
Frontiers in Pharmacology | www.frontiers

Edited by:
Constantin Mircioiu,

Carol Davila University of Medicine and
Pharmacy, Romania

Reviewed by:
Yurong Lai,

Gilead, United States
Stanislav Yanev,

Bulgarian Academy of Sciences (BAS),
Bulgaria

*Correspondence:
Jianming Guo

njuguo@njucm.edu.cn
Jinao Duan

dja@njucm.edu.cn

Specialty section:
This article was submitted to

Drug Metabolism and Transport,
a section of the journal

Frontiers in Pharmacology

Received: 28 June 2020
Accepted: 10 September 2020

Published: 02 October 2020

Citation:
Li J, Lu J, Peng Y,

Xu X, Chen C, Gao M, Lin L,
Guo J and Duan J (2020)

Characteristic and Mechanism
of Drug-Herb Interaction

Between Acetylsalicylic Acid and
Danhong Injection Mediated by

Organic Anion Transporters.
Front. Pharmacol. 11:577012.

doi: 10.3389/fphar.2020.577012

ORIGINAL RESEARCH
published: 02 October 2020

doi: 10.3389/fphar.2020.577012
Characteristic and Mechanism
of Drug-Herb Interaction Between
Acetylsalicylic Acid and Danhong
Injection Mediated by Organic
Anion Transporters
Jianping Li1,2, Jingbo Lu1,2, Yin Peng1,2, Xuejun Xu1,2, Chenkai Chen1,2, Ming Gao3,
Ling Lin3, Jianming Guo1,2* and Jinao Duan1,2*

1 Jiangsu Collaborative Innovation Center of Chinese Medicinal Resources Industrialization, Nanjing University of Chinese Medicine,
Nanjing, China, 2 Jiangsu Key Laboratory for High Technology Research of TCM Formulae, Nanjing University of Chinese
Medicine, Nanjing, China, 3 Pharmaceutical Department, East Region Military Command General Hospital, Nanjing, China

The mixture of Salvia miltiorrhiza and Carthamus tinctorius (Danhong injection, DHI) is
widely prescribed in China for the treatment of cardiovascular and cerebrovascular
diseases. In most cases, DHI is used in combination with acetylsalicylic acid (aspirin,
ASA). However, the interaction between DHI and ASA remains largely undefined. The
purpose of this study is to explore the interaction profile and mechanism between DHI and
ASA. The frequency of drug combination of DHI and ASA was analyzed based on 5,183
clinical cases. The interaction characteristics were evaluated by analyzing the
pharmacokinetics and disposition profile of salicylic acid (SA, the primary metabolite of
ASA) in rats. The interaction mechanisms were explored through evaluating the hydrolysis
of ASA regulated by ASA esterase, the tubular secretion of SA mediated by influx and
efflux transporters, and the tubular reabsorption of SA regulated by urinary acidity-
alkalinity. The inhibitory potential of DHI on organic anion transporters (OATs) was
further verified in aristolochic acid I (AAI) induced nephropathy. Clinical cases analysis
showed that DHI and ASA were used in combination with high frequency of 70.73%. In
drug combination of DHI and ASA, the maximum plasma concentration of SA was
significantly increased by 1.37 times, while the renal excretion of SA was significantly
decreased by 32.54%. The mechanism study showed that DHI significantly inhibited the
transport function, gene transcription and protein expression of OATs. In OATs mediated
AAI nephropathy, DHI significantly reduced the renal accumulation of AAI by 55.27%, and
alleviated renal damage such as glomerulus swelling, tubular blockage and lymphocyte
filtration. In drug combination of DHI and ASA, DHI increased the plasma concentration of
SA not through enhancing the hydrolysis of ASA, and the tubular reabsorption of SA was
not significantly affected. Inhibition of tubular secretion of SA mediated by OATs might be
the reason that contributes to the decrease of SA renal excretion.

Keywords: organic anion transporter, drug interaction, acetylsalicylic acid (aspirin), Danhong injection, salicylic
acid, aristolochic acid
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INTRODUCTION

Drug-drug interaction (DDI) refers to the pharmacokinetics and
pharmacodynamics characteristics alteration of one drug
induced by the presence of other drugs. Unanticipated DDIs
are suggested to be the major causes of uncontrollable efficacy
and safety issues associated with prescription drugs. For
example, probenecid, one of the mostly recognized inhibitors
of organic anion transporters (OATs), would delay the OATs
mediated tubular secretion of penicillin and thus enhance the
antibacterial effect of penicillin (Robbins et al., 2012).
Conversely, mibefradil, a calcium channel blocker, has been
withdrawn from the market because of its potent inhibitory
effect on cytochrome P450 that leads to severe clinical risks of
rhabdomyolysis during its concurrent treatment with
simvastatin (Schmassmann-Suhijar et al., 1998). Therefore, it is
important to understand the profile and mechanism of DDIs in
order to ensure the drug safety and efficacy.

