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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Jose Luis Domingo Corona Virus Disease 2019 (COVID-19) has spread all over the world and brings significantly negative effects on
human health. To fight against COVID-19 in a more efficient way, drug-drug or drug-herb combinations are
frequently used in clinical settings. The concomitant use of multiple medications may trigger clinically relevant
drug/herb-drug interactions. This study aims to assay the inhibitory potentials of Qingfei Paidu decoction (QPD,
a Chinese medicine compound formula recommended for combating COVID-19 in China) against human drug-
metabolizing enzymes and to assess the pharmacokinetic interactions in vivo. The results demonstrated that
QPD dose-dependently inhibited CYPs1A, 2A6, 2C8, 2C9, 2C19, 2D6 and 2E1 but inhibited CYP3A in a time- and
NADPH-dependent manner. In vivo test showed that QPD prolonged the half-life of lopinavir (a CYP3A substrate-
drug) by 1.40-fold and increased the AUC of lopinavir by 2.04-fold, when QPD (6 g/kg) was co-administrated
with lopinavir (160 mg/kg) to rats. Further investigation revealed that Fructus Aurantii Immaturus (Zhishi) in
QPD caused significant loss of CYP3A activity in NADPH-generating system. Collectively, our findings revealed
that QPD potently inactivated CYP3A and significantly modulated the pharmacokinetics of CYP3A substrate-
drugs, which would be very helpful for the patients and clinicians to avoid potential drug-interaction risks in
COVID-19 treatment.

Keywords:
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Cytochrome P450 enzymes (CYPs/P450s)
Herb-drug interactions (HDIs)

CYP3A substrate-drugs

treatment or adjuvant treatment of COVID-19 in clinical settings (Luo
et al.,, 2020; Chen et al., 2020; Li et al., 2020a). To fight against

1. Introduction

Corona Virus Disease 2019 (COVID-19), a newly emerged infective
disease, has spread all over the world, with a long incubation period,
high infectivity, and general susceptibility to most people (Hamidian
and Hamidianjahromi, 2020; Dima et al., 2020; Niu et al., 2020).
COVID-19 has brought significantly negative effects for human health.
Now researchers are trying to find effective medications (including
western therapeutics and herbal medicines) to treat COVID-19, while
some therapeutics and herbal medicines have been used for the

COVID-19 in a more efficient way, drug-drug or drug-herb combinations
are always used in COVID-19 therapy. In China, several Chinese medi-
cine compound formulas (such as Qingfei Paidu decoction, Jingyin
granule and Lianhua Qingwen capsule), have been validated playing an
active role in combating this epidemic, especially alleviating the mod-
erate and mild symptoms of some patients (Shi et al., 2020). In most
cases, these Chinese Medicines (CMs) are often co-administrated with
western therapeutics (such as remdesivir & lopinavir) in COVID-19

Abbreviations: AA, arachidonic acid; AUC, area under the plasma concentration; CES, carboxylesterases; CM, Chinese medicine; CMC-Na, sodium carboxymethyl
cellulose; COVID-19, Corona Virus Disease 2019; CYPs/P450s, cytochrome P450 enzymes; DDIs, drug-drug interactions; DMEs, drug-metabolizing enzymes; ESI,
electrospray ionization; G-6-P, D-Glucose-6-phosphate; G-6-PDH, glucose-6-phosphate dehydrogenase; HDIs, herb-drug interactions; HLMs, human liver microsomes;
ICs0, half maximal inhibition concentration; PBS, potassium phosphate buffer; QPD, Qingfei Paidu decoction; RLMs, rat liver microsomes; TCM, Traditional Chinese

Medicine; TDI, time-dependent inhibition; t; », half-life.
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treatment. The concomitant use of CMs or herbal medicines with west-
ern therapeutics may trigger clinically relevant herb-drug interactions
(HDIs) or adverse reactions, thus it is urgent and essential to assess the
potential risks of HDIs in COVID-19 treatment.

Among all recommend Chinese medicines for combating COVID-19
in China, Qingfei Paidu decoction (QPD) has drawn much attention
owing to its exact effects in COVID-19 treatment. As the first Chinese
medicine compound formula recommended by National Health Com-
mission of the People’s Republic of China for COVID-19 therapy, QPD
has been used to treat thousands of COVID-19 patients with the total
effective rate of 97% (Zhang et al., 2020a; Ni et al., 2020; Meng et al.,
2020). Following administration of QPD, the major symptoms and im-
aging manifestations of more than 60% patients were significantly
improved, while the symptoms of 30% patients were stable and did not
aggravate (Yang et al., 2020). Notably, QPD is a composite of four classic
Chinese medicine prescriptions (including Maxing Shigan decoction,
Shegan Mahuang decoction, Xiaochaihu decoction, and Wuling powder)
that are used for the treatment of epidemic diseases and the related
inflammatory symptoms for thousands of years (Li, 2020; Du and Zhang,
2020). As a super combination of 20 herbs and a mineral drug (Gypsum
Fibrosum), QPD is composed by hundreds of ingredients which may
interact with a panel of human drug-metabolizing enzymes or drug
transporters, and then trigger HDIs or other undesirable effects.
Currently, various therapeutic agents (such as antiviral drugs,
anti-inflammatory drugs, immunosuppressive agents and other western
medicines) have been recommended for treating COVID-19 (Gao et al.,
2020; Xin et al., 2020; Wang et al., 2020). These therapeutic agents are
more likely to be administrated with QPD in clinical settings. Therefore,
it is crucial to investigate the potential interactions between QPD and
the commonly used therapeutic drugs for treating COVID-19.

