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Abstract

Coronavirus Disease 2019 (COVID-19) has been a global health crisis since it was first identified in December 2019. In
addition to fever, cough, headache, and shortness of breath, an intense increase in immune response-based inflammation
has been the hallmark of Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV-2) virus infection. This narrative
review summarizes and critiques pathophysiology of COVID-19 and its plausible effects on drug metabolism and disposi-
tion. The release of inflammatory cytokines (e.g., interleukins, tumor necrosis factor a), also known as ‘cytokine storm’,
leads to altered molecular pathophysiology and eventually organ damage in the lung, heart, and liver. The laboratory values
for various liver function tests (e.g., alanine aminotransferase, aspartate aminotransferase, total bilirubin, albumin) have
indicated potential hepatocellular injury in COVID-19 patients. Since the liver is the powerhouse of protein synthesis and
the primary site of cytochrome P450 (CYP)-mediated drug metabolism, even a minor change in the liver function status
has the potential to affect the hepatic clearance of xenobiotics. It has now been well established that extreme increases in
cytokine levels are common in COVID-19 patients, and previous studies with patients infected with non-SARS-CoV-2 virus
have shown that CYP enzymes can be suppressed by an infection-related cytokine increase and inflammation. Alongside
the investigational COVID-19 drugs, the patients may also be on therapeutics for comorbidities; especially epidemiological
studies have indicated that individuals with hypertension, hyperglycemia, and obesity are more vulnerable to COVID-19
than the average population. This complicates the drug-disease interaction profile of the patients as both the investigational
drugs (e.g., remdesivir, dexamethasone) and the agents for comorbidities can be affected by compromised CYP-mediated
hepatic metabolism. Overall, it is imperative that healthcare professionals pay attention to the COVID-19 and CYP-driven
drug metabolism interactions with the goal to adjust the dose or discontinue the affected drugs as appropriate.

1 Introduction
Key Points
As of October 14, 2020, the World Health Organization

.Inﬂammation and. very high cytokine levels are common (WHO) has reported 37,888,384 cases of Coronavirus Dis-
in COVID-19 patients. , ease 2019 (COVID-19) and 1,081,868 deaths worldwide
Inflammatory cytokines are known to contribute to the [1]. In March 2020, WHO declared COVID-19 as a pan-

hepatic dysfunction and suppression of cytochrome P450 4010 (21 The United States (7,728,436 total cases, 213,626
(CYP) enzymes. ) o deaths) has been the epicenter of the disease throughout the
}?e?);/tIl]C);ilrlg] gp 2;Leali';nzneazlf:{)(frsll?g;fezlsil;ﬁgsrggf’l?gjéi- pande?mi'c, but several' countri.es in Europe and Asia have

i ) . also significantly contributed with around 300,000 new cases
gted drug metabolism by 1nﬁa.mmat0ry proteins such as and thousands of deaths reported every day [1]. WHO’s risk
interleukins and fumor necrosis factor a. assessment of COVID-19 continues to be very high with
intense efforts to develop a vaccine ongoing [2]. The Severe
Acute Respiratory Syndrome Coronavirus (SARS-CoV-2) is
the causative organism responsible for this large-scale pan-
>4 Subrata Deb demic in modern times. SARS-CoV-2 is a novel zoonotic
sdeb@alumni.ube.ca virus that emerged in Wuhan, China, in December 2019 [3].
Department of Pharmaceutical Sciences, College It was identified in a group of patients who had pneumonia
of Pharmacy, Larkin University, Miami, FL 33169, USA without any known clinical cause [4]. SARS-CoV-2 is in
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the family Coronaviridae, which comprises positive sense
single-stranded RNA viruses. The acronym was coined
by the International Committee on Taxonomy of Viruses
because SARS-CoV-2 is the sister virus of Severe Respira-
tory Syndrome Coronavirus (SARS-CoV), which caused
Severe Acute Respiratory Syndrome (SARS) in 2002 and
Middle East Respiratory Syndrome (MERS) in 2012 [5].

Although how the disease first originated in humans is
still debatable, current literature points toward bats as the
reservoir of the infection as the virus that infects humans
is approximately 96% genetically identical to a coronavirus
in bats [6]. However, because apparently the original out-
break started in a ‘wet market’ in Wuhan, China, it seems
unlikely that a bat could have directly infected humans
there. Other hypotheses include involvement of an interme-
diary such as a bat or a pangolin that could have carried
the virus to humans [6]. During the first 6 months of the
pandemic, the understanding of the mode of transmission
between humans underwent some evolution; however, now
it is widely accepted that respiratory droplets and direct con-
tact are the main routes of relaying COVID-19. The virus
was also detected in the feces of infected patients, which
opens up the possibility of fecal-to-oral transmission [6].
There is still the possibility of aerosolized transmission if
the infected patient is in close proximity for a long time
in a closed environment [2, 6]. The angiotensin-converting
enzyme 2 (ACE2) receptor of the oronasopharyngeal tract
in the upper respiratory tract is believed to be the method of
uptake of the virus in human hosts. These ACE2 receptors
are abundantly expressed in the epithelial cells of the lungs
and are also in the digestive tract, which correlates to the
most common forms of transmission [6].

Due to the nascent nature of the disease, the scientific
community worked on COVID-19 and its related areas
in 2020. Despite the herculean research efforts, there is a
knowledge gap in understanding the effects of pathophysiol-
ogy of COVID-19 on hepatic functions, drug metabolism,
and pharmacokinetics in SARS-CoV-2 infected patients.
Considering the multi-organ targets of SARS-CoV-2, it is
critical to appreciate the drug metabolism status and phar-
macokinetics of the medications used to treat COVID-19
and to manage the pre-existing conditions. Especially, it has
been established that individuals with certain conditions
(e.g., hypertension, diabetes, hyperlipidemia) are more sus-
ceptible to the infection than the general population [4, 7],
which suggests that hepatic drug metabolism is essential
to minimize drug-related toxicity during polypharmacy in
COVID-19 patients. In this narrative review, we have exam-
ined and compared the literature on COVID-19 pathophysi-
ology (e.g., cytokines, inflammation, liver function), exam-
ples of infection/inflammation-mediated drug disposition in
non-COVID-19 conditions (e.g., drug metabolizing enzyme
regulation, drug metabolism), and their plausible effects on

A\ Adis

the pharmacokinetics of COVID-19 drugs and on the agents
that are used to manage comorbidities.

1.1 Literature Search Strategy

For the purpose of this narrative review, the PubMed, Med-
line, and Google Scholar databases were searched for arti-
cles up to October 12, 2020. Original research, case studies,
FDA package inserts, and review articles were included in
the study. Conference abstracts and unpublished e-prints
were excluded from this work. Combinations of the follow-
ing keywords were used to conduct the literature search:
“COVID-19”, “coronavirus disease 2019, “SARS-CoV-2",
“severe acute respiratory syndrome coronavirus 2”, “2019-

EEIT3 9%

nCOV”, “2019 novel coronavirus”, “coronavirus”, ‘“comor-

9%

bidity”, “drug metabolism”, “cytochrome P450”, “pharma-
cokinetics”, “inflammation” and “cytokines”. The literature
search and assessment of articles were independently carried
out by the authors and then reconciled before analyzing the
findings. The current study was restricted to articles that
were published in English language and that reported work

on humans or in vitro models of human origin.

