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Drug interactions in COVID-19 treatment. Systematic review

The COVID-19 pandemic has driven the experimental, off-label treatments

with co-administration of supportive therapies for many patients with severe
infections and coexisting chronic conditions. This situation has inevitably led to
polypharmacy, which is always related to a disproportionately large increase in
drug-drug interaction and adverse drug effects probability. Immediate, difficult
therapeutic decisions have taken priority, rendering drug interactions and

adverse drug effects less important. Additionally, there has been a shortage of

studies describing such interactions and guiding how to avoid them in clinical
practice. Systematic review aimed to analyze and summarize the available
information about clinically relevant drug-drug interactions observed between
COVID-19 treatment and other drugs used in the care of individual patients.

To perform a systematic review, we searched PubMed and Embase databases.
After data extraction, we checked drug-drug interactions with two independent
interaction checkers: the COVID-19 Drug Interactions checker created by the
University of Liverpool and the Drug Interactions Checker, powered by the
American Society of Health-System Pharmacists, Cerner Multum, and IBM Watson
Micromedex. According to our findings, chloroquine or hydroxychloroquine and
lopinavir/ritonavir as a COVID-19 treatment carried the highest risk of interactions
related to QT prolongation and cytochrome P450 inhibition. The other group most
at risk of interactions involved patients taking immunosuppressants with the
potential to prolong the QT interval and direct oral anticoagulants. In the case of
immunosuppression therapy, one should expect increased blood levels of drugs
and a higher risk of toxicity, co-administration of QT prolongation drugs involves
the risk of life-threatening arrhythmias, and anticoagulant treatment requires
paying attention to the increased risk of bleeding. Considering complex COVID-

19 therapy, avoiding drug-drug interactions requires a multidisciplinary approach
and up-to-date information about possible interactions.
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Introduction

Since December 2019, COVID-19 caused by
severe acute respiratory syndrome coronavirus
type 2 (SARS-COV-2) has rapidly spread worl-
dwide. According to WHO data from 6 April
2022 (02:00 CEST), there have been till now
492,189,439 confirmed cases and 6,159,474 deaths
due to COVID-19 [1]. Despite the high efficacy
of vaccinations, reported as 66.1% for Johnso-
n&Johnson one dose vaccine and 70.4-95.0% for
two doses vaccines [2], and 64.7% of the world
population receiving at least one dose of COVID-
19 vaccination [3], there is still a need for the deve-
lopment of the specific treatments for the patients
with severe symptoms.

The current COVID-19 treatment strategy is
based on antiviral, anti-inflammatory, immuno-
modulators, and adjunctive therapies [4]. Among
the recommended therapeutic options, chloro-
quine or hydroxychloroquine, lopinavir/ritona-
vir, and azithromycin were related to a higher
risk of ADRs (adverse drug reactions) and DDIs
(drug-drug interactions) [5, 6]. In the case of the
off-label treatment by anti-malaria drugs and
macrolides, the main problem cause QT prolon-
gation by themselves and disproportionately more
significant prolongation in combination or with
another proarrhythmic drug co-administration
[7]. Furthermore, according to PIs (protease inhi-
bitors) like lopinavir/ritonavir, their interaction
potential is associated with CYP (cytochrome)
inhibition and decreases drugs’ liver metabo-
lism [6, 8].

Chronically ill patients are the most exposed
group, experiencing interactions between COVID-
19 therapeutics and other concomitant medica-
tions. Co-morbidities often require complex the-
rapies, leading to problematic polypharmacy, one
of DDIs and ADRSs risk factors [9]. In the Iloanusi et
al. study, polypharmacy was significantly related
to an increased relative risk of a positive COVID-19
test result, deaths among male COVID-19 patients,
AKI (acute kidney injury), and ADRs [10]. Addi-
tionally, a severe course of COVID-19 is almost
synonymous with polypharmacy as it often rela-
tes to acute respiratory distress syndrome, acute
respiratory failure, coagulopathy, septic shock, or
cardiovascular complications treatment [4]. The
critical condition of patients usually requires deci-
sive actions in which drug interactions take a les-
ser priority. This systematic review is designed to
draw attention to the problem of DDIs that can be
avoided in the future treatment of patients with
chronic illness and severe course of COVID-19.

The main aim of our review was to analyse the
risk of DDIs between COVID-19 treatments and
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any other medications. In addition, we wanted to
examine the scale of this problem in different gro-
ups of patients with chronic illness and summa-
rise information about possible unsafe drug com-
binations.

Materials and methods

Systematic review

A systematic review was based on the newest
PRISMA 2020 guideline [11]. The main goal of this
study was to identify literature related to clinically
relevant drug-drug interactions caused by COVID-
19 treatment.

We searched articles published before 4 Janu-
ary 2022 in two different databases: PubMed and
Embase. The research strategy for PubMed data-
base was: (“drug interaction*”[tw] AND COVID-
-19[tw]) OR (COVID-19[Mesh] AND Drug Inte-
ractions[Mesh]) and for Embase database: (‘drug
interaction*:ti” AND ‘COVID 19:ti’) OR (‘corona-
virus disease 2019’/exp AND ‘drug interaction’/
exp). In both syntaxes, we used the same searching
functions. We used a databases search engine filter
to identify research conducted only on humans to
narrow the search.

Inclusion criteria

The following types of full-text articles were
selected for further analysis: randomised control-
led trials, other controlled studies, observatio-
nal studies, and case reports or case series. Fur-
thermore, we considered only publications with
drug-drug interactions caused by COVID-19 tre-
atment with clinically important outcomes descri-
bed in the articles. We excluded articles concer-
ning potential drug-drug interactions without an
accurate and sufficient clinical assessment of their
consequences in patients included in the studies.
Manuscripts in languages different from English
were excluded.

