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ABSTRACT: EIDD-1931 is the active form of molnupiravir, an
orally effective drug approved by the United States Food and Drug
Administration (USFDA) against COVID-19. Pharmacokinetic
alteration can cause untoward drug interaction (drug−drug/
disease−drug), but hardly any information is known about this
recently approved drug. Therefore, we first investigated the impact
of the arthritis state on the oral pharmacokinetics of EIDD-1931
using a widely accepted complete Freund’s adjuvant (CFA)-
induced rat model of rheumatoid arthritis (RA) after ascertaining
the disease occurrence by paw swelling measurement and X-ray
examination. Comparative oral pharmacokinetic assessment of
EIDD-1931 (normal state vs arthritis state) showed that overall
plasma exposure was augmented (1.7-fold) with reduced clearance (0.54-fold), suggesting its likelihood of dose adjustment in
arthritis conditions. In order to elucidate the effect of EIDD-1931 treatment at a therapeutic regime (normal state vs arthritis state)
on USFDA-recommended panel of cytochrome P450 (CYP) enzymes (CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6,
and CYP3A4) for drug interaction using the same disease model, we monitored protein and mRNA expressions (rat homologs) in
liver tissue by western blotting (WB) and real time-polymerase chain reaction (RT-PCR), respectively. Results reveal that EIDD-
1931 treatment could strongly influence CYP3A4 and CYP2C8 among experimental proteins/mRNAs. Although CYP2C8
regulation upon EIDD-1931 treatment resembles similar behavior under the arthritis state, results dictate a potentially reverse
phenomenon for CYP3A4. Moreover, the lack of any CYP inhibitory effect by EIDD-1931 in human/rat liver microsomes (HLM/
RLM) helps to ascertain EIDD-1931 treatment-mediated disease−drug interaction and the possibility of drug−drug interaction with
disease-modifying antirheumatic drugs (DMARDs) upon coadministration. As elevated proinflammatory cytokine levels are
prevalent in RA and nuclear factor-kappa B (NF-kB) and nuclear receptors control CYP expressions, further studies should focus on
understanding the regulation of affected CYPs to subside unexpected drug interaction.

1. INTRODUCTION
Rheumatoid arthritis (RA) is a chronic inflammatory and
autoimmune disorder characterized by severe joint inflamma-
tion.1 As per the World Health Organization (WHO) report,
the prevalence of RA in different populations varies from less
than 1% to almost 5%.2 Moreover, a recent analysis of Global
Burden of Disease (GBD) 2019 data on rheumatic diseases
showed that approximately 1.71 billion people worldwide have
musculoskeletal conditions, where RA, a systemic musculoske-
letal disease, is the significant contributor that affects around
18 million people globally with 2.4 million individuals having
years lived with disability (YLD).3 Moreover, RA has the
highest prevalence in India among the developing countries.4

During the disease progression of RA, various cytokines play a
crucial role in exacerbating the inflammatory situation.5 It is
established at in vitro/in vivo (preclinical/clinical) levels that
inflammatory cytokines alter cytochrome P450 (CYP)

expressions, which can lead to severe consequences.6,7 CYPs
are responsible for the biotransformation of drugs. A
combination of antiarthritic drugs like disease-modifying
antirheumatic drugs (DMARDs)8 and nonsteroidal anti-
inflammatory drugs (NSAIDs)9 is used simultaneously to
curb the disease pathophysiology and signs/symptoms of RA,
respectively. In addition, multiple drugs are used to tackle
several comorbidities of RA patients.10 Under these circum-
stances, there are higher chances of a drug interaction that can
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either lead to therapeutic failure by lessening plasma exposure
of the drug or precipitate severe dose-dependent adverse
effects by enhancing plasma exposure of the drug.11 In this
context, DMARDs, whether of synthetic or biological class, are
vulnerable to causing severe side effects and are often needed
for therapeutic drug monitoring, and subsequently, dose
adjustment is required.11,12 Therefore, to get the desired
therapeutic outcome, the CYP’s modulation in RA during the
therapy of any new drug must be understood under the frame
of drug interaction.
Severe acute respiratory syndrome coronavirus-2 (SARS-

CoV-2) infection has recently shaken the world due to the
significant public health crisis from the coronavirus disease
2019 (COVID-19) pandemic.13 Molnupiravir (Figure 1)
(EIDD-2801 or MK-4482) is the most effective oral
medication for treating mild-to-moderate degrees of COVID-
19 infection in nonhospitalized patients.14 Several countries
have given emergency authorization for its use.15 EIDD-1931
(Figure 1) (β-D-N4-hydroxycytidine) is the active form of
molnupiravir (prodrug) and has pronounced antiviral activity
against a variety of deadly viruses like influenza A, influenza B,
Ebola, respiratory syncytial, New World encephalitic alpha,

chikungunya, etc.16−18 EIDD-1931 is a direct-acting antiviral
agent against ribonucleic acid (RNA) viruses and has proven
efficacy against remdesivir-resistant cases.19 However, hardly
any information is known on the pharmacokinetic behavior of
EIDD-1931 and its treatment-associated regulation of CYPs
under any disease state. It could not only be beneficial for
generating information regarding its dose adjustment in any
particular disease state by avoiding untoward drug interaction
(drug−drug/disease−drug) but also equally be beneficial to
restrict the emergence of antimicrobial resistance (AMR) of
such a crucial antiviral drug.20

In this pursuit, we aimed to investigate the pharmacokinetic
behavior of EIDD-1931, followed by elucidating its impact on
CYP’s regulation at protein and messenger ribonucleic acid
(mRNA) levels under arthritis conditions (disease state) using
a widely accepted rat model of arthritis. In parallel, we
executed similar studies using healthy rats (normal state) to
understand the possible influence of EIDD-1931 on its
pharmacokinetics and particular CYPs.