2 Pathogenesis and Clinical Presentations
of COVID-19

The clinical presentation of COVID-19 is variable but
initial symptoms that most patients have are fever, cough,
headache, and shortness of breath [8]. Some patients have
tested positive while being completely asymptomatic, which
is concerning when dealing with the transmission of the
disease. Typically, the observable symptoms start appear-
ing after the 4th day of infection, and the inflammatory
responses are more severe around the 10th day. However, it
appears that infected individuals are most contagious right
before they start showing any easily identifiable symptoms
such as fever, cough, and breathing issues [4, 8]. The symp-
toms and complications of COVID-19 patients significantly
differ between home-quarantined and hospitalized patients
with intensive care unit (ICU) patients progressively dem-
onstrating worsening systemic conditions [7]. During viral
infection, especially from the coronavirus family, after the
initial phase, immune response-based inflammation is a hall-
mark of the disease. Subsequently, inflammation becomes
the precursor to organ damage, but sometimes molecular
pathological changes may occur even if the organs are mildly
affected [3]. As the level of cytokines builds at an incredible
pace during the immune response to the infection, patients
can experience the ‘cytokine storm’, which ultimately may
lead to organ failure and perhaps septic shock through sev-
eral mechanisms [9, 10]. Patients with comorbidities such
as diabetes, hypertension, and obesity contracted the disease
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at a much higher rate and developed more severe disease
than usually healthy individuals [4]. Age is another major
factor determining the severity and mortality of COVID-19
patients [8].

The lungs are one of the most highly perfused organs
because of their role in oxygen exchange. Once COVID-19
enters the lungs through ACE2 receptors, it can be trans-
ported anywhere in the body through the blood as well organ
uptake through ubiquitously expressed ACE2 receptors. The
virus can then enter other organs that express ACE2 recep-
tors, which are present in most of the organs in the body
including the liver and small intestines [11]. In addition to
the lungs, the cardiovascular, hepatic, and nervous systems
are commonly coinfected by SARS-CoV-2 [5, 10]. Acute
respiratory distress syndrome (ARDS) is the most common
complication of the disease and usually requires ventilation
for severely ill patients. At the time of preparing this manu-
script, the parental dosage forms of the common medications
(e.g., dexmedetomidine, fentanyl, lorazepam, midazolam,
and propofol) used for sedation prior to intubation were on
the FDA drug shortage list [12]. Using optimum sedation
and analgesia in the patients is the only ethical and safe way
to carry out intubation before a ventilator can be used [13].

2.1 Laboratory Parameters of COVID-19 Patients

The abnormal hematological and biochemical laboratory
parameters significantly differed between healthy and mildly
and severely affected patients [3]. The common out-of-range
laboratory values include low albumin, lymphocyte, and
platelet levels and increased serum ferritin, procalcitonin,
C-reactive protein (CRP), lactate dehydrogenase (LDH),
white blood cell count, alanine aminotransferase (ALT),
aspartate aminotransferase (AST), cardiac troponin I, serum
creatinine, and erythrocyte sedimentation rate (ESR) levels
and a series of inflammatory markers [3]. It is exceedingly
common to see bilateral opacities, which is a sign of ARDS
in patients who have undergone x-ray imaging [3, 14]. In a
meta-analysis, 87.5% of patients had bilateral involvement
showing that the infection spreads quickly in the lungs [14].
The LDH levels can describe a patient who is having exten-
sive tissue damage. Decreased albumin levels and increased
inflammation-related markers and elevated liver enzyme lev-
els suggest that the inflammation likely affects the liver early
in the disease timeline. Similarly, increased troponin levels
along with the immunogenic response point toward cardiac
injury in those patients [10].

2.2 Increased Inflammation in COVID-19 Patients
A strong immunological response in the defense against

the SARS-CoV-2 infection leading to inflammation has
been reported as a hallmark in COVID-19 patients. The

neutrophil-to-lymphocyte ratio, CRP, ESR, ferritin, and
procalcitonin levels along with cytokines are the typical
markers of infection-related inflammation. In a meta-anal-
ysis, 58.3% of patients had a high serum CRP (> 3 mg/l)
and 41.8% of patients had a high ESR, indicating a height-
ened level of inflammation [3]. Table 1 depicts the CRP and
LDH levels in representative clinical reports on COVID-19
patients. Death due to precipitation of inflammation leading
to organ dysfunction is potentially one of the most com-
mon scenarios in severe COVID-19 patients [6, 8, 15]. The
inflammatory cascade is different for every organ but sev-
eral aspects including the initiation are similar. During the
first few days of the virus contraction, the body recognizes
the invasion by the pathogen, which drives the local release
of inflammatory cytokines and chemokines, most com-
monly, interleukins (ILs), tumor necrosis factor o (TNFa),
interferon gamma (IFNYy), and monocyte chemoattractant
protein 1 (MCP1), to restrict the infection to limited com-
partments of the body [16]. Subsequently, at the peak of
the viral titer, systemic inflammation appears as a ‘cytokine
storm’ in COVID-19 patients where intense production and
release of cytokines and other immunogenic proteins are
observed. The examples of increased inflammatory markers
in COVID-19 patients are shown in Table 2. The inflamma-
tory mediators along with the virus cause cellular injury
leading to scar tissue or fibrosis formation, loss of function
or ischemia, and eventually tumor necrosis [16]. High LDH
is an early sign of cellular injury followed by subsequent
deleterious effects of SARS-CoV-2 infection [17]. The most
common organ failures reported are of the lungs, heart, and
kidneys, in that order. Inflammation in the lungs is detected
by computerized tomography (CT) or chest x-ray imag-
ing. A systematic review showed that > 87% of patients
with a CT scan had bilateral involvement. The same review
showed 78.8% of patients had multilobar involvement [14].
These observations show that the virus quickly spreads in
the lungs possibly because of the many ACE2 receptors in
that area and also due to the fact that lung is the first major
organ after the virus enters into the human body through the
oronasopharyngeal route [6]. To cause damage to the liver,
which is the focus of this review, the inflammation caused
by COVID-19 has to be systemic or by direct infection of
the liver through the hepatic ACE2 receptors.

Several studies have convincingly reported that patients
with severe cases of SARS-CoV-2 have elevated serum lev-
els of IL-1p, IL-2R, IL-6, IL-8, IL-10, IL-12, IL-18, IFNYy,
MCPI, and TNFa [9, 18-24]. The systemic inflammation
triggered by the ‘cytokine storm’ is essentially the roadway
to the molecular pathophysiological cascades and eventu-
ally organ failure. Among the cytokines, IL-1, IL-6, TNFa,
and IFNy have been widely analyzed [17]. The levels of
IL-6 were more commonly monitored in the studies that
reported cytokine levels in COVID-19 patients because there
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Table 1 (continued)

Ref.