To review titles and abstracts, we used the Ray-
yan software [12]. Two leading reviewers perfor-
med the first literature sift, reviewing titles and
abstracts to identify relevant papers independen-
tly. After the agreement between the reviewers
was achieved, the next step was to examine the
full texts utilizing the same revision and decision
scheme. All reviewing procedures are shown in
a flow diagram (figure 1).

Data extraction

Following the agreement of all co-authors on
papers included in this review, data extraction
was performed on the selected documents. During
another round of the revision, we collected data
about the type of study, number of patients and
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Identification of studies via databases

Identification

Records identified from:
PubMed database

(n =502) L

Embase database
(n = 426)

v

Screening

Records included to title

and abstract screening ——»

(n =669)

l

Records included to full review
(n = 40)

A4

Included

Studies included in review
(n=18)

observed drug-drug interactions, drugs used for
COVID-19 treatment, and classes and names of
medicines that interact with them. When case
reports or series were considered, we also collec-
ted information about the patient characteristics,
such as age, weight, medications, and concomi-
tant diseases. For better data readability Excel and
Mendeley software were used.

Interaction checkers

To summarise information about drug interac-
tion, we used two types of checkers. The first is
dedicated to interpreting the interaction between
COVID-19 treatment and another drug, created
by the University of Liverpool [13]. The second is
Drug Interactions Checker, designed and develo-
ped on www.drugs.com, powered by the Ameri-
can Society of Health-System Pharmacists, Cerner
Multum, and IBM Watson Micromedex [14]. The
abovementioned databases allowed for comparison

392

Records removed before screening:
Duplicate records removed

(n=95)

Animal research

(excluded by search engine filters)
(n=164)

Records excluded
(n =629)

Records excluded:

Paid access (n =3)

No data about interaction (n = 7)
Potential interaction without clinical
outcomes (n =11)

No Covid-19 treatment (n = 1)

Figure 1. Systematic review flow diagram
based on The PRISMA 2020 statement.

of clinical interactions described in the articles
with data derived from checkers such as the type
of interaction, severity, risk ratio, and possessed
information about management recommenda-
tions.

Results

Immunosuppressants

Immunosuppressant therapy after trans-
plantation is associated with a significant risk
ofpotentially dangerous DDIs, mainly due to
CYP3A4 isoenzyme metabolism and interaction
with P-glycoprotein, which lead to fluctuations in
blood concentrations of the administrated drugs
[15-17]. Clinically relevant interactions caused by
CYP inhibitors may result in unpredicted, higher
blood concentration levels of calcineurin and
kinase mTOR inhibitors, manifested by symptoms
of drug toxicity [15]. On the other hand, induction
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of metabolisms threatens the risk of transplant Our systematic review found 9 out of 18 papers
rejection [16]. According to our review, during the included in the analysis dealing with immuno-
COVID-19 treatment, PIs are the primary source suppressants DDIs, of which 6 were case reports.
of interactions (table 1). Among them, four articles described the usage of

Table 1. Clinically significant drug-drug interactions - immunosuppressants.

an Type of nq Risk by
Group Author/year Typeof paper N Administered drugs COVID-19 treatment interaction Clinical outcome checkers
Allopurinol, . Ceftriaxone, . s Increased trough the
Methylprednisolone, Hydroxychloroquine, Inhibition of level of tacrolimus Maior!
Bartiromo et al. 2020 ** Case 1 Omeprazole, Lopinavir/Ritonavirf CYP3A4 and P- despite dose NJA’
Ramipril, replaced after 2daysby  glycoprotein redsction
Tacrolimust. Darunavir/Cobicistat.
Increased trough
Everolimusf, the level of
NSAIDs ' Cefuroxime, Inhibition of  everolimus despite Maior!
Meziyerh et al. 2020 2 Case 1 o Chloroquine, CYP3A4 and dose reduction y
Prednisolone, Lo . . . ; NA2
Lopinavir/Ritonavirt. P-glycoprotein (discontinued
Tramadol.
or changed to
cyclosporine)
a . . Inhibition of _—
E  paetal 2021 Case 1 P_red_nlsolone, Ceft_rlaxgnel, _ CYP3A4 and Increaseq tr_ough the Major
1] Sirolimust. Lopinavir/Ritonavirt. . level of sirolimus NA?
H P-glycoprotein
g
o .
2 Mycophenolate mofetil was
§ discontinued after starting
£ Lopinavir/Ritonavir, Increased trough
E Tacrolimust discontinued Inhibition of the level of g Maior!
Kim et al. 2020 Case 1  after noticing an increasing Lopinavir/Ritonavirt CYP3A4 and . . )
. tacrolimus despite NA?
trough level, P-glycoprotein discontinuation
Prednisolone changed
after tacrolimus stopped to
methylprednisolone.
Azithromycin,
Diltiazem, Favipiravir,
Enalapril, Hydroxychloroquine, . Increased trough the
. I L . Inhibition of ) .
Vongchaiudomchoke et Lamivudine, Lopinavir/Ritonavirf level of tacrolimus Major?
Case 1 . . . CYP3A4 and .
al. 20212 Mycophenolate sodium, discontinued after P_alvcoprotein despite dose NA?
Prednisolone, noticing an increased glycop reduction caused AKI
Tacrolimust. trough level of tacrolimus,
Meropenem.
Aciclovir,
Cc{—.trllmoxazole, Azithromycin,
Glipizide, }
Losartan Ceftriaxone,
) Darunavirf, Increased trough the
Manidipine, S - }
Metoprolol Favipiravir, Inhibition of  level of tacrolimus Major!
Thammathiwat et al. 20212 Case 1 ' ) Hydroxychloroquine, CYP3A4 and despite dose N
Mycophenolate mofetil was . . : . NA
. . . Immunoglobulin 1VIg, P-glycoprotein reduction and finally
discontinued after starting Polvmyxin B stonped treatment
COVID-19 treatment, oymyxin g, PP
“n . RitonavirT,
£ Prednisolone, s
H h . Tocilizumab.
@ Simvastatin,
] ;
g Tacrolimust.
£}
2 .
g Martinez-Lopez-de-Castro spi:)slziccte“rll(tere 1 Tacrolimust Hydroxychloroquine Inhibition Increased trough the NA!
E etal. 2021 % stu%y yaroxy 4 P-glycoprotein level of tacrolimus Potential?
Retrospective Everolimust, Lopinavir/Ritonavirf Inhibition of ::\S:ta):eeillgzrir%lhutshe Major!
Miarons et al. 2021 % single-center 106 SirolimusT, P . L CYP3A4 and o ! )
) Darunavir/Cobicistatt. . sirolimus and NA?
study Tacrolimust. P-glycoprotein )
tacrolimus
Retrospective Inhibition :ngfziigs:gllijlitihe Maior!
Saez-Giménez et al. multi-center 10  Tacrolimust Lopinavir/Ritonavirf CYP3A4 and . y 5
despite dose NA