It is well-known that most therapeutic drugs (such as remdesivir,
lopinavir, etc) used for treating COVID-19 are substrates of phase I drug-
metabolizing enzymes (Warren et al., 2016; Kumar et al., 2004), such as
cytochrome P450 enzymes (CYPs or P450s) and carboxylesterase (CES).
Subsequently, this study aims to investigate the inhibition/inactivation
effects of QPD against human phase I drug-metabolizing enzymes, as
well as to assess the potential drug-interaction risks when QPD is
co-administrated with CYP substrate-drug(s). Following the testing of a
panel of in vitro inhibition assays, the results clearly demonstrated that
QPD dose-dependently inhibited CYPs1A, 2A6, 2C8, 2C9, 2C19, 2D6
and 2E1 but inhibited CYP3A in a time- and NADPH-dependent manner.
In vivo pharmacokinetic tests showed that QPD could significantly
modulate the pharmacokinetics of lopinavir (a CYP3A substrate-drug),
when QPD (6 g/kg) was co-administrated with lopinavir (160 mg/kg)
to rats. Further investigation revealed that Fructus Aurantii Inmaturus
(Zhishi) in QPD significantly reduced CYP3A activity in a time- and
NADPH-dependent manner, suggesting that this herb is a key culprit
responsible for CYP3A reduced activity. All these findings offer new
insight into the interactions between QPD and therapeutic agents for
treating COVID-19, while the key findings presented here are very
helpful for the patients and the clinicians to avoid potential
drug-interaction risks in COVID-19 treatment.

2. Materials and methods
2.1. Chemicals and reagents

The water extract of QPD (JZT-QFPDT-0318-PG-0321) and the
extract from individual herbs for preparing QPD (the preparation pro-
cedure and extraction rate of QPD or 21 individual herbs are shown in
Table S1) were provided by Jointown Pharmaceutical Group Co.,Ltd.
(Shanghai, China). Lansoprazole was purchased from Hairong (Sichuan,
China). Mefenamic acid, 6p-hydroxytestosterone, testosterone, D-
glucose-6-phosphate (G-6-P), glucose-6-phosphate dehydrogenase (G-6-
PDH), and p-NADP™ were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Phenacetin, coumarin, paclitaxel, omeprazole,
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dextromethorphan, chlorzoxazone, lopinavir and ketoconazole were
purchased from Meilun Bio. Tech (Dalian, China). Diclofenac was ob-
tained from Ark Pharm (Wuhan, China). D-luciferin methyl ester (DME)
and its hydrolytic metabolite D-luciferin were purchased from AAT
Bioquest (USA). N-(2-butyl-1,3-dioxo-2,3-dihydro-1H-phenalen-6-yl)-2-
chloroacetamide (NCEN) and its hydrolytic metabolite 4-amino-1,8-
naphthalimide (NAH) were synthesized by us according to the previ-
ously reported scheme (Jin et al., 2015; Wang et al., 2016). MgCl, and
sodium carboxymethyl cellulose (CMC-Na) were obtained on Sinopharm
Chemical Reagent (Shanghai, China). Luciferin detection reagent (LDR)
was ordered from Promega Biotech (Madison, USA). The pooled human
liver microsomes (HLMs, Lot No. H0610) from 50 individual donors
were supplied by XenoTech (USA). The pooled rat liver microsomes
(RLMs, Lot No. JPXY) were from Research Institute for Liver Diseases
(RILD, Shanghai, China). LC grade of methanol, acetonitrile and formic
acid were ordered from Fisher Scientific Co. (Fair Lawn, NJ, USA), while
ultra-purified water was prepared by a Millipore purification system.
Each tested compound was dissolved in acetonitrile and each extract
was dissolved in ultra-purified water, then stored at —20 °C until use.