Figure 1. Chemical structure of molnupiravir and EIDD-1931.

Figure 2. Assessment of CFA-treated animals for induction of arthritis before pharmacokinetic studies of EIDD-1931. Changes in paw swelling
behavior on 9th day (A); representative radiological images of left hind paw for the normal state (B) and the arthritis state (C); H&E-stained
images of bone joints in the normal state (D) and the arthritis state (E), where arrow indicators dictate as follows: black�desquamation of
epithelial cells, blue�synovial proliferation, and green�pannus formation. Data are represented as mean ± SEM (n = 5). Data were compared
between the normal state and arthritis state. Statistical significance: p <*0.05/**0.01/***0.001.
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2. RESULTS
2.1. Affirmation of Arthritis Induction in the Rats. To

investigate the pharmacokinetics and CYP expressions upon
EIDD-1931 treatment in the arthritis state, the particular
disease state was induced at first in rats by a widely used
complete Freund’s adjuvant (CFA)-induced arthritis model.21

Two different studies were used to ascertain the occurrence of
the arthritis state. Paw swelling is an external indicator of the
severity of inflammation in arthritis.22 CFA treatment caused a
significant increase in paw swelling by 2.2-fold (Figure 2A)
compared to the left hind paw of the normal state animals. In
comparison to the normal state (Figure 2B), radiological
investigation of the inflamed left hind limb of CFA-treated
animals showed bone proliferation and reduction in the joint
space of metatarsals/phalanges affirming induction of arthritic
condition (Figure 2C).21,22 Additionally, compared to the
normal state (Figure 2D), the observed changes in the
histopathological features of synovial tissue from the arthritic
rats (Figure 2E) were desquamation of epithelial cells, synovial
proliferation, and pannus formation, which authenticated the
onset of the arthritic situation.21,22 We also observed similar
alterations in the arthritic animals from CYP expression studies
(Figure S1).
2.2. Alteration in the Pharmacokinetics of EIDD-1931

under the Arthritis State. The pharmacokinetic study of
EIDD-1931 upon oral administration was executed in normal
and arthritis states (Figure 3). Although the maximum plasma
concentration (Cmax) of EIDD-1931 remained unaffected (1.1-
fold) under the arthritis state compared to the normal state,
the area under the curve (AUC) of EIDD-1931 was enhanced

markedly (1.7-fold) along with a decline (0.54-fold) in the
clearance after oral administration (Cl/F). In the arthritis state,
the time to reach Cmax (Tmax) was notably increased (1.8-fold)
compared to the normal state. There was a statistically
insignificant alteration in the volume of distribution after oral
administration (Vd/F) and elimination half-life (T1/2) of
EIDD-1931 in the arthritis situation compared to normal
conditions.
2.3. Amendment in the Protein Expression of CYPs

upon EIDD-1931 Treatment in the Arthritis State.
Western blotting (WB) was performed using liver tissues of
various study groups to determine the impact of EIDD-1931
treatment on the protein expression of experimental CYPs
(Figure 4). Compared to the control group (normal state), the
protein expression of the major CYPs in the control group
(arthritis state) was downregulated in the following order:
CYP3A4 ∼ CYP2C8 (0.3-fold) > CYP2C11 (0.6-fold) >
CYP2C19 ∼ CYP1A2 (0.9-fold). However, upregulation was
observed for the protein expression of CYP2B6 (1.1-fold) >
CYP2D6 (1.01-fold) in the control group (arthritis state)
compared to the control group (normal state). Upon EIDD-
1931 treatment in the normal state compared to the control
group (normal state), the protein expression for CYP enzymes
was downregulated in the following order: CYP3A4 (0.4-fold)
> CYP1A2 ∼ CYP2C8 (0.6-fold) > CYP2C11 (0.7-fold), while
protein expression for CYP2B6 (1.5-fold) > CYP2C19 (1.3-
fold) > CYP2D6 (1.1-fold) was upregulated. When EIDD-
1931 was given to the arthritic animals, the downregulation in
the protein expression for CYP enzymes was observed
compared to the control group (arthritis state) in the following
order: CYP2C8 (0.3-fold) > CYP2D6 (0.8-fold) > CYP2C11

Figure 3. Mean plasma concentration vs time profile (A) and pharmacokinetic parameters (B) of EIDD-1931 after oral administration in rats under
the normal state and arthritis state. Data are presented as mean ± SEM (n = 5). Data were compared between the normal state and arthritis state.
Statistical significance: *p <0.05.
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∼ CYP2C19 (0.9-fold). Conversely, CYP3A4 (2.3-fold) >
CYP2B6 (1.6-fold) > CYP1A2 (1.5-fold) was upregulated in
the same setup.
2.4. Modulation in the mRNA Expression of CYPs