study

P-glycoprotein

reduction caused AKI

T drug-drug interaction

*risk by Drugs.com interaction checker®

2risk by Liverpool COVID-19 Interactions checker®
NA - not available
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tacrolimus, one sirolimus, one everolimus, and
their subsequent interactions. The first case report
described a 36-year-old woman following kidney
transplantation (KT) treated with tacrolimus 5 mg/
day and prednisolone 4 mg a day. Based on the
COVID-19 diagnosis, physicians started treatment
with lopinavir/ritonavir 400 mg/100 mg a day,
hydroxychloroquine 200 mg/day, and ceftriaxone
2 g daily, and reduced the dosage of tacrolimus
to 3 mg/day. On 2nd day of antiviral treatment,
lopinavir/ritonavir was replaced by darunavir/
cobicistat due to nausea and diarrhea. The patient
reported intermittent abdominal pain, nausea,
and vomiting on day 4. Tacrolimus trough level on
that day was 90.5 ng/mL. Physicians discontinued
antivirals and tacrolimus therapy and continued
to monitor immunosuppressant levels. Two weeks
after the hospital discharge (about 19 days after
tacrolimus discontinuation), the tacrolimus level
still was elevated up to 15 pg/mL [18]. The second
case report described a 36-year-old man taking
2 mg of tacrolimus a day, 500 mg of mycophenolate
mofetil (MFF) twice a day, and 10 mg/day of pred-
nisolone following KT. As the Sars-CoV-2 virus
was detected, physicians started lopinavir/rito-
navir (400 mg/100 mg a day) and discontinued
MFF. Due to an elevated level of tacrolimus (16 ng/
mL), they decided to stop it and change 10 mg
of prednisolone to 30 mg of methylprednisolone
per day. A drop down to the therapeutic level of
tacrolimus was achieved after ten days since the
discontinuation of such treatment [19]. The third
article reported a 39-year-old kidney recipient
male on 2 mg/day tacrolimus, 720 mg/day myco-
phenolate sodium, and 2.5 mg/day prednisolone
immunotherapy. Due to the COVID-19 diagno-
sis, the patient was started on hydroxychloroqu-
ine (1.200 mg/day), favipiravir (1.600 mg/day), and
lopinavir/ritonavir (800 mg/400 mg a day) admi-
nistration with concurrent 50% dosage reduction
of tacrolimus, discontinuation of mycophenolate
sodium, and increase of the prednisolone dose
(15 mg/day). Despite the lower tacrolimus regime,
the 10™-day trough level was still elevated up to
66.3 ng/mL, contributing to acute kidney injury
and the decision to discontinue lopinavir/ritona-
vir treatment [20]. The fourth case was regarding
a 58-year-old male with a transplanted kidney.
Initial immunosuppressive therapy was based on
2.5 mg/day tacrolimus, 2 g/day MFF, and pred-
nisolone of 2.5 mg a day. The antiviral treatment
was started after a positive diagnosis of COVID-
19. Physicians commenced favipiravir, darunavir/
ritonavir, azithromycin, and hydroxychloroqu-
ine, followed by the reduction of tacrolimus dosage
by half and discontinuation of MFF therapy. On
the second day, tacrolimus, MFF, and the current
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antiviral therapy were stopped, except for favipi-
ravir, as tacrolimus trough level was 28.9 ng/mL.
For the immunotherapy, the prednisolone dosage
was increased to 15 mg daily. Continued COVID-
19 treatment was based on favipiravir, intrave-
nous immunoglobulins (IVIG), tocilizumab, and
antibiotic prophylaxis [21]. The following report
presented a 35-year-old male on dual immuno-
suppressive therapy with 3 mg/day everolimus
and 7.5 mg prednisolone after KT. Due to confir-
med Sars-Cov-2 diagnosis, she was treated with
300 mg/day (after 600 mg loading) chloroquine
and 400 mg/100 mg lopinavir/ritonavir daily. Phy-
sicians decided to reduce the everolimus dose to
2 mg a day, considering possible drug interaction.
After two days, despite a lower dose, the everoli-
mus level was 31.1 pg/mL. Therefore, on the same
day, physicians stopped everolimus therapy com-
pletely. Everolimus concentration decreased below
detection level after 22 days, and since then, cyclo-
sporine was administered [22]. The last case report
is also about a man with KT at 59 years of age. His
immunosuppression regime included sirolimus
(6 mg a day) and prednisolone (5 mg a day). On the
day of COVID-19 diagnosis, 400 mg/100 mg a day
of lopinavir/ritonavir and 2 g daily ceftriaxone was
prescribed. On the fifth day, a laboratory test reve-
aled a significant increase in AST and ALT levels;
furthermore, sirolimus concentration measured
the next day achieved 122.9 ng/mL. The authors
mentioned that sirolimus trough level might cause
drug-induced hepatitis, which was the reason to
stop lopinavir/ritonavir treatment [23].