2.2. P450 enzyme inhibition assays

2.2.1. Inhibition of P450s by QPD and its individual herbs

P450 inhibition experiments were carried out in 200 pL reaction
mixtures, which included potassium phosphate buffer (PBS, 100 mM, pH
7.4), each P450 substrate, NADPH-generating system (10 mM G-6-P, 1.0
unit/mL G-6-PDH, 1.0 mM [S-NADP+ and 4.0 mM MgCl,, HLMs or RLMs,
along with inhibitor (Li et al., 2020b; Santori et al., 2020; Salerno et al.,
2020; Fang et al., 2020; Zhang et al., 2020b). Each P450 substrate and
the details of P450 reactions are shown in Table S2. QPD or its individual
herbs (50 pg/mL-5000 pg/mL, final concentrations) were added into
reaction mixtures to evaluate the inhibitory potentials against P450s.
The final concentration of the organic solvent was less than 1% (v/v).
The PBS, inhibitors, HLMs or RLMs, and NADPH-generating system were
vortexed and then pre-incubated at 37 °C for 3 min or 33 min. The re-
actions were initiated by adding individual substrates. Reactions pro-
ceeded for 10-30 min at 37 °C, and subsequently 200 pL ice-cold
acetonitrile containing internal standard was added to quench the re-
action. The mixtures were centrifuged at 20,000xg, 4 °C for 20 min,
then the supernatant (100 pL) was mixed with ultrapure water (100 pL)
in a 1:1 ratio for LC-MS/MS analysis as described in Table S2 (please
refer to the details in supplementary material).

2.2.2. Inactivation kinetic analyses for time-dependent inhibition

CYP3A inactivation kinetic experiments were carried out as previous
reports (Rowland et al., 2011; Kent et al., 2002; Ji et al., 2015). The
incubation mixtures consisted of inactivation groups and activity eval-
uation groups. The inactivation groups (200 pL) included PBS (pH 7.4),
NADPH-generating system, HLMs, and QPD (500-5000 pg/mL, final
concentrations). And the activity evaluation groups (180 pL) consisted
of PBS (pH 7.4), testosterone, and NADPH-generating system. For
inactivation groups, the reactions were initiated by adding
NADPH-generating system after pre-incubation for 3 min at 37 °C. The
inactivation reaction mixtures (20 pL) were transferred to activity
evaluation groups at six time points (0, 5, 10, 15, 20 and 30 min). After
the activity evaluation group incubated at 37 °C for 10 min, 200 pL of
ice-cold acetonitrile containing internal standard was added to quench
the reaction. The procedures for sample preparation and analysis were
identical as above. The natural logarithm of the residual activity (hy-
droxylated rate of testosterone) was plotted against the pre-incubation
time. All inactivation data were fitted by the following equations
equation (1):

Kobs = Kinact x I/ (I + Kp (@)

where [ is concentration of QPD; K; is the inactivator (QPD)
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Fig. 1. Inhibition of the major phase I drug-metabolizing enzymes in HLMs by Qingfei Paidu decoction. Data are expressed as mean =+ SD (n = 3). **P < 0.01, when

compared with the control group.

concentration at half-maximal inactivation; Kjuq. is the maximal inac-
tivation rate constant; K,ps is the observed first order inactivation rate
constant.

2.3. CES inhibition assays

2.3.1. Inhibition of CES1A-catalyzed DME hydrolysis by QPD

The procedure for hCES1A inhibition assays has been reported pre-
viously (Wang et al., 2018; Huo et al., 2020), by using DME as the probe
substrate. Briefly, a total of 100 pL incubation system consisted of PBS
(pH 6.5), HLMs, DME and QPD (at different concentrations). The final
concentration of the organic solvent was less than 1% (v/v). The PBS,
QPD, HLMs were vortexed and pre-incubated at 37 °C for 3 or 33 min,
then the mixtures were initiated by adding DME and incubated for
another 10 min. Then, all reactions were stopped by adding LDR (100
pL). A fluorescence microplate reader (SpectraMax® iD3, Molecular
Devices, Austria) was used to measure the hydrolysis rate of DME, via
monitoring the formation rates of the hydrolytic metabolite D-luciferin.
The details for the hCES1A inhibition assays and the detection condi-
tions for D-luciferin were introduced in Table S3.

2.3.2. Inhibition of CES2A-catalyzed NCEN hydrolysis by QPD

The procedure for hCES2A inhibition assays has also been reported
previously (Wang et al., 2018; Song et al., 2019a, 2019b), by using
NCEN as the probe substrate. In brief, a total of 200 pL incubation sys-
tem consisted of PBS (pH 7.4), HLMs, NCEN and QPD (at different
concentrations). The final concentration of the organic solvent was less
than 1% (v/v). The PBS, QPD, HLMs were vortexed and pre-incubated at
37 °C for 3 or 33 min, then the reactions were initiated by adding NCEN.
Meanwhile, the fluorescence microplate reader (SpectraMax® iD3,
Molecular Devices, Austria) was used to measure the hydrolytic rate of
NCEN, via monitoring the formation rates of the hydrolytic metabolite
4-amino-1,8-naphthalimide (NAH). The details for the hCES2A inhibi-
tion assays and the detection conditions for NAH were shown in
Table S3.