upon EIDD-1931 Treatment in the Arthritis State.
Reverse transcription real-time PCR was performed using the
liver tissues of different study groups to assess the impact of
EIDD-1931 treatment on the mRNA expression of various
CYPs in the arthritis state (Figure 5). In the control group
(arthritis state), the mRNA expression of the investigated
CYPs was downregulated compared to the control group
(normal state) in the following order: CYP2D1 ∼ CYP3A18
(below 0.1-fold) > CYP2C13 (0.1-fold) > CYP2C11 (0.2-fold)
> CYP2B1 (0.3-fold) > CYP1A2 (0.4-fold) > CYP3A1 ∼
CYP2B2 (0.6-fold) > CYP3A9 (1.1-fold). Further, down-
regulation in the mRNA expression of the experimental CYPs
was observed upon EIDD-1931 treatment in the treated group
(normal state) compared to the control group (normal state)
in the following order: CYP2D1 ∼ CYP3A18 ∼ CYP2C13 ∼
CYP1A2 ∼ CYP3A9 (below 0.1-fold) > CYP2B2 ∼ CYP2C11
(0.1-fold) > CYP3A1 ∼ CYP2B1 (0.2-fold). Upon EIDD-1931
treatment to arthritic animals compared to the control group
(arthritis state), the mRNA expressions for CYPs were
downregulated as follows: CYP2B1 ∼ CYP3A1 ∼ CYP2C11
(0.4-fold) > CYP3A9 (0.5-fold) > CYP2C13 ∼ CYP1A2 (0.6-
fold) > CYP2B2 (0.8-fold) > CYP2D3 (0.9-fold). However,

CYP3A18 (3.3-fold) and CYP2D1 (1.8-fold) were upregulated
in the same setup.
2.5. Lack of a Strong CYP Inhibitory Action of EIDD-

1931. The CYP inhibitory action of EIDD-1931 was evaluated
using the United States Food and Drug Administration
(USFDA)-recommended CYP-specific marker reactions (in
vitro) in human liver microsomes (HLM). The results
obtained for standard inhibitors corroborate with the literature
reports (Table 1).23,24 IC50 >10 μM is considered a weak or
noninhibitor for any CYP isoforms. EIDD-1931 showed
minimal inhibitory action on all experimental CYPs (IC50
>100 μM for all, except IC50: 74 μM for CYP1A2) (Table 1).
Similarly EIDD-1931 showed an insignificant inhibitory effect
on CYP3A4 and CYP2C8 using rat liver microsomes (RLM)
(Figure S2).

3. DISCUSSION
In the quest to explore the impact of EIDD-1931 treatment on
alteration in the expression of CYP isoforms, we first studied
the effect of the arthritis state on the pharmacokinetics of
EIDD-1931 after single-dose oral administration to CFA-
induced arthritic rats. We observed a substantially augmented
plasma exposure of EIDD-1931 in the arthritis state compared
to the normal state. A similar line of effect was also reported on
the pharmacokinetics of verapamil (↑ AUC: 1.6-fold; ↓ Cl/F:
35%) under the arthritis state.25 Likewise, upadacitinib, an
antiarthritic drug (Janus kinases/Signal transducer and

Figure 4. Western blot analysis with densitometry data for the protein expressions in the hepatic tissues of the animals in the different study groups
using β-actin as a loading control: (A) CYP1A2, (B) CYP2B6, (C) CYP2C8, (D) CYP2C11, (E) CYP2C19, (F) CYP2D6, and (G) CYP3A4. G1
represents the control group (normal state), G2 represents the treated group (normal state), G3 represents the control group (arthritis state), and
G4 represents the treated group (arthritis state).
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activator of transcription proteins or JAK/STAT inhibitor),
reduced the clearance behavior in human under the arthritic
condition.26 Hence, dose adjustment is likely needed for
EIDD-1931, and further studies should be conducted to assess
the corresponding required dose. It is well-known that, in
arthritis conditions, the level of inflammatory cytokines is
elevated (Figure S3), which are reported to modulate the
activity of drug metabolizing enzymes.27,28 The results of the
present study displayed a marked decline in the clearance
behavior of EIDD-1931, which suggests that it is possibly due
to the impediment of the inflammation-linked CYP activities.

Figure 5. RT-PCR analysis for the mRNA expressions in the hepatic tissues of the animals in the different study groups using GAPDH as a loading
control: (A) CYP1A2, (B) CYP2B1, (C) CYP2B2, (D) CYP2C11, (E) CYP2C13 (F) CYP2D1, (G) CYP3A1, (H) CYP3A18, and (I) CYP3A9.
G1 represents the control group (normal state), G2 represents the treated group (normal state), G3 represents the control group (arthritis state),
and G4 represents the treated group (arthritis state).

Table 1. CYP Inhibitory Effect of EIDD-1931 in HLM

CYP isoform EIDD-1931 (IC50) standard inhibitor (IC50)

CYP1A2 74 μM 0.39 μM (fluvoxamine)
CYP2B6 >100 μM 0.05 μM (ticlopidine)
CYP2C8 >100 μM 6.2 μM (quercetin)
CYP2C9 >100 μM 1.28 μM (sulfaphenazole)
CYP2C19 >100 μM 7.1 μM (tranylcypromine)
CYP2D6 >100 μM 0.02 μM (quinidine)
CYP3A4 >100 μM 0.02 μM (ketoconazole)

Figure 6. Pictorial representation of the impact of EIDD-1931 in the arthritis state toward drug interaction.
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Literature evidence also advocates that both protein and
mRNA expressions of CYPs are lowered in the arthritis
situation.28−30 Therefore, we looked into the effect of EIDD-
1931 on all the CYP isoforms (recommended by the USFDA
for CYP inhibition-mediated drug interaction) in the liver
tissues using a preclinical model to investigate drug−drug
interaction potential. Compared to the normal state, we
observed a decreasing trend in the protein and mRNA
expressions of CYPs in the arthritis state, which aligns with
the available literature on specific CYP isoforms.29−31