In a multicenter retrospective study of 44 adult
lung transplant patients [24], the clinically signi-
ficant interaction between lopinavir/ritonavir and
tacrolimus was described. In 10 out of 14 patients
(71.4%) receiving lopinavir/ritonavir therapy, the
plasma levels of tacrolimus increased above the
upper therapeutic limit, even though the tacro-
limus dose was decreased or even the treatment
was stopped. Furthermore, a high level of tacro-
limus contributed to the increased risk of AKI -
in 60% of patients with AKI high level of tacroli-
mus (> 15 ng/mL) was noted. Ten patients treated
with lopinavir/ritonavir related to treatment AKI
were diagnosed (mean eGFR 16 mL/min/m?), and
tacrolimus levels in this subgroup had a mean peak
value of 28.5 (5.8-60) ng/mL. Also, due to the dif-
ficulties in dose adjustment of tacrolimus related
to lopinavir/ritonavir therapy, subtherapeutic or
undetectable levels of tacrolimus were observed
in one patient.

In a cohort study by Miarons et al. [25],
46 transplant recipients treated for COVID-19 were
included and compared to the control of 166 non-
-transplant COVID-19 patients (selected from
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586 based on probabilistic matching taking into
demographic characteristics). One of the outco-
mes reported was DDIs, i.e., all confirmed drug
interactions and therapy modifications secon-
dary to them. Also, all treatments were analy-
zed for potential drug interactions using online
software for DDI checking. The data were analy-
zed 28 days after admission to the hospital. The
total number of detected interactions was 106 in
42 (91.3%) transplant patients. Tacrolimus was
the most frequent immunosuppressant associated
with drug interactions (61.3% of all DDIs), whe-
reas among anti-SARS-CoV-2-drugs involved in
DDIs, the main was lopinavir (42.4% of all DDIs).
Mainly, the tacrolimus was either discontinued
(61,1% of patients) or the dose was reduced (50% of
patients). However, the opposite effect - the need
to increase tacrolimus doses/frequency was also
reported (4 patients).

A retrospective cohort study by Martinez-
-Lépez-de-Castro et al. mentioned two from
350 patients with DDI between hydroxychloroqu-
ine and tacrolimus. The cohort consisted of adult
patients admitted to the hospital between 2 March
and 8 May 2020 diagnosed with COVID-19, tre-
ated with hydroxychloroquine, lopinavir/ritona-
vir, interferon beta, or tocilizumab with at least
one observed DDI between COVID-19 treatment
and other administered drugs. Unfortunately, cli-
nical outcomes were measured only in one of them
and were manifested by higher tacrolimus blood
levels [26].

To conclude, the risk of DDIs in transplant
patients treated for COVID-19 is high and may
result in adverse reactions and difficulties in

establishing optimal immunosuppressant treat-
ment. Moreover, the total risk of complications
related to DDI, especially the most severe, like
transplant rejection, which might have resulted
from underdosing of immunosuppressant drugs, is
difficult to assess because it needs a longer follow-
-up period. This is mentioned as one of the limita-
tions in the study by Miarons et al. [25], where the
analysis was made based of 28 days of observation.

QT-prolongation drugs

DDI leading to the risk of QT-prolongation
represents the interactions that can lead to serious
adverse cardiac events, i.e., Torsade de Pointes
type arrhythmias and sudden cardiac death. Many
drugs from different pharmacological groups have
been linked with QT-prolongation risks, such as
hydroxychloroquine (HCQ) used in COVID-19 tre-
atment [27]. Although protease inhibitors (PIs)
are potentially contributing to this interaction,
the adverse event risk seems to be more related to
patient-specific risk factors [28]. A summary of
included papers is showed in table 2.

In the case report by Suyan Zu et al. [29], we
found two similar cases of DDIs between chloro-
quine, umifenovir, and lopinavir/ritonavir tre-
atment during a COVID-19 therapy. A first case
was reported on a 56-year-old woman, treated
with lopinavir/ritonavir (400 mg/100 mg twice
a day), umifenovir (0,2 mg three times a day), and
chloroquine (0.25 mg twice a day) commenced on
day 9. The following day, QT interval prolonga-
tion to 482ms with a concurrent potassium level
of 3,6 mmol/L was revealed. Therefore, physicians
decided to discontinue lopinavir/ritonavir and

Table 2. Clinically significant drug-drug interactions - QT prolongation drugs.
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Hydroxychloroquinet 2drugs disproportionate . Major?
13 ND Lopinavir/ritonavirf increase QT QT prolongation Potential?
Koh et al. 2021 * Retrospective
' study
Hydroxychloroquinet 2drugs disproportionate . Moderate!
LN 1L ND Atazanavir/ritonavirt increase QT QT prolongation Potential?
3
<
c . .
S
= 1 Pantoprazole, Ezl?:lzjzjrl/?i(iZnavirT 3 drugs disproportionate ﬁ'chF;‘:lzrcllgIZ;I;:'of Major?
2 Methylprednisolone. P . increase QT, inhibition CYP3A4 ) ; Potential?
2 Suyan Zu et al Umifenovirf umifenovir
‘,I:,-_ 2020 % Case
5 Chloroquinef 3 drugs disproportionate QT prolongation Maior
1 Pantoprazole Lopinavir/ritonavirt increase QT, Increased levels of PotjentiaP
Umifenovirf Inhibition CYP3A4 umifenovir
. R . _—
Anmella et al. Case 1 xz:tlia(j;:tl?neet ll:lo't)J:iw;gII;?:at\Jlil:\JQT 4 drugs disproportionate QT prolongation ’[\Jﬂjjr?gt
2020 ' yaroxy g ! increase QT P 5

Trazodone.