CRP (mg/l) LDH (U/I)

Albumin (g/1)

T. Bilirubin (umol/l)

ALT (U/)

AST (U/l)

Mild Severe

Severe

Mild

Severe

Mild

Severe

Mild

Mild Severe

Severe

Mild

395.0 [24]

238.0

ND

34.40 31.30- ND

37.7 (33.75-

24.0 (16.5- 24.0(13.5- ND ND

35.0 (21.0-

26.0 (19.0—
45.0)

(274.5-

(189.0—
321.0)
212 (179.5-

37.25)

40.8)

41.0)

45.5)

53.5)

589.0)
309 (253.8—

[108]

7.7(1.9-31.1) 91

36 (33-38.5)

9.8 (7.8-15.6) 49.9

8.6 (5.6-14)

26.6

33.6 21.7

224

408.3)
491 (378-

259)
347 (261—

(52.7-136.3)
168.9 (90.2—

(37.4-43.6)

ND

(14.5-33.3)

(14.8-36.9)
30 (20.5-

38 (30-68.3) 27 (16-41)

(25.7-44.2)

(16.9-30.5)
33 (24.5-56)

[109]

51.1 (20.4-
86.3)

ND

ND

ND

660)
558.0

482)

373.0

220.8)
108.9 (58.8—

56.5)
29.5 (20.2—

[110]

29.0 (28.1-  27.9(24.1-  66.0 (29.0-

14.5

0.3

1

335(21.0- 24.0(16.5-

33.0 (20.0-

30.4) 122.5) 149.4) (274.5— (417.2—

33.0)

(9.8-21.7)

(7.6-17.0)

68.2) 38.5) 45.8)

54.5)

742.5)

618.5)

AST aspartate aminotransferase, ALT alanine aminotransferase, T. Bilirubin total bilirubin, CRP C-reactive protein, LDH lactatedehydrogenase, ND not determined

was a very close positive relationship with IL-6 and severity
of the illness. Patients with severe cases of SARS-CoV-2
have two- to five-fold elevated IL-6 concentrations during
different stages of infection [25]. The increased IL-6 level
(> 24.3 pg/ml) has shown a strong correlation with severe
symptoms of COVID-19 [25]. The presence of a higher
level of IL-6 (> 24.3 pg/ml) could detect severe cases with
a sensitivity of 73.3% and a specificity of 89.3% [9]. Other
studies have linked the ‘cytokine storm’ phenomenon with
patients needing to go to the ICU and use of ventilators [26,
27]. Bangash et al. demonstrated an indirect link between
IL-6 and mortality where COVID-19 patients in the ICU
with higher IL-6 levels had a 44% mortality rate [28]. Simi-
larly, a direct link between higher levels of IL-6, ferritin, and
mortality was also shown by Mehta et al. [15]. Interestingly,
IL-6 was shown to grow steadily in most patients from the
moment of infection until death or cure [29]. The knowl-
edge of cytokine levels in COVID-19 patients facilitates
understanding of the inflammatory status and eventually can
predict their potential effects on drug metabolizing enzyme
expression, drug metabolism, and pharmacokinetics. In sub-
sequent sections, we have examined the cytokine increase
in non-SARS-CoV-2 infection/inflammation, their effects
on drug metabolism and pharmacokinetics, and finally how
these may be reflected in COVID-19 patients. It has been
reported that the cytokine levels significantly differ between
mild and severe COVID-19 patients [9, 18—24], which may
also point toward the fact that, depending on the disease
severity, inflammation and drug disposition or drug-related
toxicity will likely differ between individuals (Fig. 1).

2.3 Liver Function Status in COVID-19 Patients

During SARS-CoV-2 infection, the liver is one of the major
organs targeted by the virus. Since the ACE2 receptor is
expressed in the liver, there could be a dual effect of direct
viral attack and systemic inflammation and its related pro-
inflammatory immunogenic proteins targeting hepatic
machineries [17]. Similar to the previous coronavirus infec-
tions, in COVID-19-related patients, different extents of ele-
vated ALT, AST, alkaline phosphatase (ALP), gamma glu-
tamyl transpeptidase (GGT), bilirubin, and albumin levels
have been indicated in hepatocellular injury [17]. Typically,
at least two times the upper normal level (ULN) of ALT (or
AST) draws the attention of the healthcare team [17, 30,
31]; however, it is extremely important to recognize that
the context is critical. Although ALT is a reliable marker of
abnormal liver health, the ratio of AST to ALT (> 1) points
toward progressive fibrosis or cirrhosis [30-32]. The mark-
ers for liver functions were commonly elevated but studies
vary on the percentage of the increase. While looking at
the markers for hepatocellular injury, two aspects should
be analyzed, namely, the higher range of levels attained and
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Fig. 1 Potential effects of COVID-19-related inflammation on hepatic cytochrome P450 regulation, drug metabolism, and clearance

the percentage of COVID-19 patients with abnormal liver
markers. Analyses of results from COVID-19 patient cohorts
indicate that typically the liver function markers were ele-
vated up to five-fold compared with the ULN, in some cases
with extraordinarily high numbers [17]. For example, ALT
was elevated up to 7590 U/l in COVID-19 patients [27].
Approximately 30% of the COVID-19 patients in different
studies have AST and ALT values above the normal range
(> 40 U/1). One study showed that 50.7% of patients had
high ALT and 18.2% of patients had high AST levels [27].
Another study showed similar results with 45% of patients
showing high AST and 21% of patients showing elevated
ALT levels with a strong correlation between elevated
liver enzymes and severity of the disease [27]. In deceased
patients, there is about a 78% prevalence of abnormal liver
marker levels [27]. It is vital to note that the percentage
of patients with abnormal results was considered with a
stratification of < or > 40 IU/I for AST or ALT. However,
in recent years the major clinical guidelines have convinc-
ingly highlighted that the numbers for ULN should be <
40 IU/, for example, for hepatoprotective purposes the ALT
ULN for men should be 30 and for females 19 1U/1 [33]. If
this yardstick is taken into account, most of the COVID-19
patients where liver tests are reported will have elevated lev-
els. Previously, researchers and clinicians have opined that
it is extremely important to establish the cause and effect
correlation of ULN for liver enzymes and liver health [28].

A summary of representative studies reporting liver func-
tion tests in COVID-19 patients is listed in Table 1. Since
the liver is the powerhouse of protein synthesis, even with
a minor change in the metabolic profile due to COVID-19,
there will be a significant impact on intrinsic hepatocyte
functions such as endogenous substance biosynthesis and
xenobiotic biotransformation through altered enzymatic
expression [34]. While the decreased albumin and elevated
liver enzyme levels suggest that the inflammation is affect-
ing the liver [35], the hepatocellular injury can have a wide
range of effects on the metabolism of endogenous substances
and xenobiotics including altered physiological, therapeutic,
and toxic outcomes.

3 Effect of Inflammation on Cytochrome
P450 Enzyme Expression and Drug
Metabolism

Drug metabolizing enzymes (DME) are critical for the bio-
transformation and eventually pharmacokinetics of most
medications. Metabolism is the process of changing the lipo-
philic chemical structure of the drug to make it more hydro-
philic and therefore easier to excrete. In most cases of drug
metabolism, it will inactivate the medication, whereas in a
small percentage of drugs (e.g., clopidogrel) bioactivation
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is the primary outcome of the metabolism. A third class of
drugs is active to begin with but also have active metabolites
following metabolism (e.g., morphine) [36]. Cytochrome
P450 (CYP) enzymes are a superfamily of phase I DMEs
that are key players in the metabolism of therapeutic small
molecule drugs, environmental toxicants, and health sup-
plements [37]. CYP enzymes commonly catalyze a wide
range of oxidative reactions including hydroxylation, which
makes the medications more water-soluble and enable the
kidneys to excrete them. Currently, the superfamily has 57
CYP isoforms, which are classified into 18 families and 43
subfamilies. The enzymes from families 1-4 are primarily
involved in the xenobiotic metabolism whereas enzymes
that belong to family 5 and higher contribute to the biosyn-
thesis and elimination of endogenous hormones, vitamins,
and other physiological substances [37]. CYP3A4 is the
most critical metabolizing enzyme for possible interactions
because > 60% of medications are metabolized by CYP3A4.
Other major DMEs include CYP1A2, CYP2B6, CYP2C9,
CYP2C19, and CYP2D6. Similarly, phase II DME:s (e.g.,
UGTs, SULTs) are also key components in the hepatic
metabolism and elimination of xenobiotics [37]. This discus-
sion will include the regulation of xenobiotic metabolizing
CYP enzyme expression and function, which are frequently
induced or inhibited by endogenous and exogenous factors.
Altered CYP expression and function due to inflammation
lead to an abnormal drug plasma profile and elimination,
which drives the adverse effects and drug toxicity-related
fatal outcomes [37].