Acetylsalicylic acid (aspirin, ASA) is a representative
antiplatelet drug and is widely prescribed to prevent first-time
cardiovascular disease in high-risk patients at low daily doses.
ASA could also be used as a classic analgesic and anti-
inflammatory agent at higher daily doses. Danhong injection
(DHI) is the aqueous extract of two Chinese medicines, the radix
and rhizome of Salvia miltiorrhiza Bunge (Labiatae) and the dry
flower of Carthamus tinctorius L. (Asteraceae). DHI is widely
prescribed in China for the treatments of cardiovascular and
cerebrovascular disease such as myocardial infarction and
cerebral thrombosis. Salvianolic acids such as lithospermic acid
(LA), protocatechuic aldehyde (PA), salvianolic acid A (SaA),
salvianolic acid B (SaB), rosmarinic acid (RA), tanshinol (DSS),
and caffeic acid (CA) are primary components of DHI (Liu et al.,
2013; Li et al., 2016a).

DHI and ASA were widely used in combination in clinic for the
treatment of cerebral infarction and coronary heart diseases (Du
et al., 2011), it is important to determine whether there is an herb-
drug interaction between DHI and ASA, and whether this
interaction potential would influence the drug efficacy and safety.
Our previous studies have revealed the herb-drug interaction
between DHI and ASA by metabolomics strategy and
multivariate statistical analysis (Li et al., 2016b), and have
suggested that DHI could alleviate ASA-induced gastric mucosal
damage during drug combination of DHI andASA (Li et al., 2016a).
The present study aimed to evaluate the herb-drug interaction
profile between DHI and ASA by pharmacokinetics analysis, and to
explore the mechanisms of potential interactions.
MATERIALS AND METHODS

Materials and Animals
ASA (purity ≥ 99%) was purchased from Aladdin Chemistry Co.,
Ltd. (Shanghai, China). Standards of salicylic acid (SA), SaA, SaB,
RA, DSS, PA, CA, and LA (HPLC ≥ 98%) were purchased from
Chinese Materials Research Center (Nanjing, China). Aristolochic
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acid (AAI), estrone sulfate (ES), para-aminohippurate (PAH), and
probenecid (purity ≥ 99%) were purchased from Sigma-Aldrich Co.
LLC. (St. Louis, USA). Liver microsome of male Sprague-Dawley
(SD) rat was purchased from Research Institute for Liver Disease
Co., Ltd. (Shanghai, China). Transgenic HEK293 cell lines stably
overexpressing human OAT1 (Cat. No. GM1003) and OAT3 (Cat.
No. GM1004) were supplied by GenoMembrane Lo. Ltd.
(Yokahama, Janpan).

DHI was provided by Buchang Pharma Co., Ltd., China
(Shandong, China; Lot Number: 15081038). Chromatographic
fingerprint of DHI was established by UHPLC-PDA-QTOF/MS
analysis (Figure S1). Seven peaks were identified as SaA, SaB, RA,
DSS, PA, CA, and LA by comparing retention time, UV spectrum
and MS fragment with corresponding standards (Figure S2). SaA,
SaB, RA, DSS, PA, CA, and LA are primary components of DHI,
and the concentrations of SaA, SaB, RA, DSS, PA, CA, and LA in
DHI were 41.73 ± 1.83, 410.42 ± 4.91, 21.40 ± 0.32, 173.98 ± 5.34,
24.37 ± 0.41, 1.03 ± 0.01, and 1.17 ± 0.02 mg/ml, respectively.

Specific Pathogen Free (SPF) male SD rats weighting 350–400
g and male C57BL/6 mice weighting 25–30 g were purchased
from Vital River Laboratory Animal Technology Co. Ltd.
(Beijing, China; License Number: SCXK (Jing) 2012-0001). All
animals were kept in the Drug Safety Evaluation Center of
Nanjing University of Chinese Medicine (Nanjing, China).
Experiments conducted on animals were approved by the
Animal Ethics Committee of Nanjing University of Chinese
Medicine, and performed in compliance with the Guide for the
Care and Use of Laboratory Animals.

Analysis of Clinical Cases
Clinical cases of DHI in Nanjing General Hospital of People’s
Liberation Army from July 2012 to July 2017 were collected, and
the cases with missing information such as medication time,
administration dosage and combination drugs were excluded.
The drugs that used in combination with DHI were placed in
order according to their number of cases. The time interval
between DHI and the drug that most commonly used in
combination with DHI (i.e. ASA) was further analyzed. The
results obtained from clinical case analysis were prepared for the
further experiment design of herb-drug interaction between DHI
and ASA that conducted on rats.