Azithromycint.

coadminister?

t drug-drug interaction

trisk by Drugs.com interaction checker

2risk by Liverpool COVID-19 Interactions checker
ND - no data
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start potassium supplementation. After five days,
a QT interval decreased to an acceptable 410 ms,
and a potassium level increased to 5.0 mmol/L. In
the second case of the 56-year-old woman, chlo-
roquine was started on the 8th day of antiviral
therapy. On the same day, physicians measured
a QT interval of 460 ms and decided to stop lopi-
navir/ritonavir treatment. Due to relative hypo-
potassemia (3.8 mmol/L), physicians agreed to
start potassium supplementation. The acceptable
length of QT interval (422 ms) was revealed after
three days since lopinavir/ritonavir therapy was
discontinued. In both cases, incidents of prolonga-
tion of QT intervals could be explained differently.
One of them is a DDIs between lopinavir/ritonavir
as a CYP3A4 inhibitor of umifenovir metabolism,
which causes the manifestation of toxic effects and
QT interval lengthening. On the other hand, lopi-
navir/ritonavir may cause fluctuation in potas-
sium levels by interfering with potassium chan-
nels, therefore leading to changes in QT interval
length.

Anmella et al. focused on problems with psy-
chiatric therapy modifications due to COVID-
19 treatment [30]. One of four cases described
a 68-year-old woman with a diagnosis of depres-
sion and anxiety treated with venlafaxine (225 mg
a day), vortioxetine (10 mg a day), and trazo-
done (50 mg daily). Due to the COVID-19 dia-
gnosis requiring treatment, physicians started
lopinavir/ritonavir (400 mg/100 mg daily), azith-
romycin (250 mg/day), and hydroxychloroquine
(400 mg/24h), deciding to maintain antidepres-
sive treatment with venlafaxine alone. However,
on the second day, they observed QT prolonga-
tion (443 ms), which led to the withholding of
venlafaxine treatment, which triggered insomnia,
increased anxiety, and confusion. After psychia-
tric consultation, the decision was to return to pre-
vious antipsychotic therapy with a reduced dosage
of venlafaxine to 150 mg/day with ECG monito-
ring. No further QT prolongation was observed.

Our systematic review selected a retrospective
study examining QT-prolongation associated with
HCQ and PIs, including 446 SARS-CoV-2 RT-PCR-
-positive patients taking HCQ and PIs, either con-
currently or separately [31]. Other concomitant
drugs leading to the risk of QT-prolongation were
also considered. QT-prolongation was noticed in
28 patients (6.3%), with a proportion of the events
for the HCQ-only, PI-only, and HCQ-PI combi-
nation groups of 2/219, 2/9, and 24/218, respecti-
vely. Multivariate analysis showed that concomi-
tant administration of HCQ and PIled to five times
higher odds of QT-prolongation when compared to
the HCQ-only group (OR 5.2, 95% CI, 1.11-24.49,
p = 0.036). Additionally, in the HCQ-PI group,
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administration of other pro-QT drugs resulted
in further four times increase in odds of QT-pro-
longation (3.8; 95% CI, 1.53-9.73; p = 0.004). The
patient’s health status was also a significant factor
contributing to the risk of QT-prolongation. The
presence of SIRS (systemic inflammatory response
syndrome) caused four times higher odds of QT-
-prolongation (OR 4.3; 95% CI, 1.66-11.06; p =
0,003). From the onset of HCQ or/and PI therapy,
the average time to develop QT-prolongation was
six days. Authors reported eight deaths in the
study, of which four patients developed QT-pro-
longation. However, the causes of death were not
linked to cardiac complications. In addition, there
weren’t any cases of malignant arrhythmias such
as “torsade de pointes” reported in this group of
patients.

In a retrospective cohort study by Martinez-
-Lopez-de-Castro et al. [26] about drug-drug
interactions in the first wave of COVID-19 tre-
atment, 218 of 350 patients (62.3%) experienced
at least one potential DDI. Of the total 598 pDDI
(potential drug-drug interaction), 38 (6.3%) were
classified as not recommended combinations of
drugs. The most significant pDDIs were related
to HCQ and lopinavir/ritonavir. In the group of
patients with cardiac adverse effects who had two
ECGs (at the time of admission and following the
start of COVID-19 treatment), 5.7% of them expe-
rienced significant QT-prolongation. All QT-pro-
longations were deemed a possible result of pDDI,
and the median number of potential interactions
in patients with QTc interval alteration was 2.0
(interquartile range: 1-7). However, in this study,
the risk of QT-prolongation has not been assessed
as well as it has not been examined if it was lin-
ked to any specific drug or drug combination. The
risk of fatal complications was not increased due
to QT-prolongation, with the risk of pDDI asses-
sed throughout the treatment and concomitant
discontinuation of the potential cardiotoxic the-
rapy if needed. The role of hospital pharmacists
involved in this study may have contributed to the
reduced number of pDDI and severe clinical com-
plications.

In conclusion, concomitant administration of
drugs linked to QT-prolongation increases the risk
of clinical events, and continuous ECG monitoring
may prevent fatal complications of potentially car-
diotoxic drugs.

Anticoagulant drugs

We found one case report by Launay et al. [32]
about an 82-year-old man with COVID-19 and
anticoagulant therapy (apixaban 5 mg twice a day).
During treatment selection, clinicians coopera-
ted with the consultant pharmacologist, who
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suggested a possible interaction between apixa-
ban and planned therapy with lopinavir/ritona-
vir. Due to CYP3A4 apixaban metabolism and P-gp
(p-glycoprotein) elimination, ritonavir as a P-gp
inhibitor could increase its anticoagulant activity,
as previously described in the literature. Based
on such available information, physicians deci-
ded to change anticoagulant treatment after 24 h
washout to enoxaparin and start lopinavir/rito-
navir. Despite that, due to the cumulative effect of
metabolism inhibition, acute kidney injury caused
by COVID-19, and the direct impact of inflamma-
tion, the apixaban half-life increased from stan-
dard 12 hours to 54 hours (about 450% elonga-
tion).

