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Abstract
The number of drug-drug interaction (DDI) clinical trials in China has increased rapidly in recent years. The aim 
of this study was to summarize and analyze DDI clinical trials in China over the past 10 years. We conducted 
a cross-sectional study of DDI clinical trials registered in the Chinese Center for Drug Evaluation (CDE) from 
September 6, 2013 to December 31, 2022. All related registration information disclosed on the CDE website 
were summarized and analyzed. Although the number of DDI clinical trials conducted before 2017 was relatively 
low, it increased markedly after 2017. The average duration of DDI clinical trials was 85.83 ± 100.99 days from 
2013 to 2019 and 107.16 ± 98.57 days from 2020 to 2022. The duration of rifampicin use was 5–19 days, and the 
investigational drug was administered after 5–14 days of rifampicin use. Itraconazole was administered for 4–17 
days, and the investigational drug was administered after 3–10 days of itraconazole use. Clinical trials of drug-drug 
interactions have recently increased due to the development of new drugs and the updated policies regulating 
drug registration and marketing. Although the designs of clinical trials comply with the new guidelines, the 
duration of the administration of interacting drugs still varies widely. Optimizing protocol designs can shorten the 
implementation period of clinical trials and reduce the costs of drug marketing.
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Introduction
Pharmacokinetic drug interactions can give rise to severe 
side effects, leading to the early termination during drug 
development or the withdrawal of drugs from the mar-
ket [1]. Hence, evaluating the risks of clinically significant 
drug-drug interactions (DDIs) during the development 
of new molecular entities is crucial. During the devel-
opment of new drug, clinical drug interaction studies 
are conducted based on the potential drug interactions 
assessed by in vitro studies [2]. The risks of DDIs are min-
imized during the screening process by referring to the 
most up-to date information. If potential DDIs are identi-
fied during the drug development process, the informa-
tion should be appropriately communicated to physicians 
and pharmacists [2]. Regulatory agencies, such as the US 
Food and Drug Administration (FDA), European Medi-
cines Agency (EMA), and Pharmaceuticals and Medical 
Devices Agency (PMDA) have issued guidelines associ-
ated with the conduct of DDI studies including their tim-
ing and design, the interpretation of study outcomes, and 
the management of DDIs in patients [3–5]. These guide-
lines recommend integrated and mechanistic approaches 
for evaluating DDIs, which have dramatically trans-
formed the assessment of potential clinically significant 
interactions during the pre- and post-marketing stages of 
drug development [6, 7].

During the period between 2010 and 2015, the num-
ber of applications for clinical trials of innovative drugs 
in China began to rise [8]. In July 2015, the introduc-
tion of China’s regulatory reform measures alleviated the 
backlog of applications. In 2017, China joined the Inter-
national Conference on Harmonization (ICH), which 
brought about an increase in cooperation with promi-
nent international institutions. Meanwhile, China’s new 
drug development system and clinical trial system have 
been increasingly improved and developed, and the num-
ber of first investigational new drugs (INDs) for innova-
tive drugs that were applied for and approved rose greatly 
[8, 9]. As the number of innovative drugs has grown, the 
number of clinical trials for DDI also has also increased. 
In China, the Center for Drug Evaluation of the National 
Medical Products Administration (NMPA) issued guide-
lines for drug interaction research in 2021 [10]. In this 
study, we hypothesized that China’s post-2017 regulatory 
reforms (ICH alignment and 2021 DDI guidelines) would 
significantly increase both the quantity and methodologi-
cal rigor of DDI trials. We aimed to summarize and ana-
lyze the trends in DDI clinical trials in China from 2013 
to 2022, and to provide necessary supporting data for 
researchers, pharmaceutical companies and policymak-
ers to improve the efficiency of drug development.

Methods
All drug clinical trials in China must be registered on 
the Chinese Center for Drug Evaluation (CDE) platform 
(http://www.cde.org.cn/), which is the authoritative ​c​l​i​n​
i​c​a​l trial registration database. This database was estab-
lished in 2013 by the NMPA in China. We carried out 
a cross-sectional study of DDI clinical trials registered 
with the Chinese Center for Drug Evaluation (CDE) from 
September 6, 2013 to December 31, 2022 by conducting 
a search on the CDE website with the keywords “drug 
interaction,” “interaction,” “drug-drug,” and “DDI.” The 
clinical trial registration information posted on the CDE 
website, including registration number, registration date, 
trial topic, investigational drug name, investigational 
drug classification, interacting drug name, duration of 
investigational drug use, duration of interacting drug use, 
lead clinical center, target number of healthy subjects, 
date when the first subject signed informed consent, trial 
completion date, and other relevant information, was 
collected. If the information was not posted, it was not 
included in the analysis.

Two authors (JZ and JW) independently extracted 
data and excluded clinical trials that were not regarded 
as a DDI clinical trial. If consensus on certain informa-
tion could not be reached by the two authors, the issue 
was discussed with a third author (JL), and a decision 
was made by consensus. Our operational protocols focus 
on ensuring data accuracy through iterative validation. 
“Midazolam”, “Rifampicin”, “Itraconazole”, “Warfarin”, and 
“Digoxin” were included in the search for interacting or 
index drugs.