2.4. Pharmacokinetic interactions between QPD and lopinavir in rats

Animal tests were ratified by the Animal Care and Use Committee of
Shanghai Institute of Food and Drug Control (approval No.
SIFDC18096). Male Sprague-Dawley rats (180-200 g, n = 6) were from
Shanghai Laboratory Animal Center (Shanghai, China) and were housed
at 25 °Cin a 12 h light-dark cycles at relative humidity ~ 55%. The rats
were fasted overnight before dosing, with water freely, and provided
food after finishing the study. QPD was suspended in water and lopi-
navir was suspended in 0.5% CMC-Na. QPD (6 g/kg, n = 3) or water (6
g/kg, n = 3) was administered intragastrically. After 30 min, lopinavir

(160 mg/kg, n = 6) was administered intragastrically (Shi et al., 2013;
Ravi and Vats, 2017; Plooy et al., 2011). Blood samples were collected at
0, 0.25, 0.5, 0.75, 1, 2, 3, 4, 6, 8, 12 and 24 h and were centrifuged for
10 min at 8000 rpm at 4 °C, and stored at —80 °C until analysis. The
plasma (20 pL) was diluted with acetonitrile (containing internal stan-
dard) with a ratio of 1:5, and was centrifuged at 20,000 xg for 30 min at
4 °C. 50 pL supernatant was diluted with 150 pL Millipore water for
LC-MS/MS analysis. The quantification of lopinavir (1-5000 ng/mL)
was performed in the linear range of the calibration curve. The phar-
macokinetic parameters of lopinavir were fitted by standard non-
compartmental analyses using WinNonlin 5.2 (Pharsight Corporation,
Mountain View, CA, USA).

2.5. Data analysis

All assays were performed in triplicates, while all data are shown as
mean + standard deviation (SD). ICs¢ and K; values were fitted by
nonlinear regression in GraphPad Prism 6.0 (GraphPad Software, Inc.,
La Jolla, USA).

3. Results

3.1. Chemical profiling of QPD by using UHPLC-Q-Exactive Orbitrap
HRMS

Firstly, to elucidate the major constituents in QPD, chemical
profiling of QPD was conducted by using UHPLC-Q-Exactive Orbitrap
HRMS. As shown in Fig. S1 and Table S4, a total of 340 constituents were
identified in QPD, which derived from 20 herbs (except Gypsum
Fibrosum) contained in the QPD preparation. These QPD constituents
were identified (Fig. S1) via comparison with the retention times and
MS/MS spectra of the commercially available reference standards,
literature and the MS/MS databases of natural products. These constit-
uents could be classified into various classes, including glycosides (111),
flavonoids (56), organic acids (37), saponins (34), triterpenoids (24),
alkaloids (17), coumarins (10) and others (51). This finding suggests
that QPD is a super combination of more than three hundred
compounds.

3.2. Inhibitory effects of QPD against DMEs in HLM

Firstly, the inhibitory effects of QPD against ten major human drug-
metabolizing enzymes (DMEs) were preliminarily assayed in HLMs, by
using three different concentrations (0, 100, and 1000 pg/mL). As
shown in Fig. 1, QPD exhibited negligible inhibitory effect on CES2A-
catalyzed NCEN hydrolysis in HLMs. In sharp contrast, QPD displayed
relatively strong inhibition on all tested P450s and CES1A. To
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Fig. 2. Dose-inhibition curves of Qingfei Paidu decoction against CYP1A (A), CYP2A6 (B), CYP2C8 (C), CYP2C9 (D), CYP2C19 (E), CYP2D6 (F), CYP2E1 (G) and
CYP3A (H) in HLMs, with short (3 min, blue line) or long (33 min, red line) pre-incubation time. Data are expressed as mean =+ SD (n = 3). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

quantitatively measure the inhibitory effects on P450s, dose-inhibition
curves of QPD against these DMEs in HLMs were plotted. As shown in
Fig. 2, Fig. S2 and Table 1, QPD dose-dependently inhibited CES1A and
all tested eight human P450s, with the calculated ICsg values as 1336
pg/mL, 174.4 ng/mlL, 498.3 pg/mlL, 337.7 pg/mL, 706.8 pg/mL, 1244.0
pg/mL, 1253.0 pg/mL, 469.3 pg/mL, 762.1 pg/mL for CES1A, CYP1A,
CYP2A6, CYP2C8, CYP2C9, CYP2C19, CYP2D6, CYP2E1l, CYP3A,
respectively.