In a retrospective study by Testa S. et al. [33],
authors screened 1039 patients with COVID-19
regarding direct oral anticoagulant treatment
(DOAC). Thirty-two patients on antiviral therapy
with DOACs were included in the study. In 20 of
them, based on a decision of the attending phy-
sician, the prescribed drugs needed discontinu-
ation. Due to that, the authors decided to include
only 12 remaining patients in the analysis. In these
12 patients, plasma levels of DOAC were measu-
red during their stay in the hospital and compa-
red with the pre-hospitalization levels. An average
6.14 times increase in C-through DOAC concentra-
tion was noted. In addition to antiviral (Lopinavir,
Darunavir, Ritonavir), all the patients had conco-
mitant administration of hydroxychloroquine and
azithromycin or levofloxacin.

In summary, anticoagulant CYP3A4 metabo-
lism represents the main reason for interaction
with COVID-19 treatment. On the other hand,
cyclooxygenases inhibition cause hard to predict

an increase in DOAC blood levels and prevent toxic
effects. A summary description of DOAC DDIs
found in our research presents in table 3.

Miscellaneous

The case report by Domingo-Chiva et al.
[34] authors mentioned the possible interac-
tion of rocuronium and lopinavir/ritonavir. In
their study, a 54-year-old obese woman with
COVID-19 disease was treated with lopinavir/
ritonavir (400 mg/100 mg daily) for ten days and
dexamethasone 20 mg/day for 5 10 mg/day for
five next days. The patient required mechani-
cal ventilation, provided by an anaesthetic ven-
tilator due to a lack of ICU ventilators. To reso-
lve the patient-respirator asynchrony, physicians
administered midazolam-fentanyl first and then
propofol-remifentanil, as per the patient’s cli-
nical condition. Additionally, continuous infu-
sion of non-depolarising neuromuscular bloc-
king agents was also required, with cisatracurium
as a first-choice drug. On the 5th day, a different
muscle relaxant - rocuronium, was prescribed
and administered due to shortages of cisatracu-
rium. Unfortunately, cisatracurium was availa-
ble only four days later, and muscle relaxants
were switched back. Due to clinical improve-
ment, physicians decided to wean off mechanical
ventilation, although observed irregular sponta-
neous respiratory patterns necessitated recom-
mencement of the light sedation. After 24 hours,
following a sedation hold patient was extuba-
ted. Despite rocuronium discontinuation for eight
days, the patient displayed significant muscle
weakness and presented low values on EMG.
Strength and regular respiratory pattern were

Table 3. Clinically significant drug-drug interactions - anticoagulants.
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Launay et al. AplxabanT.Cha.ng?d r'gh.t . . Inhibition of CYP3A4 Incre.ased the Iev.el Major*
2021 Case 1 before lopinavir/ritonavir Lopinavir/ritonavirt and P-glycoprotein of apixaban despite NA?
therapy to enoxaparin discontinuation
) N . Inhibition of CYP3A4  Increased the level of Major*
Apixabant Lopinavir/ritonavirf and P-glycoprotein  apixaban NAZ
" . o . . Inhibition of CYP3A4 Increased the level of Major*
£ Apixabant Darunavir/ritonavirf and P-glycoprotein  apixaban NA?
=
® . L .. Inhibition of CYP3A4  Increased the level of Major
S ) Rivaroxabant Lopinavir/ritonavir{ and P-glvconrotein  rivaroxaban NA?
= , Retrospective glycop
S Testaetal. 2020 tud e -
study o ., Inhibition of CYP3A4 Increased the level of Major?
Edoxabant Darunavir/ritonavirf and P-glycoprotein  edoxaban NAZ
L . Inhibition of CYP3A4  Increased the level of Major*
Edoxabant Lopinavir/ritonavirt and P-glycoprotein  edoxaban NAi
. L . Inhibition Increased the level of Moderater
Dabigatrant Lopinavir/ritonavirf P-glycoprotein dabigatran NA?
t drug-drug interaction
!risk by Drugs.com interaction checker *
2risk by Liverpool COVID-19 Interactions checker
NA - not available
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Table 4. Clinically significant drug-drug interactions - miscellaneous.
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Miscellaneous

Midazolam,
Fentanil,

. ) Propofol, L ) . —
Domingo-Chiva Case 1 Remifentanil, Lopinavir/ritonavirf, Inhibition CYP3A4 Prolopget_i No interaction
etal. 2020 . . Dexamethasone. curarization NA?

Cisatracurium,
Rocuroniumf,
others not mentioned.
Enalapril, Increase
Leegwate et al. Case 1 Amlodipine, Hydroxychloroquinet, Inhibition of P-glycoprotein on hepatotoxic Moderate!
2021 % Simvastatin, Remdesivirt. hepatocyte membrane effects of No interaction?
Amiodaroneft. remdesivir
1 Risperidone Hydroxychloroquinet  Inhibition CYP2D6 Mild constipation NA
P T yaroxy quinef P Potential?
Haloperidol¥. 3 drugs disproportionate increase  Mild sinus Major!
1 ' Hydroxychloroquinet ) Do not
Lithiumt. QT bradycardia -
coadminister?
>0nmez Gingor Original study ol i Possible inhibition of CYP2D6 and
etal. 2021 anzapine, Hydroxychloroquinet, oo 0c ! tion of CYPAD6and 1y clevationin  NA:
1 Haloperidolt, ) increased level of olanzapine and
Ceftriaxone. . ALT levels NA?
Valproates, haloperidol
Olanzapinef,

1 Valproates,
Benzodiazepines.

Hydroxychloroquinet

Possible inhibition of CYP2D6 and
increased level of olanzapine

Mild elevation in NA!
AST levels NA2

t drug-drug interaction

trisk by Drugs.com interaction checker *
2risk by Liverpool COVID-19 Interactions checker

NA - not available

regained only after complete reversal of rocuro-
nium with a standard 200 mg bolus of sugam-
madex. Drug interaction between ritonavir and
rocuronium was considered the most probable
after excluding the impact of electrolyte distur-
bances and other pharmacodynamic interactions.
More details about possible mechanisms of inte-
ractions are presented in table 4.

