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Abstract Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coro-

navirus 2 (SARS-CoV-2), has spread worldwide. Effective treatments against COVID-19 remain urgently

in need although vaccination significantly reduces the incidence, hospitalization, and mortality. At pre-

sent, antiviral drugs including Nirmatrelvir/Ritonavir (Paxlovid™), Remdesivir, and Molnupiravir have

been authorized to treat COVID-19 and become more globally available. On the other hand, traditional

Chinese medicine (TCM) has been used for the treatment of epidemic diseases for a long history.

Currently, various TCM formulae against COVID-19 such as Qingfei Paidu decoction, Xuanfei Baidu

granule, Huashi Baidu granule, Jinhua Qinggan granule, Lianhua Qingwen capsule, and Xuebijing injec-

tion have been widely used in clinical practice in China, which may cause potential herbedrug interac-

tions (HDIs) in patients under treatment with antiviral drugs and affect the efficacy and safety of

medicines. However, information on potential HDIs between the above anti-COVID-19 drugs and

TCM formulae is lacking, and thus this work seeks to summarize and highlight potential HDIs between

antiviral drugs and TCM formulae against COVID-19, and especially pharmacokinetic HDIs mediated by
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metabolizing enzymes and/or transporters. These well-characterized HDIs could provide useful informa-

tion on clinical concomitant medicine use to maximize clinical outcomes and minimize adverse and toxic

effects.

ª 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Coronavirus disease 2019 (COVID-19), a highly infectious res-
piratory illness caused by a newly discovered coronavirus, namely,
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
remains a global pandemic1. To date, more than 500 million
people have been infected with COVID-19, resulting in six million
deaths worldwide2. As COVID-19 vaccines have been gradually
rolled in the global population, the risk of infection, severe illness,
and death has been reduced3. However, given the varied efficacy
and duration of protection after vaccination in different pop-
ulations, effective treatments against COVID-19 remain necessary.
Angiotensin-converting enzyme 2 (ACE2) is the main target for
SARS-CoV-2 to invade the host cell4. ACE2-based therapy can be
considered as a potential treatment strategy for COVID-19. At
present, three antiviral drugs (Paxlovid™, Remdesivir, and Mol-
nupiravir) have been authorized to manage patients with COVID-
195. Paxlovid™ (Nirmatrelvir/Ritonavir) is a combination therapy
that showed near 90% efficacy in preventing hospitalizations and
deaths in high-risk patients6. Nirmatrelvir is considered as a
SARS-CoV-2 protease inhibitor, and Ritonavir, as an inhibitor of
the prominent drug-metabolizing enzyme cytochrome P450
(CYP) 3A4, could slow down the hepatic metabolism and boost
the concentration of Nirmatrelvir7. Remdesivir, as a prodrug,
could selectively inhibit RNA-dependent RNA polymerase
(RdRp), then delay viral RNA chain termination, and finally
inhibit viral replication8. Molnupiravir and its metabolites can also
inhibit SARS-CoV-2 transmission by targeting RdRp9.

Traditional Chinese medicine (TCM) has a long history of being
used for the treatment of epidemic diseases and it has good efficacy
in treating viral infections including SARS-CoV and MERS-
CoV10,11. While fighting COVID-19 in China, the National Health
Commission of China announced that patients with COVID-19
treated with TCM combined with antiviral drugs had their symp-
toms effectively relieved and recovered12. TCM can inhibit the
replication and transcription of SARS-CoV-2 by targeting 3C-like
protease (3CLpro) and RdRp, and attenuate cytokine storm and
immune deficiency caused by the SARS-CoV-213. Early interven-
tion with TCM in patients with COVID-19 can improve the cure
rate, shorten the disease course, delay disease progression, and
reduce mortality14,15. Among these TCMs, three TCM decoctions
and three formulated Chinese medicines, namely Qingfei Paidu
decoction (QFPD), Xuanfei Baidu granule (XFBD), Huashi Baidu
granule (HSBD), Jinhua Qinggan granule (JHQG), Lianhua Qing-
wen capsule (LHQW), and Xuebijing injection (XBJ) have been
shown to be most effective in treating patients with COVID-19,
which are recommended by China’s National Health Commission
to treat severe and critical cases of COVID-19.

Herb‒drug interactions (HDIs) may occur during TCM com-
bined with antiviral drug treatment of patients with COVID-19.
HDIs are clinically insignificant, and they do not require any
special medical care, but sometimes they may become clinically
relevant and require medical intervention. Generally, HDIs have
two main types: pharmacodynamic and pharmacokinetic-based
interactions. Pharmacodynamic-based HDIs occur when TCM/
one drug has an additive, synergistic, or antagonistic effect or has
the same drug targets or pathways as co-administrated TCM/
drugs16. Pharmacokinetic-based HDIs are more frequently re-
ported, where TCM/one drug affects the plasma concentration of
the other drug/TCM by modulation of their absorption, distribu-
tion, metabolism and excretion (ADME) by affecting the expres-
sion and activity of drug-metabolizing enzymes and transporters,
which represent a major concern in drug pharmacokinetics16.
Drug transporters including efflux transporters (e.g., ABC-
transporters) and uptake transporters (e.g., SLC-transporters) are
expressed in many tissues, such as the intestine, liver, kidney and
the brain, and play a crucial role in drug absorption, distribution
and excretion16. Alterations in the expression and activity of drug
transporters will lead to changes in the clearance of drugs and
result in varied clinical outcomes. Drug metabolizing enzymes
(e.g., CYPs) mainly located in the liver, intestine and kidneys, are
responsible for the degradation of drugs. The induction and in-
hibition of CYPs are predominant mechanisms responsible for
PK-based HDIs16. For example, St. John’s wort (Hypericum per-
foratum) can decrease the bioavailability of numerous conven-
tional drugs that are substrates for CYPs and P-glycoprotein (P-
gp) such as warfarin, cyclosporine, digoxin, indinavir, irinotecan,
midazolam, and others, resulting in their reduced efficacy17. By
contrast, grapefruit juice inhibits the catalytic activity of intestinal
CYP3A4, thereby altering the pharmacokinetic and pharmacody-
namic profiles of cyclosporine and felodipine, thereby enhancing
their oral bioavailability18. Because of the critical pharmacoki-
netic effect of the above-mentioned CYP3A4-mediated mecha-
nism for Nirmatrelvir/Ritonavir, co-administration with certain
medications that inhibit or induce CYP3A4 is contraindicated and
should be a concern in clinical practice. This contraindication
reflects concern for potential HDIs with the potential to alter the
efficacy or safety of Ritonavir/Nirmatrelvir and/or co-
administered drugs metabolized by CYP3A4.

Gut microbiota alterations have been reported in hospitalized
COVID-19 patients and are related to poor prognosis through
complex interactions with SARS-CoV-2 and host immunity after
severe COVID-1919,20. More importantly, the composition of the
microbial community may not be fully restored in COVID-19
patients after a 3-month recovery21. It was reported that ACE2
expression may be regulated by microbiota via their metabolites22.
Numerous studies have demonstrated that TCM formulae are
important in the modulation of gut microbiota, and some herbs
and Western medicines are closely related to alterations in the gut
microbiota23. Thus, attention should be paid to gut microbiota-
mediated HDIs between anti-COVID-19 drugs and TCM
formulae.
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However, information on potential HDIs between the above
anti-COVID-19 drugs and TCM formulae is lacking, and thus a
well-characterized HDI summary is urgently needed. This work
seeks to summarize and highlight potential HDIs between antiviral
drugs and TCM formulations against COVID-19, and especially
pharmacokinetic HDIs mediated by metabolizing enzymes and/or
transporters, which provides useful information on clinical
concomitant medicine use to maximize clinical outcomes and
minimize adverse and toxic effects.

2. Anti-COVID-19 drugs

2.1. Paxlovid™ (Nirmatrelvir þ Ritonavir)

Paxlovid™ was issued by the US Food and Drug Administration
(FDA) and emergency use authorization for the treatment of
COVID-19 in 2021. It is a therapeutic combination consisting of
two compounds: Nirmatrelvir and Ritonavir24. Paxlovid™ reduces
the risk of hospitalization or mortality by 89% in non-hospitalized
adult patients with COVID-1924. Nirmatrelvir, which is designed
to prevent viral replication, is a peptidomimetic inhibitor of the
SARS-CoV-2 main protease (Mpro), referred to as 3CLpro or nsp5
protease24. Co-administration with a low dose of Ritonavir (a
potent CYP3A4 inhibitor) can slow down the hepatic metabolism
of Nirmatrelvir, leading to longer periods of higher concentrations
of Nirmatrelvir to combat the virus24. The common adverse events
of Paxlovid™ include dysgeusia, diarrhea, nausea, headache,
vomiting, and pyrexia. In addition, other adverse reactions are
observed such as liver toxicity and allergic reactions24. In healthy
subjects, the difference in plasma protein binding between Nir-
matrelvir (w69%) and Ritonavir (w99%) was approximately
30%24. Nirmatrelvir is excreted in feces (49.6%) and urine
(35.3%), whereas Ritonavir is primarily excreted in feces (86.4%)
and to a lesser extent in urine (11.3%)24.

The metabolism of Nirmatrelvir was qualitatively similar in
liver microsomes and hepatocytes from rats, monkeys, and
humans, and its prominent metabolic pathway was CYP3A4-
mediated oxidation25. The oxidative metabolism of Nirmatrelvir is
diminished following co-administration of Nirmatrelvir with Ri-
tonavir26,27. Nirmatrelvir reversibly inhibits CYP3A4, and it does
not reversibly inhibit the activity of CYP1A2, CYP2B6, CYP2C8,
CYP2C9, CYP2C19, or CYP2D6 in vitro at clinically relevant
concentrations7,28. Nirmatrelvir does not induce any CYPs at
clinically relevant concentrations7. Nirmatrelvir is a substrate for
human P-gp but not a substrate for equilibrative nucleoside
transporter 1 (ENT1), ENT2, organic anion transporter poly-
peptide 1B1 (OATP1B1), OATP1B3, OATP2B1, OATP4C1,
organic cation transporter 1 (OCT1), OCT2, organic anion trans-
porter 1e3 (OAT1‒3), multidrug and toxic compound extrusion
protein 1 (MATE1), MATE2K, Naþ/taurocholate cotransporting
polypeptide (NTCP), breast cancer resistance protein (BCRP), or
peptide transporter 1 (PEPT1)24. Nirmatrelvir inhibits the function
of several drug transporters, including P-gp, MATE1, OCT1, and
OATP1B1 in vitro29. Relatively weaker inhibition by Nirmatrelvir
is noted against OATP1B3, OCT1, OCT2, OAT1, OAT3, MATE1,
and MATE2K25.

Ritonavir is primarily metabolized by CYP3A and, to a lesser
extent, by CYP2D6. Ritonavir inhibits the activity of CYP3A4,
CYP2D6, CYP2C8, CYP2C9, CYP2C19, and CYP2J230e33. In
addition, Ritonavir serves as an inducer of several metabolizing
enzymes, such as CYP3A, CYP1A2, CYP2B6, CYP2C9,
CYP2C19, and UDP-glucuronosyltransferases (UGTs)30,34. Rito-
navir is a substrate for P-gp, multidrug resistance protein 1
(MRP1), and MRP235,36. Furthermore, it inhibits the function of
the intestinal transporters including P-gp, BCRP, OATP, MRP1
and MATE137,38 (Table 1).

2.2. Remdesivir

Remdesivir, a broad-spectrum antiviral agent, was approved by
FDA for emergency use to treat COVID-19 in 202039. Remdesivir
(GS-5734) is a prodrug of a nucleoside analog (GS-441524)40.
Inside the cells, Remdesivir is hydrolyzed to GS-704277 by car-
boxylesterases (CES), and then GS-704277 is converted to the
nucleoside analog monophosphate GS-441524-MP, and GS-
441524-MP is consecutively phosphorylated into the active
nucleoside triphosphate form GS-44390241. GS-443902 serves as
an ATP analog to compete with endogenous ATP and selectively
inhibit RdRp, which delays viral RNA chain termination and
finally inhibits viral replication39,42,43. Notably, CES1 (w80%),
cathepsin A (w10%), and CYP3A (w10%) are the key metabo-
lizing enzymes involved in the Remdesivir metabolism44,45. GS-
704277 is hydrolyzed to the monophosphate form by histidine
triad nucleotide-binding protein 146. Although the adverse events
of Remdesivir are relatively limited, an increase in transaminase
was observed in patients treated with Remdesivir47. Moreover, an
Ebola phase 3 trial reported that one patient treated with
Remdesivir experienced hypotension and cardiac arrest that
resulted in death48.

Given its first-pass liver metabolism, Remdesivir is adminis-
tered via intravenous injection rather than oral delivery44.
Remdesivir has a short plasma half-life (<1 h) of the prodrug, and
GS-443902 has a prolonged t1/2 (>35 h)49e51. Remdesivir shows
moderate protein binding in plasma, with a free fraction of 12.1%
in humans. However, the metabolite of the Remdesivir, GS-
704277 displays low protein binding, with a free fraction
ranging from 85% to 127%50. Remdesivir is a substrate of
CYP3A4, CYP2C8, CYP2D6 and P-gp40,52. Remdesivir exhibits
an inhibitory effect on the activity of CYP1A2, CYP2C9,
CYP2C19, CYP2D6, CYP3A4, OATP1B1, OATP1B3, MRP4, and
NTCP (Table 1)40. Remdesivir and its metabolites are primarily
excreted through urine (74%) and feces (18%)40.

2.3. Molnupiravir

Molnupiravir, an orally delivered antiviral drug, was approved and
developed by Merck for the treatment of COVID-19 in 2021 in the
UK53. Molnupiravir is an isopropyl ester prodrug, and it is
metabolized to b-D-N4-hydroxycytidine (NHC or EIDD-1931) by
esterases in plasma54. Inside the cells, NHC is converted to the
active form of NHC-triphosphate (TP)53. NHC-TP serves as a
substrate instead of cytidine-triphosphate and uridine-triphosphate
for RdRp, resulting in mutagenesis during viral RNA replica-
tion55. Molnupiravir showed excellent efficacy against SARS-
CoV-2 infection in mice implanted with human lung tissue56.
Another study also showed that treatment with Molnupiravir
reduced lung viral load and alleviated lung damage in SARS-CoV-
2-infected mice57. Molnupiravir could also inhibit SARS-CoV-2
transmission in a hamster model58. In humans, a clinical Phase
III study showed that Molnupiravir was effective for the treatment
of unvaccinated adults with COVID-19, which lowered the risk of
hospitalization and mortality59. The most common side effects of



Table 1 The effect of anti-COVID-19 drugs on metabolizing enzymes and transporters.