However, results showed a varying degree of effect on the
various CYPs, which corroborates with the reported effect
under the arthritis state.29,32 It is also evidenced in the
literature that the level of expression (protein/mRNA) for a
particular CYP level could vary depending on the experimental
time frame of sampling.29,31 Considering the effect on our
experimental CYPs, results displayed the strongest influence
(≥0.5-fold) of the arthritis state on CYP3A4 and CYP2C8
(protein expression), and CYP3A18, CYP2C11, CYP2C13,
CYP2D1, CYP2B1, and CYP1A2 (mRNA expression). As
mentioned above, a similar line of effect on the protein/mRNA
expressions is also reported in the literature for the CFA-
induced rat model of RA.29,30

Exploration of CYP expressions upon EIDD-1931 treatment
to the arthritic rats was done to identify the influence on
particular CYP isoforms (Figure 6). Results displayed the
highest downregulating effect on the protein expression of
CYP2C8 (CYP2C11/CYP2C19) compared to any other
experimental CYP isoforms. The obtained results resemble
the protein expression data under the arthritis state and are
relatively lower than the expression levels observed under
normal conditions after EIDD-1931 treatment. CYP2C11 is
the common rat homolog of human CYP2C8, CYP2C9, and
CYP2C19.33,34 In contrast, CYP2C13 has the maximum
similarity (∼70%) with the human CYP2C8.34 Our exper-
imental results displayed a reduction in the mRNA expression
of CYP2C13 (CYP2C11), which is consistent with the
observed decline in the protein expression of CYP2C8.29

This similarity signifies that the effect of EIDD-1931 treatment
may occur at the pretranslational or transcriptional
phases.35−37 Although limited data on CYP2C13 expression
in RA exist in the literature, a similar impact on CYP2C13 was
observed in the case of inflammation associated with
diabetes.38 RA is associated with elevated levels of proin-
flammatory cytokines, like Interleukin-6 (IL-6) (Figure S3),
which are reported to downregulate the CYP2C enzymes in rat
and human hepatocytes.32,39 Alterations in inflammatory
cytokines have been reported to regulate nuclear receptors,
thereby modulating the CYPs in various inflammatory
disorders, including RA.40 In the present study, we observed
the downregulating and upregulating effects on constitutive
androstane receptor (CAR) protein and mRNA expressions,
respectively, after EIDD-1931 treatment in the arthritis state
(Figures S3 and S4). Hydroxychloroquine is one of the
effective DMARDs, but its treatment is associated with
significant dose-dependent side effects like cardiac myopathy,
retinal damage, corneal opacity, and many more.41,42 CYP2C8
plays a crucial role in its metabolism in the liver.43 Therefore,
EIDD-1931 treatment-mediated decline in CYP2C8 expres-
sion in RA can have a pronounced upshot on plasma exposure
and its treatment-linked toxic effects. Furthermore, the CYP2C
family of enzymes metabolizes most of the NSAIDs that are
prescribed to relieve signs/symptoms of inflammation in

RA.44−46 Thus, EIDD-1931 treatment in RA can cause
potential CYP2C-mediated drug interaction, and further
studies are needed to assess its likelihood of precipitating
untoward effects. In addition to the CYP2C, EIDD-1931
treatment in RA exhibited a minimal ramification in lowering
the protein expression (<0.5-fold) of CYP2D6. The rat
homolog of human CYP2D6 is CYP2D1, which has a
similarity of >70% to the human gene.34 In the present
study, we observed an upregulating effect in the mRNA
expression of CYP2D1. However, mRNA expression of
another rat homolog of human CYP2D6, i.e., CYP2D3, was
downregulated similarly (Figure S4). The observed effect of
EIDD-1931 treatment on the protein expression in the arthritis
state is inversely correlated to the impact in normal conditions.
The above changes imply the likelihood of involvement of
multiple mechanisms at transcriptional and translational levels
in regulating CYP2D6.29,32,47,48 CYP2D6 comprises around
5% of the total CYP enzymes and is responsible for the
metabolism of 25% of all clinical drugs.7 In short, it is unlikely
to cause drug interaction due to concomitant therapy with
EIDD-1931 in RA.
Considering the outcome of EIDD-1931 treatment to the