To investigate whether QPD inhibited the activity of DMEs in a time-
dependent manner, the effects of different pre-incubation periods on the
remaining enzyme activities were assayed in human microsomal

incubations containing QPD. As shown in Fig. 2, Fig. S2 and Table 1,
following 33 min pre-incubation at 37 °C, QPD dose-dependently
inhibited CES1A and eight tested human P450s, with ICsy values of
1436 pg/mL, 143.3 pg/mL, 484.5 pg/mL, 355.2 pg/mL, 846.7 pg/mL,
790.3 pg/mL, 1991.0 pg/mL, 541.5 pg/mL, 324.4 pg/mL, respectively.
It is evident from these results that co-incubation of QPD with HLMs in
the NADPH-generating system for a long period of time could result in
significant loss of CYP3A activity (the ICsy value was decreased from
762.1 pg/mL to 324.4 pg/mL). By contrast, following 33 min pre-
incubation, the inhibition potency of QPD against other human CYPs
and CES1A became weaker or did not change noticeably (ICso ratio <
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Table 1
Inhibitory effects of Qingfei Paidu decoction on major P450s and CES1A (with 3
min or with 33 min pre-incubation) in HLMs.

Probe reaction Target Time-dependent inhibition ICsg Ratio
enzyme (ng/mL)
Pre- Pre-incubation
incubation for for 33 min
3 min
Phenacetin O- CYP1A 174.4 £ 7.7 143.3 £ 13.0 1.21
deethylation
Coumarin 7- CYP2A6 498.3 + 50.6 484.5 +£ 25.3 1.03
hydroxylation
Paclitaxel 6a- CYP2C8 337.7 £43.3 355.2 + 57.9 0.95
hydroxylation
Diclofenac 4'- CYP2C9 706.8 +71.1 846.7 + 92.6 0.83
hydroxylation
Omeprazole 5- CYP2C19 1244.0 + 790.3 + 84.2 1.70
hydroxylation 201.3
Dextromethorphan O- CYP2D6 1253.0 + 1991.0 + 0.63
demethylation 105.7 245.5
Chlorzoxazone 6- CYP2E1 469.3 £ 24.3 541.5+ 34.1 0.87
hydroxylation
Testosterone 60- CYP3A 762.1 + 65.6 324.4 + 33.6 2.35
hydroxylation
DME-hydrolysis CES1A 1336.0 + 1436.0 + 0.93
173.2 192.2

2.0). These findings suggest that QPD contains naturally occurring
CYP3A inactivators, which might inactivate CYP3A activity in vivo thus
resulting in undesirable effects.

3.3. Inactivation kinetic of QPD against CYP3A in HLMs

Next, the inactivation kinetic analyses of QPD against CYP3A were
performed in HLMs, while the inactivation parameters (including Ky and
Kingct values) were determined in HLMs according to the previously re-
ported method (Fang et al., 2010). In the NADPH-generating system,
QPD inactivated CYP3A activity in a dose- and time-dependent manner
(Fig. 3). As calculated from the plots present in Fig. 3, the inactivation
kinetic constants of QPD against CYP3A, including the K; and Kjqs were
determined as 1641 pg/mL and 0.032 min ", respectively. These results
clearly demonstrated that QPD inactivates CYP3A activity in a dose-,
NADPH- and time-dependent manner, suggesting that QPD may result in
undesirable effects via inactivation of CYP3A.

3.4. Inactivation of QPD against CYP3A in RLMs

To explore whether QPD shows similar inactivation effects in RLMs
as those in HLMs, the inhibitory effects of QPD against CYP3A in RLMs
were investigated following pre-incubation at 37 °C during different
periods (3 min or 33 min). As shown in Fig. S3, long pre-incubation (33
min) of QPD with RLMs resulted in significant loss of CYP3A activity, the
ICs value was decreased from 706.4 pg/mL to 318.0 pg/mL, resulting in

>
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ICsp ratio of 2.22-fold. These findings clearly demonstrated that QPD
inactivates CYP3A in RLMs with very similar inactivation effects as that
in HLMs. The pharmacokinetic interactions between QPD and CYP
substrate-drugs in vivo were studied using rat as a surrogate model for
herb-drug interactions in humans.

3.5. Pharmacokinetic interactions between QPD and lopinavir in rats

Encouraged by the above mentioned findings, the in vivo effects of
QPD on the pharmacokinetic behavior of CYP3A substrate-drug(s) were
investigated in rats. Considering that some CYP3A substrate-drugs (such
as the antiviral agent lopinavir) are more likely co-administrated with
QPD in clinical settings, the pharmacokinetic interactions between QPD
and lopinavir were investigated in rats. As shown in Fig. 4 and Table 2.
Following co-administration of QPD and lopinavir, the metabolic half-
life (t1,2) of lopinavir in rats could be prolonged by 40% (from 1.90 h
to 2.66 h), while the area under the plasma concentration of lopinavir in
rats increased by 2.04-fold (from 6092 ng/mL-h to 12429 ng/mL-h).
Moreover, the Cpg value of lopinavir in rat plasma was slightly
increased from 1140 ng/mL to 1190 ng/mL. It is evident from these
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Fig. 4. The mean plasma concentration-time curves of lopinavir (160 mg/kg, i.
g.) in control group (water, n = 3) and experimental group (6 g/kg of QPD, i.g.,
n = 3).

Table 2
Influence of Qingfei Paidu decoction on the pharmacokinetics of lopinavir in
rats. Mean + SD of triplicate rats.