Anti-viral drug Metabolizing enzyme Transporter

CYP1 CYP2 CYP3 UGT CES OCT NTCP OATP P-gp BCRP MRP OAT

Nirmatrelvir

(Refs. 7,24,25,28,29)

1A2Y 2B6Y
2C8Y
2C9Y
2C19Y
2D6Y

3A4a

3A4Y
OCT1Y
OCT2Y

OATP1B1Y
OATP1B3Y

P-gpa

P-gpY
OAT1Y
OAT3Y

Ritonavir (Refs. 30e38) 1A2[ 2B6[
2D6a

2D6Y
2C8Y
2C9[
2C9Y
2C19[
2C19Y
2J2Y

3Aa

3A[
3A4Y

UGTs[ OATPsY P-gpa

P-gpY
BCRPY MRP1a

MRP1Y
MRP2a

Remdesivir

(Refs. 40,41,52,474)

1A2Y 2C8a

2D6a

2C9Y
2C19Y
2D6Y

3A4a

3A4Y
CES1a NTCPY OATP1B1Y

OATP1B3Y
P-gpa MRP4Y

Molnupiravir (Refs. 64,65) CES1/2a

[Indicates the induction effect on an enzyme or drug transporter.

YIndicates the inhibitory effect on an enzyme or drug transporter.
aIndicates that the drug is a substrate for an enzyme or drug transporter.
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Molnupiravir include headache and diarrhea, and 93.3% of the
side effects are well tolerated60,61.

A low level of Molnupiravir can be detected, but a high level of
NHC can be measured in the plasma60,62,63. NHC does not bind to
plasma protein53. Given the rapid conversion into NHC and NHC-
TP, Molnupiravir is barely detected in all tissues, however, NHC
and NHC-TP are observed in all tissues, primarily in the lungs and
spleen, in a dose-dependent manner63. Molnupiravir is hydrolyzed
to NHC by CES, especially CES264,65. NHC is converted into
NHC-TP by host kinases and phosphatases in cells63. NHC-TP is
ultimately metabolized to endogenous pyrimidine nucleosides
(uridine and/or cytidine), and only �3% of the administered
Molnupiravir is excreted through urine in NHC form63. In vitro,
NHC is a substrate of concentrative nucleoside transporter 1
(CNT1), CNT2, CNT3, and ENT2, whereas Molnupiravir is a
comparatively weak substrate of CNT163. Neither Molnupiravir
nor NHC is the substrate of human P-gp, or BCRP66. In vitro
studies demonstrated that Molnupiravir is not an inhibitor of major
human CYPs (CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2C19,
CYP2D6, and CYP3A4), and neither Molnupiravir nor NHC
inhibited P-gp, BCRP, OATP1B1, OATP1B3, OCT163,66. More-
over, they are not inhibitors or inducers of major drug-
metabolizing enzymes or transporters, which might reduce the
risk of drugedrug interactions (DDIs)63 (Table 1).

3. TCMs for the treatment of COVID-19 infections

3.1. QFPD

3.1.1. Basic pharmacological information of QFPD
QFPD is listed as the first-line prescription of TCM clinical
treatment in the latest Protocol on Diagnosis and Treatment of
COVID-19 (Trial Version 9) issued by China’s National Health
Commission67. Multiple clinical reports have proven that early
treatment with QFPD was associated with favorable outcomes,
including faster recovery, shorter time to viral shedding, and
shorter hospital stay68e70. A total of nine trials, including 1108
patients with COVID-19, have revealed that QFPD combined with
western medicine treatments reduced the aggravation rate by 71%
and decreased the incidence of adverse events by 56%71.

Previous studies have shown that QFPD acts on several targets
associated with its anti-inflammation, immuno-modulation, and
anti-viral effects against COVID-1972e74. ACE2, SARS-CoV-2
spike protein, and SARS-CoV-2 3CLpro, which are closely rele-
vant to the infectivity and pathogenicity of COVID-19, are also
identified as the potential targets of QFPD75. Previous study has
shown that several kinds of gut microbiota play an important role
in the immune function, and QFPD decoction could restore the
diversity of gut microbiota and could be used to treat coronavirus-
induced pneumonia, reflected in the up-regulation of the relative
abundance of Romboutsia, Turicibacter and Clos-
tridium_sensu_stricto_1, and the down-regulation of the relative
abundance of norank_f_Lachnospiraceae, which is closely related
to disease severity and immune dysfunction in COVID-19
patients76.

QFPD is composed of 20 herbs and one mineral (Ephedrae
Herba, Glycyrrhizae Radix et Rhizoma Praeparata Cum Melle,
Praeparata Cum Melle, Armeniacae Semen Amarum, Gypsum
Fibrosum, Cinnamomi Ramulus, Alismatis Rhizoma, Polyporus,
Atractylodis Macrocephalae Rhizoma, Poria, Bupleuri Radix,
Scutellariae Radix, Pinelliae Rhizoma Praeparatum Cum Zingi-
bere et Alumine, Zingiberis Rhizoma Recens, Asteris Radix et
Rhizoma, Farfarae Flos, Belamcandae Rhizoma, Asari Radix et
Rhizoma, Dioscoreae Rhizoma, Aurantii Fructus Immaturus, Citri
Reticulatae Pericarpium, Pogostemonis Herba)67. It was reported
that a total of 195 chemical components, including 104 prototypes
and 91 metabolites, were identified in mice serum after oral
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administrated with QFPD decoction in mice77. Nine of them,
including ephedrine, pseudoephedrine, amygdalin, prunasin, liq-
uiritin, hyperoside, hesperidin, baicalin, irisflorentin, were absor-
bed quickly into the circulation system, subsequently distributed
to heart, liver, spleen, lung, and kidney78.

QFPD exerts regulatory effects on the metabolizing enzymes
and drug transporters (Table 2). QFPD shows inhibitory effects on
the activities of human CYP1A, CYP2A6, CYP3A, CYP2C8,
CYP2C9, CYP2C19, CYP2D6, and CYP2E179 by cocktail probe
substrates approach, and the potential of HDIs should be consid-
ered in the combined therapy against COVID-19. The pharma-
codynamic and pharmacokinetic characteristics of each herb of
QFPD are summarized below.

3.1.2. Pharmacodynamic and pharmacokinetic feature of each
herb in QFPD
Ephedrae Herba (Mahuang in Chinese) is the dried herbaceous
stem of Ephedra sinica, Ephedra intermedia, or Ephedra equi-
setina (Family, Ephedraceae)80. Ephedrae Herba could disrupt the
interaction between ACE2 and SARS-CoV-2 spike protein
receptor-binding domain (RBD), thereby abolishing the infectivity
of SARS-CoV-2 pseudoviruses75. To date, more than 150 chemi-
cal components of Ephedrae Herba have been identified or
tentatively characterized, including alkaloids, triterpenoid sapo-
nins, flavanone-O-glycosides, flavone-C-glycosides, and procya-
nidins81. Among them, phenylalkylamine alkaloids including
ephedrine, pseudoephedrine, methylephedrine, norephedrine, and
norpseudoephedrine are considered as characteristic active com-
pounds81. Ephedrine, pseudoephedrine, and methylephedrine are
possibly P-gp substrates82. Meanwhile, ephedrine and norpseu-
doephedrin were proved as substrates of OCT283. Ephedrae Herba
water decoction could increase CYP1A2 activity characterized by
detecting the probe substrate of phenacetin, as well as the
expression of mRNA and protein, but it has no effect on the ac-
tivity of CYP2E184. In vitro, it could inhibit MDR1 function in
part85. Interestingly, pseudoephedrine has an inhibitory effect on
the activities of CYP1A1/2 and CYP2E1, whereas ephedrine
could induce the activities of CYP2C and CYP1A1/2 by deter-
mining their probe substrates86.

Glycyrrhizae Radix et Rhizoma (Gancao in Chinese) is the
dried root and rhizome of Glycyrrhiza uralensis Fisch., Glycyr-
rhiza inflata Bat., or Glycyrrhiza glabra L.87, Glycyrrhizae Radix
et Rhizoma Praeparata Cum Melle, which is used in QFPD, is
processed from Glycyrrhizae Radix et Rhizoma. Studies revealed
that Glycyrrhizae Radix et Rhizoma could inhibit ACE2, thereby
inhibiting viral infectivity88 and showing affinity to RdRp of
SARS-CoV-2, suggesting its potential efficacy against COVID-
1989. Based on previous reports, Glycyrrhizae Radix et Rhizoma
could modulate gut microbiota, thereby enhancing the immune
defensive function of the human body90. Numerous bioactive
constituents have been found in Glycyrrhizae Radix et Rhizoma,
such as triterpene saponins, flavonoids, isoflavonoids and chal-
cones91. Glycyrrhizin, glycyrrhetinic acid, liquiritigenin, iso-
liquiritigenin, licochalcone A, and glycycoumarin have been
isolated from Glycyrrhizae Radix et Rhizoma91. Glycyrrhetinic
acid, the main bioactive constituent of Glycyrrhizae Radix et
Rhizoma, is primarily metabolized by CYP3A4, followed by
CYP2C9 and CYP2C1992. Glycyrrhetinic acid might be a sub-
strate for P-gp92. Studies on rodents and humans demonstrated
that glycyrrhizin is poorly absorbed by the gastrointestinal tract
but extensively metabolized by the intestinal microflora to gly-
cyrrhetinic acid and monoglucuronyl glycyrrhetinic acid, which
are readily absorbed93. The transformation of glycyrrhizin in the
intestine was mainly catalyzed by the intestinal bacteria Eubac-
terium L-8 and Streptococcus LJ-2294. Glycyrrhizic acid and
glycyrrhetinic acid were mainly excreted via bile95. Glycyrrhizic
acid and glycyrrhetinic acid bind extensively to the plasma albu-
min in human and rat96. The extract of Glycyrrhizae Radix et
Rhizoma could inhibit the activity of CYP2B6, CYP2C9,
CYP2C19, and CYP3A4 in human liver microsomes97. The oral
administration of glycyrrhizin or Glycyrrhizae Radix et Rhizoma
to mice can induce the activity of CYP3A4, CYP2B1, CYP1A2,
CYP3A, CYP2A1 and CYP2B998. Licochalcone A could inhibit
the activity of CYP1A2, CYP2D6, CYP2E1, CYP2C19, CYP2C8,
CYP2C9 and CYP3A4 in human liver microsomes99. Glycyrol, a
bioactive compound isolated from Glycyrrhizae Radix et Rhi-
zoma, could inhibit human CYP2C9 activity100. Moreover, lico-
chalcone A could inhibit OATP1B1 activity101. Studies showed
that Glycyrrhizae Radix et Rhizoma could strongly activate
human pregnane X receptor (PXR) and induce CYP3A4 expres-
sion102. Using non-specific probes for UGT isoforms, glycyr-
rhetinic acid was shown to exhibit strong inhibitory effects
towards UGT1A3 and UGT2B7103. Additionally, the treatment of
Glycyrrhizae Radix et Rhizoma together with Astragali Radix
significantly attenuated the decreased diversity, reduced richness,
and abnormal composition of intestinal microbiota of cholestatic
mice104.

Armeniacae Semen Amarum (Kuxingren in Chinese) is the
dried ripe seed of Prunus armeniaca L. var. ansu Maxim., Prunus
sibirica L., Prunus mandshurica (Maxim.) Koehne, or Prunus
armeniaca L.105. Previously, Armeniacae Semen Amarum has
shown an antiviral effect because of its strong affinity to 3CLpro
and ACE2, thereby preventing viral transcription and dissemina-
tion105. The pharmacokinetic characterization of Armeniacae
Semen Amarum was primarily reflected by amygdalin. After oral
administration, amygdalin was immediately absorbed and quickly
distributed to the heart, liver, spleen, lung, and kidney106. How-
ever, the absolute bioavailability of amygdalin was low7. Amyg-
dalin could be effluxed by P-gp, indicating that it might be a
substrate for P-gp107. Moreover, amygdalin had evident inhibitory
effects on the activity of murine CYP2C9 and CYP2E1107.
Amygdalin is considered to be toxic due to its metabolite of cy-
anide in vivo108. The intestinal microbiota of Bifidobacterium
pseudolongum, Marvinbryantia formatexigens, and Bacteroides
fragilis were involved in bidirectional regulation of toxicity and
detoxification of amygdalin109.

Gypsum Fibrosum (Shengshigao in Chinese) is a plaster stone
of sulfates of the plaster stone group, containing primarily hy-
drated calcium sulfate110. It is a common mineral TCM in Shen-
nong Bencao Jing for reducing fever and alleviating thirst111.
Gypsum Fibrosum might exhibit an inhibitory effect on the ac-
tivity of rat CYP1A2, which may lead to drug interactions
in vivo112.

Cinnamomi Ramulus (Guizhi in Chinese) is the dried young
branch of Cinnamomum cassia (L.) Presl113. Cinnamomi Ramulus
could inhibit the activity of Zika virus by inhibiting RdRp activity
in the post-entry stage114. More than 121 chemical compounds
have been isolated from Cinnamomi Ramulus, including volatile
oils, organic acids, triterpenoid saponins, coumarins, tannins,
flavonoids, flavonoid glycosides, steroids, and polysaccharides113.
Cinnamic acid is a bioactive compound isolated from Cinnamomi
Ramulus113. CYP1A is the main enzyme that participates in the
metabolism of cinnamic acid115. Moreover, cinnamic acid is not a
strong substrate for P-gp and MRP in Caco-2 cells116. In addition,



Table 2 The effect of QFPD on metabolizing enzymes and transporters.

Herb Component Metabolizing enzyme Transporter

CYP1 CYP2 CYP3 UGT1 UGT2 UGT3 CES OCTs OAT OATP P-gp BCRP MRP

Ephedrae Herba (Refs. 82

e86)

Water decoction 1A2[ MDR1Y
L-Ephedrine 1A1[

1A2[
2C[ OCT2a P-gpa

D-Pseudoephedrine 1A1Y
1A2Y

2E1Y P-gpa

Norpseudoephedrin OCT2a

L-Methylephedrine P-gpa

Glycyrrhizae Radix et

Rhizoma (Refs. 92,97

e103,477)

1A2[ 2A1[
2B1[
2B9[

3A[
3A4[

Extract 2B6Y
2C9Y
2C19Y

3A4Y

Glycyrrhetinic acid 2C9a

2C19a
3A4a 1A3Y 2B7Y CES1Y P-gpa

Glycyrrhizin 1A2[ 2A1[
2B1[
2B9[

3A[
3A4[

Licochalcone A 1A2Y 2D6Y
2E1Y
2C19Y
2C8Y
2C9Y

3A4Y 1B1Y

Glycyrol 2C9Y
Armeniacae Semen

Amarum (Ref: 107)

Amygdalin 2C9Y
2E1Y

P-gpa

Gypsum Fibrosum (Ref:

112)

1A2Y

Cinnamomi Ramulus

(Ref: 115)

Cinnamic acid 1Aa

Alismatis Rhizoma (Refs.

118,122e126,485)

Alisol acetates 3A2a CES2Y
Alisol B 23-acetate 3A4[ P-gpY
Alisol F 24-acetate P-gpY
Water etract 1A2[ 3A4[
Alisol B UGTsY

Polyporus (Ref: 133) Polyporus polysaccharides 3A[
Atractylodes

Macrocephala

Rhizoma (Refs.