Experimental Design of Drug-Herb
Interaction Between DHI and ASA
Twelve male SD rats weighting 350–400 g were randomly divided
into two groups, rats in Group ASA were administrated with ASA
solution (10.41 mg/kg) intragastrically; rats in Group DHI-ASA
were injected with DHI (4.16 ml/kg) through caudal vein
immediately after the administration of ASA solution (10.41
mg/kg). All rats were administrated daily at scheduled time
(9:00–10:00 a.m.) for 14 consecutive days (Figure 1C). In this
study, a total of two cohorts of animal experiment were performed,
one cohort was for the evaluation of pharmacokinetic profile of
SA, and the other was for the assays of renal excretion of SA, pH
value of urine, gene transcription, and protein expression
of OATs.
October 2020 | Volume 11 | Article 577012

https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Li et al. Drug-Herb Interaction Mediated by OATs
Blood was sampled from retrobulbar venous plexus of each rat at
different time points (1, 5, 15, 30, 45 min, 1, 1.5, 2, 4, 6, 9, 12, and
24 h after the last administration). The blood volume of each
collection was 0.3 ml, and the blood was placed in a PE tube
containing 33 ml of sodium citrate solution (3.8%, w/v). During the
process of blood sampling, physiological saline was injected
intraperitoneally every two hours to maintain the circulating
blood volume of rats (Diehl et al., 2001). The blood samples were
centrifuged at 13,000 rpm/min for 10 min to collect plasma. An
aliquot of 100 ml plasma was pipetted into a new PE tube, andmixed
with 100 ml of internal standard solution (diphenhydramine, 0.71
mg/ml) and 200 ml of methanol thoroughly. The mixture was
centrifuged (13,000 rpm/min, 10 min) to obtain the supernatant
for determination of SA concentration by UHPLC-MS/MS analysis.

Determination of Inhibition Potential of
DHI on the Activity of ASA Esterase
To determine the effect of DHI on the activity of plasma ASA
esterase in vivo, twelve male SD rats weighting 350–400 g
were randomly divided into two groups, rats in Group CTL
were supplied with food and water regularly; rats in Group DHI
were injected with DHI (4.16 ml/kg) through caudal vein daily for
14 consecutive days. On the 15th day, blood was sampled from the
retrobulbar venous plexus of each rat, and mixed with sodium
citrate solution (3.8%, w/v) to obtain plasma. An aliquot of 100 ml
plasma were pipetted into a new PE tube, and mixed with 10 ml of
ASA hydrochloride solution (100 mM) and 890 ml of Tris buffer
(pH 7.4) thoroughly. Themixture was incubated at 37°C in a water
bath for 20 min. Then an aliquot of 100 ml reaction solution was
mixed with an equal volume of internal standard solution
(diphenhydramine, 0.71 mg/ml) thoroughly to stop the reaction
and to precipitate the protein. The mixture was centrifuged at
13,000 rpm/min for 10 min to obtain the supernatant for
determination of SA concentration by UHPLC-MS/MS. One
unit of ASA esterase activity (U) was defined as the production
of 1 mmol of SA in a reaction system with the substrate
concentration of 1 mM, pH of 7.4 and temperature of 37°C per
minute and per milliliter of plasma. Furthermore, to clarify the
relationship between the plasma concentration of DHI and the
inhibition effect on ASA esterase, rats in Group DHI were injected
with DHI (4.16 ml/kg) through caudal vein after the first blood
collection, and plasma was sampled at different time points (1, 15,
and 60 min after the single injection of DHI) for determination of
the activity of ASA esterase.

To determine the effect of DHI on the activity of plasma ASA
esterase in vitro, a total of 1.8 ml fresh blank plasma of male SD
rat was divided into 18 aliquots. The aliquots were randomly
divided into three groups as follows (n = 6): Group CTL, no DHI
was added to the reaction system; Group DHI-1, 10 ml of DHI
was added to the system and the final concentration of DHI was
100-fold dilution of the original DHI; Group DHI-2, 100 ml of
DHI was added to the incubation system and the final
concentration of DHI was 10-fold dilution of the original DHI.
Furthermore, to determine the effect of DHI on the activity of
ASA esterase in liver microsome, a total of 450 ml of blank liver
microsome of male SD rat was divided into three group as that in
Frontiers in Pharmacology | www.frontiersin.org 3
the assay of plasma ASA esterase (five aliquots of 30 ml in each
group, n = 5). The activity of ASA esterase in plasma and liver
microsomes was determined according to the method detailed
above in vivo study.

Determination of SA Renal Excretion and
Urinary pH Value
Rats were housed in metabolism cages immediately after the last
administration, and urine samples of each rat were collected on
ice at different time periods (0–5, 5–10, and 10–24 h). The urine
samples were centrifuged at 3,000 rpm/min for 10 min to
precipitate impurities, and the urinary pH value was detected
by pH meter. Meanwhile, an aliquot of 400 ml supernatant was
mixed with 100 ml of methanol thoroughly to precipitate some
protein, and the final supernatant was obtained for the
determination of SA concentration by UHPLC-MS/MS analysis.

Determination of the Effect of DHI
on Gene Transcription and Protein
Expression of OATs
Rats were sacrificed after the last administration, and kidneys of
each rat were sampled for qPCR and Western blot analysis to
evaluate the gene expression and protein levels of OAT1, OAT2,
and OAT3, respectively. The primer sequences of rOAT1,
rOAT2, and rOAT3 were detailed in Table 1.