arthritic rats on upregulation of CYP expressions, our
experimental results depicted a considerable effect on the
protein expression of CYP3A4. The rat homolog of human
CYP3A4 is CYP3A1, having >75% similarity,33,34,49 for which
mRNA expression notably declined. On the contrary,
CYP3A18 is the predominant rat homolog of human
CYP3A5,33 and the mRNA expression of CYP3A18 was
enhanced. It helps to differentiate the effect of CYP3A4 from
CYP3A5. There was a decrease in the mRNA expression of
CYP3A9, another rat homolog of human CYP3A4, supporting
the action on the CYP3A4. The results of protein and mRNA
expressions of CYP3A4 dictate the possible involvement of
multiple mechanisms at transcriptional or translational
phases.29,32,47,50 Thus, we observed a decreased protein
expression of CYP3A4 in arthritic rats (without EIDD-1931
treatment), but upon EIDD-1931 treatment, the protein
expression behavior reversed. In this context, CYP3A4
comprises 60% of the total CYP enzymes present in the
body and is responsible for the metabolism of more than 50%
of the xenobiotics.51 Moreover, synthetic DMARDs from the
class of JAK/STAT inhibitors (tofacitinib, baricitinib, and
upadacitinib) and typical DMARDs like cyclosporine are
mainly metabolized by CYP3A4 in the liver.52−54 Therefore,
EIDD-1931 treatment-mediated augmentation in CYP3A4
expression in RA can have an appreciable consequence on
plasma exposure to the subtherapeutic level, leading to
treatment failure. In addition to the CYP3A4, EIDD-1931
treatment in RA exhibited a relatively low elevation (>1.5-fold)
of the protein expression of CYP2B6 (CYP3A4 > CYP2B6).
The observed effect of EIDD-1931 treatment on the protein
expression in the arthritis state is similar to the outcome in the
normal condition. The rat homolog of human CYP2B6 is
CYP2B1, having >70% similarity.34 In the present study, we
observed a downregulating effect on the mRNA expression of
CYP2B1. The lowering of mRNA expression is also supported
by another rat homolog of human CYP2B6, i.e., CYP2B2. The
opposite trend in protein and mRNA expression is likely due to
regulating the CYP2B enzyme family by multiple mechanisms
at posttranscriptional or translational levels.29,32,47,48 CYP2B6
makes up 6−10% of all CYP enzymes and is responsible for
metabolizing clinical drugs (<5%) and a few environmental
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chemicals.33,34 Therefore, precaution should be taken for
concomitant treatment of EIDD-1931 with any other drug
(CYP2B6 substrate) in RA. Furthermore, CYP1A2 constitutes
around 15% of total hepatic CYP content and is responsible for
the metabolism of around 10% of clinically used drugs.55

Considering the change in the protein (1.5-fold) and mRNA
(0.6-fold) expression data, EIDD-1931 showed a modest
impact on regulating CYP1A2 under arthritis conditions. Based
on the literature evidence, posttranscriptional regulation
possibly contributes to the CYP1A2 regulation.29 Hence, the
occurrence of drug interaction is unlikely due to concomitant
therapy with EIDD-1931 in RA.
Other than USFDA-recommended CYP isoforms, we also

studied the effect of EIDD-1931 on CYP2E1 (Figures S3 and
S4). CYP2E1 comprises about 5−16% of the total CYPs in the
liver and is responsible for the metabolism of 3% of the
clinically used drugs. CYP2E1 plays a role in the clearance of
toxic chemicals from the body.56 It is activated during toxic
manifestations compared to its little role in normal conditions.
In the present study, we observed a slackening of protein and
mRNA expressions in the control group (arthritis state)
compared to the control group (normal state) (<0.5-fold),
which corroborates with the reported findings.29,30 Treatment
of EIDD-1931 did not cause a marked change (<0.5-fold) in
the protein and mRNA expressions in the arthritis state. Based
on literature facts, posttranscriptional regulation may exist in
regulating CYP2E1.29 A negligible difference was observed
between arthritis and normal conditions due to EIDD-1931
treatment. Under these circumstances, EIDD-1931 treatment
is unexpected to influence CYP2E1, demonstrating the least
propensity to cause drug interaction.
Inflammatory disorders like RA have been associated with

elevated proinflammatory cytokines, which have been reported
to downregulate nuclear receptors, like CAR, aryl hydrocarbon
receptor (AhR), pregnane X receptor (PXR), liver X receptor
(LXR), farnesoid X receptor (FXR), etc.30−32,57,58 We
observed a substantial impact on CYP3A4 and CYP2C8 in
the liver tissue of the present preclinical study (in vivo).
Conversely, we observed a negligible effect of EIDD-1931 on
CYP inhibition in HLM (Table 1) that helps to rule out any
drug−drug interaction of EIDD-1931 with drugs that are
substrate of particular CYP. A similar line of an insignificant
inhibitory effect on CYP3A4 and CYP2C8 was also obtained in
the RLM (Figure S2). These in vitro studies (HLM/RLM)
help to clarify EIDD-1931 treatment-mediated disease−drug
interaction. CAR is reported to regulate the gene expression of
both CYP3A4 and CYP2C8 in primary human hepato-
cytes.31,59 Moreover, cross-talk between CAR and PXR is
reported for the same CYPs using human hepatocytes.60,61 On
the other hand, nuclear factor-kappa B (NF-κB) is activated by
proinflammatory cytokines and is responsible for the tran-
scriptional regulation of a wide array of inflammatory genes.
According to the present findings, we also observed a mild
impact to decrease protein expression of CAR (Figures S3 and
S4) due to induction of arthritis and EIDD-1931 treatment. It
is evident that cross-talk exists between various nuclear
receptors and CYP expression.58,62 Hence, further investiga-
tions are needed to clarify the involvement of particular nuclear
receptors in modulating the activity of specific CYP isoforms.
Moreover, NF-kB can regulate CYPs directly/via nuclear
receptors or posttranscriptional regulation.58 Hence, correlat-
ing the role of NF-kB in regulating nuclear receptors will also
be advantageous.

4. CONCLUSIONS
To elucidate the impact of the arthritis state on the
pharmacokinetics of EIDD-1931 and after that effect on CYP
regulation, experiments were carried out using a widely used
preclinical model of RA after ascertaining the disease state.
Comparative assessment of oral pharmacokinetics of EIDD-
1931 (normal state vs arthritis state) suggests dose adjustment
of EIDD-1931 is likely to be required in arthritis conditions.
To illustrate the effect of EIDD-1931 treatment at its
therapeutic regime under arthritis situations on a USFDA-
recommended panel of CYPs for drug interaction, results
reveal that EIDD-1931 treatment could show a strong
influence on CYP3A4 (upregulation) and CYP2C8 (down-
regulation) leading to precipitation of drug interaction during
concomitant therapy with their respective substrates. Although
the regulation of CYP2C8 due to EIDD-1931 treatment
resembles the particular CYP behavior under the arthritis state,
results dictate a reverse phenomenon in the case of CYP3A4.
Lack of a CYP inhibitory effect by EIDD-1931 in HLM/RLM
helps to ascertain the occurrence of EIDD-1931 treatment-
mediated disease−drug interaction as well as the possibility of
drug−drug interaction with DMARDs upon concomitant
therapy. Further studies should be focused on bridging the
role of NF-kB and nuclear receptors, in regulating these
affected CYPs to subside untoward drug interaction, leading to
precipitate dose-dependent side effects or emerging AMR.