137,138,140,141)

3A4[
Atractylenolide I 2B7Y P-gpa

Atractylenolide II 1A2a 2C9a 3A4a

Atractylenolide III 2B7Y
Poria (Refs. 146e151) 3A4[

Galactoglucan 2E1Y
Polysaccharides 2E1Y
Pachymic acid P-gpY
Dehydrotumulosic acid P-gpY

(continued on next page)
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Table 2 (continued )

Herb Component Metabolizing enzyme Transporter

CYP1 CYP2 CYP3 UGT1 UGT2 UGT3 CES OCTs OAT OATP P-gp BCRP MRP

Bupleuri Radix (Refs. 159

e161)
Saikosaponin a 1A2[ 3A4Y P-gpY
Saikosaponin b 1A2Y 3A4Y
Saikosaponin b2 1A2Y 3A4Y
Saikosaponin c 1A2Y 3A4Y P-gpY MRP2Y
Saikosaponin d 1A2[ 3A4Y P-gpY MRP2Y
Saikosaponins 2C9Y 3A4Y

Scutellariae Radix (Refs.

172,174e182,478)

Aqueous extract of

scutellariae radix

2C9Y
2E1[

Baicalein 3A4Y 1A9a

1A10a
CES1/2Y P-gpY MRPa

Baicalin 2C9[
2C19[

3A4[

Wogonin 1A2Y 1A9a

Oroxylin A 1A9a

1A10a
CES1/2Y OAT1Y

OAT3Y
1B1a

1B1Y
1B3a

BCRPY

Salvigenin 1A8Y
1A10Y

Extract OCT1Y
Pinelliae Rhizoma (Ref:

191)

3AY

Zingiberis Rhizoma

Recens (Refs. 201

e205)

Ginger extract 1A2[ 2C9[
2C19Y
2B6[

3A4[ P-gp[

6-Shagaol 1A1[
1A2[

2C9[
2B6[

3A4[ 1A1[ P-gp[

6-Paradoal 1A2[ 2C9[
2B6[

3A4[ P-gp[

Dihydro-6-6-gingerdione 1A2[ 2C9[
2B6[

3A4[ P-gp[

6-Gingerol P-gpY
8-Gingerol 2C9Y

2C19Y
2D6Y

3A4Y

10-Gingerol 2C9Y
2C19Y
2D6Y

3A4Y

Asteris Radix et Rhizoma

(Refs. 209,212)

Astin D 2D6Y 3A4Y
Epiifedelanol P-gpY MRP2Y

Farfarae Fos (Refs. 216

e218)

Tussilagone 1A2a 2B6a

2C8a

2C9a

2C19a

2D6a

2E1a

3A4a
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Isochlorogenic acid

Chlorogenic acid

1A2Y 2C9Y
2E1Y

1A6Y 2B[

Belamcandae Rhizoma

(Refs. 225e228)

Isoflavones

Total isoflavones

1A2Y
1A2Y

2D6[ 3A4a

Iridin 1A7a

1A8a

1A9a

1A10a

Tectorigenin 1A1a

1A9a

Asari Radix et Rhizoma

(Refs. 233e238)

Asarinin 1A1a 2C8a 3A5a

Sesamin 3A4Y MDR1[ MRP1[
MRP3[

Methyleugenol 1A2Y 2C19Y
Safrole 1A2Y
Myristicin 1A2Y 2E1Y

2C19Y
Dioscoreae Rhizoma None None None None None None None None None None None None None None

Aurantii Fructus

Immaturus (Refs. 246

e254)

Ethanol extract 3A4[ P-gp[
Hesperetin 1A2a 1A1Y

1A3Y
1A4Y
1A7Y
1A8Y
1A9Y

P-gpa

Hesperidin P-gpa MRP1a

MRP2a MRP3a

Naringenin 1A2a 1A1Y
1A3Y
1A4Y
1A7Y
1A8Y
1A9Y
1A10Y

2B7Y
2B15Y

1B1Y
1B3Y

P-gpa

Naringin 2E1Y 3A1Y
3A2Y
3A4Y

1A2Y
1A5Y

P-gpaY MRP1a

MRP2a MRP3a

Citri Reticulatae

Pericarpium (Refs.

257e264)

Hesperidin 1AY
1B1Y

3A4Y P-gpY

Nobiletin 1A2Y
1A2[
1A1[
1B1[

(continued on next page)
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the extract of Cinnamomi Ramulus and lactic acid bacteria could
upregulate the alpha diversity of gut microbiota in mice117.

Alismatis Rhizoma (Zexie in Chinese) is the dried rhizome of
Alisma orientale (Sam.) Juzep118. Alismatis Rhizoma has been
reported to inhibit the infection and replication of picornavir-
idae119. A wide range of chemical compounds, including tri-
terpenoids, sesquiterpenoids, and diterpenoids, have been isolated
from Alismatis Rhizoma118. Among these compounds, alisol ac-
etates are important bioactive triterpenoids that play various
pharmacological effects120. Under normal physiological condi-
tions the rate of alisol acetate binding to plasma protein is between
70% and 80%121. CYP3A2 plays an important role in the meta-
bolism of alisol acetates, which is an important factor leading to
the different exposures of alisol A, alisol B, and alisol A 24-
acetate between male rats and female rats122. Alisol B 23-
acetate was identified to be the active compound of Alismatis
Rhizoma, and alisol B 23-acetate can transactivate PXR and
upregulate the mRNA levels of CYP3A4 in vitro123. In addition,
alisol B 23-acetate could alleviate liver damage by activating
farnesoid X receptor (FXR) and inhibiting CYP7A1 expression124.
Alisol B 23-acetate and alisol F 24-acetate could downregulate P-
gp, and Alismatis Rhizoma extract could induce PPARa down-
stream acyl-CoA oxidase 1118. Furthermore, the water extract of
Alismatis Rhizoma could induce CYP1A2 and inhibit CYP3A4
activity in rats125. Alisol B could moderately inhibit UGT-
mediated glucuronidation in human liver microsomes126. Alis-
matis Rhizoma can improve the changes in gut microbial structure
caused by diabetes and affect microbiota-associated with lipid
metabolism. Lactobacillus was decreased significantly by both
water and ethanol extract of Alismatis Rhizoma, Lachnospira was
increased by its water extract, while Ruminococcus was increased
by the ethanol extract127.

Polyporus (Zhuling in Chinese), a widely used and precious
medicinal fungi, has been used as food, antidote, and diuretic for
many years in China128. Polyporus was reported to exert an
antiviral effect by inhibiting SARS-CoV-2129. Ergone and ergos-
terol are the main components of Polyporus130. Ergone is pri-
marily excreted in feces via bile, and maximum excretion is
reached at 6e8 h131. As for ergosterol, it is primarily excreted by
feces rather than urine and plasma132. Pharmacokinetic studies
have shown that polyporus polysaccharides could increase the
expression of CYP3A in carp liver133.

Atractylodes Macrocephala Rhizoma (Baizhu in Chinese) is
the dried rhizome of Atractylodes macrocephala Koidz.134.
Atractylodes Macrocephala Rhizoma might be a potential herb
against SARS-CoV-2 through binding to ACE2135. The main
constituents isolated from Atractylodes Macrocephala Rhizoma
include sesquiterpenoids, triterpenoids, polyacetylenes, couma-
rins, phenylpropanoids, flavonoids, flavonoid glycosides, steroids,
and benzoquinones136. Atractylenolide III is rapidly distributed
into the body and eliminated134. The P-gp inhibitor could increase
the absorption rate of Atractylenolide I137. CYP1A2, CYP2C9,
and CYP3A4 are CYP isoforms involved in the metabolism of
Atractylenolide II138. Atractylenolide I is primarily absorbed
throughout the intestine, and Atractylenolide III metabolites can
be detected in feces, urine, and plasma in rats139. Studies showed
that Atractylodes Macrocephala Rhizoma could strongly activate
human PXR and induce CYP3A4 expression140. It has been re-
ported that Atractylenolide I and Atractylenolide III could inhibit
UGT2B7 activity141. Atractylenolide III could significantly regu-
late the gut microbiota which was downregulated in colitis
mice142.
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Poria (Fulin in> Chinese), the dried sclerotia of Wolfiporia
cocos (F.A. Wolf) Ryvarden & Gilb., has been used as a TCM for
over 2000 years143. A previous study revealed that Poria exerted
an inhibitory effect on the Mpro144. The main active components
of Poria are triterpenes and polysaccharides143,145. It has been
reported that Poria polysaccharides could inhibit CYP2E1
expression in mouse liver146. Poria (pachymic acid) induced
CYP3A4 gene transcription by activating PXR147. Poria could
also induce transcriptional expression of CYP3A4 in HepG2
cells148. A galactoglucan purified from Poria could reduce the
expression of constitutive androstane receptor and CYP2E1 in the
liver149. Pachymic acid and dehydrotumulosic acid isolated from
Poria could inhibit P-gp function150,151. Poria polysaccharides
could affect the gut microbiota and alleviate chronic non-bacterial
prostatitis in rat152. Poria powder and water-soluble poly-
saccharides of Poria could regulate the gut microbiota to alleviate
the cisplatin-induced intestinal injury in mice153. Poria poly-
saccharides also could affect the diversity of gut microbiota in a
non-alcoholic steatohepatitis mouse model154.

Bupleuri Radix (Chaihu in Chinese) is a traditional herbal
medicine derived from the dried roots of Bupleurum chinense DC.
and Bupleurum scorzonerifolium Willd.155. The identified bioac-
tive compounds of the Bupleuri Radix primarily focused on
essential oils, triterpenoid saponins, polyacetylenes, flavonoids,
lignans, fatty acids, and sterols155. Among these, triterpenoid sa-
ponins, flavonoids, and essential oil are considered as the main
bioactive compounds156,157. Saikosaponins are potential candi-
dates of Bupleuri Radix for COVID-19 treatment158. A previous
study showed that saikosaponin b, saikosaponin b2, and saikosa-
ponin c slightly inhibited CYP1A2 activity, whereas saikosaponin
a and saikosaponin d increased CYP1A2 activity159. Saikosaponin
a, saikosaponin b, saikosaponin b2, saikosaponin c, and saikosa-
ponin d slightly inhibited the activity of CYP3A4159. Notably,
CYP2C9 was strongly inhibited by saikosaponin159. Saikosaponin
a, saikosaponin c, and saikosaponin d inhibited P-gp activity in
P-gp over-expressing HEK293 cells160. Saikosaponin c and
saikosaponin d inhibited MRP2 activity in HEK293 cells and
BRL-3A cell with high MRP2 expression160. Saikosaponins and
their metabolites also showed a liver meridian guiding effect by
inhibiting PXR/CYP3A4161. Furthermore, saikosaponin a, saiko-
saponin c, and saikosaponin d were absorbed rapidly in rats155.
Saikosaponins are primarily excreted through feces, bile, and
urine162. It has been reported that saikosaponin d could regulate
the gut microbiota in ulcerative colitis mice163. Saikosaponin a
could upregulate the abundance of Lactobacilus and Prevotella
species in rats164. The gut microbiota could affect the biotrans-
formation of Bupleuri Radix165, and gut microbiota plays an
important role in the hydrolysis reaction of Saikosaponins166.

Scutellariae Radix (Huangqin in Chinese) is the dried root of
Scutellaria baicalensis Georgi167. Over 40 compounds have been
isolated and identified from Scutellariae Radix including flavo-
noids, terpenoids, volatile oils, and polysaccharides168. Baicalin,
baicalein, wogonin, chrysin and oroxylin A could inhibit H1N1
activity169. Baicalin and baicalein could inhibit RdRp of SARS-
CoV-2170. Wogonin, a bioactive ingredient from Scutellariae
Radix, has over 90% serum protein binding rate171. The glucur-
onidation of baicalein, wogonin, and oroxylin A primarily de-
pends on UGT1A9 in the liver, and that of baicalein and oroxylin
A primarily depends on UGT1A10 in the intestine172. The gut
microbiota also plays an important role in the metabolism of
baicalin, and baicalin could be metabolized by b-glucuronidase
produced by gut microbiota such as Escherichia coli173. Baicalein
is excreted into the intestine by MRP174. It has been reported that
the aqueous extract of Scutellariae Radix could inhibit CYP2C9
and induce CYP2E1 activity in human175. Baicalein could inhibit
CYP3A4 activity in human liver microsomes176. Baicalin could
induce CYP3A4, CYP2C9, and CYP2C19 expression in HeLa
cells177. Wogonin could inhibit CYP1A2 activity in human mi-
crosomes178. It has been reported that baicalein could inhibit P-gp
activity and expression179. The extract of Scutellariae Radix could
inhibit OCT1 and MATE1 activity in vitro180. Oroxylin A might
be a substrate of OATP1B1 and OATP1B3, and it can also inhibit
OATP1B1, OAT1, OAT3 and BCRP activity181. The extract of
Scutellariae Radix, salvigenin, could downregulate the activity of
UGT1A8 and UGT1A10182. Polysaccharide isolated from Scu-
tellariae Radix could upregulate the abundance of Firmicutes,
Bifidobacterium, Lactobacillus, and Roseburia in mice183. Bai-
calin could also reprogram the gut microbiota in chicken with
avian pathogenic E. coli-induced lung injury184.

Pinelliae Rhizoma (Banxia in Chinese) is the dried tuber of
Pinellia ternata (Thunb.) Breit., family Araceae185. Pinelliae
Rhizoma Praeparatum Cum Zingibere et Alumine (Jiangbanxia in
Chinese) and Pinelliae Rhizoma Praeparatum (Fabanxia in Chi-
nese) are two of its commonly processed forms185. Alkaloids,
essential oils, amino acids, organic acids, and proteins are the
chemical components of Pinelliae Rhizoma186. b-Sitosterol is a
bioactive compound in Pinelliae Rhizoma187. b-Sitosterol could
interact with Mpro of SARS-CoV-2188. b-Sitosterol is metabolized
to bile acid and goose deoxycholic acid, and is excreted in free
form through bile189,190. Pinelliae Rhizoma showed inhibitory
effects on CYP3A activity in rat liver microsomes191.

Ginger is the rhizome of Zingiber officinale Roscoe (Zingi-
beraceae)192, and Zingiberis Rhizoma Recens (Shengjiang in
Chinese) is the fresh Ginger193. More than 100 compounds are
identified from Ginger, and its bioactive components include
essential oils, gingerols, shogaols, and others193. Gingerols and
shogaols are recognized as important active ingredients in
Ginger194. 6-Gingerol is the principal ingredient of Ginger that
exerts anti-inflammatory and antioxidant effects195. In silico and
molecular docking studies have revealed that 10-gingerol had an
inhibitory effect on COVID-19196. 6-, 8-, 10-Gingerol and
6-shogaol are quickly absorbed and detected in the serum as
glucuronide and sulfate conjugates, with the majority detected as
glucuronide metabolites197. Intravenous bolus studies in rats
indicated plasma protein binding of 6-gingerol was found to be
greater than 90%198,199. Over 60% of an oral dose of 50 mg/kg
dose of 6-gingerol was excreted as metabolites in the bile (48%)
and urine (16%)200. Previous studies have shown that Ginger
extract could inhibit CYP2C19-mediated drug metabolism201.
6-Shaogaol could increase the mRNA levels of CYP1A1 and
UGT1A1202,203. Ethanolic extract of Ginger activated PXR in LS-
174T cells204. 6-Paradoal, 6-shagoal, and dihydro-6-6-gingerdione
could also activate PXR204. The mRNA expression level of
CYP3A4, CYP2C9, CYP1A2, CYP2B6, and P-gp could be increase
by the extract, 6-paradoal, 6-shagoal, and dihydro-6-6-
gingerdione204. 8-, and 10-gingerol could potently inhibit
CYP2C9 activity, moderately inhibit CYP2C19 and CYP3A4, and
weakly inhibit CYP2D6203. 6-Gingerol has been reported to
inhibit P-gp activity in L-MDR1 and Caco-2 cells205. Ginger
polysaccharides may modulate immune function by affecting the
diversity of beneficial and harmful gut microbiota in immuno-
suppressed mice206.