Human embryonic kidney 293 wild type cell lines (HEK293)
were seeded at the density of 5×105 cell/well in six-well plates, and
cultured for 24 h in a humidified incubator (37°C, 5% CO2). The
spent culture medium was removed, and 2 ml of fresh medium
containing DHI (1000, 500, 100, 50, and 20-fold dilution of DHI)
or salvianolic acids (SaA, SaB, RA, DSS, PA, CA, and LA; 50 mM)
was added to each well (n = 6). Finally, the cells were lysed with
RNA lysis buffer after the incubation for 24 h, and the total RNA
was collected for qPCR analysis. The primer sequences of hOAT1,
hOAT2, and hOAT3 were detailed in Table 1.

Determination of the Effect of DHI on
Transport Function of OATs
Transgenic HEK293 cell lines stably overexpressing OAT1 and
OAT3 were cultured in high glucose DMEM containing 10% of
fetal bovine serum, 1% of penicillin-streptomycin and 0.5 mg/ml
of geneticin. The cells were seeded at the density of 1×106 cell/
TABLE 1 | Primer sequences of rat OATs (rOAT1, rOAT2, and rOAT3) and
human OATs (hOAT1, hOAT2, and hOAT3).

Primer Sequence (5’-3’)

rOAT1 (S) TCAACTGCATGACACTAAATGTG; (AS)
AGCCTTCCTGAGGAGGAGTA

rOAT2 (S) ATCATTGTGCTCCCACTGGAG; (AS)
CTCCACACGACCCTGGGTTA

rOAT3 (S) CAGCATCTCGGGCATTTCTC; (AS) TACCCACCAGGACAACAAGG
hOAT1 (S) GCCTTCTTCATCTACTCCTGG; (AS) CCCGGAGTACCTCCATACT
hOAT2 (S) CCTCCAAGCTGCTGGTCTAC; (AS)

CAGGTAGGCAGTGGTGAAGG
hOAT3 (S) GCTGAGCTGCCCTACTACAG; (AS)

CGAGAAGGTCATGGCACTGG
October 2020 | Volume 11 | Article 577012
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well in 24-well plates, and transport experiments were performed
when the cell density reached 80–90%. Spent culture medium
was removed and cells were washed with pre-warmed HEPES
buffer (50 mM of HEPES, 250 mM of NaCl, 9.6 mM of KCl, 11.2
mM of D-(+)-glucose, 2.4 mM of CaCl2, 2.4 mM of KH2PO4,
and 2.4 mM of MgSO4; pH 7.4). Then the wash buffer was
discarded and 0.25 ml of fresh HEPES buffer containing DHI and
substrates was added to each well. There were eight
concentrations of DHI prepared through diluting the original
DHI by 2×104, 1×104, 2×103, 1×103, 500, 100, 20, and 10 times
with physiological saline, respectively. The substrates of OAT1
and OAT3 were PAH (20 mM) and ES (20 mM), respectively. The
transport system of positive control (PC) consisted of substrates
and probenecid (20 mM), probenecid was a recognized inhibitor
of both OAT1 and OAT3, while that blank control (CTL)
containing only the substrates. Immediately after the
incubation of 10 min, the cells were washed with pre-cooled
HEPES buffer for three times, and then lysed with 0.15 ml of
NaOH solution (1M) per well for 30 min at room temperature
(25°C). When the cells were completely lysed, an equal amount
of HCl solution (1M) was added to neutralize the lysate. An
aliquot of the lysate was sampled to determine the protein
concentration by Pierce® BCA protein assay kit (ThermoFisher
Scientific, Cat. No. 23225), and the remaining lysate was used to
determine the concentration of PAH (Liu et al., 2012) and ES
(Corona et al., 2010) by UHPLC-MS/MS. The uptake rates of
OAT1 and OAT3 were calculated according to the concentrations
of PAH and ES in lysate, respectively, which detailed as follows:
Uptake rate (pmol/mg/min) = Substrate concentration/(Protein
concentration × Incubation time).

Experimental Design of Drug Interaction
Between DHI and AAI
Twenty-four male SD rats weighting 350–400 g were randomly
divided into two groups as follows (n = 12): rats in Group AAI
were injected with physiological saline (4.16 ml/kg) through
caudal vein 30 min before intraperitoneal injection of AAI (10
mg/kg); rats in Group AAI-DHI were injected with DHI (4.16
ml/kg) through caudal vein 30 min before intraperitoneal
injection of AAI (10 mg/kg). The rate of caudal vein injection
was controlled at about 1 ml/min. After the single administration
of AAI and/or DHI, half of the rats in each group were sacrificed
and kidneys were sampled for AAI quantification by UHPLC-
MS/MS. The other half of the rats were used for blood collection
at different time points (15, 30, 45, 60, 90, and 120 min after the
injection of AAI), and the plasma samples were prepared for
determination of AAI concentration by UHPLC-MS/MS.