5. MATERIALS AND METHODS
5.1. Chemicals and Reagents. Heat-killed Mycobacterium

tuberculosis (Cat No. 231141) was obtained from DIFCO
Laboratories. Incomplete Freund’s adjuvant (Cat No.
SLBM9341V), diazepam (purity ≥98%), phenacetin (purity
≥98%), fluvoxamine maleate (purity ≥97%), bupropion
hydrochloride (purity ≥98%), (2S,3S)-hydroxybupropion
hydrochloride (purity ≥98%), ticlopidine hydrochloride
(purity ≥99%), amodiaquine dihydrochloride dihydrate
(purity ≥97%), N-desethylamodiaquine dihydrochloride (pu-
rity ≥95%), quercetin hydrate (purity ≥95%), diclofenac
sodium (purity ≥98%), 4′-hydroxy diclofenac (purity ≥98%),
S-mephenytoin (purity ≥98%), 4-hydroxymephenytoin (purity
≥98%), tranylcypromine sulfate (purity ≥97%), dextro-
methorphan hydrobromide (purity ≥98%), quinidine anhy-
drous (purity ≥80%), testosterone (purity ≥98%), 6β-hydroxy
testosterone (purity ≥97%), sulfaphenazole (purity ≥98%),
dextrorphan tartrate (purity ≥97%), and nicotinamide adenine
dinucleotide phosphate (NADPH) tetrasodium salt (purity
≥98%) were purchased from Sigma-Aldrich. Paracetamol
(purity ≥98%) and ketoconazole (purity ≥98%) were
purchased from Cayman Chemicals. HLM (Lot No#
PL050C-E) and RLM (Lot No# RT062-D) were obtained
from Gibco. Ketamine hydrochloride was obtained from Neon
Laboratories. Methanol, acetonitrile, dimethyl sulfoxide of
high-performance liquid chromatography-grade and NaCl, and
ethylenediaminetetraacetic acid (EDTA) tetrasodium salt of
analytical grade were procured from Merck. Acetonitrile and
formic acid of mass spectrometry-grade was acquired from
Thermo Fisher Scientific. MgCl2.7H2O was purchased from
Rankem. Ultrapure/purified water for studies was obtained
from the water purification system (make: Merck-Millipore,
model: Direct-Q3).
5.2. Antibodies. CYP2E1 polyclonal antibody (pAb) (Cat

No. AB1252) was purchased from Sigma-Aldrich. CYP2B6
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pAb (Cat No. PA5-35032), CYP2C8 pAb (Cat No. PA5-
101311), CYP2C11 pAb (Cat No. PA3-034), CYP2C19 pAb
(Cat No. PA5-112395), CYP2D6 pAb (Cat No. PA5-75500),
and CYP3A4 pAb (Cat No. PA5-14896) were purchased from
Invitrogen. CAR monoclonal antibody (mAb) (Cat No. sc-
373791) and IL-6 mAb (Cat No. sc-32296) were obtained
from Santa Cruz Biotechnology. CYP1A2 mAb (Cat No.
14719S) and antirabbit IgG horseradish peroxidase (HRP)-
linked pAb (Cat No. 7074-S) were obtained from Cell
Signaling Technology.
5.3. Animal Care. The present experimentations were

carried out using male Wistar rats (10−12 weeks of age) and
bred and maintained in the pathogen-free environment at our
institutional animal house facility. Animals were housed in an
individually ventilated cage (IVC) system made of poly-
propylene using chipsi wood shaving bedding material under
an environmentally controlled room at typical laboratory
conditions, i.e., temperature (25 ± 2 °C), humidity (50 ±
20%), and circadian cycle (12 h light/12 h dark). Animals were
fed a pellet diet and had free access to purified water.
5.4. Ethical Prerequisite. The study protocols were

approved by our “Institutional Animal Ethics Committee”
(IAEC) (IAEC approval no. 255/79/8/2021; 316/82/2/
2023). Animal experiments were performed according to the
guidelines issued by the “Committee for Control and
Supervision of Experiments on Animals” (CCSEA), Govern-
ment of India.
5.5. Test Article. EIDD-1931 was synthesized, purified,

characterized in-house, and used as a test article.63 The purity
of EIDD-1931 was >97% (Figure S5).
5.6. Induction of the Arthritis State. CFA was prepared