3.1 Impact of Cytokine and Other Inflammatory
Proteins on CYP Regulation

Immunogenic proteins, such as IL-1, IL-6, IFNy, and TNFa,
can suppress the CYP enzymes during viral infection [38,
39], but no data are available yet on CYP regulation dur-
ing SARS-CoV-2 infection. Nevertheless, the CYP regu-
lation profile controlled by cytokines and other inflamma-
tory proteins has been extensively studied in the past. Also,
the effects of non-SARS-CoV-2 viral infections and other
inflammatory diseases on CYP regulation can be used to
draw a plausible picture in COVID-19 patients. In vitro
study with hepatocytes has shown that IL-6 decreased (>
40%) the expression of major CYP isozymes [39]. A differ-
ential IL-6-mediated decrease in expression was observed
for CYP1A2, CYP2B6, CYP2CS8, CYP2C9, CYP2C19,
and CYP3A4 isozymes [39]. CYP2B6 and CYP3A4 have
been reported to be the most impacted isoforms in inflam-
mation-related CYP downregulation [39]. Table 3 presents
the effects of inflammatory cytokines, which are commonly
detectable in COVID-19 patients, on CYP expression. The
effects of inflammatory cytokines on CYP expression are
summarized in Table 3.

A study on human hepatocytes demonstrated that IL-
6-mediated downregulation of CYP enzymes is a concen-
tration-dependent phenomenon. Following treatment with
1 ng/ml IL-6 for 24 h, CYP3A4 levels were decreased by
47% of the normal levels [40]. Compared to CYP2B6 and
CYP3AA4, the suppression of CYP2C9 expression is more
resilient as it required 5 ng/ml IL-6 to lower the expression

Table 3 Effect of inflammatory cytokines on cytochrome P450 (CYP) enzymes (either mRNA or protein) expression

Marker CYP1A2 CYP2B6 CYP2C9 CYP2C19 CYP2D6 CYP3A4 Model Ref.
IL-1B ND ND ND ND ND 1l Human hepatoma cells [87]
IL-6 ND ND ND ND ND Wl

TNFa ND ND ND ND ND Wl

IL-1B ND ND ND ND ND Ll Human hepatocytes [45]
IL-1P And <« <« ND ND And Human hepatocytes [113]
IL-6 < W ! ND ND W

IL-6 i Wl ND ND ND Wl HepaRG cells [114]
IL-1 ! ND ND ND ND 1l Human hepatocytes [115]
IL-6 l ND ND ND ND i

TNFa i ND ND ND ND 1

IL-1 ND And <« <« ND 1l Human hepatocytes [42]
IL-6 ND W H H ND W

TNFa ND Mg > > ND ND

IL-2 ND N ND ND ND N Peripheral blood mononuclear cells [116]
IL-6 ND l ND ND ND l

IL-10 ND > ND ND ND >

IL-6 1l 1l 1l N ND 1l Cryopreserved human hepatocytes [40]

| indicates up to 25% decrease, || indicates 26-50% decrease, ||| indicates > 50% decrease, <> indicates no change, CYP cytochrome P450,
IL interleukin, ND not determined
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by 65% [40]. The average ECs, values for IL-6-driven down-
regulation of CYP3A4, CYP2B6, and CYP2C9 are 1.2, 1.9,
and 3.6 ng/ml, respectively [40]. Interindividual variability
was observed in the extent of CYP downregulation by IL-6
exposure [41]. The role of IL-6 in producing inflammation-
mediated CYP downregulation was explained through the
use of turpentine, a chemical used to induce inflammation,
in an IL-6-deficient mouse model. Turpentine was unable to
cause inflammation and CYP downregulation in IL-6-defi-
cient mice in contrast to the wild-type IL-6 mice in vivo [42].
In addition, the authors measured the effects of other inflam-
matory cytokines which are frequently present in COVID-19
patients. TNFa, IFNy, TGF, and IL-1 significantly down-
regulated CYP3A4 expression [43]. It is unknown whether
in a ‘cytokine storm’, where multiple cytokines are intensely
elevated, the effects of cytokines on CYP enzymes would
be additive or synergistic. Regardless, it seems that drug
metabolism can be greatly affected by the type of inflamma-
tion that COVID-19 patients usually experience.

The mechanism of inflammation-related downregulation
can be highly diverse. Aryl hydrocarbon receptors (AhR),
constitutive androstane receptors (CAR), and the pregnane
X receptors (PXR) are the major regulators of the CYPI,
CYP2, and CYP3 family enzymes, respectively [44]. Sup-
pression of AhR, CAR, and PXR followed by transcrip-
tional downregulation of CYP mRNA and protein expres-
sion is the most ubiquitous pathway of cytokine and other
inflammation-mediated effects [37, 42, 43]. For example,
IL-1p decreases CAR expression [43]. The role of IL-1p in
the suppression of CYP enzymes was explained by partial
reversal of downregulation by gevokizumab, an anti-IL-1b
monoclonal antibody [45]. Another mechanism of inflamma-
tion-driven CYP3A4 suppression involves C/EBPp protein.
The mice triggered by inflammatory mediators (e.g., IL-1f,
IL-6, TNFa, IFNy) produced a truncated version of C/EBP,
which antagonized the activity of the full version leading to
inhibition of CYP3A4 [42]. In addition, oxidative stress is
a common phenomenon during infection and inflammation,
which is known to lower CYP expression via free radical
mechanisms [46]. This was rationalized through attenuation
of inflammation-related downregulation via administration
of a vitamin E analog, a known free radical scavenger [42].

3.2 Drug Metabolism and Disposition During
Infection and Inflammation

The primary function of CYP enzymes is to facilitate drug
elimination through an oxidative reaction. Thus, viral infec-
tion- and cytokine-related downregulation of CYP expres-
sion has a direct impact on the drug disposition and phar-
macokinetics in humans. The effects of several viruses, e.g.,
hepatitis A, influenza A and B, adenovirus, herpes simplex,

and human immunodeficiency virus (HIV), on CYP-depend-
ent drug metabolism have been studied [47]. Reports of the
effect of SARS-CoV-2 on drug-metabolizing enzymes or
the metabolism itself are scarce but the pharmacokinetics
of different COVID-19 investigational drugs have recently
become available to a limited extent. The increased plasma
levels and decreased elimination of cyclosporine, a CYP3A4
substrate, were driven by higher IL-6 levels in bone mar-
row transplant patients [42, 48]. Similar disease-drug inter-
actions were confirmed for simvastatin and cyclosporine
through physiologically based pharmacokinetic simulations
[49]. Metabolism of midazolam, a CYP3A probe substrate,
was decreased 12 h after inducing inflammatory condi-
tions with glucose-6-phosphate-isomerase as measured by
increased serum IL-6 and TNFa levels and suppression of
CYP3A mRNA [50]. CYP1A2-mediated hepatic clearance
of theophylline is decreased by adenovirus or influenza virus
[46]. Similarly, inflammatory effects decreased the metab-
olism of protease inhibitors by CYP3A4 in HIV patients
[51]. Analyses of infection- and inflammation-mediated
suppression of drug clearance and other pharmacokinetic
parameters clearly highlight that immunogenic proteins like
cytokines can directly contribute to the interindividual vari-
ability of the therapeutic and toxic outcomes of pharmaco-
logical interventions.