Twenty-four male C57BL/6 mice weighting 25–30 g were
randomly divided into three groups as follows (n = 8): mice in
Group CTL were supplied with food and water regularly; mice in
Group AAI were injected with AAI solution (10 mg/kg)
intraperitoneally; mice in Group AAI-DHI were injected with
DHI (6.01 ml/kg) through caudal vein 30 min before
intraperitoneal injection of AAI (10 mg/kg). All mice were
administrated daily at scheduled time (9:00–10:00 a.m.) for seven
consecutive days. On the 8th day, plasma was sampled from
Frontiers in Pharmacology | www.frontiersin.org 4
abdominal aorta of each mouse for the detection of creatinine
level, and kidneys were collected and fixed in 10% of formalin buffer
for hematoxylin-eosin staining (HE).

Statistical Analysis
All data were expressed as means ± S.E.M. Differences among
groups were analyzed by one-way ANOVA test. Statistical
significant difference was set as P<0.05, and very significant
difference was set as P <0.01.
RESULTS

DHI Was Used in Combination With ASA
With High Frequency in Clinic
A total of 5,183 clinical cases of DHI in Nanjing General Hospital of
People’s Liberation Army from July 2012 to July 2017 were
collected, and the analysis results revealed that 473 kinds of drugs
might be used in combination with DHI for the treatment of
cerebrovascular and cardiovascular diseases such as cerebral
infarction and coronary heart disease. Among the 473 kinds of
drugs, ASA was the drug that most commonly used in combination
with DHI, and the frequency of drug combination was 70.73%
(Figure 1A), which was in accordance with the conclusion reported
in previous studies (Du et al., 2011). Top ten drugs that commonly
used in combination with DHI were ASA, clopidogrel, oxiracetam
injection, atorvastatin calcium, mecobalamin injection and tablet,
rosuvastatin calcium, heparin sodium injection, lidocaine injection,
fasudil injection, and phenobarbital injection.

The Pharmacokinetics Profile of SA Was
Influenced During Drug Combination of
DHI and ASA
In the drug combination of DHI and ASA, the plasma
concentration of SA was significantly increased at different
time points (Figure 1D). The area under concentration-time
curve (AUC0-t) and the maximum plasma concentration of SA
(Cmax) was 2.57 and 2.37 times than that in single administration
of ASA, respectively (Figure 1D; P<0.01).

In this herb-drug interaction experiment that performed on
rats, DHI and ASA were administrated simultaneously, because
as for 44.71% of the patients, the time interval between the use of
DHI and ASA was counted to be zero according to the results
of clinical case analysis (Figure 1B). The administration dose of
DHI and ASA were designed based on the clinical conclusion
reported previously (Chen et al., 2011), and the daily doses of
DHI (4.16 ml/kg) and ASA (10.41 mg/kg) were equivalent to a
60 kg person taking 40 ml of DHI and 100 mg of ASA daily.

DHI Increased the Plasma Concentration
of SA Not Through Enhancing ASA
Esterase Activity
The activity of plasma ASA esterase was significantly inhibited by
9.01% when rats were treated with DHI for 14 consecutive days
(Figure 2A; P < 0.05), and the inhibition effect of DHI was fading
October 2020 | Volume 11 | Article 577012
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when the plasma concentration of DHI was decreasing with time
(Figure 2B; P < 0.05). Furthermore, the inhibitory effect of DHI
on ASA esterase was confirmed in vitro study, as the activity of
ASA esterase in plasma and liver microsome was significantly
inhibited by DHI in a concentration dependent manner (Figures
2C, D, P < 0.05).

Renal Excretion of SA Was Decreased
During Drug Combination of DHI and ASA
When ASA was used in combination with DHI, the content of
SA excreted in urine in the first five hours was significantly
reduced by 44.44% from 2.43 ± 0.49 to 1.35 ± 0.20 mg (Figure
3A; P < 0.05). As to the accumulative urinary excretion of SA in
0–24 h, the content of SA was significantly decreased by 32.54%
from 2.95 ± 0.45 to 1.99 ± 0.45 mg (Figure 3B; P < 0.01).

The Tubular Reabsorption of SA Was Not
Affected During Drug Combination of DHI
and ASA
A slight decrease of urinary pH value by 0.08 was observed
during drug combination of DHI and ASA as compared with
single administration of ASA (Figure 4A). The proportion of
Frontiers in Pharmacology | www.frontiersin.org 5
ionized SA was further calculated based on the equation 4
(Figure 4C), which was obtained according to the acid-base
proton theory (Equations 1 and 2) and the Henderson-
Hasselbalch formula (Equation 3). The results showed that the
SA was almost totally ionized in urine regardless of whether ASA
was used alone or used in combination with DHI (Figure 4B),
and thus the portion of SA reabsorbed by renal tubular is tiny.

Gene Transcription and Protein
Expression of OATs Were Down-
Regulated by DHI
The gene transcription and protein expression of OAT1 in kidney
were significantly down-regulated during drug combination of DHI
and ASA as compared to single administration of ASA (Figures 5,
S4; P < 0.05). The inhibitory effect of DHI on OATs was further
confirmed in vitro study, as the gene expression of OAT1, OAT2,
andOAT3were significantly inhibited by DHI in HEK293 wild type
cells (Figure 6A; P < 0.01).