We used R software (version 3.6.2) for data processing 
and analysis. The counting data are expressed as compo-
sition ratios, the normal distribution measurement data 
are expressed as means ± standard deviations, and the 
abnormal distribution measurement data are expressed 
as medians (25%, 75%). The boxplot was utilized to visu-
ally represent the distribution of the data of the duration 
of DDI clinical trials. Group comparisons were analyzed 
using the Mann-Whitney U test.

This study employed a longitudinal time-series analy-
sis on annual data (2013–2022) to investigate growth 
patterns and external impacts. Data preprocessing 
included anomaly retention for negative growth rates 
(e.g., 2016) and forward-filling to address zero-inflated 
counts (2013–2014). Trend decomposition via Seasonal-
Trend-LOESS (STL) with a 5-year cycle revealed non-
linear growth trajectories. Two modeling frameworks 
were evaluated: (1) an autoregressive integrated moving 
average (ARIMA) optimized through stepwise AIC mini-
mization, and (2) an exponential smoothing state-space 
model (ETS) with additive trend components. Interven-
tion analysis integrated a dummy-coded structural break 
(2016) into a state-space model to quantify persistent 
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shock effects. Model performance was assessed using 
mean absolute percentage error (MAPE) on a 3-year 
holdout set (2020–2022). Changepoint detection (Binseg 
algorithm, L2-norm) identified critical discontinuities, 
while autocorrelation analysis evaluated residual depen-
dencies. All computations were executed in Python 3.9 
using statsmodels and pmdarima libraries, with signifi-
cance thresholds set at α = 0.05.

Results
Annual changes in drug-drug interaction clinical trials
The number of DDI clinical trials grew from zero in 
2013 to five in 2014 and to 11 in 2015. There were 9 DDI 
clinical trials in 2016. In 2017, the number of DDI clini-
cal trials ascended to 14, and saw rapid growth in 2019. 
The year-over-year growth rates for 2018 and 2019 were 
28.6% and 55.6%, respectively. In 2020, the number of 
DDI clinical trials increased to a similar level as in 2018, 
indicating a stabilization in growth. In 2021, the number 
of DDI clinical trials increased by 50%, reaching a total 
of 54. However, in 2022, the figure declined by 20.3%, 
dropping to 43. (Fig. 1.). The time-series analysis revealed 
nonlinear post-2015 growth (CAGR:32%), interrupted by 
two structural breaks: a 2016 contraction (count:9 vs.11; 
p = 0.03) and a 2020 inflection point (changepoint detec-
tion, penalty = 10). The ETS model demonstrated supe-
rior predictive accuracy (MAPE = 15.2%) over ARIMA 
(MAPE = 18.5%), attributed to enhanced volatility adapta-
tion (α = 0.8). Intervention analysis confirmed prolonged 
suppression from the 2016 shock (Cohen’s d = 1.8), with 

recovery requiring three years. Residual diagnostics indi-
cated model adequacy (ACF|ρ|<0.3), while unexpected 
2022 declines (count:43 vs.54) suggested emerging exter-
nal pressures. Sensitivity analyses excluded data artifacts 
(ΔAIC < 2).

Geographical distribution of drug-drug interaction clinical 
trials
Among the 218 DDI trials analyzed, 197 (90.4%) explic-
itly enrolled healthy volunteers, while 21 (9.6%) involved 
patient populations. The principal investigators of these 
218 trials were from different provinces or municipalities 
across China. The majority of the clinical trials (96.8%; 
211 trials) were completed at a single clinical trial cen-
ter, and seven trials (3.2%) were completed at two or 
more clinical trial centers. Among the leading clinical 
trial centers, Jilin, Beijing, and Jiangsu conducted the 
highest number of trials (26, 25, and 25 DDI clinical tri-
als, respectively). Shanghai, Hunan Province, and Anhui 
Province carried out 24, 21, and 17 trials, respectively. 
Eighty-one clinical trial centers conducted DDI clinical 
trials. Among them, the First Hospital of Jilin University 
implemented 25 DDI clinical trial projects, the Shang-
hai Xuhui District Central Hospital conducted 10 DDI 
clinical trials, and the First Affiliated Hospital of Bengbu 
Medical College carried out 9 DDI clinical trials (Fig. 2.).

Duration of drug-drug interaction clinical trials
The trial duration was defined as the period from the 
moment when the first subject signed the informed 