3.3 Pharmacokinetics of COVID-19 Drugs
in Infected Patients

The treatment regimens of COVID-19 patients could be
complex for several reasons including targeting of diverse
pathophysiology and symptoms. The pharmacokinetic pro-
file of investigational drugs in COVID-19 patients primar-
ily involves antiviral and antiprotozoal agents. Remdesivir,
which is the only US FDA-approved drug for COVID-
19, has very limited reports of disposition in COVID-19
patients. Sorgel et al. reported that the area under the con-
centration-time curve, maximum concentration, clearance,
and volume of distribution of the parent remdesivir differ
by 2.5- to 4-fold between healthy volunteers and COVID-
19 patients with renal impairment [52]. The package insert
of the drug indicates that only 10% of the metabolism is
mediated by CYP enzymes [53], so it is unclear if the higher
PK values are results of renal impairment, infection-related
downregulation of the metabolizing enzymes, or perhaps a
combination of both. Lopinavir/ritonavir and darunavir are
the anti-retroviral medications that are approved to treat HIV
and are now being repurposed for SARS-CoV-2 [54-56]. As
a result, recent PK reports on these antiviral drugs compare
their median peak-trough levels in COVID-19 patients with
previous studies with HIV-infected individuals. There was
a significant difference in plasma lopinavir concentrations
between survivor and non-survivor COVID-19 patients.
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The 13 patients of the study had median CRP levels of >
170 U/1 [57]. Another study reported a major difference
in the median oral clearance (CL/F) of darunavir between
COVID-19 patients with IL-6 > 18 pg/ml, patients with an
IL-6 < 18 pg/ml, and HIV patients not infected with SARS-
CoV-2 (2.78, 7.24, 9.75 1/h) [54]. However, no significant
difference was observed in CL/F between patients with
IL-6 < 18 pg/ml and HIV patients. Comparison between
non-stratified COVID-19 patients and HIV patients (IL-6
levels 31.0 pg/ml vs. 2.0 pg/ml) exhibited lower daruna-
vir CL/F in the SARS-CoV-2-infected patients. IL-6 was
the only factor that was significantly correlated with CL/F.
Other factors that were tested included age, body weight,
BSA, serum creatinine, ALT, and AST levels, and concom-
itant hydroxychloroquine administration [54]. Similarly,
plasma lopinavir concentrations were six times higher in
COVID-19 patients (median CRP 186 mg/l) compared to
HIV patients [55]. Marzolini et al. described lopinavir and
hydroxychloroquine plasma concentrations in COVID-19
patients when given concomitantly [58]. Lopinavir levels
were higher in COVID-19 patients compared to the HIV
cohort. Patients with higher CRP values (> 75 mg/l) had
a higher lopinavir trough concentration compared to the
patients with CRP < 75 mg/l. Plasma hydroxychloroquine
concentrations did not correlate with CRP levels. Age (< 65
or > 65 years) had no effect on the lopinavir concentrations
when compared between patients with similar CRP value
ranges [58]. In several studies, a positive correlation was
observed between the lopinavir trough concentration and

CRP values in COVID-19 patients [55, 58, 59]. Interestingly,
lopinavir trough levels were lower following administration
of tocilizumab, a monoclonal antibody against IL-6 receptor,
which suggests that inflammation-related downregulation of
drug metabolism and hepatic clearance plays a major role
in the disposition of COVID-19 drugs [58]. This validates
the concept that a certain CYP enzyme expression is sup-
pressed by inflammatory proteins during an active infection
or inflammation [38, 39, 41]. Indeed, lopinavir and daru-
navir are primarily metabolized by CYP3A4, but the same
enzyme has a minor role in hydroxychloroquine metabolism.
This suggests that inflammation-mediated downregulation of
CYP3A4 could lead to lower metabolism, decreased clear-
ance, and increased plasma concentration of the COVID-19
CYP3A4 substrate drugs. The anti-inflammatory effects of
tocilizumab may have the ability to decrease the elevated
cytokine levels and plasma drug levels, thus protecting the
patients from increased toxicity [58]. The inflammation-
driven suppression of the PK phenomenon may be appli-
cable to other drugs administered to manage comorbidities
and can potentially complicate the disposition profile of the
patients. For example, everolimus, an immunosuppressive
drug used in transplant patients, can be affected by lower
CYP3A4 activity as well as by CYP3A4 inhibitory effects
of anti-viral drugs [60]. A brief summary of the pharmacoki-
netics of drugs in COVID-19 patients is given in Table 4.

Table 4 Pharmacokinetics of antiviral agents in COVID-19 patients. Except one (darunavir), all the concentrations are indicative of lopinavir

levels
Patients Medication Concentration Biomarkers Observation Ref.
13 Lopinavir/ritonavir Cmax-Cmin 20-30 mg/1 Median CRP > 170 U/l Inflammation was associated with [57]
lower CYP concentration
30 Darunavir CL/F: IL-6 levels > 18 pg/ml: 2.78 Median IL-6 31.0 pg/  IL-6 was the only factor with signifi- [54]
I/h ; IL-6 levels < 18 pg/ml: 7.24 ml (HIV 2.0 pg/ml) cant association to oral clearance
1/h (HIV: 9.75 1/h)
17 Lopinavir/ritonavir AUC: 668,788 ng-h/ml (HIV patients: = Median CRP 186 mg/l Mechanically ventilated patients; [55]
113,200 ng-h/ml) positive correlation between CRP vs.
lopinavir trough concentration
92 Lopinavir/ritonavir Cmin level: 26.5 pug/ml Median non-ICU CRP  Positive correlation between CRP vs. [58]
CRP > 75 mg/1: 30.7 pg/ml 53 mg/l; ICU CRP lopinavir trough concentration; tocili-
CRP < 75 mg/l: 20.9 pg/ml 89 mg/l zumab lowered trough levels
(HIV patients: 7.1 pg/ml)
12 Lopinavir/ritonavir Cmax: 18,150 ng/ml; Cmin: 18,000 ng/ Median CRP: 48.9 mg/l Hospitalized patients [117]
ml (HIV: 5365 ng/ml)
8 Lopinavir/ritonavir Cmin: 13.6 pg/ml Mean 38.05 mg/1 Association of lopinavir Cmin vs. CRP  [59]
(HIV: 7.1 ug/ml)
21 Lopinavir/ritonavir Cmin: 15.235 pg/ml CRP 77 mg/l Concomitant exposure to hydroxychlo- [118]

(HIV: 4.882 pg/ml)

roquine

AUC area under the concentration-time curve, Cmax maximum concentration, Cmin minimum concentration, CL/F clearance, CRP C-reactive

protein, CYP cytochrome P450, ICU intensive care unit
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4 Drug Metabolism and Disposition
in COVID-19 Patients