Asteris Radix et Rhizoma (Ziwan in Chinese) is the dried root
and rhizome of Aster tataricus L. f.207. Shionone, astin D, and
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epifriedelinol are three characteristic compounds of Asteris Radix
et Rhizoma208,209. The content of shionone is low in blood, and it
was primarily excreted through the feces210. Shionone had a
higher protein binding rate in the plasma of rat, human, and
bovine (greater than 75%)211. Astin D is considered as a potential
inhibitor of CYP3A4 and CYP2D6209. Epifriedelanol could
enhance the adriamycin cytotoxicity by the down-regulating the
mRNA and protein expression of P-gp and MRP2212.

Farfarae Flos (Kuandonghua in Chinese) is the dried flower
bud of Tussilago farfara L.213. Previous study showed that the
compounds in Farfarae Flos can bind to SARS-CoV-2 3CLpro and
ACE2, thereby exerting a therapeutic effect against COVID-19214.
Tussilagone is a representative active compound in Farfarae Flos.
The absolute bioavailability of tussilagone is only about 1.31%215

in rats. Eight CYP enzyme subtypes (CYP1A2, CYP2B6,
CYP2C8, CYP2C9, CYP2C19, CYP2D6, CYP2E1, and CYP3A4)
were involved in tussilagone metabolism216. Organic acids are
considered as active compounds of Farfarae Flos. Isochlorogenic
acid demonstrates mild inhibition the activity of human CYP2C9
and a mild suppression on the activity of UGT1A6, while slightly
increased UGT2B, but no significant influence UGT1A1 and
UGT1A7/8 in vitro217. Chlorogenic acid, another important
organic acid in Farfarae Flos, displayed weak inhibition on
human CYP1A2 and CYP2E1 enzymatic activities in vitro218.
Chlorogenic acid could be metabolized by human gut microbiota
into caffeic acid, caffeoyl-glycerol, 3-(3,4-dihydroxyphenyl)-
propanoic acid, 3-(3,4-dihydroxyphenyl)-propanoyl-glycerol,
3-O-(3-(3,4-dihydroxyphenyl)-propanoyl)-quinic acid, 3-O-(3-
hydroxycinnamoyl)-quinic acid, 2-(3-hydroxyphenyl)-ethanol, 3-
(3-hydroxyphenyl)-propanoic acid and phenyl-acetic219. On the
other hand, chlorogenic acid regulates intestinal homeostasis
under various pathological models, thus reducing the inflamma-
tory response of the body220,221.

Belamcandae Rhizoma (Shegan in Chinese) is the dried
rhizome of Belamcanda chinensis (L.) DC.222. Flavonoids are the
main active components for Belamcandae Rhizoma pharmaco-
logical effects222. Tectorigenin, irigenin, and irisflorentin were
absorbed rapidly and they showed double peak phenomena in rat
plasma223. Tectorigenin is widely distributed in the heart, liver,
spleen, kidney, testis, small intestine, and skeletal muscle224.
Irisflorentin is the compound identified in rat plasma when QFPD
is given in rats, and CYP1A2 and CYP3A4 are the major enzymes
responsible for its metabolism225. Moreover, the total isoflavones
have shown an inhibition on the activity of CYP1A2 and an in-
duction on the activity of CYP2D6226. The principal metabolic
pathway of iridin was glucuronidation after demethylation and
was mediated by UGT1A7, 1A8, 1A9 and 1A10227. UGT1A1 and
UGT1A9 were the main enzymes for tectorigenin metabolism,
which could be involved in DDIs228.

Asari Radix et Rhizoma (Xixin in Chinese) is the dried root
and rhizome of Asarum heterotropoides Fr. Schmt var. man-
dshuricum (Maxim) Kitag., Asarum sieboldii Miq. var. seoulense
Nakai, or A. sieboldii Miq.229. Sesamin and asarinin, two active
compounds isolated from Asari Radix et Rhizoma, showed
inhibitory potential against SARS-CoV-2 3CLpro in silico230,231.
Sesamin is excreted primarily through urine and feces232. Asarinin
is the index component for the identification and content deter-
mination of Asari Radix et Rhizoma. CYP3A5, CYP2C8,
CYP1A1, and CYP4F2 are the major CYP enzymes involved in
asarinin metabolism233. Sesamin could strongly downregulate the
mRNA and protein levels of CYP3A4234, and it could increase
significantly the mRNA expression of MDR1, MRP1 and MRP3,
but has no effect on the protein of P-gp235. Methyleugenol shows
an inhibitory effect on the activities of human CYP1A2 and
CYP2C19 enzymes236, and safrole has an inhibitory effect on
CYP1A2 activity237. Myristicin exerts some inhibitory effect on
the activities of human CYP2E1, CYP2C19 and CYP1A2238.
In vitro, sesamin promotes the proliferation and adhesion of in-
testinal probiotics leading to modulating gut microbiota, which is
beneficial for body239.

Dioscoreae Rhizoma (Shanyao in Chinese) is the dried
rhizome of Dioscorea opposita Thunb. (Family Dioscor-
eaceae)240. Polysaccharides and starch are considered as the main
bioactive macromolecule in Dioscoreae Rhizoma241,242. Dioscor-
eae Rhizoma extract could regulate intestinal flora, especially
enriching the abundance of Bacteroides spp. and Clostridium
spp.243. Dioscoreae Rhizoma starch could inhibit the pathogenic
bacteria of E. coli and Helicobacter hepaticus244.

Aurantii Fructus Immaturus (Zhishi in Chinese) is the dried
young fruit of Citrus aurantium L. and its cultivars Citrus sinensis
Osbeck. Flavanone glycosides were determined as the active
compounds in Aurantii Fructus Immaturus245. Naringin, nar-
ingenin, hesperidin, and hesperetin are the substrates of P-gp,
whereas only naringin and hesperidin are extensively transported
by the efflux transporters MRP1, MRP2, and MRP3246. In vitro,
naringenin is a potential inhibitor of OATP1B1 and ATP1B3247.
Naringin is a potential inhibitor of human OATP1A2, rat
OATP1A5 and P-gp248,249. Naringenin and hesperitin, the hydro-
lysis products of naringin and hesperidin, respectively, are sub-
strates of CYP1A2250. The ethanol extract of Aurantii Fructus
Immaturus could upregulate the protein levels of P-gp, CYP3A4,
and PXR251. Hesperetin strongly inhibits the activities of human
UGT1A1, UGT1A3, and UGT1A9 and moderately inhibits the
activities of UGT1A4, UGT1A7, and UGT1A8252. Naringenin
strongly inhibits the activities of UGT1A1, UGT1A3, and
UGT2B7 and moderately inhibits the activities of UGT1A4,
UGT1A7, UGT1A8, UGT1A9, UGT1A10, and UGT2B15252.
In vivo, naringin showed an inhibitory effect on CYP3A4 activ-
ity253, and it could inhibit CYP3A1/2 activity in rats254. Eight
flavonoid aglycones showing anti-inflammatory activity, including
eriodictyol, naringenin, hesperetin, luteolin, apigenin, chryseriol,
isosakuranetin, and diosmetin, are the major metabolites of Aur-
antii Fructus Immaturus by human gut microbioma255.

Citri Reticulatae Pericarpium (Chenpi in Chinese) is the dried
pericarp of the ripe fruit of Citrus reticulata Blanco or its culti-
vars256. Hesperidin, nobiletin, and tangeretin are the quality con-
trol index components of Citri Reticulatae Pericarpium. The
absolute bioavailability of tangeretin is 27.11% because of its
extensive biotransformation via CYP1A2 in the liver257,258. Hes-
peridin and its metabolite hesperetin showed an inhibitory effect
on the activities of CYP1A, CYP1B1, CYP3A4, and P-gp259,260.
Tangeretin exerts an inhibitive effect on OATP2B1261, but can
significantly increase the mRNA expression of CYP3A4 by
regulating PXR262. Nobiletin is both a CYP1A2 inhibitor and
inducer, while tangeretin is an inducer of CYP3A4263. In addition,
nobiletin induces CYP1 enzymatic activity, CYP1A1 protein, and
CYP1B1 mRNA levels in MCF7 cells264. Citri Reticulatae Peri-
carpium has a regulatory effect on intestinal microorganisms,
especially short chain fatty acids (SCFAs)-producing and anti-
inflammatory bacteria, including Bifidobacterium, Lactobacillus
and Allobaculum265.

Pogostemonis Herba (Guanghuoxiang in Chinese) is the dried
aerial part of Pogostemon cablin (Blanco) Benth. (Family Labi-
atae)266. A study revealed that compounds in Pogostemonis Herba
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can bind to the active site of SARS-CoV-2 3CLpro267. Patchouli
alcohol and pogostone are known as the active compounds in
Pogostemonis Herba. P-gp and MRP are involved in the trans-
membrane process of patchouli alcohol268. In vitro, pogostone
displays inhibitory effects on human CYP3A4, 2C9 and 2E1269.
Pogostemonis Herba could modulate intestinal microbiota, such as
Anaerostipes butyraticus, Butytivibrio fibrisolvens, Clostridium
jejuense, Eubacterium uniforme, and Lactobacillus lactis which
are the main producing bacteria for SCFAs270.

3.2. XFBD

3.2.1. Basic pharmacological information of XFBD
XFBD was the first, newly formulated TCM recipe for COVID-19
treatment, which is derived from classic formulas, including
Maxing Shigan decoction271,272. XFBD could reduce fever, cough,
fatigue, and other symptoms in mild and moderate cases of
COVID-19 and prevent the transition of mild/moderate cases into
severe cases273. In a randomized trial of 42 patients with
COVID-19, XFBD (one bag, two times per day for 1 week),
combined with conventional therapy, significantly improved the
disappearance rate of clinical symptoms, increased the number of
white blood cells and lymphocytes, and reduced c-reactive protein
and erythrocyte sedimentation rate274. In a study of 280 patients
with COVID-19 who were treated with XFBD, no case trans-
formed into severe and critical condition275. Network pharma-
cology and molecular docking analysis indicated that XFBD
inhibits viral invasion and viral replication by binding to ACE2
and 3CLpro of SARS-CoV-2 through flavonoids and phytosterols.
Meanwhile, XFBD could affect 75 operational taxonomic units to
improve intestinal flora, such as Akkermansia, Muribaculaceae,
Lachnospiraceae, Enterorhabdus, and Bacteroides276.

XFBD is composed of 13 herbs including Ephedrae Herba,
Armeniacae Semen Amarum, Gypsum Fibrosum, Glycyrrhizae
Radix et Rhizoma, Phragmitis Rhizoma, Coicis Semen, Descur-
ainiae Semen Lepidii Semen, Atractylodis Rhizoma, Pogostemo-
nis Herba, Polygoni Cuspidati Rhizoma et Radix, Verbenae Herba,
Citri Grandis Exocarpium, and Artemisiae Annuae Herba276.

Studies have proven that many herbs in XFBD play regulatory
roles in CYPs, UGTs, and transporters (Table 3).

3.2.2. Pharmacodynamic and pharmacokinetic characteristics
of each herb in XFBD
Coicis Semen (Yiyiren in Chinese) is the dried mature kernel of
Coix lacryma-jobi L. var. ma-yuen (Roman.) Stapf277. Poly-
phenols and polysaccharides are considered as the major active
components of Coicis Semen277. Kanglaite, an oily substance, has
been reported to induce CYP1A2, but it inhibits CYP2B6,
CYP2C9, CYP2C19, and CYP3A4 enzymatic activities278. Etha-
nolic extract of Coicis Semen downregulates the protein expres-
sion of CYP1A1, CYP1A2, CYP2C6, CYP2C11, CYP2D1,
CYP2E1, CYP3A1, and CYP3A2 in the rat liver279. In addition,
Coicis Semen extract could change the abundance of bacteria,
such as increasing Bifidobacterium, reducing Lactococcus and
further affect lipid accumulation and glycolipid metabolism280.

Atractylodis Rhizoma (Cangzhu in Chinese) is the dried
rhizome of Atractylodes lancea (Thunb.) DC. or Atractylodes
chinensis (DC.) Koidz281. The ex vivo study in healthy subjects
suggests that the immunomodulatory activity of Atractylodis
Rhizoma is through decreasing the levels of pro-inflammatory
cytokines282. Atractylodis Rhizoma contains rich essential oil,
including sesquiterpenes and polyethylene alkynes, which are the
main active components283,284. A high dose of Atractylodis Rhi-
zoma produced an inducing effect on CYP1A2 but an inhibitory
effect on CYP3A1 activities in rats285. Atractyloside A can
significantly induce the expression of CYP1A2, CYP2C, and
CYP2E1 proteins286. Meanwhile, Atractylodis Rhizoma and
atractyloside A could alter the composition of the intestinal flora
and eight genera of intestinal flora to regulate intestinal flora
homeostasis287,288.

Artemisiae Annuae Herba (Qinghao in Chinese), an annual
herbaceous plant, is the dried aerial part of Artemisia annua L.289.
A. annua has an immunomodulatory effect by regulating inflam-
matory factors289. A previous study showed that Artemisiae
Annuae Herba extracts significantly inhibit cytopathy caused by
SARS-CoV strain BJ001290 and induce activity against SARS-
CoV-2 in Vero-E6 cell-based cytopathic effect screening272,291.
Artemisiae Annuae Herba is rich in secondary metabolites such as
monoterpenes, sesquiterpenes, and phenolic compounds292. Arte-
misinin, a bioactive ingredient of Artemisiae Annuae Herba, was
transformed into inactive metabolites in the liver, mediated by
CYP2B6 and to a lesser extent by CYP3A4293. Meanwhile, arte-
misinin could induce the enzymatic activities of CYP2B6,
CYP2B10, CYP1A2, and CYP2A5294.

Polygoni Cuspidati Rhizoma et Radix (Huzhang in Chinese)
belongs to the Polygonaceae family, and it is the dried rhizome
and root of Polygonum cuspidatum Sieb. et Zucc295. The extract of
Polygoni Cuspidati Rhizoma et Radix exhibits anti-inflammatory
activities via inhibiting NF-kB and downregulating tumor necro-
sis factor-a (TNF-a) and interleukin-6 (IL-6)296. The main com-
ponents of Polygoni Cuspidati Rhizoma et Radix include
quinones, stilbenes, and flavonoids297. Resveratrol, a primary
component of Polygoni Cuspidati Rhizoma et Radix, was pri-
marily metabolized by UGT1A1, UGT1A9, and gut micro-
biota298,299. It can inhibit the activity of CYP3A4, P-gp, MRP2,
OAT1, OAT3, OATP1B1/3, OATP1A2 and OATP2B1 in vitro and
in vivo300e302. A high dose of resveratrol could theoretically in-
crease bioavailability and the risk of toxicity of drugs that undergo
extensive first-pass metabolism by CYP3A4298. Resveratrol and
emodin in Polygoni Cuspidati Rhizoma et Radix could improve
the diversity and structure of the gut microbiota in rats303e305

Verbenae Herba (Mabiancao in Chinese) is the dried aerial part
of Verbena officinalis L. chlorogenic acid and verbascoside306,307.
Verbenae Herba contains many constituents such as flavonoids,
iridoid glycosides, phenylpropanoid glycoside, sterols, triterpenes,
and glycoconjugate308. Human CYP2A6 and rat CYP2C11 are
responsible for the metabolism of (�)-verbenone by liver
microsomes309.