Group AUC(g.inp (ng/mL-h)  Cpax (ng/mL)  t32(h) Ty (h)
Water + lopinavir 6092 1140 1.90 6.00
QPD + lopinavir 12429 1190 2.66 8.00
Ratio 2.04 1.04 1.40 1.33
Increasing (%) 104 4 40 33
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Fig. 3. Time-dependent inhibition of CYP3A by Qingfei Paidu decoction. (A) Time- and dose-dependent inhibition of CYP3A by Qingfei Paidu decoction. (B) The
hyperbolic plot of ks of CYP3A vs. Qingfei Paidu decoction concentrations. Data are expressed as mean + SD (n = 3).
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Fig. 5. The inhibitory effects of individual extracts from 21 different herbs used to prepare Qingfei Paidu decoction against CYP3A-catalyzed testosterone 6p-hy-
droxylation. Data are expressed as mean + SD (n = 3). ***P < 0.001, when compared with the control group.

findings that QPD could strongly modulate the pharmacokinetics of
lopinavir in rats, via increasing the plasma exposure to lopinavir pro-
longing its plasma half-life.

3.6. Inactivation of CYP3A by individual herbs in QPD preparation

To find the key herbs in QPD that caused CYP3A inactivation, time-
dependent inhibition of CYP3A by the extract from Gypsum Fibrosum
(250 pg/mlL, final concentration) and 20 individual herbs for preparing
QPD were conducted. As shown in Fig. 5, seven herbs (including Herba
Ephedrae, Radix Glycyrrhizae Praeparata, Radix Scutellariae, Fructus
Aurantii Immaturus, Ramulus Cinnamoni, Rhizoma Belamcandae, Rhizoma
Zingiberis Recens) displayed relatively strong CYP3A inhibition activities,
with the residual activities less than 50% in 250 pg/mL. In this case, the
inhibition and inactivation effects of these seven individual herbs for
CYP3A were investigated in HLMs. As shown in Fig. 6 and Table 3,
Fructus Aurantii Immaturus, Ramulus Cinnamoni, Rhizoma Belamcandae,
and Rhizoma Zingiberis Recens could inhibit CYP3A-catalyzed testos-
terone 6p-hydroxylation in HLMs via a time- and NADPH-dependent
manner, with ICs ratio 7.03-fold, 2.07-fold, 3.11-fold, and 2.82-fold,
respectively. Among all tested herbs, Fructus Aurantii Immaturus
(Zhishi) displayed the most potent CYP3A inactivation potency, with a
dramatic 7.03-fold change in ICsy value. This finding suggests that
Fructus Aurantii Immaturus (Zhishi) is a key herb in QPD resulting in
significant loss of CYP3A activity in NADPH-generating system.

4. Discussion

Currently, to fight against COVID-19 in a more efficient way, various
drug-drug or drug-herb combinations have been recommended for
treating COVID-19 in clinical settings. The concomitant use of drug-herb
combinations or CM-drug combinations may trigger clinically relevant
drug/herb-drug interactions resulting in adverse drug reactions. As the
most popular used Chinese medicine compound formula for combating
COVID-19, QPD has been frequently used with other medications (such
as antiviral agents) to treat COVID-19 patients. As an extremely
complicated CM prescription, QPD contains hundreds of ingredients

which are more likely to interact with a panel of human drug-
metabolizing enzymes or drug transporters (Zhao et al., 2020a; Ge,
2019), which in turn may modulate the treatment outcomes (including
efficacy and safety) of co-administrated agents and trigger clinically
relevant HDIs. Therefore, it is urgent and essential to investigate the
inhibition/inactivation =~ potential of QPD against human
drug-metabolizing enzymes (DMEs), as well as to assess the potential
changes in the pharmacokinetics of co-administrated drug(s) when QPD
is co-administrated with western drug(s).

As listed in Table S5, a variety of western drugs including antiviral
drugs (such as remdesivir, favipiravir, chloroquine, hydroxy-
chloroquine, nafamostat, camostat, lopinavir and ritonavir) have been
recommended for treating COVID-19, these agents are more likely to be
co-administrated with QPD in clinical settings. Notably, most of the
recommended antiviral drugs are substrates of phase I drug-
metabolizing enzymes (such as CYPs and CES). We first investigated
the potential interactions between QPD and the key drug-metabolizing
enzymes (DMEs) in humans. The results clearly demonstrate that QPD
inhibits hCES1A and a series of human P450s. Among all tested DMEs,
QPD strongly inhibits CYP1A in a reversible manner, while this Chinese
medicine potently inhibits CYP3A in a time- and NADPH-dependent
manner. Considering that CYP1A participates in the oxidative meta-
bolism of some important drugs (such as doxofylline) for treating res-
piratory diseases (Zhao et al., 2020b), QPD may extend the duration
time or enhance the plasma exposure of these CYP1A-substrate drugs in
vivo and modulate their treatment outcomes. Meanwhile, in view of the
fact that doxofylline display relatively high safety profiles, inhibition of
CYP1A by QPD may enhance the therapeutic efficacy of these agents and
hardly trigger serious events of adverse drug reactions. In future, it is
necessary to investigate the influence of QPD on the pharmacokinetic
profiles of doxofylline or other therapeutic agents (including CYP1A and
CYP2C19 substrate drugs) for treating COVID-19, by using suitable in
vivo surrogate models.