4.1 More Than Liver Dysfunction, the Acute Effects
on Drug Metabolism Enzyme Expression

Most of the liver health data from COVID-19 patients have
strongly indicated that liver enzyme (e.g., AST, ALT) levels
significantly increase, and it is clear that the liver undergoes
severe stress during the period of SARS-CoV-2 infection
[17, 35, 61]. However, since the acute phase of the disease
is relatively short, at this time it is unknown how the liver
health of the patients will be once they recover from the
infection. Depending on the severity of the inflammation-
and infection-related hepatic damage, the patient(s) may
experience long-term liver abnormalities including necrosis
and organ failure [17, 61, 62]. Irrespective of the progno-
sis of liver dysfunction, due to the elevated cytokine levels,
comparable to other viral infections, it is likely that patients
will experience acute suppressive effects on CYP expres-
sion, reduced drug metabolism, decreased drug elimination,
and eventually local and systemic drug toxicity as early as
48-72 h after active infection [46, 47, 51]. Similar to other
viral infections, local and systemic inflammation as well as
the ‘cytokine storm’ during COVID-19 progression will
potentially cause downregulation of the major CYP enzymes

Healthy Liver

including CYP3A4, CYP2B6, and CYP2C9 [46, 47, 51].
Since toxic drug concentrations are one of the most com-
mon reasons for drug-induced liver injury [63], the abnormal
liver parameters during SARS-CoV-2 infection could also
be contributed by both the virus-related events and hepato-
toxicity from the experimental drugs that are being used to
treat COVID-19 or FDA-approved drugs for comorbidities.
Interindividual variability in liver abnormalities and inflam-
mation-related downregulation of CYP enzymes are other
prominent factors to be considered [64, 65]. Along with
the uncertainty about the length of abnormal liver health,
patients may also experience different acute responses in
CYP expression, which might pose additional challenges
to predicting liver health during COVID-19 progression
(Fig. 2).

4.2 Impact of Disease Pathophysiology
on Investigational COVID-19 Drug Disposition

Currently, there is no standard of care medication to treat
COVID-19. However, hospitalized patients are typically
given a broad array of experimental and approved drugs to
manage the conditions. Most of the treatments come from
supportive care including acetaminophen for fever and venti-
lation for dyspnea leading to ARDS [5]. Although there is no
FDA-approved treatment for SARS-CoV-2, the repurposed

" " Termination of Pharmacological
avir - Inactive Metabolites : e
Actions of Lopinavir

COVID-19 Patients (Inflamed
Liver with Suppressed CYP3A4)

- -V,

Fig. 2 Difference in drug metabolism and pharmacological outcomes
between healthy and inflamed liver in COVID-19 patients. Lopina-
vir, an anti-retroviral drug that has been repurposed for COVID-19,

Lack of Lopinavir

Metabolism -

Elevated Plasma
Lopinavir Concentrations

!

Possible Hepatotoxicity, QT Interval
Prolongation, and Pancreatitis

has been taken as an example, but this prototype flowchart is appli-
cable to all drugs that are metabolized to inactive metabolites by
cytochrome P450 enzymes, especially, through the CYP3A4 isoform
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or investigational drugs for SARS-CoV-2 include antivirals
(e.g., remdesivir, lopinavir, /ritonavir, umifenovir, favipira-
vir), antiprotozoal drugs (e.g., hydroxychloroquine, iver-
mectin), corticosteroids (e.g., dexamethasone, methylpred-
nisolone), and monoclonal antibodies (e.g., tocilizumab, a
cocktail to neutralize inflammatory proteins) [5, 66].

4.2.1 Remdesivir and Favipiravir

Among several drugs deployed for COVID-19 treatment,
remdesivir, which is an RNA polymerase inhibitor and an
investigational C-adenosine nucleoside prodrug, is one
of the few agents that has generated a somewhat positive
impact [67]. Like many antiviral prodrugs, it is not fully
phosphorylated until it enters a virus cell given its selectiv-
ity. Multiple clinical trials have shown it to be a relatively
safe medication with linear pharmacokinetics when adminis-
tered under 225 mg and reversible hepatotoxicity [67]. Sev-
eral ongoing phase 3 clinical trials evaluated remdesivir for
efficacy, and its emergency use authorization was expanded
to all patients with moderate COVID-19 [67]. Although
no comprehensive studies have been reported on remde-
sivir metabolism, it has been identified as a substrate for
CYP2C8, CYP2D6, and CYP3A4 as well as an inhibitor of
CYP3A4 and transporters [4]. The suppression of CYP3A4
expression by concomitant inflammatory conditions could
lower the elimination of remdesivir. In addition, its dosing
in clinical trials includes a loading dose of 200 mg followed
by infusions of 100 mg [67], which suggests that drug-drug
or drug-disease interactions may drive the concentrations
(> 225 mg) toward nonlinear pharmacokinetics and an
unpredictable dose-toxicity relationship [67].

Favipiravir is another RNA polymerase inhibitor that has
been evaluated on COVID-19 patients. It is a substrate of
aldehyde oxidase and xanthine oxidase and is an inhibitor
of CYP2CS8 and aldehyde oxidase. Major adverse effects
include hyperuricemia and abnormal liver functions [5].
Due to the non-CYP metabolic pathway of favipiravir [5],
it is likely that the pathophysiological factors in COVID-19
patients will not have any significant effect on the disposi-
tion of favipiravir.

4.2.2 Protease Inhibitors: Are we Compounding an Already
Existing Problem?

Originally, a lopinavir/ritonavir protease inhibitor combina-
tion was approved for the treatment of HIV. However, this
combination has also been evaluated for protease inhibition
against different coronavirus family members including
against SARS-CoV-2 in vitro and in COVID-19 patients. So
far, although there is in vitro antiviral activity, some studies
have shown efficacy (e.g., duration of ICU stay, viral load
clearance) while others show no difference to the comparator
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of this combination in COVID patients [68]. However, the
combination is known to have significant gastric adverse
effects, hepatotoxicity, and pancreatitis [68]. Lopinavir and
ritonavir are both CYP3A4 substrates, so there is a poten-
tial for elevated levels following inflammation-related down-
regulation of CYP3A4 expression. Both the agents are also
well known for their ability to inhibit CYP3A4. The com-
bination of these drugs also induces other CYPs including
CYP2B6, CYP2C9, and CYP2C19 [68]. In addition to the
inflammation-related downregulation of CYP3A4 expres-
sion, autoinhibition of CYP3A4-mediated metabolism by
lopinavir/ritonavir may pose a challenge to their elimination.
Considering their ability to cause hepatoxicity, this combi-
nation has the potential to add a toxic burden on the liver.

4.2.3 Chloroquine and Hydroxychloroquine

During the first month of the pandemic (March 2020), the
FDA issued an Emergency Use Authorization for hydroxy-
chloroquine, which they later revoked in June 2020; how-
ever, other parts of the world are still using hydroxychlo-
roquine as an investigational treatment and prophylactic
agent for COVID-19 [69]. These antimalarial drugs have
been proposed to have antiviral action in COVID-19 patients
by inhibiting the viral entry and thus decreasing the viral
load. Several completed or ongoing clinical trials did not
find much success in establishing the antiviral efficacy of
chloroquine and hydroxychloroquine [70]. As such, these
antimalarial drugs are known to be very toxic because of
their cardiotoxicity, hepatological effects, and adverse
vision effects [70]. Both of these drugs are metabolized by
CYP3A4 and CYP2D6, which suggests that lower CYP3A4
function in the inflammatory condition may drive their
metabolism more toward CYP2D6. It is important to recog-
nize that CYP2D6 expression is not induced or suppressed
by the typical inflammatory factors and in general by very
few chemical agents; however, because of the highly fre-
quent polymorphic presence of CYP2D6 [71], the patients
are likely to experience altered elimination of chloroquine
and hydroxychloroquine and eventually unpredictable life-
threatening drug-adverse effects.