Phragmitis Rhizoma (Lugen in Chinese) is the fresh or dried
rhizome of Phragmites communis Trin310. The chemical constit-
uents of Phragmitis Rhizoma included polysaccharides, flavo-
noids, steroids, anthraquinones, alkaloids, volatile components,
small molecules, and other components311. The effects of Phrag-
mitis Rhizoma on the drug-metabolizing enzymes and transporters
are rarely reported.

Descurainiae Semen Lepidii Semen (Tinɡlizi in Chinese) is the
dried ripe seed of Descurainia sophia (L.) Webb. ex Prantl. and
Lepidium apetalum Willd312. The bioactive components of
Descurainiae Semen Lepidii Semen could regulate cytokines and
exert anti-inflammatory effects313. The main components of
Descurainiae Semen Lepidii Semen are thioglycosides, iso-
thiocyanates, flavonoids, lignans, nucleosides, organic acids, and
amides314. Quercetin in Descurainiae Semen Lepidii Semen was
metabolized by gut microbiota, such as B. fragilis, Eubacterium



Table 3 The effect of XFBD on metabolizing enzymes and transporters.

Herb Component Metabolizing enzyme Transporter

CYP1 CYP2 CYP3 UGT1 UGT2 UGT3 CES OCTs OAT OATP P-gp BCRP MRP

Phragmitis Rhizoma None None None None None None None None None None None None None None

Descurainiae Semen

Lepidii Semen

(Refs. 317e320)

Quercetin 1A2Y 3A4Y 1A9Y OAT3Y 1B1Y
1B3Y
2B1Y

P-gpY BCRPY

Atractylodis Rhizoma

(Refs. 285,286)

Extract 1A2[ 3A1Y
Atractyloside A 1A2[ 2C[

2E1[
Pogostemonis Herba

(Refs. 268,269)

Patchouli alcohol P-gpa MRPa

Pogostone 2C9Y
2E1Y

3A4Y

Verbenae Herba (Ref:

309)

(�)-Verbenone 2A6a

2C11a

Citri Grandis

Exocarpium

(Refs. 323,325

e328)

Extract 1A1[
1A2[

2B[
2E1[

Naringin 1A2Y 1A2Y
2B1Y

P-gpY

Artemisiae Annuae

Herba (Refs.

293,294)

Artemisinin 1A2[ 2B6[
2B10[
2A5[

Glycyrrhizae Radix et

Rhizoma (Refs.

92,97e103,477)

1A2[ 2A1[
2B1[
2B9[

3A[
3A4[

Extract 2B6Y
2C9Y
2C19Y

3A4Y

Glycyrrhetinic acid 2C9a

2C19a
3A4a 1A3Y 2B7Y CES1Y P-gpa

Glycyrrhizin 1A2[ 2A1[
2B1[
2B9[

3A[
3A4[

Licochalcone A 1A2Y 2D6Y
2E1Y
2C19Y
2C8Y
2C9Y

3A4Y 1B1Y

Glycyrol 2C9Y
Ephedrae Herba

(Refs. 82e86)
Water decoction 1A2[ MDR1Y
L-Ephedrine 1A1[

1A2[
2C[ OCT2a P-gpa

D-Pseudoephedrine 1A1Y
1A2Y

2E1Y P-gpa

Norpseudoephedrin OCT2a

L-Methylephedrine P-gpa
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ramulus, and Clostridium perfringens, and it transported by
MATE1315,316. It inhibits the activity of CYP3A4, CYP1A2, P-gp,
OAT3, OATP1B1, OATP1B3, OATP2B1, BCRP, UGT1A9, and
sulfotransferase family 1A member 1 (SULT1A1)317e320.

Citri Grandis Exocarpium (Huajuhong in Chinese) belongs to
the Rutaceae family, and it is the unmature or nearly mature dry
exocarp of Citrus grandis “Tomentosa” and C. grandis (L.)
Osbeck321. The main components of Citri Grandis Exocarpium are
flavonoids, including naringin, rhoifolin, and apigenin322. Citri
Grandis Exocarpium increased the mRNA expression of PXR and
peroxisome proliferator activated receptor a (PPARa) and the
activities of CYP1A1, 1A2, 2B, and 2E1323. Furthermore, naringin
in Citri Grandis Exocarpium was metabolized by gut microbiota
into a number of metabolites, including 29 flavonoid metabolites
and six phenolic catabolites324. It inhibits the activities of
CYP1A2, P-gp, OATP1A2, and OATP2B1325e328. Citri Grandis
Exocarpium could increase the abundance of bacterial groups,
including Lactobacillus, Bifidobacterium, and Bacteroides, to
improve the homeostasis of the gut microbiota composition329,330.

The information on Ephedrae Herba, Armeniacae Semen
Amarum, Gypsum Fibrosum, Pogostemonis Herba, and Glycyr-
rhizae Radix et Rhizoma is summarized in Section 3.1.

3.3. HSBD

3.3.1. Basic pharmacological information of HSBD
HSBD has a remarkable clinical efficacy in the treatment of acute
lung injury and was recommended for treating severe and non-
severe patients with COVID-19 by China’s National Health
Commission331. HSBD and its active constituents exert thera-
peutic effects on COVID-19 through inhibition of ACE2332, and
also could decrease the level of pro-inflammatory factors and
decrease cell apoptosis in an inflammatory environment, showing
immuno-modulation and anti-inflammation effects against
COVID-19271,333.

HSBD consists of 14 herbs (Ephedrae Herba, Armeniacae
Semen Amarum, Gypsum Fibrosum, Glycyrrhizae Radix et Rhi-
zoma, Pogostemonis Herba, Magnoliae Officinalis Cortex,
Atractylodis Rhizoma, Tsaoko Fructus, Rhei Radix et Rhizoma,
Astragali Radix, Pinelliae Rhizoma Praeparatum, Descurainiae
Semen Lepidii Semen, Poria and Paeoniae Radix Rubra)334.

The herbs and bioactive compounds of HSBD could regulate
the expression or activity of CYPs and transporters (Table 4).

3.3.2. Pharmacodynamic and pharmacokinetic features of each
herb in HSBD
Magnoliae Officinalis Cortex (Houpo in Chinese), the bark of the
stems and roots of Magnolia officinalis Rehd. et Wils., belongs to
the Magnolia genus of Magnoliaceae335. Magnolol and honokiol
are the main components of Magnoliae Officinalis Cortex336.
Honokiol thioethers containing 1,3,4-oxadiazole moieties were
considered as SARS-CoV-2 entry inhibitors via binding with
ACE2337,338. Magnoliae Officinalis Cortex extract could markedly
reverse the intestinal dysbacteriosis in mice induced by antibi-
otics339,340. Moreover, magnolol potently inhibited the metabolic
activity of CYP1A (IC50 of 1.62 mmol/L) and CYP2C (IC50 of
5.56 mmol/L), while weakly inhibited CYP3A (IC50 of 35.0 mmol/
L) in human and rat liver microsomes341. Honokiol treatment
significantly inhibits the activity of hepatic CYP2E1, CYP4A,
CYP3A, and CYP1A2342. Honokiol could downregulate the
expression of P-gp, Bcrp, and Mrp4 and significantly upregulate
the mRNA expression of hepatic Oat2 and Oatp2b1343,344.



Table 4 The effect of HSBD on metabolizing enzymes and transporters.

Herb Component Metabolizing enzyme Transporter

CYP1 CYP2 CYP3 UGT1 UGT2 UGT3 CES OCTs OAT OATP P-gp BCRP MRP

Ephedrae Herba (Refs. 82e86) Water decoction 1A2[
L-Ephedrine 1A1[

1A2[
2C[ OCT2a P-gpa

D-Pseudoephedrine 1A1Y
1A2Y

2E1Y P-gpa

Norpseudoephedrin OCT2a

L-Methylephedrine P-gpa

Armeniacae Semen Amarum (Ref: 107) Amygdalin 2C9Y
2E1Y

P-gpa

Gypsum Fibrosum (Ref: 112) 1A2Y
Glycyrrhizae Radix et Rhizoma

(Refs. 92,97e103,477)
1A2[ 2A1[

2B1[
2B9[

3A[
3A4[

Extract 2B6Y
2C9Y
2C19Y

3A4Y

Glycyrrhetinic acid 2C9a

2C19a
3A4a 1A3Y 2B7Y CES1Y P-gpa

Glycyrrhizin 1A2[ 2A1[
2B1[
2B9[

3A[
3A4[

Licochalcone A 1A2Y 2D6Y
2E1Y
2C19Y
2C8Y
2C9Y

3A4Y 1B1Y

Glycyrol 2C9Y
Pogostemonis Herba (Refs. 268,269) Patchouli alcohol P-gpa MRPa

Pogostone 2C9Y
2E1Y

3A4Y

Magnoliae Officinalis Cortex (Refs. 341e344) Honokiol 1A2 Y 2E1Y 3A Y OAT2[ 2B1[ P-gpY BCRPY MRP4Y
Magnolol 1AY 2CY 3AY CES1/2Y

Atractylodis Rhizoma (Refs. 285,286) Extract 1A2[ 3A1Y
Atractyloside A 1A2[ 2C[

2E1[
Tsaoko Fructus (Refs. 348e350) Protocatechuic acid 1A2[ 2E1[ OCT1[ 1A1[Y P-gp[Y
Pinelliae Rhizoma (Ref: 191) 3AY
Poria (Refs. 146e151) 3A4[

Galactoglucan 2E1Y
Polysaccharides 2E1Y
Pachymic acid P-gpY
Dehydrotumulosic acid P-gpY
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Tsaoko Fructus (Caoguo in Chinese) is the dried ripe fruit of
Amomum tsao-ko Crevost et Lemaire, which is used as both me-
dicinal material and food additive345. Quercetin is an active
ingredient in Tsaoko Fructus for the treatment of patients with
COVID-19346,347. Protocatechuic acid, the other active ingredient,
significantly downregulated the mRNA expression of P-gp and
Oatp1a1 at a low concentration, whereas it significantly upregu-
lated the mRNA expression level of P-gp and Oatp1a1 at a high
concentration348. Protocatechuic acid significantly upregulated the
mRNA expression level of Oct1349, CYP1A2 and CYP2E1350.

Rhei Radix et Rhizoma (Dahuang in Chinese) is the dried root
and rhizome of Rheum palmatum L., R. tanguticum Maxim. ex
Balf. or R. officinale Baill. of the family Polygonaceae351. Rhei
Radix et Rhizoma shows evident activity against SARS-CoV-2,
and it has been applied to the clinical treatment of COVID-
19352. Notably, anthraquinones are pivotal active components in
Rhei Radix et Rhizoma. Free anthraquinones, particularly rhein,
emodin, physcion, aloe-emodin, and chrysophanol, are rich in
almost all species of Rhei Radix et Rhizoma353,354. In addition,
rhein treatment could maintain the diversity of gut microbiota355.
Rhei Radix et Rhizoma treatment inhibits and downregulates P-
gp352,356. The extract of Rhei Radix et Rhizoma significantly
suppressed CYP3A activity in hepatic microsomes357. Rhein
could inhibit BCRP-mediated efflux transport358. Rhein could up-
regulate the expressions of renal Oat1, Oat3, Oct2, Mrp2, Mate 1
and P-gp359.

Astragali Radix (Huangqi in Chinese) is derived from the roots
of Astragalus membranaceus (Fisch.) Bge. or A. membranaceus
(Fisch.) Bge. var. mongholicus (Bge.) Hsiao360. Astragali radix
and its active ingredients (SBE, baicalein, and baicalin) could
inhibit SARS-CoV-2 replication and its 3CLpro in vitro361e363.
Astragali Radix also had the potential to protect from metabolic
perturbation generated by gut microbiotas induced by chronic
atrophic gastritis364. Astragali Radix considerably increases the
expression levels of CYP3A4, CYP2B6, CYP2E1, UGT1A, P-gp,
MRP2, BCRP, and MRP3 but decreases the protein levels of
UGT1A6, SULT1A1, and MRP1365. Astragali Radix and its main
bioactive compounds, including Astragaloside IV, calycosin, and
formononetin, could induce P-gp and BCRP expression366.

Paeoniae Radix Rubra (Chishao in Chinese) is the dried root of
Paeonia lactiflora Pall. and Paeonia veitchii Lynch367. Paeoniae
Radix Rubra could be used for the treatment of patients with
COVID-19 complicated with coagulation dysfunction via AKT
serine/threonine kinase 1, TNF, vascular endothelial growth factor
A, epidermal growth factor receptor, and mitogen-activated pro-
tein kinase 3368. The adverse events of Paeoniae Radix Rubra
primarily include gastrointestinal tract disturbances, mostly mild
diarrhea368,369. Meanwhile, Paeoniae Radix Rubra alleviated gut
microbiota disorders in model rats, including upregulating four
genera (Coprococcus, Lactobacillus, etc.) and downregulating
four genera (Bacteroides, Escherichia, etc.)370. Paeoniae Radix
Rubra contains terpenoids and their glycosides, flavonoids and
their glycosides, and other chemical components371. Paeoniflorin
is a major constituent of Paeoniae Radix Rubra. Paeoniflorin and
albiflorin at low concentrations could induce CYP3A4 activity;
however, the regulation turned into inhibition at high concentra-
tion. Paeoniflorin has an inhibitory effect on CYP2D6 activity at
high concentration372. Paeoniflorin is a substrate of P-gp372,373.

The information of Ephedrae Herba, Armeniacae Semen
Amarum, Gypsum Fibrosum, Glycyrrhizae Radix et Rhizoma,
Pogostemonis Herba, Magnoliae Officinalis Cortex, Atractylodis
Rhizoma, Tsaoko Fructus, Rhei Radix et Rhizoma, Astragali
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Radix, Pinelliae Rhizoma Praeparatum, Praeparatum, Descur-
ainiae Semen Lepidii Semen, Poria and Paeoniae Radix Rubra is
summarized in Sections 3.1 and 3.2.

3.4. JHQG

3.4.1. Basic pharmacological information of JHQG
JHQG has been recommended as a medication in the diagnosis
and treatment protocol for COVID-19 in China374. The active
ingredients of JHQG (including 3-methoxy-glycerol, crude-
glycerin, glycyrrhizin B, chlorogenic acid, forsythoside A, and
ephedrine) have strong binding activity for 3CLpro and ACE2 and
suppression of cytokine signaling 1271, thereby inhibiting viral
replication and binding to target cells, reducing host inflammation,
and activating antiviral immunity375.