Fig. 1  Annual amount and fluctuations in clinical trials of drug-drug interaction. The numbers above the bars represent the number of DDI clinical trials 
each year, while the red line indicates the percentage change in the number of DDI trials compared to the previous year. In July 2015, the introduction of 
China’s regulatory reform measures alleviated the backlog of applications. In 2017, China joined the International Conference on Harmonization, which 
brought about an increase in cooperation with prominent international institutions. The “Regulations on the Administration of Drug Clinical Trial Institu-
tions” issued on November 29, 2019 and the amendment of the “Quality Management Practices for Pharmaceutical Clinical Trials” by the State Medical 
Products Administration and the National Health Commission on July 1, 2020. The “Technical Guidelines for Drug Interaction Research” published in Janu-
ary 2021 comprehensively describe the evaluation of drug interactions for drug research and development
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consent to the completion of the study. If the start and 
completion times were not posted on the CDE web-
site, the duration of the clinical trial was excluded in the 
analysis, and a total of 43 clinical trials were excluded. 
If the start and completion dates were not available on 
the CDE website, the clinical trials were excluded from 
the analysis due to the inability to calculate their dura-
tion, resulting in a total of 43 excluded trials. As a result, 
175 DDI clinical trials that included trial durations, were 
included in the analysis. The “Regulations on the Admin-
istration of Drug Clinical Trial Institutions” issued on 
November 29, 2019 and the amendment of the “Quality 
Management Practices for Pharmaceutical Clinical Tri-
als” by the State Medical Products Administration and 
the National Health Commission on July 1, 2020 [11, 12], 
promoted the standardization and scientific design of 
drug clinical trial protocols in China. The revised provi-
sions explicitly mandate that clinical trials prioritize the 
assessment of drug-drug interaction risks, particularly 
in studies involving multi-drug combination therapies, 
such as anti-tumor or antiviral treatments, and require 
systematic DDI evaluations to be conducted. Therefore, 
the statistics were divided into two groups: 2013–2019 
and 2020–2022. The average durations of DDI clinical 
trials in the periods of 2013–2019 and 2020–2022 were 
85.83 ± 100.99 days and 107.16 ± 98.57 days, respectively, 
as shown in Fig. 3. Group comparisons were performed 
using the Mann-Whitney U test, indicating no statisti-
cally significant difference between 2013 and 2019 and 
2020–2022 groups (p = 0.13, Wilcoxon r = 0.18). Despite 
the lack of statistical significance, the median duration in 

the 2020–2022 group was 15% higher than in 2013–2019, 
suggesting a potential trend warranting further investiga-
tion with larger samples.

Drug-metabolizing enzyme-specific inducers
The selection of CYP enzyme inducers, inhibitors, 
and pointer substrates for drug interaction clinical tri-
als is guided by the recommendations from guidelines 
of NMPA (2021) [10], FDA (2020) [3], EMA (2022) [4], 
and PMDA (2019) (Table  1). Among the CYP enzyme 
inducers, rifampicin, phenytoin, and carbamazepine are 
recommended for the CYP3A enzyme. Both NMPA and 
EMA recommend phenytoin and rifampicin as inducers 
for CYP1A2, with EMA also mentioning smoking as an 
inducer. For CYP2B6, all guidelines recommend rifam-
picin as a moderate inducer. While NMPA additionally 
includes carbamazepine, and EMA recommends both 
carbamazepine and efavirenz. Rifampicin is also recom-
mended across all guidelines for CYP2C8, CYP2C9, and 
CYP2C19 enzyme inducers. Additionally, NMPA recom-
mends phenytoin as a moderate inducer for CYP2C19.

Rifampicin is an index inducer of multiple cytochrome 
P450s (CYPs), including CYP2B6, 2C8, 2C9, 2C19, and 
3A4/5, and an inhibitor of OATP1B transporters (single 
dose) [13, 14]. In 33 DDI clinical trials, rifampicin was 
selected as the inducer of drug metabolism. The dura-
tion of rifampicin use ranged from 5 to 19 days, and the 
investigational drug was administered after 5–14 days of 
rifampicin use. Moreover, 17 trials started 7 days after 
rifampicin use and 6 trials started 6 days after rifampicin 
use (Fig. 4.).

Fig. 2  Geographical distribution of clinical centers conducting drug-drug interaction clinical trials across various regions in China. This map includes 
Taiwan; however, clinical trial data from Taiwan were excluded from this study due to the existence of its independent drug regulatory authority, the 
Taiwan Food and Drug Administration (TFDA)
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Table 1  A comparison of the final in vivo DDI guidance documents from NMPA, FDA, PMDA and EMA
NMPA FDA PMDA EMA

Index substrates for CYP enzymes
CYP1A2 Caffeine, Tizanidine Caffeine, Tizanidine Caffeine, Tizanidine Caffeine
CYP2B6 - - - Bupropion
CYP2C8 Repaglinide Repaglinide Repaglinide Repaglinide
CYP2C9 S-warfarin*, Tolbutamide* S-warfarin*, Tolbutamide* S-warfarin, Tolbutamide Flurbiprofen*, S-warfarin*
CYP2C19 Lansoprazole*, Omeprazole Lansoprazole, Omeprazole, Lansoprazole*, Omeprazole Omeprazole
CYP2D6 Desipramine, Dextromethorphan, 

Metoprolol, Nebivolol
Desipramine, Dextrometho-
rphan, Nebivolol

Desipramine, Dextrometho-
rphan, Nebivolol

Desipramine, Dextro-
methorphan, Nebivolol

CYP3A Midazolam, Triazolam Midazolam, Triazolam Midazolam, Triazolam Midazolam, Triazolam
Index inhibitors for CYP enzymes
CYP1A2 Enoxacin, Fluvoxamine, Ticlopidine Fluvoxamine Fluvoxamine Fluvoxamine
CYP2B6 - - - -
CYP2C8 Clopidogrel*, Gemfibrozil Clopidogrel, Gemfibrozil Clopidogrel, Gemfibrozil Gemfibrozil
CYP2C9 Fluconazole* Fluconazole* Fluconazole* Fluconazole*
CYP2C19 Fluconazole*, Fluvoxamine, Fluox-

etine, Ticlopidine
Fluvoxamine Fluvoxamine Fluconazole, Fluvoxamine

CYP2D6 Fluoxetine, Paroxetine, Quinidine Fluoxetine, Paroxetine Fluoxetine, Mirabegron*, 
Paroxetine