A case of a 64-year-old man with hyperten-
sion and hypercholesterolemia and COVID-19 was
described by Leegwate et al. [35]. The patient was
already treated with enalapril, amlodipine, and
simvastatin for underlying medical conditions.
Following the diagnosis of coronavirus disease,
additional therapy started with hydroxychloroqu-
ine (600 mg loading dose and then 300 mg a day).
On 3th day, a patient was transferred to ICU for
mechanical ventilation. After 13 days, physicians
prescribed remdesivir as an extended access pro-
gram in the absence of improvement. Due to atrial
fibrillation, 700 mg of amiodarone was administe-
red two days later. On the 21st day, liver parame-
ters suggested drug-induced liver injury caused by
remdesivir. The authors rejected the possibility of
such damage being caused by amiodarone as the
cumulative dose was low, and acute amiodarone
toxicity has an early onset, usually manifesting
within 24 hours of administration. After disconti-
nuation of extended treatment, parameters retur-
ned to normal in the next few days, and on the
48th day, a patient left ICU. The authors noticed

significantly high levels of AST, ALT, alkaline pho-
sphatase, bilirubin, and y-glutamyltransferase
two days after amiodarone administration. A pro-
bable interaction mechanism assumes inhibition
of P-gp located on the hepatocyte membrane by
amiodarone or hydroxychloroquine and incre-
ased remdesivir intrahepatocellular concentra-
tion manifested by liver injury.

Our systematic review included Sénmez Giin-
gor et al. [36] describing ADRs observed in acute
psychiatric patients with COVID-19 admitted to
the special ward of Erenkdy Mental Health and
Neurological Diseases Hospital between 15 April
and 15 June 2021. In that period, 4/23 (17.4%) of
patients have experienced other than extrapy-
ramidal ADRs, which are described below. The
Naranjo scale assessed ADR to evaluate the pro-
bability due to the drug treatment. For example,
one patient receiving risperidone 6 mg/day p.o.
had mild constipation (Naranjo Score = 4), ano-
ther treated with haloperidol 7.5 mg/day repor-
ted bradyarrhythmia (Naranjo Score = 6), and
two patients manifested liver enzymes increase
(Naranjo Score = 4 and 5). Additionally, resear-
chers did not find a statistically significant rela-
tionship between potential variables and clini-
cal outcomes.

In an observational single-center cohort study
by Cantudo-Cuenca et al. [37], 152 of 174 patients
experienced 417 real risk DDIs between COVID-19
therapy and 60 different concomitant medications.
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A considerable number of interactions concerned
hydroxychloroquine (52.9%) and lopinavir/rito-
navir (43.2%). Real DDIs, according to ATC clas-
sification, are shown in figure 2. Despite analysis
of real DDIs, there is no information in the publi-
cation about interactions between specific drug
combinations.

In a retrospective cohort study by Martinez-
-Lopez-de-Castro et al. (16), the authors mainly
focused on DDIs leading to QT-prolongation;
however other clinical consequences were also
noticed. PIs were involved in 16 out of 19 drug
combinations, which are presented in table 5,
whereas one of them concerned tacrolimus and
hydroxychloroquine and is described in the
immunosuppressant DDIs section of this systema-
tic review. The second was related to the co-admi-
nistration of azithromycin and hydroxychloroqu-
ine resulting in skin reaction and was noticed in
7 out of 80 patients. Finally, in the last report, the
authors described an interaction between meta-
mizole and interferon beta-1b, leading to hema-
tological toxicity.

Discussion

The Coronavirus 2019 (COVID-19) pandemic
has caused a worldwide public health crisis lacking
proven effective therapies. As a result, the medical
community has turned to experimental therapies
in the sickest hospitalized patients and ambulatory
settings as pre-emptive management. Unfortuna-
tely, some drugs used as an anti-COVID-19 treat-
ment have the propensity to DDIs that are poten-
tially harmful [38, 39]. In our systematic review,
chloroquine or hydroxychloroquine and lopina-
vir/ritonavir treatment concerned the highest risk
of interactions.

Most papers in the review concerned DDIs
between immunosuppressants and medication
used to treat the coronavirus disease. Among
them, the most significant risk of interactions
was observed using lopinavir/ritonavir due to
CYP3A4 and intestinal P-gp inhibition as well
as slightly also CYP2D6. Based on such a mecha-
nism, ritonavir causes blood level fluctuations
in most immunosuppressants, which are meta-
bolized by CYP450 and eliminated via P-gp [40,
41]. In the Van Maarseveen et al. study, tacroli-
mus clearance was about 40-fold lower (472.0 vs.
11.7 mL/min), and elimination half-life 10-fold
higher (12.9 vs.117.0 hours) in HIV patients tre-
ated by ritonavir than HIV-negative KT patients
[42]. Due to extended elimination, Prajakta et al.
created a pharmacokinetic model to adjust tacro-
limus dosage to the co-administration of the
ritonavir antiviral therapy. To achieve adequate
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Figure 2. Real DDIs with COVID-19 treatment according to ATC

classification.

immunosuppression and low risk of toxic effects,
tacrolimus dosage required reduction to 0.5 mg
every 7 or 14 days [43]. In the case of mTOR inhi-
bitors like sirolimus or everolimus, transplant
guidelines recommended discontinuation and
changing treatment for calcineurin inhibitors
[22, 44]. It is driven mainly by pulmonary adverse
effects like drug-induced pneumonitis or inter-
stitial lung disease [40]. CYP3A4 also metabolizes
sirolimus and everolimus, so in co-administration
with PIs, sirolimus treatment requires 50-90%
dosage reduction. In the case of everolimus, Meziy-
erh et al. highlighted the need to discontinue such
therapy [22, 44]. Martinez-Lopez-de-Castro et
al. found an interaction between tacrolimus and
HCQ, leading to increased tacrolimus blood levels
[26]. According to their findings, the most proba-
ble mechanism of interaction increasing tacroli-
mus level was inhibition of P-gp by HCQ, leading
to decreased tacrolimus elimination [45].