JHQG consists of 12 herbs including Forsythiae Fructus,
Lonicerae Japonicae Flos, Ephedrae Herba, Armeniacae Semen
Amarum, Gypsum Fibrosum, Scutellariae Radix, Fritillariae
Thunbergii Bulbus, Anemarrhenae Rhizoma, Arctii Fructus,
Artemisiae Annuae Herba, Menthae Haplocalycis Herba, and
Glycyrrhizae Radix et Rhizoma376.

Given the effects of JHQG and the bioactive constituents on
the CYPs and transporters (Table 5), the potential HDIs should
also be of concern.

3.4.2. Pharmacodynamic and pharmacokinetic features of each
herb in JHQG
Lonicerae Japonicae Flos, also known as Japanese honeysuckle,
Jinyinhua or Rendong, is native in East Asia377. In addition,
Lonicerae Japonicae Flos could inhibit SARS-CoV-2375,378 by
inhibiting Mpro activity379. Phenolic acids were primarily
permeated via paracellular diffusion and influenced by P-gp,
MRP2, and BCRP380. Chlorogenic acid is a substrate for P-gp381.
Chlorogenic acid significantly changed the composition of the gut
microbiota and increased the abundance of SCFA-producers (e.g.,
Dubosiella, Romboutsia, Mucispirillum, and Faecalibaculum) and
Akkermansia, which can protect the intestinal barrier382. In addi-
tion, isochlorogenic acid A could inhibit UGT1A6 activity by
25% in mice, and it exhibited a weak inhibitory effect on CYP2C9
activity in human liver microsomes217. Moreover, Lonicerae
Japonicae Flos had no significant effect on CYP3A activity in
rats383. Lonicerae Japonicae Flos substantially inhibited MATE1-
mediated metformin uptake in vitro384.

Forsythiae Fructus (Lianqiao in Chinese) is widely distributed
in China, Korea, and Japan. Forsythoside A, Forsythin, and Phil-
lyrin are major components385,386. Forsythoside A showed the
strongest docking affinity with the proteins SARS-CoV-2-RBD-
hACE2 of COVID-19 and its variants (Alpha (B.1.1.7), Beta
(B.1.351), and Delta (B.1.617)), as well as neuropilin-1 and
SARS-CoV-2 Mpro to interfere coronavirus entering into the
human body387. Phillyrin could significantly inhibit SARS-CoV-2
replication in vitro388. Forsythoside A has inductive effects on the
activities of CYP1A2 and CYP2C11389,390. Phillyrin has potential
inductive effects on rat CYP1A2 and CYP2D1 activities391.
Phillygenin could ameliorate intestinal epithelial barrier disrup-
tion, and reverse the expression of bile acid metabolism-related
genes in mice with CCl4-induced liver fibrosis392.

Fritillariae Thunbergii Bulbus (Beimu in Chinese) is derived
from the bulbus of many Fritillaria species (family Lil-
iaceae)393,394. Peimine inhibited variants of SARS-CoV-2 cell
entry via blocking the interaction between viral spike protein and
ACE2395. Peimine is a substrate of P-gp. Alkaloids, including
peimine, peimisine, and imperialine, were the active ingredients
for inhibiting P-gp activity396. Meanwhile, peimine inhibited the
activity of CYP3A4, 2E1, and 2D6397,398.

Anemarrhenae Rhizoma (Zhimu in Chinese), the dried
rhizome of Anemarrhena asphodeloides Bge399. Anemarrhenae
Rhizoma suppressed inflammation via the regulation of NF-kB
and p38 signal transduction pathways in macrophages400. In vitro
studies showed that ethyl acetate extract of Anemarrhenae Rhi-
zoma promoted the proliferation of Blautia coccoides, a bacterium
with positive implication for diabetes, in a dose-dependent
manner401. Timosaponin A3 reverses multi-drug resistance via
the downregulation of MDR1, MRP1, and P-gp expression
levels400e403.

Arctii Fructus (Niubangzi in Chinese), is the dry and mature
fruits of Arctium lappa L.404. Natural lignans from Arctii Fructus
could inhibit the activity of P-gp405. Furthermore, Arctiin and
Arctigenin showed an inhibitory effect on UGTs406. UGT1A9,
UGT2B7, and UGT2B17 were the major isoforms responsible for
the 40-O-glucuronidation of Arctigenin in human intestine mi-
crosomes407. Furthermore, Arctiin and Arctigenin showed an
inhibitory effect on UGT1A9, UGT2B7, and UGT2B17405,407.
The purified polyphenols from Arctii Fructus could significantly
improve the gut microbiota composition and ameliorate DOX-
induced heart failure408.

Menthae Haplocalycis Herba (Bohe in Chinese) is the dry
aboveground parts of Mentha haplocalyx Briq.409. Menthae
Haplocalycis Herba could be further developed as plant-derived
anti-SARS-CoV-2 agents410. It was found that increasing the
concentration of menthol could induce the expression of MDR1
and P-gp411. Meanwhile, an acidic polysaccharide obtained from
the Menthae Haplocalycis Herba modulated the gut microbiota by
reducing the ratio of Firmicutes/Bacteroidetes, promoting the
proliferation of beneficial bacteria such as Bacteroidaceae and
Bifidobacteriaceae, and inhibiting harmful bacteria such as
Lachnospiraceae and Enterobacteriaceae412.

The information on Forsythiae Fructus, Lonicerae Japonicae
Flos, Ephedrae Herba, Armeniacae Semen Amarum, Gypsum
Fibrosum, Scutellariae Radix, Fritillariae Thunbergii Bulbus,
Anemarrhenae Rhizoma, Arctii Fructus, Artemisiae Annuae
Herba, Menthae Haplocalycis Herba, and Glycyrrhizae Radix et
Rhizoma is summarized in Sections 3.1e3.3.

3.5. LHQW

3.5.1. Basic pharmacological information of LHQW
LHQW is obtained from two well-known Chinese herbal pre-
scriptions, namely, Ma Xing Shi Gan Tang and Yin Qiao San413.
LHQW is widely used to treat patients with pneumonia caused by
the COVID-19414. It can effectively reduce the duration of fever,
improve chest computed tomography symptoms, and increase the
clinical cure rate for patients with COVID-19 by 12.7%415,416. The
active ingredients of LHQW, including stigmasterol, naringenin,
18b-glycyrrhetinic acid, and quercetin, can bind to ACE2 and
inhibit viral replication271. Moreover, the active ingredients of
LHQW, including quercetin, lignan, baicalin, and kaempferol,
showed high binding affinity to Mpro of SARS-CoV-2, which may
inhibit the replication of SARS-CoV-2417,418. LHQW also allevi-
ates the widespread lung injury in COVID-19 by inhibiting the
overexpression of pro-inflammatory factors and exerting immu-
nomodulatory effects419,.

LHQW consists of 13 herbs including Glycyrrhizae Radix et
Rhizoma, Forsythiae Fructus, Rhodiolae Crenulatae Radix et



Table 5 The effect of JHQG on metabolizing enzymes and transporters.

Herb Component Metabolic enzyme Transporter

CYP1 CYP2 CYP3 UGT1 UGT2 UGT3 CES OCTs OAT OATP P-gp BCRP MRP

Forsythiae Fructus (Refs.

389e391)
Forsythoside A 1A2[ 2C11[
Phillyrin 1A2[ 2D1[

Lonicerae Japonicae Flos

(Refs. 217, 381, 383)

Phenolic acids P-gpa BCRPa MRP2a

Chlorogenic acid P-gpa

Isochlorogenic acid A 2C9Y 1A6Y
Scutellariae Radix (Refs.

172, 174e182, 478)

Aqueous extract of scutellariae radix 2C9Y
2E1[

Baicalein 3A4Y 1A9a

1A10a
CES1/2Y P-gpY MRPa

Baicalin 2C9[
2C19[

3A4[

Wogonin 1A2Y 1A9a

Oroxylin A 1A9a

1A10a
CES1/2Y OAT1Y

OAT3Y
1B1a

1B1Y
1B3a

BCRPY

Salvigenin 1A8Y
1A10Y

Extract OCT1Y
Fritillariae Thunbergii

Bulbus (Refs. 396

e398)

Peimine 2E1Y
2D6Y

3A4Y P-gpaY

Peimisine P-gpY
Imperialine P-gpY

Anemarrhenae Rhizoma

(Refs. 400e403)
Timosaponin A3 P-gpY MRP1Y

Arctii Fructus (Refs. 405

e407)

P-gpY
Arctiin 1A9Y 2B7Y2B17Y
Arctigenin 1A9Y 1A9a 2B7Y 2B7a

2B17Y 2B17a

Artemisiae Annuae Herba

(Refs. 293,294)

Artemisinin 1A2[ 2B6[
2B10[
2A5[

Menthae Haplocalycis

Herba (Ref: 411)

Menthol P-gp[

Ephedrae Herba (Refs. 82

e86)
Water decoction 1A2[
L-Ephedrine 1A1[

1A2[
2C[ P-gpa

D-Pseudoephedrine 1A1Y
1A2Y

2E1Y P-gpa

Norpseudoephedrin OCT2a

L-Methylephedrine P-gpa

Gypsum Fibrosum (Ref:

112)

1A2Y

Armeniacae Semen

Amarum (Ref: 107)

Amygdalin 2C9Y
2E1Y

P-gpa

(continued on next page)
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Rhizoma, Ephedrae Herba, Armeniacae Semen Amarum, Loni-
cerae Japonicae Flos, Gypsum Fibrosum, Pogostemonis Herba,
Isatidis Radix, l-menthol, Rhei Radix Et Rhizoma, Dryopteridis
Crassirhizomatis Rhizoma, and Houttuyniae Herba271.

LHQW could effectively regulate drug-metabolizing enzymes
and transporters420e423 (Table 6). The pharmacodynamic and
pharmacokinetic characteristics of each herb of LHQW are sum-
marized below.

3.5.2. Pharmacodynamic and pharmacokinetic features of each
herb in LHQW
Isatidis Radix (Banlangen in Chinese) is the dried root of Isatis
indigotica Fort424. Isatidis Radix can effectively resist COVID-
19425. The major components of Isatidis Radix include alkaloids,
organic acids, nucleosides, amino acids, lignans, and flavonoids,
of which epigoitrin is the most important active component424.
The metabolic pathways of epigoitrin in rats primarily involve
methylation, acetylation, hydroxylation, oxidation, reduction re-
actions, binding to glutathione, and binding to alanine426. More-
over, indirubin, another component of Isatidis Radix, could active
CYP3A4 gene transcription through the activation of human
PXR422. Moreover, Isatidis Radix could regulate gut microbiota
and restore gut SCFA-derived glucagon-like peptide-1 production
and alleviate chronic relapsing colitis in mice427.

Dryopteridis Crassirhizomatis Rhizoma (Mianmaguanzhong in
Chinese) is derived from the dried rhizome and petiole residues of
Dryopteris crassirhizoma Nakai428. Dryopteridis Crassirhizomatis
Rhizoma has an inhibitory activity against the Mpro of SARS-
CoV-2 and also represses cytokine storm upon COVID-19420,429.
Previous studies have shown that the major components of Dry-
opteridis Crassirhizomatis Rhizoma include phloroglucinol, fla-
vonoids, terpenoids, steroids, phenylpropanoids, and aliphatic
compounds430. Pharmacokinetic studies of dryocrassin ABBA
showed good microsomal stability and low CYP450 inhibition.
In vivo pharmacokinetic properties of dryocrassin ABBA showed
a long half-life and high plasma exposure420.

Houttuyniae Herba (Yuxingcao in Chinese) is derived from the
aerial part of Houttuynia cordata Thunb431. The bioactive com-
pounds of Houttuyniae Herba may exert anti-SARS-CoV-2 effects
by targeting SARS-CoV-2 replication and the transcription-related
enzyme RdRp432. The major components of Houttuyniae Herba
include volatile oil, flavonoids, organic acids, alkaloids, and vi-
tamins432. Ethyl acetate extract of Houttuyniae Herba would
suppress the expression of CYP2E1 and CYP4A423. Houttuyniae
Herba extract also increased systemic exposure and hepatic con-
centrations of metformin through OCTs and MATEs in rats433.

Rhodiolae Crenulatae Radix et Rhizoma (Hongjingtian in
Chinese) is derived from the dried roots and rhizomes of Rhodiola
crenulata434. Rhodiolae Crenulatae Radix et Rhizoma may
perform anti-inflammatory and immunomodulatory effects in the
cytokine storm of COVID-19 by regulating the expression of in-
flammatory factors435. The major components of Rhodiolae
Crenulatae Radix et Rhizoma include phenolic glycosides (sali-
droside), flavonoids, coumarins, and amino acids, of which sali-
droside is the most important active component436. The
mechanism of salidroside transport is passive diffusion with no
active efflux. Salidroside exhibited inductive effects on CYP1A2,
CYP2B6, CYP2C9, and CYP3A4 activities in rats421. Meanwhile,
salidroside significantly upregulated the expression of genes
involved in bile acid synthesis (Cyp7a1, Cyp7b1, Cyp8b1, and
Cyp27a1) and the uptake transport genes (Ntcp and Oatps) and
downregulated the efflux transport genes (Bsep, Ost-a, Ost-b,



Table 6 The effect of LHQW on metabolizing enzymes and transporters.

Herb Component Metabolic enzyme Transporter

CYP1 CYP2 CYP3 UGT1 UGT2 UGT3 CES OCTs AT OATP P-gp BCRP MRP

Ephedrae Herba (Refs. 82

e86)
Water decoction 1A2[
L-Ephedrine 1A1[

1A2[
2C[ OCT2a P-gpa

D-Pseudoephedrine 1A1Y
1A2Y

2E1Y P-gpa

Norpseudoephedrin OCT2a

L-Methylephedrine P-gpa

Glycyrrhizae Radix et

Rhizoma (Refs. 92,97

e103,477)

1A2[ 2A1[
2B1[
2B9[

3A[
3A4[

Extract 2B6Y
2C9Y
2C19Y

3A4Y

Glycyrrhetinic acid 2C9a

2C19a
3A4a 1A3Y 2B7Y CES1Y P-gpa

Glycyrrhizin 1A2[ 2A1[
2B1[
2B9[

3A[
3A4[

Licochalcone A 1A2Y 2D6Y
2E1Y
2C19Y
2C8Y
2C9Y

3A4Y 1B1Y

Glycyrol 2C9Y
Armeniacae Semen

Amarum (Ref: 107)

Amygdalin 2C9Y
2E1Y

P-gpa

Gypsum Fibrosum (Ref:

112)

1A2Y

Forsythiae Fructus (Refs.

389e391)

Forsythoside A 1A2[ 2C11[
Phillyrin 1A2[ 2D1[

Rhodiolae Crenulatae

Radix et Rhizoma

(Refs. 421,437)

Salidroside 1A2[ 2B6[
2C9[

3A4[ MRP2Y
MRP4Y

Lonicerae Japonicae Flos

(Refs. 217, 381, 383)

Phenolic acids P-gpa BCRPa MRP2a

Chlorogenic acid P-gpa

isochlorogenic acid A 2C9Y 1A6Y
Pogostemonis Herba

(Refs. 268,269)

Patchouli alcohol P-gpa MRPa

Pogostone 2C9Y
2E1Y

3A4Y

Isatidis Radix (Ref: 422) Indirubin 3A4[
Menthae Haplocalycis

Herba (Ref: 411)

Menthol P-gp[

Rhei Radix et Rhizoma P-gpY
(continued on next page)
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Mrp2, and Mrp4)437. Salidroside is primarily excreted in the form
of the original structure through urine438. Studies also found that
salidroside could activate FXR and upregulate CYP7A1 expres-
sion439. Rhodiolae Crenulatae Radix et Rhizoma extract could
restore microbial richness and diversity, which were closely
correlated with its protective effect against colitis440.