To identify the components that contribute to the inhibitory
potency of DHI, the effects of seven salvianolic acids on OATs
gene expression were further analyzed. Salvianolic acids
including SaA, SaB, RA, DSS, PA, CA, and LA are main
A B

D

C

FIGURE 1 | Altered pharmacokinetics profile of SA during drug combination of DHI and ASA. (A) Drugs that commonly used in combination with DHI in clinic (1.
ASA, 2. Clopidogrel, 3. Oxiracetam injection, 4. Atorvastatin calcium, 5. Mecobalamin injection and tablet, 6. Rosuvastatin calcium, 7. Heparin sodium injection, 8.
Lidocaine injection, 9. Fasudil injection, 10. Phenobarbital injection, 11. Amlodipine, 12. Troxerutin injection, 13. Vitamin B1, 14. Edaravone injection, 15. Alprostadil
injection, 16. Pantoprazole injection, 17. Potassium chloride sustained-release tablet, 18. Butylphthalide soft capsule, 19. Vitamin B6); (B) Time interval of drug
combination of DHI and ASA in clinic; (C) Experimental design of herb-drug interaction between DHI and ASA conducted on rats; (D) Pharmacokinetic profile and
parameters of SA. **P < 0.01.
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bioactive components of DHI (Liu et al., 2013). The results
showed that SaA, RA, and SaB significantly down-regulated the
gene expression of OAT1 by 75.21, 75.63, and 65.80%,
respectively; SaA, RA, SaB, LA, CA, PA, and DSS significantly
down-regulated the gene expression of OAT2 by 61.79, 81.48,
57.66, 70.00, 73.66, 53.94, and 52.67%, and down-regulated the
gene expression of OAT3 by 98.02, 98.30, 97.27, 88.70, 66.95,
69.58, and 66.90%, respectively (Figure 6B; P < 0.01).
Frontiers in Pharmacology | www.frontiersin.org 6
Transport Function of OATs Was Inhibited
by DHI
DHI significantly inhibited the uptake of PAH by OAT1 and ES
by OAT3 in transgenic HEK293 cells overexpressing OAT1 and
OAT3. The higher concentration of DHI, the stronger inhibitory
effect on OAT transport function (Figure 7; P < 0.01). As to
transport function of OAT1, even if the 1,000-fold dilution of
DHI decreased the uptake of PAH by 70.35% from 208.00 to
61.67 pmol/mg/min (Figure 7A; P < 0.01). The inhibitory effect
of DHI at high concentration (100, 20, and 10-fold dilution of
DHI) was equivalent to that of positive control (probenecid, 20
mM). The inhibitory effect of DHI on transport function of
OAT3 (IC50: 0.116% of DHI; 95% CI: 0.0991–0.137%; Figure
7B) was suggested to be stronger than that of OAT1 (IC50:
0.759% of DHI; 95% CI: 0.645–0.895%).

DHI Inhibited OATs-Mediated AAI
Transportation and Alleviated AAI
Nephropathy
When AAI was used in combination with DHI in rats, the AAI
content in kidney was significantly decreased from 11.96 to 5.35
ng/mg (Figure 8A; P < 0.05). Accordingly, DHI significantly
increased the plasma concentration of AAI at different time
A B DC

FIGURE 2 | Inhibition potential of DHI on ASA esterase activity. (A) Activity of plasma ASA esterase in vivo when rats were treated with DHI for 14 consecutive days;
(B) Activity of plasma ASA esterase in vivo at different time points (1, 5, and 60 min after DHI treatment); (C) Activity of plasma ASA esterase in vitro; (D) Activity of
liver microsome ASA esterase in vitro. *P < 0.05, **P < 0.01.
A B

FIGURE 3 | Decreased renal excretion of SA during drug combination of DHI
and ASA. (A) Content of SA excreted in urine in different time segments;
(B) Accumulative content of SA excreted in urine in 24 h. *P < 0.05, **P < 0.01.
A B C

FIGURE 4 | Tubular reabsorption of SA was not affected during drug combination of DHI and ASA; (A) pH value of urine; (B) Proportion of ionized SA;
(C) Equations for calculating the proportion of ionized SA.
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points, and the maximum concentration of AAI was increased
from 34.54 to 43.51 mg/ml (Figure 8B; P < 0.05).