By contrast, inhibition of CYP3A by QPD may trigger clinically
relevant HDIs. It is well-known that CYP3A metabolizes ~50% thera-
peutic agents including many antiviral drugs (such as lopinavir and ri-
tonavir) and some key agents with narrow therapeutic windows (Wu
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Fig. 6. The inhibitory effects of Herba Ephedrae (A), Radix Glycyrrhizae Praeparata (B), Radix Scutellariae (C), Fructus Aurantii Immaturus (D), Ramulus Cinnamoni
(E), Rhizoma Belamcandae (F), and Rhizoma Zingiberis Recens (G) against CYP3A-catalyzed testosterone 6f-hydroxylation. Figure H depicts the effects of a positive
inhibitor ketoconazole against CYP3A-mediated testosterone 6p-hydroxylation in HLMs. Data are expressed as mean + SD (n = 3).

etal., 2021). As a consequence, strong inhibition/inactivation of this key
enzyme by QPD may trigger clinically relevant HDIs. Notably, to vali-
date the modulatory effect of QPD on the pharmacokinetic behavior of
CYP3A substrate drug(s), an in vivo pharmacokinetic test was conducted
in the present study. The results showed that QPD (6 g/kg) strongly
modulates the pharmacokinetic behavior of lopinavir (160 mg/kg), a
CYP3A substrate-drug, via prolongation of the plasma half-life and in-
crease of the plasma exposure (AUC) to this antiviral agent in rats.
Meanwhile, it was also clear from Fig. 4 that QPD could affect the
adsorption of lopinavir in circulation system. As a result, the Tp,qy value
of lopinavir was delayed from 6 h to 8 h, when QPD was
co-administrated with lopinavir to rats. Such findings could be

explained by the non-specific binding of lopinavir with the crude extract
of QPD in the gastrointestinal system, which in turn, delaying the Tyq,
value of lopinavir. More recently, a clinical case study reported that QPD
could result in hyperkalemia in patients with COVID-19, when QPD is
co-administrated with lopinavir/ritonavir (Han et al., 2020). These
findings clearly demonstrated that QPD could trigger in vivo HDI via
inhibition of CYP3A, suggesting that much attention should be paid
when QPD was co-administrated with CYP3A substrate drugs. Notably,
lopinavir has been reported with various adverse drug reactions (such as
diarrhea, nausea, vomiting, blurred vision, epistaxis, hyper-
triglyceridemia, and Hypercholesterolemia) in clinical settings, thus the
dose-related lopinavir ADRs that might become more serious when QPD
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Table 3
ICs values of seven individual herbs for preparing Qingfei Paidu decoction with
strong CYP3A inhibition activities.

Herbs Dose Extraction Time-dependent inhibition® Ratio
(® rate (%) ICso (pg/mL)
Pre- Pre-
incubation incubation
for 3 min for 33 min
Herba 9 11.6 55.8 £ 12.9 34.1 £6.7 1.64
Ephedrae
Radix 6 18.5 157.7 £ 7.1 150.3+19.3 1.05
Glycyrrhizae
Praeparata
Radix 6 31.2 254.4+38.9 141.4 +8.7 1.80
Scutellariae
Fructus 6 14.5 2959+30.2 421 +4.4 7.03
Aurantii
Immaturus
Ramulus 9 5.1 310.7 £ 66.1 150.3 £+ 24.9 2.07
Cinnamoni
Rhizoma 9 9.8 424.1 £51.1 136.5 +£16.3 3.11
Belamcandae
Rhizoma 9 4.2 532.8+746 1889 +231 282
Zingiberis
Recens

# The ICs values were determined in HLM following short (3 min) or long (33
min) pre-incubation.

was continuously administrated with lopinavir for several days.
Furthermore, the drug reactions may become more serious when QPD is
co-administered with some CYP3A-substrate drugs with very narrow
therapeutic windows, such as digoxin, warfarin and some anti-cancer
agents that are predominantly metabolized by CYP3A.