The associated information of Glycyrrhizae Radix et Rhizoma,
Forsythiae Fructus, Ephedrae Herba, Armeniacae Semen Ama-
rum, Lonicerae Japonicae Flos, Gypsum Fibrosum, Pogostemonis
Herba, l-menthol, and Rhei Radix et Rhizoma was summarized in
Sections 3.1e3.4.

3.6. XBJ

3.6.1. Basic pharmacological information on XBJ
XBJ injection is based on the well-known Chinese herbal pre-
scription Xue Fu Zhu Yu Tang, combined with the theory of “four
evidence and four methods” and “concurrent treatment of bacterial
toxicity and inflammation” refined over a period of 30 years441.
Based on the clinical evidence on XBJ treatment of sepsis, bac-
terial pneumonia, and acute respiratory distress syndrome, XBJ
was recommended by China’s National Health Commission to
treat severe and critical cases of COVID-19, particularly during
systematic inflammatory response syndrome and/or multi-organ
failure442. XBJ could inhibit inflammation in patients with
COVID-19 via inhibiting the inflammatory mediator expression
and subsequently improving lung injury in patients with severe or
critical COVID-19443. Network pharmacological analysis showed
that XBJ exerts therapeutic potential against SARS-CoV-2 infec-
tion via modulation of the arachidonic acid metabolic pathway444.
Administration of XBJ could increase the abundance of the
phylum Bacteroides and decrease the phylum Actinobacteria, and
subsequently upregulate the pyrimidine metabolic pathway, the
pentose phosphate pathway and the glycerophospholipid meta-
bolic pathway in heat-shocked rats445.

XBJ injection is a five-herb combination, which is composed
of Angelicae Sinensis Radix, Salviae Miltiorrhizae Radix et
Rhizoma, Paeoniae Radix Rubra, Carthami Flos, and Chuanxiong
Rhizoma271.

Several compounds of XBJ exhibit inhibition of the activity of
CYP1A2, CYP2B1, CYP2C11, and CYP2E1446. Meanwhile, the
compounds of XBJ exhibit inhibition of UGT1A1, UGT1A6,
UGT1A9, UGT2B15, and OAT1446. Considering the effects of
XBJ and the bioactive constituents on CYPs and transporters
(Table 7), the potential HDIs should also be of concern. The
general overview of each herb in XBJ is summarized below.

3.6.2. Pharmacodynamic and pharmacokinetic features of each
herb in XBJ
Carthami Flos (Honghua in Chinese) is derived from the dried
flowers of Carthamus tinctorius L.447. Molecular docking showed
that safranal, picrocrocin, and crocin molecules found in the
composition of Xihonghua might have binding modes with human
ACE2 protein448. The major components of Carthami Flos include
flavonoids, alkaloids, organic acids, and polyacetylenes, of which
carthamin yellow is an important active component449. Safflower
total flavonoids exhibited inhibitory effects on activity of
CYP1A2, CYP2B1, CYP2E1, and CYP2C11 and induction effects
on CYP2C19 and 2D4450. Safflower yellow, the component of
Carthami Flos, could enhance liver immune infiltration through
the modulation of gut microbiota451.



Table 7 The effect of XBJ on metabolizing enzymes and transporters.

Herb Component Metabolic enzyme Transporter

CYP1 CYP2 CYP3 UGT1 UGT2 UGT3 CES OCT OAT OATP P-gp BCRP MRP

Angelicae Sinensis Radix

(Refs. 467,468,481)

Water extract 2D6[ 3A[ CES1Y
Coniferyl ferulate P-gpY

Salviae Miltiorrhizae

Radix et Rhizoma

(Refs. 446,460

e462,482)

Tanshinone I 1A2Y 2C9Y CES1Y
Tanshinone II A 1A2Y 2C9Y 3A4[ P-gpY BCRPY MRP1Y
Cryptotanshinone 1A2Y 2C9Y 3A4[
Dihydrotanshinone 1A2Y 2C9Y 3A4Y
Salvianolic acid B 1A1Y

1A6Y
1A9Y

2B15Y

Paeoniae Radix Rubra

(Refs. 372,373) Paeoniflorin 2D6Y 3A4[Y P-gpa

Albiflorin 3A4[Y
Carthami Flos (Ref: 450) Total flavonoids 1A2Y 2B1Y

2C11Y
2C19[
2D4[
2E1Y

Chuanxiong Rhizoma

(Refs.

446,454,455,481)

Ligustrazine 3A4[ CES1Y P-gpY MRP2Y
MRP3Y
MRP5Y

Senkyunolide G OAT1Y
OAT2Y

[Indicates induction of an enzyme or drug transporter.

YIndicates an inhibitory effect on an enzyme or drug transporter.
aIndicates that the drug is a substrate for an enzyme or drug transporter.
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Chuanxiong Rhizoma (Chuanxiong in Chinese) is derived from
the dried rhizome of Ligusticum chuanxiongHort452. L. chuanxiong
polysaccharide, a major component of Chuanxiong Rhizoma, can
significantly enhance the immune function inmice. Polysaccharides
play an important role in treating COVID-19453. The components of
Chuanxiong Rhizoma include essential oil, alkaloids, phenolic
acids, and phthalide lactones, of which ligustrazine is the most
important active component452. Ligustrazine induces the expression
of the metabolizing enzyme CYP3A4 via PXR454. The mRNA and
protein levels of MDR1, MRP2, MRP3 and MRP5 were decreased
after treatment with ligustrazine455. In addition, senkyunolide G
inhibited OAT1, OAT2446. It has been shown that Puerariae Lobatae
Radix with Chuanxiong Rhizoma could remodel gut microbiota to
regulate the brain‒gut barriers456.

Salviae Miltiorrhizae Radix et Rhizoma (Danshen in Chinese)
is derived from the dried root or rhizome of Salvia miltiorrhiza
Bge457. Salvianolic acids, a component of Salviae Miltiorrhizae
Radix et Rhizoma, can inhibit the entry of 2019-nCoV spike
pseudovirus into human ACE2 cells by binding to ACE2 pro-
tein458. The major components of Salviae Miltiorrhizae Radix et
Rhizoma include diterpenoids, triterpenoids, phenolic acids, fla-
vonoids, nitrogenous compounds, and lactones, of which tan-
shinone II A is the most important active component459.
Tanshinone IIA and cryptotanshinone could activate PXR and
induce CYP3A4 expression460. Moreover, tanshinone I, tan-
shinone IIA, and cryptotanshinone were potent human CYP1A2
inhibitors and medium inhibitors of human CYP2C9461. Dihy-
drotanshinone was not only a potent competitive inhibitor of
human CYP1A2 and CYP2C9, but also a potent noncompetitive
inhibitor of human CYP3A4460,461. It has been demonstrated that
tanshinone IIA could down-regulate the expression of P-gp,
BCRP, and MRP1462. Salvianolic acid B, another component of
Salvia, could inhibit the activity of UGT1A1, UGT1A6, UGT1A9,
and UGT2B15446. The combination of probiotics and Salviae
Miltiorrhizae Radix et Rhizoma could modulate the gut micro-
biota and improve insulin resistance463.

Angelicae Sinensis Radix (Danggui in Chinese) is derived from
the dried root of Angelica sinensis (Oliv.) Diels464. The components
of Angelicae Sinensis Radix have potential inhibitory effects on
SARS-CoV-2 Mpro465. The major components of Angelicae
Sinensis Radix include Angelica polysaccharides, organic acids,
phthalides, and flavonoids, of which ferulic acid is the most
important active component466. Coniferyl ferulate, isolated from the
root of Angelicae Sinensis Radix, could markedly decrease over-
expressed P-gp467. Moreover, the water extract of Angelicae
Sinensis Radix significantly increased the activities of CYP2D6 and
CYP3A468. Angelicae Sinensis Radix polysaccharide could regu-
late gut microbiota and improve rheumatoid arthritis469.

The associated information of Paeoniae Radix Rubra was
summarized in Section 3.3.

4. Potential HDI between anti-COVID-19 drugs and the
TCM recipes

4.1. Pharmacokinetic HDIs

4.1.1. Potential pharmacokinetic HDI between Paxlovid™ and
the TCM recipes
Drug-metabolizing enzymes play a critical role in regulating the
drug pharmacokinetic characteristics and thereby is probably a
major mechanism causing HDI between Paxlovid™ and the TCM
recipes16. Nirmatrelvir and Ritonavir are primarily metabolized by
CYP3A426. Based on a previous report, the concentration of
Nirmatrelvir/Ritonavir will not be increased by any strong
CYP3A4 inhibitor because the maximal inhibition of CYP3A4 has
been achieved by Ritonavir per se24. However, strong CYP3A4
inducers may potentially compromise Nirmatrelvir efficacy by
accelerating the metabolism of Nirmatrelvir/Ritonavir24. It is re-
ported that many ingredients and herbs in the above six TCM
recipes have an induction effect on CYP3A4. For example, Gly-
cyrrhizae Radix et Rhizoma is an herb in QFPD, JHQG, XFBD,
LHQW, and HSBD. The bioactive ingredient of glycyrrhetinic
acid of Glycyrrhizae Radix et Rhizoma could induce the activity
of CYP3A492. In addition, Atractylodes Macrocephala Rhizoma,
an herb in QFPD, could strongly induce CYP3A4 activity140.
Poria is an herb in QFPD and HSBD, and it could increase
CYP3A4 gene transcription470. Furthermore, the bioactive ingre-
dient of Scutellariae Radix (Baicalin) in QFPD and JHQG could
induce the activity of CYP3A4177. Ligustrazine, an effective
component of Chuanxiong Rhizoma in XBJ, could also induce the
activity of CYP3A4454,471. Tanshinone IIA and cryptotanshinone
are the active ingredients of Salvia, an herb in XBJ, which could
also induce CYP3A4 activity460. Collectively, the metabolism of
Nirmatrelvir/Ritonavir may be increased, resulting in reduced
plasma concentrations of Nirmatrelvir/Ritonavir when Paxlovid™
is co-administrated with TCM recipes (QFPD, JHQG, XFBD,
LHQW, and HSBD), leading to the potential loss of antivirotic
response. Nevertheless, many herbs in TCM formulations also
show an inhibitory effect on CYP3A4 activity138e140. Therefore,
the “net effects” of the TCM formulations on Paxlovid™ plasma
concentration should be further investigated. On the other hand,
Nirmatrelvir and Ritonavir are also strong inhibitors of
CYP3A424, which may increase plasma concentrations of bioac-
tive ingredients of herbs in TCM formulations that are primarily
metabolized by CYP3A4. CYP3A4 is involved in the metabolism
of glycyrrhetinic acid (the main active ingredient of Glycyrrhizae
Radix et Rhizoma)92, atractylenolide II (the main active ingredient
of Atractylodes Macrocephala Rhizoma)138, irisflorentin (the main
active ingredient of Belamcandae Rhizoma)225. Apart from as a
substrate for CYP3A4, Ritonavir is an inhibitor of CYP2D6,
CYP2C8, CYP2C9, CYP2C19, and CYP2J2 and an inducer of
several metabolizing enzymes, such as CYP3A, CYP1A2,
CYP2B6, CYP2C9, CYP2C19, and UGTs, indicating that the
plasma concentrations of the substrates for these metabolizing
enzymes may be altered when co-administration of Paxlovid™30-

34. Several ingredients of Scutellariae Radix are substrates for
UGT1A9/10172. Asarinin, the main bioactive ingredient of Asari
Radix et Rhizoma, is metabolized by CYP1A1, CYP2C8, and
CYP3A5233. Paeoniflorin and albiflorin, two bioactive ingredients
of Paeoniae Radix Rubra, are metabolized by CYP3A4 and
CYP2D6372. Nevertheless, Nirmatrelvir does not induce any CYPs
at clinically relevant concentrations7. Thus, based on the effect of
Ritonavir on CYPs and UGTs, the plasma concentration of the
bioactive ingredients of TCM recipes could be changed and
should be considered during TCMs combined use with anti-
COVID 19 drugs.

Drug transporters may also trigger HDIs between Paxlovid™
and the TCM recipes, resulting in their fluctuating clinical effects.
Given that Nirmatrelvir and Ritonavir are substrates for P-gp35,472,
co-administration with any P-gp inhibitors/inducers may alter
their absorption or elimination. Among six TCM recipes, QFPD
contains several herbs with ingredients that show inductive effects
on P-gp, such as Alismatis Rhizoma (alisol B 23-acetate and alisol
F 24-acetate)118, Bupleuri Radix (saikosaponins a, c, d)160, and



Potential HDI between anti-COVID-19 drugs and traditional Chinese medicine 3621
Citri Reticulatae Pericarpium (hesperidin)259. In addition, the
herbs in QFPD such as Aurantii Fructus Immaturus could induce
the expression of P-gp251. The herb Descurainiae Semen Lepidii
Semen in XFBD has an inhibitory effect on P-gp318. The in-
gredients of Magnoliae Officinalis Cortex (honokiol)343, Tsaoko
Fructus (protocatechuic acid)348, Rhei Radix et Rhizoma352, and
Descurainiae Semen Lepidii Semen318 in HSBD could inhibit the
function of P-gp. By contrast, the function of P-gp could be
induced by the ingredients of Astragali Radix (astragaloside IV,
calycosin, and formononetin) in HSBD366. Fritillariae Thunbergii
Bulbus78,398, Anemarrhenae Rhizoma403, and Arctii Fructus405 in
JHQG could inhibit P-gp function, whereas the herb Menthae
Haplocalycis Herba is reported to induce P-gp function411.
Therefore, the combined use of TCM recipes (QFPD, XFBD,
HSBD and JHQG) may change Nirmatrelvir/Ritonavir absorption
or elimination via altering P-gp function, thereby resulting in
alteration of Paxlovid™ therapeutic effects and adverse events
including dysgeusia, diarrhea, nausea, headache, vomiting, and
pyrexia. On the other hand, the clearance of the bioactive in-
gredients of TCM recipes may be reduced given that Paxlovid™
has inhibitory effects on several drug transporters including P-gp,
BCRP, MATE1, OCT1, and OATP29,37,38. It was reported that the
bioactive ingredients of Ephedrae Herba (L-ephedrine, D-pseu-
doephedrine, and L-methylephedrine)82, Armeniacae Semen
Amarum (amygdalin)107, and Atractylodes Macrocephala Rhi-
zoma (atractylenolide I)137 in QFPD are substrates for P-gp.
Except for QFPD, Ephedrae Herba and Armeniacae Semen
Amarum are two herbs that are contained in JHQG, XFBD,
LHQW, and HSBD. The ingredients of Paeoniae Radix Rubra in
HSBD are substrates for P-gp372,373. Lonicerae Japonicae Flos in
Figure 1 Potential pharmacokinetics HDIs between Paxlovid
JHQG has an ingredient (phenolic acids) that is a substrate for P-
gp381. Many ingredients in TCM formulations are also substrates
for BCRP. Collectively, the absorption or elimination of bioactive
ingredients that are substrates for P-gp and BCRP in above six
TCM recipes may be reduced by Paxlovid™, thereby shifting the
plasma concentration and therapeutic effect.