Fluoxetine, Paroxetine

CYP3A Clarithromycin, Itraconazole, Ketocon-
azole, Ritonavir

Clarithromycin, Itraconazole Clarithromycin, Erythromycin*, 
Fluconazole*, Itraconazole, 
Verapamil*

Clarithromycin, 
Itraconazole

Inducers for CYP enzymes
CYP1A2 Phenytoin*, Rifampicin - - Phenytoin*, Rifampicin*, 

Smoking*
CYP 2B6 Carbamazepine, Rifampicin* Rifampicin* Rifampicin* Carbamazepine, Efavirenz*, 

Rifampicin*,
CYP2C8 Rifampicin* Rifampicin* Rifampicin* Rifampicin*
CYP2C9 Rifampicin* Rifampicin* Rifampicin* Rifampicin*
CYP2C19 Rifampicin, Phenytoin* Rifampicin Rifampicin Rifampicin
CYP3A Carbamazepine, Phenytoin, Rifampicin Phenytoin, Rifampicin Phenytoin, Rifampicin Carbamazepine, Efavirenz*, 

Phenytoin, Rifampicin
*, moderate

Fig. 3  Box plot of the duration of drug-drug interaction clinical trials. Boxplots show the median (horizontal line), interquartile range (boxes), and data 
range (whiskers). Median values are labeled above each box. Group comparisons were performed using the Mann-Whitney U test, indicating no statisti-
cally significant difference between 2013–2019 and 2020–2022 groups (p = 0.13, Wilcoxon r = 0.18). Sample sizes: 2013–2019 (n = 82), 2020–2022 (n = 63)
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Drug-metabolizing enzyme-specific inhibitors
For CYP3A inhibitors, all guidelines recommend clar-
ithromycin and itraconazole. NMPA additionally rec-
ommends ketoconazole and ritonavir, while PMDA 
recommends erythromycin, fluconazole, and verapamil. 
In CDE-registered DDI clinical trials, itraconazole is 
the most commonly selected inhibitor, with a total of 
41 clinical trials. Clarithromycin is mainly used in clini-
cal trials related to helicobacter pylori combined therapy. 
Other recommended inhibitors for CYP1A2, CYP2B6, 
CYP2C8, CYP2C19, and CYP2D6 as outlined by NMPA, 
FDA, PMDA, and EMA, are listed in Table 1.

Itraconazole is an enzyme inhibitor of CYP3A, P-gly-
coprotein (P-gp), and breast cancer resistance protein 
[15–18]. Itraconazole was selected as an inhibitor of 
drug-metabolizing enzymes in 28 DDI clinical trials. The 
duration of itraconazole use ranged from 4 to 17 days, 
and the investigational drug was administered after 3–10 
days of itraconazole use; further, 13 trials started after 3 
days of itraconazole use, 6 trials started after 4 days of 
itraconazole use, and 5 trials started after 5 days of itra-
conazole use (Fig. 5.).

Drug-metabolizing enzyme probe substrates
Midazolam and triazolam are recommended as the probe 
substrate of CYP3A enzyme according to the guidelines. 
In Chinese DDI clinical trials, midazolam is mostly used 
as the probe substrate. For CYP1A2, caffeine and tizani-
dine are recommended as probe substrates by NMPA, 

FDA, and PMDA, while the EMA recommended only 
caffeine. The EMA also notes that caffeine is a NAT 
(N-acetyltransferase) substrate [19]. Additionally, probe 
substrates for CYP2B6, CYP2C9, CYP2C19, and CYP2D6 
enzymes, as recommended by the guidelines of NMPA, 
FDA, PMDA, and EMA are listed in Table 1 for details.

Midazolam is a CYP enzymes probe substrate for 
CYP3A [20]. It was selected as the CYP enzymes probe 
substrate in 6 DDI clinical trials. Midazolam was admin-
istered twice in 3 DDI clinical trials, three times in 2 DDI 
clinical trials, and four times in one DDI trial. The dura-
tion of the investigational drug use ranged from 7 to 51 
days (Table 2).

Digoxin is the probe substrate for the P-gp transporter 
and OATP1B3 [21, 22]. In 5 DDI clinical trials, digoxin 
was selected as the probe substrate for the P-gp trans-
porter. The duration of the investigational drug use 
ranged from 9 to 22 days (Table 3).

Warfarin is a moderately sensitive substrate of CYP2C9 
[23]. Warfarin was selected as the probe substrate of 
CYP2C9 in 6 DDI clinical trials. The duration of the 
investigational drug used ranged from 11 to 51 days 
(Table 4).