4.2.4 Corticosteroids

Corticosteroids are another group of medications that have
emerged as a treatment option for COVID-19 [72]. In the
RECOVERY trial, there was a significant risk reduction for
patients requiring supplemental oxygen or being ventilated
compared to the usual care group [72]. Dexamethasone is
both an inducer and a substrate for the CYP3A4 enzyme [73,
74]. Decreased metabolism of dexamethasone may lead to
corticosteroid-related acute adverse effects such as hyper-
glycemia and fluid retention [75].
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4.2.5 Supportive Medications

It is relevant to observe that the standard of care for patients
does not include medications for ventilation explicitly, but
ventilation does require medication, and many of these
patients require ventilation. To be ventilated the patient
must first be paralyzed, and to be paralyzed they must be
sedated and have analgesia. After ventilation the patient
should receive deep venous thrombosis prophylaxis, stress
ulcer prophylaxis, and ventilator-associated pneumonia
prophylaxis [13]. Propofol is a medication that is commonly
used for deep sedation before paralysis. It is metabolized by
CYP2B6, which means it is heavily affected by IL-6 [76].
Fentanyl is used for sedation and analgesia and is metabo-
lized by CYP3A4 [76]. Benzodiazepine drugs are largely
a CYP3A4 substrate, which suggests potential disease-
drug interactions with this class of drugs. Midazolam is
commonly used in producing sedation and is metabolized
by CYP3A4 [73]. Most of these medications can be very
harmful if the plasma levels are increased following lack of
metabolism by inflammation-mediated CYP3A4 or CYP2B6
suppression.

4.3 Potential Effects of COVID-19 on Medications
for Comorbidities

Along with the COVID-19-related drug therapies, patients
often take medications for comorbidities, especially individ-
uals with preexisting conditions/comorbidities are most vul-
nerable to SARS-CoV-2 infection [7]. Thus, the chance of
a COVID-19 patient having disease-drug interactions com-
pared to a non-COVID-19 patient is much higher. In a meta-
analysis conducted on patients with comorbidities there were
three underlying diseases most common with COVID-19,
namely, 16% of patients were hypertensive, 12.11% of
patients had cardiovascular disease, and 7.87% of patients
had type 2 diabetes [7]. These patients typically take medi-
cations that are metabolized by CYP enzymes. CYP3A4 is
metabolized by commonly used antihypertensives includ-
ing most dihydropyridine calcium channel blockers (e.g.,
amlodipine and nifedipine), all non-dihydropyridine cal-
cium channel blockers (e.g., verapamil and diltiazem),
and propranolol [77-80]. Irbesartan and losartan are anti-
hypertensive drugs that are metabolized by CYP2C9 [81].
Cholesterol-lowering drugs such as statins (except pravas-
tatin and rosuvastatin), which are often also used in patients
with hypertension, are metabolized by CYP3A4 [82, 83].
Similarly, antidiabetic agents such as glimepiride, glipizide,
and glyburide are metabolized by CYP2C9 [84]. Since IL-6
downregulates the major drug-metabolizing CYP enzymes
(e.g., CYP2B6, CYP2C9, and CYP3A4), administration of

agents for comorbidities could be detrimental to COVID-19
patients. CYP3A4 suppression is extremely sensitive to IL-6
elevation and gets downregulated even with a minor increase
in IL-6 as quickly as within 24 h [40]. Similarly, CYP2C9 is
also downregulated by IL-6 at higher concentrations. IL-1
also downregulates CAR, which in turn leads to a lower
expression of CYP2C9 [40]. Supratherapeutic plasma levels
caused by decreased metabolism of antihypertensive medi-
cations can lead to hypotension and other related side effects.
This can intensify hypotension already caused by systemic
infection by SARS-CoV-2. Similarly, higher concentrations
of statins can lead to rhabdomyolysis, which can intensify
the body aches already experienced by feverish COVID-19
patients [3]. Plasma concentrations of antidiabetic medica-
tions, especially the sulfonylureas, above the minimum toxic
concentrations can cause dangerous hypoglycemia, which
is already aggravated in the patient by difficulty with eating
and intubation [3].

Along with the disease-drug interactions of comorbidity
therapeutics, it is extremely critical to understand that the
investigational COVID-19 therapies also modulate the CYP
functionality. By administering the COVID-19 medications
we may be compounding already existing disposition-related
issues of drugs for comorbidity. For example, ritonavir is a
strong CYP3A4 inhibitor, and already suppressed CYP3A4
functions can be further abolished by ritonavir, eventually
totally blocking the elimination of antihypertensive, anti-
diabetic, and cholesterol-lowering drugs [68]. Similar meta-
bolic alterations of drugs for comorbidities could be experi-
enced by COVID-19 investigational drugs, such as lopinavir
and tocilizumab, known to inhibit or induce CYP3A4 or
CYP2C9 enzymes [39, 85]. Thus, decreased elimination of
antihypertensives, cholesterol-lowering, and antidiabetic
drugs through dysregulation of CYP enzymes can be fatal
for the patients if they are not monitored for appropriate
toxic end points.

5 Conclusions and Recommendations

5.1 Drugs to Decrease Inflammation and Reverse
CYP Downregulation

Although lowering the viral load and eliminating the source
of inflammation are the primary strategies of SARS-CoV-2
treatment, use of anti-inflammatory medications to neutral-
ize the inflammatory proteins or signaling may be an indi-
rect but effective way to attenuate several pathophysiological
symptoms including reversing the downregulation of CYP
enzymes. Currently, two monoclonal antibody cocktail prep-
arations (LY-CoV555, REGN-COV?2) designed to neutralize
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SARS-CoV-2 have been submitted for the FDA’s emergency
use authorization for COVID-19 patients [86]. In addition,
tocilizumab, a monoclonal antibody against the IL-6 recep-
tor used in autoimmune disorders and to prevent the life-
threatening ‘cytokine storm’, has been shown in in vitro
studies to attenuate or abolish the suppressive effects of IL-6
on CYP3A4, CYP2B6, CYP2C9, and CYP2C19 mRNA and
metabolism [39, 87]. Similarly, use of anti-TNFa antibod-
ies (e.g., infliximab, adalimumab) can also be a potential
way of lowering the life-threatening inflammation as well
as ensuring that the patient has the optimum CYP-mediated
drug metabolism capacity to eliminate the COVID-19- and
comorbidity-related drugs [88]. Health supplements such as
melatonin and vitamin D have also been touted as adjuvant
therapy for their ability to reduce inflammation and have
the potential to attenuate the ‘cytokine storm’ including
IL-6 and restore the CYP expression and metabolism [5,
89]. Melatonin also helps to remove reactive oxygen spe-
cies that are formed from the tissue damage and may be
able to promote healing [89]. Therefore, we hypothesize that
COVID-19 patients with suppressed drug metabolism may
demonstrate improved drug clearance following treatment
with inflammation-lowering agents. Indeed, tocilizumab,
an IL-6 blocker anti-inflammatory antibody, significantly
lowered the trough lopinavir concentration in COVID-19
patients, which is indicative of enhanced drug clearance and
plausible reversal of inflammation-related decreased disposi-
tion [58].