The renal damage induced by AAI in mice was mainly
characterized as increased creatinine level (Figure 8C; P <
0.05), glomerulus swelling, tubular blockage, and lymphocyte
infiltration (Figure 8D). When AAI was used in combination
with DHI, the plasma level of creatinine was significantly
decreased from 26.0 to 23.12 mmol/l (Figure 8C; P < 0.05).
Frontiers in Pharmacology | www.frontiersin.org 7
Furthermore, the glomerulus swelling and lymphocyte filtration
were significantly alleviated, and the total damage score was
reduced from 1.8 to 1.4 (Figures 8D, E; P < 0.05).
DISCUSSION

Glomerular filtration, tubular secretion and reabsorption are
primary processes of renal excretion of SA (Figure 9). The SA
in blood circulation enters the glomerulus through afferent
arteriole, and the unbound SA is directly filtered into the
Bowman’s capsule. The SA bound with albumin would be
flowed into peritubular capillaries and transported from
plasma into proximal tubular cells by OATs which are located
in the basolateral membrane of proximal tubular cells. Then SA
in the proximal tubular cells would be excreted into the lumen of
tubule by efflux transporters such as multidrug resistance protein
4 (MRP4; Mattiello et al., 2011), multi drug resistance
transporter 1 (MDR1; Polachek et al., 2010), and mono
carboxylate transporter 1 (MCT1; Tamai et al., 1999), which
are located in the apical membrane of proximal tubule cells. The
molecular form of SA in the urine would be reabsorbed back into
peritubular capillaries, while the SA in ionic form would be
excreted with urine (Weiner et al., 1959; Miners, 1989).

In drug combination of DHI and ASA, the renal excretion of
SA was significantly decreased, which might be caused by the
alteration of SA excretion through glomerular filtration, tubular
secretion or tubular reabsorption. Our results suggested that the
tubular reabsorption of SA was not affected during drug
combination of DHI and ASA. According to the consensus of
ion trapping, the tubular reabsorption of SA is primarily
regulated by the acidity-alkalinity of urine (Proudfoot et al.,
A

B

FIGURE 5 | Inhibitory effect of DHI on OATs in vivo. (A) Gene transcription of
OATs; (B) Protein expression of OATs during drug combination of DHI and
ASA. *P < 0.05.
A

B

FIGURE 6 | Inhibitory effect of DHI and salvianolic acids on OATs in HEK293 wild type cell lines. (A) Down-regulation of gene expression of OAT1, OAT2, and OAT3
by DHI; (B) Down-regulation of gene expression of OAT1, OAT2, and OAT3 by main salvianolic acids in DHI (salvianolic acid A, SaA; rosmarinic acid, RA; salvianolic
acid B, SaB; lithospermic acid, LA; caffeic acid, CA; protocatechuic aldehyde, PA; Tanshinol, DSS). **P < 0.01.
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2003). Because SA is weakly ionized in physiological fluids, and
only the unionized SA with high fat solubility can be absorbed
through the tubule epithelium and the capillary endothelium.
Our data showed a slight decrease of urinary pH value when DHI
was used in combination with ASA. However, SA was almost
totally ionized in urine regardless of whether ASA was used alone
or used in combination with DHI. Therefore, the portion of SA
reabsorbed by renal tubular is tiny.

Salvianolic acids in DHI are considered as strong ligands of
albumin, and the binding ability to human serum albumin of
salvianolic acids are stronger than sodium salicylate (Zhu et al.,
2017). It is possible that the SA bound with albumin in blood
Frontiers in Pharmacology | www.frontiersin.org 8
circulation might be squeezed down by salvianolic acids, and the
proportion of SA directly excreted by glomerular filtration might
be consequently increased. Our data showed that the renal
excretion of SA was significantly decreased during drug
combination of DHI and ASA, which suggested that the
alteration of SA excretion by glomerular filtration might not be
the main contributor.

OATs are suggested to be central to the renal tubular secretion of
SA (Figure 9; Bow et al., 2006; Emami Riedmaeir et al., 2012; Nigam
et al., 2015). OATs belong to the solute carrier 22 subfamily (SLC22)
of major facilitator superfamily (MFS), and are generally considered
as influx transporters that facilitate the movement of substrates
A B

FIGURE 7 | Inhibitory effect of DHI on transport function of OATs in transgenic HEK293 cells overexpressing OAT1 and OAT3. (A) Uptake rate of PAH by OAT1;
(B) Uptake rate of ES by OAT3. **P < 0.01.
A B

D E

C

FIGURE 8 | DHI decreased the renal accumulation of aristolochic acid I (AAI) and alleviated the renal damage induced by AAI. (A) Concentration of AAI in kidney;
(B) Concentration of AAI in plasma; (C) Plasma concentration of creatinine; (D) Histological analysis of renal damage (HE staining, original magnification × 400);
(E) Renal damage score. *P < 0.05, **P < 0.01.
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from blood circulation into the renal tubular epithelial cells (Nigam
et al., 2015). OATs are currently recognized as the most important
membrane transporters and have been demonstrated to be the
important mediator of many DDIs (Emami Riedmaeir et al., 2012).
Our results showed that the gene transcription, protein expression,
and transport function of OATs were significantly down-regulated
by DHI, which might consequently induce the decrease of SA renal
excretion during drug combination of DHI and ASA. However, the
limitation was that the molecular biotechnology applied in this
section such as western blot was not sensitive enough to reveal the
small change of OATs, and the methods with better sensitivity and
reliability such as targeted quantitative proteomics, as well as
application of probe substrates would be applied to confirm the
effect of DHI on OATs in our future study. Efflux transporters
located in the apical membrane of proximal tubule cells are also
critical in renal tubular secretion of SA, because MRP4, MDR, and
MCT1 facilitate the transportation of SA from proximal tubule cells
to tubule lumen. However, our results showed that no significant
changes of gene transcription of MRP4, MDR1, or MCT1 were
observed in drug combination of DHI and ASA (Figure S3;
Table S1).