Discussion
Trends in clinical trials of drug-drug interactions in 
Mainland China
With the advancement of clinical development and 
substantial policy support from the government, drug 

Fig. 4  Administration time points for rifampicin and investigational drugs. Green triangles indicate the dosing times for investigational drugs, red circles 
mark the start of rifampicin administration, and blue circles denote its end. The numbers in the blue boxes represent the time interval from the start of 
rifampicin to the administration of the investigational drug
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development in China has made rapid progress [24]. The 
increased number of trials and new drugs in China illus-
trates the innovative advances from 2011 to 2020 [24]. 
The increased number of new drugs and the updated 
guidelines for innovative drugs have led to more clinical 

Table 2  Administration times for Midazolam and the investigational drug
Number Investigational 

drug start (Day)
Investigational 
drug end (Day)

The first dose of 
midazolam (Day)

The second dose of 
midazolam (Day)

The third dose of 
midazolam (Day)

The fourth 
dose of 
midazol-
am (Day)

CTR20****12 3 14 1 3 18 -
CTR20****33 6 19 1 6 19 21
CTR20****90 6 56 1 22 - -
CTR20****91 8 28 1 8 22 -
CTR20****01 3 9 1 9 - -
CTR20****86 7 26 1 21 - -

Table 3  Administration times of Digoxin and the investigational 
drug
Number Investiga-

tional drug 
start (Day)

Investiga-
tional drug 
end (Day)

The first 
dose of 
digoxin 
(Day)

The sec-
ond dose 
of digoxin 
(Day)

CTR20****52 6 15 1 10
CTR20****64 6 27 1 22
CTR20****18 6 14 1 10
CTR20****86 7 26 3 23
CTR20****21 5 16 1 12

Table 4  Administration times for warfarin and the 
investigational drug
Number Investiga-

tional drug 
start (Day)

Investiga-
tional drug 
end (Day)

The first 
dose of 
warfarin 
(Day)

The sec-
ond dose 
of warfarin 
(Day)

CTR20****52 15 26 1 19
CTR20****40 14 24 1 18
CTR20****52 9 24 3 16
CTR20****91 8 28 1 22
CTR20****90 6 56 1 22
CTR20****86 7 26 1 21

Fig. 5  Administration time points for itraconazole and investigational drugs. Green triangles indicate the dosing times for investigational drugs, red 
circles mark the start of itraconazole administration, and blue circles denote its end. The numbers in the blue boxes represent the time interval from the 
start of itraconazole to the administration of the investigational drug
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trials on drug interactions. We collected the data for DDI 
clinical trials conducted in mainland Chinese from Sep-
tember 6, 2013 to December 31, 2022.

Only a few DDI clinical trials were conducted before 
2015. After 2017, DDI clinical trials increased greatly. 
This coincided with the introduction of China’s regu-
latory reform measures in July 2015, which eased the 
backlog of applications and encouraged pharmaceutical 
innovation [8]. The 50% increase in DDI trials post-2021 
guidelines (54 vs. 36 trials annually) directly informed 
NMPA’s ongoing efforts to harmonize with ICH M12 
standards. This trend reduced reliance on foreign data, 
accelerating domestic drug approvals [8]. After 2019, 
the Regulations on the Administration of Drug Clini-
cal Trial Institutions in 2020 promoted the standardiza-
tion and scientific design of drug clinical trial protocols 
in China, and the number of DDI clinical trial registra-
tions increased [11]. The “Technical Guidelines for Drug 
Interaction Research” published in January 2021 compre-
hensively describe the evaluation of drug interactions for 
drug research and development [10]. These guidelines, 
which were implemented through public consultations 
as a pilot procedure in China, reflect the latest scien-
tific knowledge and recommendations on appropriate 
methods for evaluating DDIs during new drug develop-
ment and the provision of information about DDIs in the 
drug specifications. The guidelines include a list of sub-
strates, inhibitors, and inducers of cytochrome P450s 
and transporters that should be used as index drugs or 
typical drugs in DDI clinical trials. The implementation 
of these regulatory policies has mandated comprehensive 
DDI clinical trials as a prerequisite for new drug approval 
while establishing standardized guidelines for protocol 
design, thereby enhancing the technical and operational 
efficiency of DDI clinical evaluations. This regulatory 
advancement ensures systematic characterization of drug 
interaction profiles through scientifically rigorous trial 
designs, ultimately strengthening the evidence base for 
therapeutic safety assessments throughout drug develop-
ment pipelines.

In 2022, the number of DDI clinical trials in China 
decreased, which we speculate may be the result of a 
combination of factors. These include increased global 
economic uncertainty leading to budget cuts for DDI 
trials by companies, advancements in computer simula-
tions (such as PBPK) and in vitro research technologies 
that allow DDI clinical trials to be replaced by simulation 
techniques or in vitro experiments, and the impact of the 
COVID-19 pandemic. Looking ahead, it is anticipated 
that the number of DDI trials may experience a resur-
gence as the policy environment undergoes optimiza-
tion, technological methodologies continue to advance, 
and market demands are recalibrated. Nevertheless, the 
landscape of research is expected to evolve, with a shift 

towards more diversified and efficient forms and meth-
ods of investigation.

The trends in DDI clinical trials exert significant dual 
implications for both regulatory frameworks and clini-
cal practice. From a regulatory perspective, shifts in 
DDI clinical trial paradigms have necessitated updates 
to evidence-based guidelines, refinements in risk-bene-
fit assessment methodologies, and optimization of drug 
labeling protocols. These trends further drive adapta-
tions in post-marketing surveillance systems, particu-
larly through risk evaluation and mitigation strategies 
(REMS), when real-world polypharmacy data reveal 
emergent interaction risks requiring urgent regulatory 
intervention. In clinical practice, systematic evaluation 
of DDI patterns informs the adoption of evidence-based 
prescribing practices, facilitates the development of ther-
apeutic monitoring algorithms, and strengthens patient 
education initiatives targeting preventable interactions, 
collectively reducing the burden of adverse drug events. 
These findings underscore the translational significance 
of DDI clinical trial data in bridging pharmacovigilance 
systems with clinical safety optimization, thereby advanc-
ing the integration of drug safety surveillance into preci-
sion therapeutic decision-making.