as a suspension (5 mg/mL) by triturating heat-killed
Mycobacterium tuberculosis in the incomplete Freund’s
adjuvant. Arthritis was induced using healthy animals by
injecting 50 μL of CFA into the subplantar region of the left
hind paw.22 Within 2 weeks of dosing, induction of the arthritis
state was confirmed, and then the animals were used in the
subsequent experiments. The investigations were performed to
ascertain the initiation of the arthritis state in animals as
follows: (a) measurement of the left hind paw to assess paw
swelling using a digital vernier caliper (make: Generic; model:
LSHAZI03590); (b) radiological examination of the left hind
paw was carried out using an X-ray instrument for veterinary
use (make: Siemens; model: Heliophos-D) after anesthetizing
the animals with ketamine hydrochloride (100 mg/kg) via the
intraperitoneal route.22,64 In addition to that, the histopatho-
logical examination of the left hind limb was done at the end of
the pharmacokinetic study using the hematoxylin and eosin
(H&E) staining procedure followed by slides evaluation under
a light microscope (make: Magnus; model: INVI).22 The
studies mentioned above were also executed using the left hind
paws of healthy animals in parallel for comparative assessment.
5.7. Effect of the Arthritis State on the Pharmacoki-

netics of EIDD-1931. 5.7.1. Study Design. The pharmaco-
kinetic study of EIDD-1931 was performed in animals under
the normal state (healthy rats) and the disease state (arthritic
rats) via the oral route. Considering earlier preclinical
reports,17,65 the dose of EIDD-1931 was selected at 30 mg/
kg and prepared freshly using normal saline (100%, v/v) as a
vehicle at a dose volume of 10 mL/kg. Each study arm
involved five animals. Study arms were as follows: group 1:
normal state and group 2: arthritis state. After dosing of
overnight (∼10 h) fasted animals with single-dose of EIDD-

1931 through oral gavage, blood samples were collected from
retro-orbital plexus at 0.25, 0.5, 0.75, 1, 2, 3, 4, 6, and 8 h into
microcentrifuge tubes containing 5% aqueous EDTA solution
(w/v) as an anticoagulant. Samples were centrifuged at 8000
rpm for 10 min to obtain plasma (50 μL) and stored in a deep
freezer (−80 °C) until bioanalysis. At the end of the study,
animals were sacrificed using carbon dioxide euthanasia
followed by cervical dislocation to collect left hind limbs,
which were fixed in 10% neutral buffered formalin solution
before further processing for histopathological examination.
5.7.2. Bioanalysis. Quantitation of EIDD-1931 in plasma

was done after processing of samples using a plasma protein
precipitation technique and analyzed by a matrix match
calibration curve (25−5000 ng/mL) using our in-house
developed and validated liquid chromatography-tandem mass
spectrometry (LC-MS/MS) method (Figure S6).24,66

5.7.3. Pharmacokinetic Calculations. Mean plasma con-
centration data at corresponding time points were analyzed
using the noncompartmental method by PK solution software
(Summit Research Services, USA). The following pharmaco-
kinetic parameters were calculated: T1/2, Cmax, Tmax, AUC for
plasma concentration from time zero to last measurable
concentration (AUC0−t) and infinity (AUC0−∞), Vd/F, and
Cl/F.
5.8. Effect of EIDD-1931 Treatment on CYP Ex-

pressions in the Arthritis State. 5.8.1. Study Design. The
impact of EIDD-1931 treatment on the expression of various
CYP isoforms in the arthritis state (arthritic rats) was evaluated
in parallel to the normal state (healthy rats). Considering its
therapeutic human dose (800 mg, twice daily, 5 days), the
treatment regime in rats was selected as follows: (a) oral route,
(b) dose of 80 mg/kg, (c) twice a day at around 8 am and 8
pm daily, and (d) consecutive treatment for 5 days. Dose
formulation (vehicle) and dose volume were the same as
mentioned above (Section 5.7.1). Each study arm involved
three animals. Study arms were as follows: group 1: control
(normal state), group 2: treated (normal state), group 3:
control (arthritis state), and group 4: treated (arthritis state).
Groups 2 and 4 were treated with EIDD-1931 at the above-
mentioned treatment regime. After 24 h of the last treatment
with EIDD-1931, animals were sacrificed to collect organ
(liver), snap-frozen under liquid nitrogen, and stored in a deep
freezer (−80 °C) for further protein and mRNA expression
studies.
5.8.2. Western Blotting. WB was performed to check the

protein expression of CYP1A2, CYP2B6, CYP2C8, CYP2C11,
CYP2C19, CYP2D6, and CYP3A4 in the experimental liver
tissues (equal proportion from each animal) of various study
groups using the standard immunoblotting protocol.67,68 The
present study was carried out using β-actin as a loading
control, which is widely used by several researchers for WB
analysis.69−71 The tissue homogenate was prepared using
radioimmunoprecipitation assay (RIPA) buffer and protein
content was determined using the Bradford method. The
protein was separated by sodium dodecyl sulfate−polyacryla-
mide gel electrophoresis (SDS-PAGE), transferred onto
polyvinylidene fluoride (PVDF) membranes, blocked with
skimmed milk (5% w/v), and probed with specific primary
antibody (∼14 h at 4 °C). After washing with Tris-buffered
saline and Tween 20 buffer, blots were incubated with
respective HRP-conjugated secondary antibodies (2 h at
room temperature). Protein bands were detected using an
Immobilon Forte Western HRP substrate (Merck-Millipore),
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and images were taken in the Genaxy Chemidoc imaging
system (make: Syngene; model; G-BOX, XT-4). Densitometry
analysis was then done using ImageJ software.
5.8.3. Reverse Transcription Real-Time Polymerase Chain

