombinant human interleukin-18 binding
protein (IL-18BP). Phase I trials of the drug have been
conducted with healthy volunteers and psoriasis and
rheumatoid arthritis patients. IL-18 is a pro-inflammatory
cytokine of the IL-1 family produced by various cell
types, including monocytes/macrophages [84]. The
biological activity of IL-18 is very tightly controlled by
IL-18 binding protein (IL-18BP). IL-18BP is a naturally
occurring protein that inhibits 1L-18 by binding with high
affinity. In adult-onset Still's disease, tadekinig alpha (IL-
18BP) was found to be safe and effective [85]. Although
blocking IL-18 may be related to COVID-19, there is no
clinical evidence or any recorded randomized controlled
trials assessing the safety and efficacy of IL-18BP [42].
CYP2C18 is expressed by IL 18 at very low levels.
Therefore, drug interactions due to changes in CYP
enzyme activity are not expected in COVID-19 patients.
4.10.2. IFN-alpha and beta

These are also widely used for COVID-19 treatment in
combination with QC, HCQ, and/or anti-viral agents due
to their anti-viral effects. They have been reported to be
effective at lowering CRP and IL-6 levels, reducing virus
clearance, improving clinical conditions such as
pneumonia, and increasing survival rates [40, 86, 87].
No change in their metabolism is expected during
COVID-19 treatment. However, as it is known that IFN-
alpha [83] and IFN-gamma [54] as cytokines regulate
CYP1A2 and CYP2E1 enzymes, combined use with
substrates, inducers, and inhibitors of these enzymes
should be done cautiously (Table 1).

4.10.3. Janus kinase (JAK) inhibitors (ruxolitinib and
baricitinib)

JAK inhibitors could potentially affect both
inflammation and cellular viral entry in COVID-19 cases
[88]. Ruxolitinib and baricitinib inhibit the downstream
IFN-g pathway targeting the JAK kinase receptor. They
inhibit JAK1- and JAK2-mediated cytokine release.
They are FDA-approved drugs for the treatment of
myelofibrosis, polycythemia vera, and graft-versus-host
disease. In COVID-19 cases, they are used in conjunction
with anti-viral therapy to decrease hyperinflammation
caused by the virus to prevent lung damage and cytokine
storm and reduce ICU admission rates. There are
minimal interactions with CYP enzymes [89].

4.10.4. Corticosteroids

Corticosteroids are a class of steroid hormones that have
anti-inflammatory functions. The early administration of
glucocorticoids inhibits the initiation of the body’s
immune defense mechanism, thereby increasing viral
loads and ultimately leading to secondary infection and
other adverse consequences. Therefore, because of these
concerns, glucocorticoids are mainly used in critically ill
patients suffering inflammatory cytokine storms. In the
treatment of COVID-19,  methylprednisolone,
dexamethasone, and hydrocortisone were used in
conjunction with Q, HQ, and/or anti-viral therapy. The
effects of corticosteroids on clinical and laboratory
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improvement, decreasing the ventilator requirement rate,
and decreasing the rate of staying on ventilators were
investigated. Meta-analyses showed that early and short
courses  (3-5 days) of  methylprednisolone
(methylprednisolone i.v. 0.5 to 2 mg/kg/day) in patients
with moderate to severe COVID-19 reduced escalation
of care and improved clinical outcomes [37, 38]. Other
studies reported that they lead to higher mortality and
higher rates of bacterial infection and hypokalemia [36,
90]. Methylprednisolone is the corticosteroid of choice
primarily because of its median effect with a half-life of
12-36 hours and better immunosuppression intensity.
The Randomized Evaluation of COVid-19 thERapY
(RECOVERY)  trial  showed that low-dose
dexamethasone (6 mg once per day, peroral or
intravenously) significantly reduced deaths of ventilated
patients and those receiving oxygen only [91].
Treatment success with low-dose dexamethasone may be
due to the prevention of the expected corticosteroid
overdose. Corticosteroids are metabolized by CYP3A4.
In COVID-19 cases, corticosteroid overdose should be
expected due to this enzyme inhibition. However, it
should be kept in mind that cortisol’s metabolism is much
slower when imidazole, anti-fungals, ritonavir, calcium-
channel blockers, and amiodarone, which are CYP3A4
inhibitors, are used together in this period (Table 1). In
COVID-19 cases with mild respiratory failure, when
systemic corticosteroids are not required, it may be more
appropriate to reach the target area with inhalation at low
doses. Beclomethasone is hydrolyzed and not
metabolized via cytochrome P450, so it is preferred in
mild to moderate COVID-19 cases receiving CYP3A4
inhibitors [92, 93].

5. Conclusion and Recommendations

The novel coronavirus (SARS-CoV-2) and host cell
interactions lead to the production of very strong immune
mediators. Depending on the effects of cytokines on
CYP450 enzymes in the liver and other organs, there may
be interactions, especially pharmacokinetically, with
CYP enzymes at the metabolism level. These cytokine-
drug and drug-drug interactions may cause toxic drug
effects and an insufficient therapeutic response. Among
the drugs used to treat COVID-19,
chloroquine/hydroxychloroquine,  tocilizumab, and
corticosteroids seem to be affected by cytokine storms
and can cause drug interactions and adverse effects.
Unfortunately, in our clinical practice, the available
information does not allow the optimization of drugs
dosages with CYP450 enzyme substrates to be
determined before treatment following the individual's
specific conditions. Therefore, the treatment approach is
continued with repeated dose adjustments based on the
baseline dose calculations according to the plasma levels
and clinical response. In COVID-19 cases, monitoring
the clinical effectiveness of drugs or blood levels to avoid
potential drug interactions caused by cytokine responses
induced by the nature of the disease will prevent adverse

and toxic effects and/or inadequate treatment and
increase the effectiveness of treatment. Thus, the
clinician's foresight and the fact that clinical
pharmacologists are actively involved in treatment
strategies in intensive treatment protocols will contribute
to this process.
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