Notably, inhibition of human P450s is always a double-edged sword.
For some agents with very narrow therapeutic indices (such as warfarin
and digoxin), inhibition of P450s will trigger undesirable drug/herb-
drug interactions. But for some agents with improved safety profiles or
wide therapeutic windows, inhibition of the key P450s responsible for
metabolic clearance of these agents may extend the metabolic half-lives
and increase the plasma exposure of these P450 substrate-drugs in vivo,
which will be beneficial for the patients. Furthermore, some P450s (such
as CYP1A and CYP3A) have been validated as the key enzymes
participating in the oxidative metabolism of arachidonic acid (AA) and
other fatty acids (Arnold et al., 2010; Kroetz and Zeldin, 2002), while
the oxidative metabolites of AA have been recognized as the key
chemical mediators of inflammation (Tallima and Ridi, 2017; Fishbein
et al., 2020). Thus, potent inhibition on CYP1A and CYP3A by QPD may
partially block the formation of the oxidative metabolites of AA, thereby
alleviating the systemic inflammation in patients with COVID-19. Thus,
at least in part, QPD may exert its anti-inflammatory effects by inhib-
iting human P450s (mainly on CYP1A and CYP3A). In view of the fact
that a set of anti-inflammatory drugs (such as dexamethasone) have
been recommended for treating COVID-19 and part of them are CYP
substrate-drugs (Tomlinson et al., 1997), the potential interactions be-
tween QPD and these anti-inflammatory agents should be carefully
investigated from the respects of both pharmacodynamics and
pharmacokinetics.

Although this study reports that QPD may inhibit CYP3A both in vitro
and in vivo, it is very difficult to find the key ingredients in QPD that are
responsible for CYP3A inhibition. As mentioned above, QPD is a super
combination of 21 herbs that composed of hundreds of ingredients, thus
it is unfeasible to test the CYP3A inhibition activities of each ingredient
in QPD. For this reason, we assayed the inhibitory effects of the water
extract of individual herbs on human CYP3A. The results demonstrated
that seven herbs in QPD, including Herba Ephedrae, Radix Glycyrrhizae
Praeparata, Radix Scutellariae, Fructus Aurantii Inmaturus, Ramulus Cin-
namoni, Rhizoma Belamcandae, Rhizoma Zingiberis Recens, strongly
inhibited CYP3A in a dose-dependent manner. Further investigation
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demonstrated that Fructus Aurantii Immaturus, Ramulus Cinnamoni, Rhi-
zoma Belamcandae, and Rhizoma Zingiberis Recens inhibited CYP3A-
catalyzed testosterone 6f-hydroxylation in time-dependent manners,
implying that these herbs may contain CYP3A inactivators. Particularly,
Fructus Aurantii Immaturus (Zhishi) displayed potent CYP3A inactivation
potency and triggered a dramatic ICsg shift (7.03-fold change) following
different pre-incubation times in NADPH-generating system, suggesting
that this herb might be the major culprit in QPD resulting in significant
loss of CYP3A activity. Thus, in future, the key ingredients in Fructus
Aurantii Immaturus (Zhishi) and QPD responsible for CYP3A inhibition/
inactivation should be identified and carefully characterized, which will
be very helpful for preparing a new herbal remedy to reduce the risks of
herb-drug interactions.

5. Conclusion

In summary, the study investigated the inhibitory potentials of QPD
against human phase I drug-metabolizing enzymes and assessed the
modulatory effects of QPD on the pharmacokinetics of lopinavir via
inhibiting P450s. The results clearly demonstrated that QPD displayed
relatively strong inhibition on all tested P450s and CES1A. Time-
dependent inhibition assays showed that QPD inhibit CYP3A-catalyzed
testosterone 6fp-hydroxylation in a time-dependent manner in liver mi-
crosomes of both humans and rats. Further investigation showed that
QPD inactivated CYP3A in a dose- and NADPH-dependent manner, with
the Kj and Kijpq (the inactivation kinetic constants) of 1641 pg/mL, and
0.032 min?, respectively. In vivo assays demonstrated that QPD pro-
longed the half-life of lopinavir by 40% and increased the AUCg.inf) (ng/
mL-h) of lopinavir by 104%, when QPD (6 g/kg) was co-administrated
with lopinavir (160 mg/kg) in rats. In addition, time-dependent inhi-
bition assays of the individual extract from single herbs for preparing
QPD demonstrated that Fructus Aurantii Immaturus (Zhishi), Ramulus
Cinnamoni (Guizhi), Rhizoma Belamcandae (Shegan), Rhizoma Zingiberis
Recens (Shengjiang) inhibited CYP3A-catalyzed testosterone 6f-hy-
droxylation in a time-dependent manner. Among all tested herbs, Fructus
Aurantii Immaturus (Zhishi) displayed the most potent inactivation ef-
fect, suggesting this herb is a key culprit responsible for CYP3A inacti-
vation. Collectively, our findings revealed that QPD could significantly
modulate the pharmacokinetic behavior of CYP3A substrate-drugs via
inactivation of CYP3A in a time- and NADPH-dependent manner, which
would help the patients and clinicians to avoid potential drug-
interaction risks in COVID-19 treatment. Meanwhile, the key findings
present here are also helpful for the developer to optimize the consti-
tuted herbs and their ratios, to slow down the risks of herb-drug
interactions.
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