In summary, multiple metabolizing enzymes and transporters-
mediated HDI between Paxlovid™ and the TCM recipes (Fig. 1A)
should be evaluated.

4.1.2. Potential pharmacokinetic HDI between Remdesivir and
the TCM recipes
Alterations in the expression or activity of metabolizing enzymes
are of great importance in mediating potential pharmacokinetic
HDI between Remdesivir and TCM. CYP3A4 is one of the
important metabolizing enzymes responsible for Remdesivir
metabolism44. Multiple herbs regulate the expression or activity of
CYP3A4, potentially affecting the metabolism of Remdesivir. For
example, Scutellariae Radix, Asteris Radix et Rhizome and Asari
Radix et Rhizoma are commonly used herbs in herbal formulas
against COVID-19. These herbs or their bioactive ingredients
could inhibit CYP3A4176,209,234, which might delay the meta-
bolism of Remdesivir and increase its exposure. Although the
adverse events of Remdesivir are rare, transaminase increases
have been reported in Remdesivir-treated patients47. Considering
that the suppression of CYP3A4 might increase the exposure of
Remdesivir, liver function should be carefully monitored when
Remdesivir is co-administered with these herbs and involved
formulas. By contrast, some herbs such as Poria, and Astragali
Radix could induce CYP3A4147,365, indicating that the co-
™ (A)/Remdesivir (B)/Molnupiravir (C) and TCM recipes.
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administration with these drugs might accelerate the metabolism
of Remdesivir. Glycyrrhizae Radix et Rhizoma is an herb in
QFPD, JHQG, XFBD, LHQW, and HSBD. A previous study
demonstrated that its extract inhibits CYP3A4 activity in human
liver microsomes97. However, its bioactive ingredient glycyrrhizin
could increase CYP3A4 activity98. Apart from CYP3A4,
Remdesivir is also a substrate of CYP2C8 and CYP2D640,52.
Licochalcone A could inhibit CYP2C8 activity99. Licochalcone A,
astin D, and peimine could inhibit CYP2D699,209,397,398. These
herbal ingredients might also affect Remdesivir metabolism. A
previous study showed that QFPD has inhibitory effects on
CYP3A, CYP2C8, CYP2C9, CYP2C19, CYP2D6, and CYP2E1
activity79, indicating that QFPD might increase exposure to
Remdesivir. The “net effects” of the herbal formula on the
metabolizing enzymes or transporters remain to be further inves-
tigated. Thus, studies on the potential effects of herbal formulas on
metabolizing enzymes are necessary. On the contrary, many herbs
and their bioactive compounds are substrates of CYP3A4. Given
that Remdesivir could inhibit CYP3A4 activities, the CYP3A4-
mediated metabolism of these herbs might be repressed.
CYP3A4 is involved in the metabolism of glycyrrhetinic acid92,
atractylenolide II138, and irisflorentin225. Since these compounds
are isolated from Glycyrrhizae Radix et Rhizoma, Atractylodes
Macrocephala Rhizome, and Belamcandae Rhizoma. Remdesivir
might inhibit the metabolism of these herbs, leading to potential
HDIs. For example, the main side effects of Glycyrrhizae Radix et
Rhizoma include hypertension and secondary disorders of hypo-
kalemia473. Whether the co-administration of Remdesivir would
increase the risk of occurrence of adverse events of Glycyrrhizae
Radix et Rhizoma should be considered. Moreover, pharmacoki-
netic studies showed that tangeretin, a bioactive compound in the
Citri Reticulatae Pericarpium, is metabolized via CYP1A2 in the
liver257,258. Remdesivir has been shown to inhibit CYP1A2 ac-
tivity40, which might delay the metabolism of Citri Reticulatae
Pericarpium.

Apart from CYPs, CESs are responsible for the metabolic
activation of Remdesivir. Many herbs and their ingredients could
inhibit CES, which might repress the CES-mediated hydrolysis of
Remdesivir. Remdesivir is normally administered through intra-
venous infusion, which delivers transient high systemic concen-
trations and is inheritably related to the development of
cytotoxicity. A recent study showed that CES1-based hydrolysis
contributes to the activation and cytotoxicity of Remdesivir474. A
previous study showed that QFPD, Reduning injection, Xiangqin
Jiere granules, and Jingyin granules showed weak inhibitory ef-
fects on remdesivir hydrolysis, with IC50 values larger than
1000 mg/mL, indicating that Remdesivir hydrolysis is hardly
affected by these four Chinese medicines475,476. Moreover, gly-
cyrrhetinic acid, baicalein, and oroxylin A are bioactive com-
pounds from Glycyrrhizae Radix et Rhizoma and Scutellariae
Radix, and these ingredients might serve as CES inhibitors,
leading to the inhibition of CES-mediated hydrolysis of substrate
prodrugs such as Remdesivir477,478. Notably, CES1 was found to
be one of the most highly expressed drug-metabolizing enzymes
in the liver. CES1 abundance in the liver isw20- to 30-fold higher
than CYP3A4479,480. Given that Remdesivir is metabolized by
CES1 (w80%), cathepsin A (w10%), and CYP3A (w10%)44,45,
the effect of CYP3A inhibition on the pharmacokinetic behaviors
of Remdesivir might be much less compared to that of CES1 in-
hibition. Thus, potential CES-mediated HDIs between Remdesivir
and these herbal medicines should be alerted.
Drug transporters are also important proteins that can affect the
absorption or elimination of drugs. Given that Remdesivir is a
substrate of P-gp, the compounds that affect P-gp activity might
affect the efflux of Remdesivir. For example, herbal medicines and
their bioactive ingredients including Alismatis Rhizoma (alisol B
23-acetate and alisol F 24-acetate)118, Bupleuri Radix (saikosa-
ponins a/c/d)160, Citri Reticulatae Pericarpium (hesperidin)259,
Descurainiae semen lepidii semen (quercetin)318, Magnoliae
Officinalis Cortex (honokiol)343,344, Rhei Radix et Rhizoma352,356,
Fritillariae Thunbergii Bulbus (peimisine, imperialine)396, Ane-
marrhenae Rhizoma (timosaponin A3)400e403, Arctii Fructus ex-
erts inhibitory effects on P-gp, which may suppress Remdesivir’s
absorption or elimination405. On the contrary, many herbs such as
Aurantii Fructus Immaturus (ethanol extract), Astragali Radix
(astragaloside IV, calycosin and formononetin), and Menthae
Haplocalycis Herba (menthol) can increase the activity or
expression of P-gp251,366,411. These herbs and bioactive com-
pounds might accelerate the absorption or elimination of
Remdesivir.

Protein binding in plasma is another factor that plays an
important role in DDIs. Since Remdesivir has moderate protein
binding in plasma and its metabolite GS-704277 displays low
protein binding50, the risk of affecting Remdesivir’s exposure via
influencing plasma protein binding might be relatively low. On the
contrary, wogonin, a bioactive ingredient from Scutellariae Radix,
has over 90% serum protein binding rate171. The plasma protein
binding of 6-gingerol, a bioactive ingredient from Ginger, is
greater than 90%198,199. Scutellariae Radix and Ginger are
important herbs in QFPD. Whether HDIs involved in the protein
binding process would occur and then affect the exposure of these
compounds remains to be investigated.

As indicated in Fig. 1B, the major pathways for the potential
pharmacokinetic HDIs between Remdesivir and the TCM recipes
involve CES- and CYPs-mediated inhibition or induction and P-gp
mediated efflux.

4.1.3. Potential pharmacokinetic HDI between Molnupiravir
with the TCM recipes
Molnupiravir is hydrolyzed to NHC (the active metabolite) by
CES1 and CES2. The concentration of NHC may be changed
when Molnupiravir is co-administrated with drugs that can
modulate the expression and activity of CES1 and CES2. It was
reported that the ingredients of Salviae Miltiorrhizae Radix et
Rhizoma/Radix Puerariae Lobatae in XBJ could decrease the
CES1 activity in plasma, and the ingredients of Angelicae
Sinensis Radix and Chuanxiong Rhizoma in XBJ could decrease
the CES1 activity in the kidneys and lungs, respectively481,482.
Magnolol, the active ingredient of Magnoliae Officinalis Cortex in
HSBD, could inhibit both hCES1 and hCES2483. Glycyrrhetinic
acid also shows a relatively weak inhibition in vitro
(IC50 > 1 mmol/L) on CES1484. A previous study revealed that
triterpenoids isolated from Alismatis Rhizoma showed inhibitory
activities against human CES2485. Baicalein and Oroxylin A could
strongly inhibit the hydrolysis of CES-mediated hydrolysis pro-
drug and CES1 and CES2 activities478. A recent study proposed
that Molnupiravir is a substrate of CES2 but not CES1, and the
hydrolysis of Molnupiravir varies among CES2 natural variants64.
Future research should be prioritized to estimate CES2-mediated
HDI between Molnupiravir with TCM recipes. Therefore, the
plasma concentration of NHC may be decreased when TCM is
combined with Molnupiravir. On the other hand, neither



Figure 2 Potential pharmacodynamic HDIs between anti-COVID-19 drugs and TCM recipes.
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Molnupiravir nor NHC functioned as substrates/inhibitor/inducer
of any important transporters and enzymes that mediate
drugedrug interactions63,65. Thus, the effect of Molnupiravir on
the six TCM recipes through a pharmacokinetic mechanism via
drug metabolizing enzymes and transporters may not occur.

As indicated in Fig. 1C, the TCM recipes inhibit CES activity,
with the potential to cause HDIs during combination of Molnu-
piravir and the TCM recipes.

4.2. Pharmacodynamic HDIs

Compared with the pharmacokinetic HDI, potential pharmaco-
dynamic HDI between antiviral drugs and TCM may also occur
because of the complex signaling networks of TCM. Nirmatrelvir
is a SARS-CoV-2 Mpro (3CLpro) inhibitor against COVID-19.
The active metabolites of Remdesivir and Molnupiravir selec-
tively inhibit RdRp, which delays viral RNA chain termination
and inhibits SARS-CoV-2 replication24. Previous studies revealed
that many herbs and their bioactive ingredients could bind to
ACE2, 3CLpro, and RdRp and inhibit their activities486,487.
Compared with antiviral drug treatment alone, JHQG combined
with antiviral drugs was superior in relieving fever and poor
appetite in patients with COVID-19488. The active ingredients in
JHQG such as chlorogenic acid, forsythoside A, and ephedrine
have strong binding activity for 3CLpro and ACE2, which
significantly relieves fever, cough, fatigue, and anxiety in patients
with COVID-19271,376. A retrospective study showed that the
combination of QFPD with antiviral drugs exerted significantly
better anti-inflammatory effects compared with treatment with
antiviral drugs alone in patients with mild and moderate COVID-
1969. The active ingredients including glycyrrhizin, cinnamic acid,
baicalin, and baicalein in QFPD can suppress SARS-CoV-2
replication via targeting 3CLpro and RdRp362,486,489. A meta-
analysis indicated that LHQW combined with conventional ther-
apy could effectively reduce the severity in patients with mild or
moderate COVID-19490. LHQW significantly inhibited SARS-
CoV-2 replication in Vero E6 cells, and three ingredients (rutin,
forsythoside E, and hyperoside) in LHQW were better bound to
3CLpro than Lopinavir based on the docking scores271,487. Bai-
calein and quercetin, as the top two ingredients of HSBD, have
shown high affinity to 3CLpro and ACE2, which was further
suggested in a study that showed that HSFD strengthened the
efficacy of lopinavireritonvir in the treatment of 60 patients with
COVID-19491. Combined with conventional therapy, XFBD
significantly ameliorates the clinical symptoms including fever,
cough, and fatigue in 42 patients with COVID-19271,274. ACE2
and 3CLpro were also the targets of flavonoids and phytosterols in
XFBD by inhibiting viral invasion and replication271. XBJ has
been shown to effectively treat patients with COVID-19492,
particularly in patients with COVID-19-induced cardiac
dysfunction493. In a group of 42 patients with COVID-19 treated
with XBJ combined with routine treatment, their IL-6 levels and
body temperature were significantly reduced494. Collectively, the
combined use of the TCM recipes might exert synergistic effects
and potentiate the efficacy of Nirmatrelvir/Ritonavir, Remdesivir,
and Molnupiravir against COVID-19 through “multi-component,
multi-target, multi-pathway” pattern (Fig. 2).

5. Conclusions and perspectives

The above-mentioned anti-COVID-19 drugs and the six TCM
formulae play important roles in the treatment of COVID-19 in-
fections. As Paxlovid™, Remdesivir and Molnupiravir become
more globally available and herbal medicine use varies across
different regions, it is critical to clearly demonstrate potential
HDIs, particularly through pharmacokinetics-based mechanisms
mediated by metabolizing enzyme/transporter induction or inhi-
bition. The present review highlights potential interactions of the
six TCM formulae (QFPD, JHQG, XFBD, LHQW, HSBD, and
XBJ) and three anti-COVID-19 drugs (Nirmatrelvir/Ritonavir,
Remdesivir, and Molnupiravir). Clinical studies and animal ex-
periments have demonstrated that the extract of these TCM rec-
ipes, along with their bioactive compounds, exhibit synergistic
effects when combined with three antiviral drugs, following a
’multi-component, multi-target, multi-pathway’ mechanism. The
potential pharmacokinetic HDIs of these TCM recipes with the
anti-COVID-19 drugs are mostly via the regulation of CYP3A4,
CES and/or P-gp. However, additional prospective and retro-
spective studies, as well as in vivo and in vitro experiments, are
necessary to provide further elucidation on the underlying
mechanisms responsible for the changes in plasma concentrations
and the subsequent alteration of therapeutic response. Although
COVID-19 primarily affects the respiratory system, patients with
COVID-19 have shown evidence of microbial dysbiosis.
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Preventing ACE2 from binding to SARS-CoV-2 is an effective
approach to treat COVID-19. ACE2 plays an important role in
maintaining intestinal microecology and intestinal immune regu-
lation. Microbiota and its metabolites may also affect or modulate
ACE2 expression. Although no interactions between gut micro-
biota and anti-COVID-19 drugs have been reported, numerous
studies have demonstrated that a bidirectional regulatory rela-
tionship between TCM formulae and the gut microbiota. Thus,
future studies should focus on the effect of TCM recipes and the
anti-COVID-19 drugs on microbiota, which is probably a pathway
mediating HDIs between TCM formulae and anti-COVID-19
drugs. Finally, for the wide use of the TCM formulae and the
globally available of the anti-COVID-19 drugs, public health au-
thorities should consider well characterizing these HDIs, creating
an HDI checklist for these drugs, and raising awareness and better
understanding of HDIs in order to maximize clinical outcomes
and minimize adverse and toxic effects against COVID-19.
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