The clinical centers conducting DDI clinical trials were 
unevenly distributed in China. Jilin, Beijing, and Jiangsu 
carried out the largest number of DDI clinical trials. This 
geographical disparity reflects the uneven distribution of 
clinical research resources in China, with resources being 
given priority to principal investigators [24]. The First 
Hospital of Jilin University of Jilin Province conducted 
the largest number of DDI clinical trials. This disparity 
may lead to limitations in the generalizability of research 
findings and exacerbate regional disparities in research 
capabilities. Moving forward, the implementation of 
policy support, the promotion of multicenter studies, the 
application of digital technologies, and the enhancement 
of clinical research capacities in resource-limited regions 
hold promise for achieving a more balanced allocation of 
resources.

The average implementation time of DDI clinical tri-
als from 2020 to 2022 was 107.16 days, which was 21.33 
days longer than the average implementation time of DDI 
clinical trials from 2013 to 2019. The longer implemen-
tation times is potentially related to a more standardized 
and scientific protocol design. The prolonged implemen-
tation timelines of DDI clinical trials from 2020 to 2022 
may be attributed to heightened regulatory scrutiny, the 
impact of the COVID-19 pandemic, and increased trial 
complexity. While these factors extended trial timelines, 
they concurrently reflect advancements in the scientific 
rigor and standardization of DDI research. Future efforts 
should prioritize optimizing trial workflows to achieve 
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an equilibrium between methodological robustness and 
operational efficiency.

Design of drug-drug interaction clinical trials
As the development of innovative drug research thrives, 
the number of DDI clinical trials is on the rise. Many 
DDI trials have been carried out in accordance with the 
guiding principles, but protocol designs still need further 
improvements. Clinical trials of DDIs related to induc-
ers of CYP3A were often conducted with rifampicin. 
The maximum hepatic CYP3A4 induction after continu-
ous administration of rifampicin was identified from the 
drug interaction database of the University of Washing-
ton [25]. To evaluate the maximum hepatic CYP3A4 
induction, oral rifampicin (600  mg per day) should be 
administered for more than 10 days. However, in the cur-
rent DDI clinical trial registration research in China, the 
duration of rifampicin using to achieve induction effects 
varied greatly, ranging from 5 to 14 days. In most trials, 
rifampicin was administered for only 6–7 days to achieve 
the induction effect. Additionally, the time for adminis-
tering other inducers and probe substrates also varied. 
Although the technical guidelines for DDI studies do not 
explicitly specify the dosing duration of rifampin, they 
clearly state that the administration period of enzyme 
inducers should be optimized based on the induction 
kinetic characteristics of target enzymes and study design 
to ensure stable enzyme induction effects. Accord-
ing to previous studies, the inductive effect of rifampin 
on CYP3A4 typically reaches steady-state after 5 con-
secutive days of administration [26]. Meanwhile, shorter 
durations of rifampin use can reduce adverse reactions 
such as hepatotoxicity. In summary, these considerations 
explain why most DDI clinical trials adopt a rifampin 
dosing period of 6–7 days. Determining the appropriate 
administration time can shorten the duration of clinical 
drug trials and reduce marketing costs.

Clinical DDI trials focused on the inhibition of CYP3A 
were often conducted with ketoconazole. Due to safety 
concerns for ketoconazole, itraconazole is commonly 
used in the United States and Japan in clinical trials [16]. 
In all DDI clinical trials in China, itraconazole was used 
as an inhibitor of the drug-metabolizing enzyme. Various 
itraconazole dosing regimens were used or proposed for 
DDI studies. These include 100 mg once daily for 4 days, 
200 mg once daily for 4 days, 200 mg twice on day 1 fol-
lowed by 200 mg once daily, and 400 mg as a single dose 
[27–29]. The Clinical Pharmacology Leadership Group 
(CPLG) recommends an itraconazole dosing regimen 
of 200 mg once daily, with a 3-day run-in period before 
co-administering the substrate. After the substrate co-
administration (on day 4), itraconazole dosing should 
continue for 4–5 substrate half-lives [20]. In most cases, 
14 days of itraconazole dosing is sufficient to eliminate 

the substrate, based on the persistence of inhibition 
after itraconazole administration. Furthermore, azoles, 
including ketoconazole and itraconazole, often inhibit 
P-gp, breast cancer resistance protein, and CYP3A. Thus, 
intestinal interactions may not be due to CYP3A inhibi-
tion alone [17, 27].

The 2021 DDI guidelines state that DDI clinical trial 
simulation studies can prospectively predict possible 
drug interactions by integrating system-specific and 
drug-specific parameters using modeling and simulation 
techniques and software, such as physiologically based 
pharmacokinetic (PBPK) models. For example, to pre-
dict the effects of a moderate to weak inhibitor/inducer 
on a drug (usually after knowing that the inhibitory 
agent or inducer can significantly affect the drug), the 
PBPK model should be fully validated with clinical DDI 
pharmacokinetic data for the inhibitor/inducer [30, 31]. 
The validated PBPK model can then be used to predict 
the effects of moderate to weak inhibitors/inducers. The 
feasibility of using the PBPK model should be discussed 
with the regulatory authorities. At present, many studies 
have focused on the construction of drug interaction pre-
diction models, but the sensitivity and specificity of these 
models should be verified [32–35].