The second-largest group of articles included in
the review described the interaction of COVID-19
treatment caused QT-prolongation. Chloroquine,
hydroxychloroquine, azithromycin, and lopinavir/
ritonavir may increase QT interval in monothe-
rapy [7]. Based on the above, most drug regimens
for COVID-19 therapy are at risk of combining at
least two or more agents with the possibility of
QT-prolongation properties. The highest chance
of QT-prolongation in monotherapy is associated
with the use of HCQ [46]. Due to off-label treat-
ment protocols, patients treated by HCQ with con-
current azithromycin have a statistically higher
chance of QT-prolongation [47, 48].
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Table 5. Interactions with clinically significant consequences other than QTC interval prolongation for

lopinavir/ritonavir treatment.

Concomitant drugs

n (patients with clinical consequences/ Type of clinical

Risk by checkers

patients with interaction)

Hydroxychloroquine 1/147

Hyperglycaemia

Methylprednisolone

consequence

Major?
NA?

Major for methylprednisolone and moderate for

or prednisone 10/36 prednisone!
P No interaction?
iorl
Hydroxychloroquine 3/147 :‘\f:!or
Gastrointestinal
disorders Moderate!
Athromycin i Potential interaction?
. . . Major?
Hydroxychloroquine 1/147 Skin reaction NA?
. Moderate!
Lithium 1/4 e
- Moderate!
Aripiprazole mn Alteration of the NA?
concentration of
iorl
Fentanyl 1/10 blood levels Major
NA?
Digoxin 1/3 Moderate!
g NAZ
i H H i 1
Midazolam or diazepam 3/13 Increased sedative  Major for midazolam and moderate for diazepam
effect NA2
iorl
Hydroxychloroquine 1/147 m:gor
Psychiatric disorder
Major!
Alprazolam 1/13 NAZ
1
Amlodipine 2/8 Increased oedema :lﬂzzderate
iort
Simvastatin 2/2 Liver toxicity Lﬂ:gor
1
Valproate 1/1 Seizures Moderate
NA?
1
Propofol 176 Increased Moderate

triglyceride level NA2

trisk by Drugs.com interaction checker
2risk by Liverpool COVID-19 Interactions checker
NA - not available

Additionally, in the Kim et al. study, patients
in an HCQ and azithromycin and a higher dose of
HCQ groups have a statistically higher chance of
QT prolongation (defined by QTc interval > 500 ms
or increase QTc at least 60ms) than patients in
a control group [49]. It is related to the additive
cardiotoxic effect of both drugs, and CYP3A4 inhi-
bition by azithromycin caused increasing levels of
HCQ [7]. In the case of lopinavir/ritonavir, there
is no reliable data about causing QT prolonga-
tion, but CYP3A4 inhibitors can increase blood
levels of other risky drugs like HCQ [7, 50]. More-
over, according to SmPC information about car-
diac events reported in lopinavir/ritonavir pre-
-clinical studies, the co-administration with other
drugs with the same risk should be carefully re-
-considered.

400

One of the recommended supporting therapy
for COVID-19 is anticoagulation. However, anti-
coagulants are among the highest-risk drug clas-
ses to cause adverse events and have a narrow the-
rapeutic index [38, 51]. Furthermore, all DOACs,
as a substrate for P-gp, are susceptible to changes
in efflux processes caused by P-gp inhibitors or
inductors. Similarly, apixaban, rivaroxaban, and
4% of edoxaban are metabolized in the liver pri-
marily by CYP3A4 [52]. According to this, the main
DAOC and COVID-19 treatment co-administration
isa potential risk of inhibition of CYP450 and P-gp.
In Testa et al. study, 20 of 32 patients with previo-
usly administered DOACs and treated for COVID-
19 by PIs were required to stop anticoagulant the-
rapy due to a mean of 6.14 times higher blood levels
than before hospitalization [33].
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Of particular interest were relatively rare DDI
interactions encountered in critical care settings.
In one of the case reports, the unpredictability
of pharmacokinetics of muscle relaxants leads to
difficult weaning of mechanical ventilation. Only
timely recognition of the prolonged muscle block
by rocuronium allowed for a successful therapeu-
tic approach and complete reversal using sugam-
madex, which in turn allowed to support sponta-
neous ventilation [34] successfully. The other study
[35] described detrimental DDI leading to tempo-
rary liver dysfunction, most likely caused by retro-
viral agent administration. Although, in this case,
multiple other explanatory mechanisms were eva-
luated, such as direct amiodarone toxicity or the
impact of critical illness, the above interaction
was deemed the most likely. The drugs.com chec-
ker also suggests potential interactions between
lopinavir/ritonavir and commonly used sedative
agents such as midazolam and diazepam, leading
to unanticipated prolongation of medicines action.
The other interaction suggested by such a data-
base is related to the increase of triglyceride levels
during propofol infusion. Although such an incre-
ase in separation is not particularly detrimental, in
combination with other signs and symptoms may
be pathognomonic of propofol infusion syndrome,
hence warranting further studies.

Conclusions

In conclusion, our systematic review identified
a plethora of different DDI relevant to all branches
of medicine. The tertiary services such as trans-
plant medicine need to be aware of interactions
between retroviral medications and antirejection
regimes, leading to unpredictable high levels of
the latter. The critical care physicians need to bear
in mind the potential impact of the slow elimina-
tion of sedatives and muscle relaxants, impeding
patient recovery. Drug interaction leading to pro-
longation of QT interval may cause life-threatening
arrhythmias, requiring special vigilance to moni-
tor for such occurrences. Increased DOAC levels
could indicate a higher risk of bleeding in anti-
coagulated patients. Therefore we would urge all
physicians, pharmacologists, and clinical pharma-
cists involved in the treatment of COVID-19 disease
to familiarise themselves with such interactions to
minimize the risk for the patients under their care.
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