OATs play a key role in the pathogenesis of AAI
nephropathy, previous studies have confirmed that the
transportation of AAI from blood circulation to proximal
tubular cells by OAT1 and OAT3 is the initial cause of renal
Frontiers in Pharmacology | www.frontiersin.org 9
damage induced by AAI (Bakhiya et al., 2009; Xue et al., 2011),
and the acute tubular injuries induced by AAI can be alleviated
by probenecid, an inhibitor of OATs (Baudoux et al., 2012). In
order to confirm the inhibitory effect of DHI on OATs in vivo, we
further studied whether DHI could inhibit OATs-mediated AAI
transportation into kidney and alleviate AAI induced
nephropathy. Our results showed that DHI significantly
reduced the renal accumulation of AAI, and alleviated renal
damage such as glomerulus swelling, tubular blockage and
lymphocyte filtration.

ASA esterase (Enzyme Commission number: 3.1.1.55) is the
general term of a kind of hydrolase that acts on the ester bond to
hydrolyze ASA, which is also known as acetylsalicylic deacetylase
(Braunschweig Enzyme Database, BRENDA). The hydrolysis
process of ASA to SA is principally determined by ASA esterase
activity in addition to the weak role of simple hydrolysis.
Therefore, the production of SA released from ASA is primarily
determined by ASA esterase activity (White et al., 2005). In drug
combination of DHI and ASA, the plasma concentration of SA
was significantly increased. It is possible that the increase of SA
plasma concentration was caused by the enhanced activity of ASA
esterase. However, our results suggested that the activity of ASA
esterase was significantly inhibited by DHI, and the alteration of
ASA esterase activity might not be the reason that contribute to
the increase of SA concentration.
FIGURE 9 | Process of SA excretion in kidney. Glomerular filtration, tubular secretion and reabsorption are primary processes of renal excretion of SA. The SA in
blood circulation enters the glomerulus through afferent arteriole, and the unbound SA is directly filtered into the Bowman’s capsule. The SA bound with albumin
would be flowed into peritubular capillaries and transported from plasma into proximal tubular cells by OATs which are located in the basolateral membrane of
proximal tubular cells. Then SA in the proximal tubular cells would be excreted into the lumen of tubule by efflux transporters such as multidrug resistance protein 4
(MRP4), multi drug resistance transporter 1 (MDR1), and mono carboxylate transporter 1 (MCT1), which are located in the apical membrane of proximal tubule cells.
The molecular form of SA in the urine would be reabsorbed back into peritubular capillaries, while the SA in ionic form would be excreted with urine.
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In this study, hydrolysis of ASA regulated by ASA esterase,
tubular secretion of SA mediated by influx and efflux
transporters, and tubular reabsorption of SA regulated by
urinary acidity-alkalinity were included in the mechanism study
of herb-drug interaction between DHI and ASA. However, there
are still other possible mechanisms that have not been reported.
For example, in blood circulation, a portion of SA remains the
prototype, and the other portion of SA is metabolized to
salicyluric acid, gentisic acid, salicyl acyl glucuronide, salicyl
phenolic glucuronide, salicyluric acid phenolic glucuronide and
gentisuric acid by cytochrome P450, acyl-CoA N-acyltransferase
or uridine 5’-diphosphoglucuronosyltransferases (Li et al., 2017).
Each metabolite should undergo a complete and independent
process of renal excretion. For example, salicyluric acid is also
excreted mainly by glomerular filtration, tubular secretion and
absorption (Cox et al., 1989). The results regarding the influence
of drug combination on renal excretion of other metabolites such
as salicyluric acid, gentisic acid, salicyl phenolic glucuronide and
salicyluric acid phenolic glucuronide would be presented in our
another manuscript. Furthermore, SA can be metabolized to 2,3-
dihydroxybenzoic acid by direct hydroxyl radical attack, and the
plasma level of 2,3-dihydroxybenzoate is suggested to be powerful
biomarker of oxidative stress in chronic complications (Ghiselli
et al., 1992). This is a new insight of herb-drug interaction
between DHI and ASA, which would be included in our
future study.
CONCLUSION

ASA and DHI were widely used in combination in clinic for the
treatment of cardiovascular and cerebrovascular diseases. The drug-
herb interaction between ASA and DHI was characterized by
increased plasma concentration of SA, and decreased renal
excretion of SA. The inhibitory effect of DHI on the gene
transcription, protein expression and transport function of OATs
might be the reason that contribute to the decrease of SA
renal excretion.
Frontiers in Pharmacology | www.frontiersin.org 10
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