The frequency of pharmacokinetic DDIs may be higher 
than that implied by the PBPK models because in vitro 
studies for these enzymes have not been routinely con-
ducted until recently. Thus, only limited clinical DDI 
studies have been performed [2]. In the case of a drug 
with significant metabolic contributions from polymor-
phic P450 enzymes, genetic polymorphisms should also 
be considered when designing protocols for DDI clinical 
trials.

We acknowledged three primary limitations in this 
study: First, the cross-sectional design precludes causal 
interpretation of temporal trends. Second, ethnic phar-
macogenomic factors influencing DDI susceptibility were 
not captured in registry entries. Third, the predominance 
of healthy volunteer studies (90.4%) may limit generaliz-
ability to patient populations, particularly for drugs with 
disease-state-dependent pharmacokinetics. Future trials 
should prioritize patient-centered assessment of DDI in 
late-stage studies, and follow-up studies should integrate 
real-world therapeutic drug monitoring data to address 
these gaps.

Conclusions
This study summarized the clinical trials on drug interac-
tions in China. As the number of innovative drugs con-
tinues to grow and the guidelines on drug registration 
and marketing are updated, clinical DDI trials have grad-
ually increased in recent years. The design of new clinical 
DDI trials is based on the guidelines; however, the dura-
tion of interacting drug administration still varies widely. 
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Optimizing protocol designs can shorten the implemen-
tation period of clinical trials and reduce the costs of 
drug marketing.

Abbreviations
DDI	� Drug-drug interaction
CDE	� Center for Drug Evaluation
FDA	� The US Food and Drug Administration
EMA	� European Medicines Agency
PMDA	� Pharmaceuticals and Medical Devices Agency
ICH	� The International Conference on Harmonization
INDs	� Investigational new drugs
CYPs	� Cytochrome P450s
P-gp	� P-glycoprotein
CPLG	� The Clinical Pharmacology Leadership Group
PBPK	� Physiologically based pharmacokinetic

Acknowledgements
Not applicable.

Author contributions
Study design: RD, RH Literature search: JZ, ML, SL Data collection: JZ, JW, 
JL Analysis of data: JZ, JW Manuscript preparation: JZ, JW Review of the 
manuscript: RD, RH.

Funding
This work was supported by the National Key Research and Development 
Program of China (No. 2024YFF1207000).

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 16 January 2025 / Accepted: 17 March 2025

References
1.	 Yu J, Ritchie TK, Mulgaonkar A, et al. Drug disposition and drug-drug interac-

tion data in 2013 FDA new drug applications: a systematic review. Drug 
Metab Dispos. 2014;42:1991–2001.

2.	 Maeda K, Hisaka A, Ito K, et al. Classification of drugs for evaluating drug 
interaction in drug development and clinical management. Drug Metab 
Pharmacokinet. 2021;41:100414.

3.	 Guidance for Industry (fda.gov) (Clinical drug interaction Studies – Cyto-
chrome P450 Enzyme- and Transporter-Mediated Drug Interactions Guid-
ance for Industry). 2020.

4.	 Agency EM. ICH M12 on drug interaction studies - Scientific guideline. 
Volume 2022

5.	 Agency PaMD. Guideline on drug interaction for drug development and 
appropriate provision of information. 2019.

6.	 Huang SM, Strong JM, Zhang L, et al. New era in drug interaction evaluation: 
US food and drug administration update on CYP enzymes, transporters, and 
the guidance process. J Clin Pharmacol. 2008;48:662–70.

7.	 Zhao P, Rowland M, Huang SM. Best practice in the use of physiologically 
based Pharmacokinetic modeling and simulation to address clinical Pharma-
cology regulatory questions. Clin Pharmacol Ther. 2012;92:17–20.

8.	 Su X, Wang H, Zhao N, et al. Trends in innovative drug development in China. 
Nat Rev Drug Discov. 2022;21:709–10.

9.	 Chen C, Lou N, Zheng X, et al. Trends of phase I clinical trials of new drugs 
in Mainland China over the past 10 years (2011–2020). Frontiers in Medicine 
2021;8.

10.	 Center for Drug Evaluation N. Technical guidelines for drug interaction stud-
ies (Trial). Center for Drug Evaluation, NMPA. 2021.

11.	 Regulations on the. Administration of Drug Clinical Trial Institutions. Volume 
2019.

12.	 Administration NMP. Good quality management for drug clinical trials. 2020.
13.	 Bolleddula J, Gopalakrishnan S, Hu P, et al. Alternatives to rifampicin: A review 

and perspectives on the choice of strong CYP3A inducers for clinical drug-
drug interaction studies. Clin Transl Sci. 2022;15:2075–95.

14.	 Niemi M, Backman JT, Fromm MF, et al. Pharmacokinetic interactions with 
rifampicin: clinical relevance. Clin Pharmacokinet. 2003;42:819–50.

15.	 Piérard GE, Arrese JE, Piérard-Franchimont C. Itraconazole Expert Opin Phar-
macother. 2000;1:287–304.

16.	 Liu L, Bello A, Dresser MJ, et al. Best practices for the use of Itraconazole 
as a replacement for ketoconazole in drug-drug interaction studies. J Clin 
Pharmacol. 2016;56:143–51.