Reaction. The mRNA expression levels of CYP1A2, CYP2B1,
CYP2B2, CYP2C11, CYP2C13, CYP2D1, CYP2D3, CYP3A1,
CYP3A18, and CYP3A9 in the experimental liver tissues
(equal proportion from each animal) were analyzed using the
in-house standardized protocol.24,72 Briefly, the following steps
were used: (a) isolation of total RNA from tissue using TRIzol
reagent (Invitrogen) as per manufacturer’s protocol, (b)
quantification of RNA by a NanoDrop spectrophotometer
(make: Thermo Fisher Scientific; model: ND-2000), (c) RNA
quality determination by using 2% (w/v) agarose gel
electrophoresis, (d) performing mRNA quantitative polymer-
ase chain reaction (qPCR) assays as described earlier,73

synthesis of cDNA was done by reverse transcribing 1 μg of
DNase-treated (Ambion TURBO DNA-free kit, Life Tech-
nologies) total RNA using oligo dT primer and ImProm-II
Reverse Transcription system, and (e) real time-polymerase
chain reaction (RT-PCR) was carried out on a rotor-gene Q 2
plex HRM platform (Qiagen). Each PCR reaction (10 μL)
contained a 2X Light Cycler 480 SYBR Green I Master mix, 1
μM of each primer (Table 2), and appropriately diluted cDNA.

Thermal cycling conditions for the qPCR were as follows:
preincubation at 95 °C for 5 min, followed by 40 cycles of 3-
step amplification (95 °C for 10 s, 55−60 °C for 20 s, and 72
°C for 20 s) with data collection in the green channel at the
annealing-extension step. The cycle threshold (Ct) of the
amplification curve was used for the calculations. Ct values
were normalized using glyceraldehyde 3-phosphate dehydro-
genase (GAPDH). Gene expression analysis was performed in

triplicate. The relative expression level was analyzed using the
2−ΔΔCT method.74

5.9. Effect of EIDD-1931 on Inhibition of CYP
Isoforms. To evaluate any CYP inhibitory effect of EIDD-
1931, we conducted in vitro studies on the USFDA-
recommended CYP isoforms75 using our earlier reported
protocols in HLM.23,24,76 The marker reactions were as
follows: phenacetin O-deethylation for CYP1A2, bupropion
hydroxylation for CYP2B6, amodiaquine N-deethylation for
CYP2C8, diclofenac 4′-hydroxylation for CYP2C9, S-meph-
enytoin 4-hydroxylation for CYP2C19, dextromethorphan O-
demethylation for CYP2D6, and testosterone 6β-hydroxylation
for CYP3A4. Additionally, inhibitory potential for CYP3A4
and CYP2C8 was analyzed using RLM. The reaction mixture
comprised phosphate buffer (100 mM, pH 7.4), MgCl2, probe
substrate, HLM/RLM, test candidate, and NADPH (Table
S1).23,24 Reactions were initiated by adding NADPH and
incubating at 37 °C in a shaking water bath (make: New
Brunswich Scientific; model: CLASSIC C76) at 120 rpm. After
a specific incubation time frame (CYP-specific), the reaction
was quenched by placing the sample tubes in the thermal block
and adding ice-cold acetonitrile (100 μL). The samples were
then vortex-mixed (2 min), centrifuged (14,000 rpm, 10 min),
decanted into inner vials, and quantified the CYP-specific
metabolites by LC−MS/MS (make: Thermo Fisher Scientific;
model: TSQ Endura) using the matrix match calibration
standards of individual metabolite. In parallel, CYP-specific
standard inhibitors were used, and the reactions were
performed in triplicate. The reaction without the standard/
test inhibitor was considered as a control. The samples with
the standard/test inhibitor were compared with the control to
estimate % inhibition, and the half maximal inhibitory
concentration (IC50) value was calculated using GraphPad
Prism software.
5.10. Statistical Analysis. The unpaired Student’s t test

was used for statistical analysis by GraphPad Prism software.
The p-value of less than 0.001/0.01/0.05 was considered
statistically significant.
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Table 2. List of Primers Used for the Estimation of mRNA
Expression

gene primer sequence nucleotides

CYP1A2 forward: GGAGATGCTCAACCTCG 17
reverse: TGCAGAAACAGCACAAAGTTA 21

CYP2B1 forward: ACATCATCTGCTCCATTGT 19
reverse: TGGGCACCAGGAAAGTA 17

CYP2B2 forward: CAACATCATCTGCTCCATTG 20
reverse: GGGCACCAGGAAAGTAT 17

CYP2C11 forward: CCACCTTTATCCTGGGC 17
reverse: AGTATTGCAGACCTGTAGC 19

CYP2C13 forward:
GATGAACTATACACTTGAACACCT

24

reverse:
TGGTCAATCTCTTCCTGGACTTTA

24

CYP2D1 forward: CCGAAATCTGACTGATGCC 19
reverse: CGGGTATAGAATCATGAGCAGTA 23

CYP2D3 forward: GATAACCTGGTGACTGAGC 19
reverse: GTCATTGACCACCAGACGTA 20

CYP3A1 forward: GAGATCACAGCCCAGTCA 18
reverse: TAGGTGGGAGGTGCCTTA 18

CYP3A18 forward: TCAAACCAGAAGAGCCG 17
reverse: GGTGCTTGTGGCATCATA 18

CYP3A9 forward: TGTGGAGATTGTGGCCC 17
reverse: TGGCATGTGCCTTATTGG 18

CYP2E1 forward: ACTGGACATCAACTGCG 17
reverse: CCCATATCTCAGAGTTGTGC 20

CAR forward: CACACACTTTGCAGATATCAAT 22
reverse: GTGTTGAGTGAGATATGCAAGA 22
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Salehtash, F.; Kálosi, A.; Csáderová, L.; Švastová, E.; Šiffalovic,̌ P.;
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