5.2 Use of Alternative Drugs for Comorbidities
During COVID-19

The comorbidities that are often associated with COVID-
19 have a plethora of therapeutic options. Patients with
hypertension and heart failure can use ACE inhibitors,
which are not largely metabolized by CYP enzymes [90].
There may be some additional benefit for patients because
the virus is spread through the ACE2 receptor, and block-
ing of the ACE2 receptor might minimize the entry into
the body. If patients have had angioedema in the past, have
hyperkalemia, or have exceptional risk of an acute cardiac
injury, they may be able to use a thiazide diuretic, which also
has very little CYP metabolism [91]. Most beta-blockers
are metabolized by CYP2D6 and should be used with cau-
tion because of hydroxychloroquine-mediated inhibition of
CYP2D6 if used concomitantly [92].

Similarly, for diabetes there are several options for
patients. Sulfonylureas are a class of drugs that needs dose
adjustment or discontinuation due to the inherent risk of
hypoglycemia when given to non-COVID-19 patients [93].
Since CYP2C9 enzyme and CAR (receptor regulating the
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enzyme) are affected by COVID-19-related inflammation
[84], it is likely that sulfonylureas will accumulate, lead-
ing to more severe hypoglycemia. In case of cholesterol-
lowering drugs, rosuvastatin is not primarily metabolized by
CYPs, and 90% of the drug is excreted in feces, which will
be a good choice compared to atorvastatin/simvastatin and
other CYP3A4 substrates [83]. The antidiabetic drugs that
are not hepatically cleared, e.g., liraglutide or semaglutide,
should be considered [94]. In either of the cases, if stabiliza-
tion of the patients on a certain class of CYP-metabolized
drugs is a priority, then dose adjustment for the agents for
comorbidity will be more desirable.

5.3 Timeline of CYP Suppression and Decreased
Drug Metabolism in COVID-19 Patients

From the currently available information, it is very difficult
to infer how quickly the CYP expression and metabolism
will be suppressed after the initial SARS-CoV-2 infection
or how long the suppression would last. In studies where
cytokines were measured, the laboratory tests were typically
done 2-5 days after the patient was admitted [26]. In the nor-
mal course of a COVID-19 infection, patients are not admit-
ted until an average of 7 days after the they are infected. In
vitro studies with cytokines and other inflammatory proteins
have shown that CYP mRNA reaches maximum suppres-
sion as quickly as 24 h from exposure to cytokines [95].
Therefore, it is likely that during the initial phase of infection
patients will experience downregulation of CYP expression
and lower metabolic capacity. In a longitudinal study, Liu
et al. provided good insight into the difference in IL-6 levels
between severe and mild COVID-19 patients [96]. In severe
patients, IL-6 levels were elevated to an average of 70 pg/ml
at < 3 days after disease onset, and the elevated levels con-
tinued until 15 days when the levels started to decrease [96].
In patients with mild disease, IL-6 does not have any peak
and maintained an average level of 20 pg/ml throughout
the course of the illness [96]. Thus, it is likely that patients
could be experiencing metabolism issues even before they
are symptomatic, admitted to the hospital, or liver dysfunc-
tion is suspected. Since patients may experience compro-
mised metabolic capacity irrespective of the onset/length of
COVID-19 and extent of liver dysfunction, it is also plausi-
ble that along with the ‘cytokine storm’ toxic drug levels and
increased hepatotoxicity from drugs for comorbidities might
be contributing to the abnormal liver health in COVID-19
patients. Except for in a small percentage of patients who
might experience severe liver damage, hepatocytes have
remarkable regenerative capabilities [30]. Analogous to
drug-drug interactions, CYP enzymes usually recover very
quickly after the offending agents are no longer in the body.
In this case, the primary offending agents, i.e., the inflamma-
tory cytokines, are known to recede to normal levels around
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15 days after the onset of the infection, which will allow the
CYPs to recover in a gradual manner [9, 18-24]. It is critical
that cytokine levels, liver function tests, and plasma for nar-
row therapeutic index drugs are measured at different time
points after hospitalization and analyzed for restoration of
the CYP-mediated metabolic system.

5.4 Recommendations for the Frontline Healthcare
Professionals (Physicians, Nurses, Pharmacists)

In conclusion, COVID-19 patients experience a wide range
of pathophysiological changes including immune response-
based inflammation. A ‘cytokine storm’ or very high levels
of cytokines have been identified in SARS-CoV-2 infected
individuals, especially when they are severely ill (e.g., in
the ICU, on ventilation, non-survivors) [9, 10]. In correla-
tion with the inflammatory proteins, liver enzyme levels also
appear to be more compromised in severely ill patients than
in individuals with mild symptoms [9, 18, 19, 22]. Over
the years, it has been well established in non-SARS-CoV-2
viral infections that elevated cytokine levels can strongly
suppress CYP regulation and lower hepatic and other organ
drug clearance [46, 47, 51]. This opens the window for fur-
ther complications in COVID-19 patients when elevated
drug concentrations can lead to liver and other organ dys-
function. It is pertinent to recognize that COVID-19 patients
might experience polypharmacy due to the drugs needed
to treat the disease and symptoms as well as the agents for
comorbidities prevalent in COVID-19 patients [4, 7]. Plasma
concentrations of COVID-19 drugs such as lopinavir and
darunavir are increased in COVID-19 patients [54, 57], and
this scenario can be extended to other medications as well.

It is imperative that additional perspectives be added in
the treatment plans of severe COVID-19 patients. Pharma-
cists and physicians often pay so much attention to drug-
drug interactions, but the drug-disease interactions are not
considered. Though it can be hard to capture the effects of
inflammatory proteins, CYP regulation, and drug dispo-
sition in COVID-19 patients in real time, the availability
of physiologically based simulation platforms (e.g., Gas-
troPlus, SimCyp) should enable the researchers to predict
the potential metabolic status of the patients regarding the
drugs for COVID-19 and comorbidities. Clinicians need to
pay special attention to the CYP3A4 substrates because of
the potent suppressive effects of IL-6 and other cytokines
on this isoform and because the majority of the drugs in
the clinic are metabolized by this isoform [46, 47, 51]. It is
understandable that it might not always be practical to switch
the drugs for comorbidities, especially for chronic diseases
like hypertension, diabetes, and hyperlipidemia, but narrow
therapeutic index drugs should be effectively recognized for
discontinuation or dose adjustment. Measurement of plasma

drug levels at certain intervals for COVID-19 investigational
drugs (e.g., hydroxychloroquine) and drugs for comorbidi-
ties is needed to establish the therapeutic window in the
infected individuals. This will facilitate therapeutic drug
monitoring and can minimize adverse drug effects as well as
elevated drug concentration-related liver dysfunction among
COVID-19 patients. For outpatient individuals, the patient
and/or the caregivers should be counseled about the drug
toxicities from elevated plasma levels and desired interven-
tions. It is important to note that significantly higher levels
of inflammatory cytokines were mostly seen in severely ill
COVID-19 patients, and they are the target population for
monitoring and intervention [9, 18-24]. This could also be
the reason that the compromised metabolic status has not
drawn much attention yet since patients with severe cases
of COVID-19 typically experience myriad symptoms that
mask the toxicities from the elevated drug plasma levels and
a number of patients do not survive. As a result, we predict
that a suppressed CYP metabolic system and compromised
drug metabolism might contribute to the organ damage and
higher mortality rate in patients severely ill from COVID-19.
Overall, the knowledge about pathophysiology of COVID-
19 and understanding of the CYP expression status and drug
metabolism and pharmacokinetic scope will potentially
minimize drug-related toxicity and optimize the pharmaco-
therapy of infected individuals.
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