17.	 Heiskanen T, Backman JT, Neuvonen M, et al. Itraconazole, a potent inhibitor 
of P-glycoprotein, moderately increases plasma concentrations of oral mor-
phine. Acta Anaesthesiol Scand. 2008;52:1319–26.

18.	 Gupta A, Unadkat JD, Mao Q. Interactions of Azole antifungal agents with the 
human breast cancer resistance protein (BCRP). J Pharm Sci. 2007;96:3226–35.

19.	 Hakooz NM. Caffeine metabolic ratios for the in vivo evaluation of CYP1A2, 
N-acetyltransferase 2, Xanthine oxidase and CYP2A6 enzymatic activities. 
Curr Drug Metab. 2009;10:329–38.

20.	 Wiebe ST, Huennemeyer A, Kadus W, et al. Midazolam microdosing applied 
in early clinical development for drug-drug interaction assessment. Br J Clin 
Pharmacol. 2021;87:178–88.

21.	 Akamine Y, Yasui-Furukori N, Uno T. Drug-Drug interactions of P-gp substrates 
unrelated to CYP metabolism. Curr Drug Metab. 2019;20:124–9.

22.	 Nader AM, Foster DR. Suitability of Digoxin as a P-glycoprotein probe: impli-
cations of other transporters on sensitivity and specificity. J Clin Pharmacol. 
2014;54:3–13.

23.	 Fung E, Patsopoulos NA, Belknap SM, et al. Effect of genetic variants, espe-
cially CYP2C9 and VKORC1, on the Pharmacology of warfarin. Semin Thromb 
Hemost. 2012;38:893–904.

24.	 Chen C, Lou N, Zheng X, et al. Trends of phase I clinical trials of new drugs in 
Mainland China over the past 10 years (2011–2020). Front Med (Lausanne). 
2021;8:777698.

25.	 Kapetas AJ, Sorich MJ, Rodrigues AD, et al. Guidance for rifampin and mid-
azolam dosing protocols to study intestinal and hepatic cytochrome P450 
(CYP) 3A4 induction and de-induction. Aaps J. 2019;21:78.

26.	 Niemi M, Backman JT, Neuvonen M, et al. Rifampin decreases the 
plasma concentrations and effects of repaglinide. Clin Pharmacol Ther. 
2000;68:495–500.

27.	 Ke AB, Zamek-Gliszczynski MJ, Higgins JW, et al. Itraconazole and clarithro-
mycin as ketoconazole alternatives for clinical CYP3A Inhibition studies. Clin 
Pharmacol Ther. 2014;95:473–6.

28.	 Templeton I, Peng CC, Thummel KE, et al. Accurate prediction of dose-
dependent CYP3A4 Inhibition by Itraconazole and its metabolites from in 
vitro Inhibition data. Clin Pharmacol Ther. 2010;88:499–505.

29.	 Kivistö KT, Kantola T, Neuvonen PJ. Different effects of Itraconazole on 
the pharmacokinetics of Fluvastatin and Lovastatin. Br J Clin Pharmacol. 
1998;46:49–53.

30.	 Bolleddula J, Ke A, Yang H, et al. PBPK modeling to predict drug-drug interac-
tions of Ivosidenib as a perpetrator in cancer patients and qualification of the 
simcyp platform for CYP3A4 induction. CPT Pharmacometrics Syst Pharma-
col. 2021;10:577–88.

31.	 Hanke N, Frechen S, Moj D, et al. PBPK models for CYP3A4 and P-gp DDI 
prediction: a modeling network of rifampicin, Itraconazole, clarithromycin, 
Midazolam, alfentanil, and Digoxin. CPT Pharmacometrics Syst Pharmacol. 
2018;7:647–59.

32.	 Dai Y, Guo C, Guo W et al. Drug-drug interaction prediction with wasserstein 
adversarial autoencoder-based knowledge graph embeddings. Brief Bioin-
form 2021;22.

33.	 Dmitriev AV, Filimonov DA, Rudik AV, et al. Drug-drug interaction prediction 
using PASS. SAR QSAR Environ Res. 2019;30:655–64.



Page 11 of 11Zhang et al. BMC Pharmacology and Toxicology           (2025) 26:66 

34.	 Kumar Shukla P, Kumar Shukla P, Sharma P, et al. Efficient prediction of drug-
drug interaction using deep learning models. IET Syst Biol. 2020;14:211–6.

35.	 Zhang W, Chen Y, Li D, et al. Manifold regularized matrix factorization for 
drug-drug interaction prediction. J Biomed Inf. 2018;88:90–7.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Trends in drug-drug interactions for new drug clinical trials in China over the past 10 years (2013–2022)
	﻿Abstract
	﻿Clinical trial number
	﻿Introduction
	﻿Methods
	﻿Results
	﻿Annual changes in drug-drug interaction clinical trials
	﻿Geographical distribution of drug-drug interaction clinical trials
	﻿Duration of drug-drug interaction clinical trials
	﻿Drug-metabolizing enzyme-specific inducers
	﻿Drug-metabolizing enzyme-specific inhibitors
	﻿Drug-metabolizing enzyme probe substrates

	﻿Discussion
	﻿Trends in clinical trials of drug-drug interactions in Mainland China
	﻿Design of drug-drug interaction clinical trials

	﻿Conclusions
	﻿References﻿


