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Intravenous formulation of Panax notoginseng root extract:
human pharmacokinetics of ginsenosides and potential for
perpetrating drug interactions
Salisa Pintusophon1,2, Wei Niu1, Xiao-na Duan1,2, Olajide E Olaleye1, Yu-hong Huang3, Feng-qing Wang1, Yan-fen Li3,
Jun-ling Yang1 and Chuan Li1,2

XueShuanTong, a lyophilized extract of Panax notoginseng roots (Sanqi) for intravenous administration, is extensively used as add-
on therapy in the treatment of ischemic heart and cerebrovascular diseases and comprises therapeutically active ginsenosides.
Potential for XueShuanTong–drug interactions was determined; the investigation focused on cytochrome P450 (CYP)3A induction
and organic anion-transporting polypeptide (OATP)1B inhibition. Ginsenosides considerably bioavailable for drug interactions were
identified by dosing XueShuanTong in human subjects and their interaction-related pharmacokinetics were determined. The CYP3A
induction potential was determined by repeatedly dosing XueShuanTong for 15 days in human subjects and by treating
cryopreserved human hepatocytes with circulating ginsenosides; midazolam served as a probe substrate. Joint inhibition of
OATP1B by XueShuanTong ginsenosides was assessed in vitro, and the data were processed using the Chou–Talalay method.
Samples were analyzed by liquid chromatography/mass spectrometry. Ginsenosides Rb1, Rd, and Rg1 and notoginsenoside R1 were
the major circulating XueShuanTong compounds; their interaction-related pharmacokinetics comprised compound dose-
dependent levels of systemic exposure and, for ginsenosides Rb1 and Rd, long terminal half-lives (32‒57 and 58‒307 h, respectively)
and low unbound fractions in plasma (0.8%‒2.9% and 0.4%‒3.0%, respectively). Dosing XueShuanTong did not induce CYP3A.
Based on the pharmacokinetics and inhibitory potency of the ginsenosides, XueShuanTong was predicted to have high potential
for OATP1B3-mediated drug interactions (attributed chiefly to ginsenoside Rb1) suggesting the need for further model-based
determination of the interaction potential for XueShuanTong and, if necessary, a clinical drug interaction study. Increased
awareness of ginsenosides’ pharmacokinetics and XueShuanTong–drug interaction potential will help ensure the safe use of
XueShuanTong and coadministered synthetic drugs.
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INTRODUCTION
Botanical products are ubiquitous worldwide, and there is a
continued predisposition to the concurrent use of conventional
synthetic drugs and botanical products. In China, many herbal
medicines have been incorporated into the synthetic drug-
based treatment of multifactorial diseases. In the USA and many
European countries, the use of botanical dietary supplements or
herbal medicinal products is prevalent, particularly in patient
populations already exposed to conventional pharmacotherapy.
Botanical products, either as herbal medicines or as dietary
supplements, can lead to clinically important drug interactions,
which often result from untoward alterations in absorption,
disposition, and pharmacokinetics of the concomitant drugs.
Pharmacokinetic interactions between grapefruit juice and
felodipine and between St. John’s wort and cyclosporine are
textbook examples of clinically significant botanical

product–drug interactions [1–6]. In addition, many compounds
derived from botanical products have been shown to inhibit
and induce drug metabolizing enzymes and transporters in vitro
[7–12]. Pharmacokinetic botanical–drug interactions are widely
recognized as an important issue and, when they occur, may
lead to a reduced clinical response or increased toxicity. To this
end, systematic research is essential for the identification and
management of interaction-related clinical risk. However, the
results from many prior investigations have been largely
inconclusive or confusing, and their clinical relevance is
insufficient to provide any useful guidance. Such investigations
are often limited by poor understanding of the chemical basis
responsible for and the mechanisms underlying botanical
product-perpetrated interactions. This is because the chemical
composition and human pharmacokinetics of test botanical
products are limited or not characterized.
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In China, ‘ginseng’ refers to several different medicinal herbs of
Panax species, including P. ginseng C. A. Meyer, P. notoginseng
(Burk.) F. H. Chen, and P. quinquefolius L. The triterpene saponins
ginsenosides, classified into 20(S)-protopanaxadiol-type (ppd-
type), 20(S)-protopanaxatriol-type (ppt-type), and other types,
are the major bioactive constituents of these ginseng herbs.
Differences among Panax species in chemical composition, such
as in the proportion and content levels of ginsenosides, may result
in ginseng products being used for different conditions and may
be associated with a differential drug interaction potential.
Considerable speculation regarding ginseng-perpetrated drug
interactions frequents the literature, but conclusive evidence for
such interactions is lacking [13–19]. For instance, Malati et al.
reported significantly reduced levels of systemic exposure to oral
midazolam [a probe substrate for cytochrome P450 3A (CYP3A)
phenotyping] after a 28-day oral administration of P. ginseng
capsule (500 mg, b.i.d.; Vitamer, CA, USA) in healthy human
subjects, suggesting possible induction of CYP3A by the botanical
product [20]. However, another human study by Gurley et al.
suggested that 28-day administration of the same P. ginseng
capsule (500 mg, t.i.d.; Vitamer, CA, USA) did not significantly alter
midazolam metabolism [21]. In addition to the approach of
midazolam phenotyping being different between the two studies
(i.e., Malati et al. using midazolam AUC0-∞ to assess altered CYP3A
activity vs. Gurley et al. using serum concentration ratio of 1′-
hydroxymidazolam/midazolam at 1 h after dosing), information
was not provided on interaction-related human pharmacokinetics
of the test botanical products, as well as the quality consistency
between the product lots used in the two studies. Investigation by
Hu et al. indicates that metabolized, rather than unchanged,
ginsenosides are the predominant circulating forms in humans
orally receiving an extract of P. notoginseng roots and exhibit very
large interindividual differences in plasma concentrations [22].
Recently, ginsenosides, particularly those of ppd-type and/or
without a sugar attachment at C-20, were found to potently inhibit
organic anion-transporting polypeptide (OATP)1B3 and, to a lesser
extent, OATP1B1 [11, 12]. Further evaluation of potential OATP1B-
mediated drug interactions with ginsenoside-containing herbal
medicines requires human pharmacokinetic data of the ginseno-
sides present.
XueShuanTong, a sterile, nonpyrogenic, lyophilized solid for

intravenous administration, is prepared from P. notoginseng roots
(Chinese name, Sanqi) and approved by the Chinese National
Medical Products Administration (NMPA; formerly the China Food
and Drug Administration) as add-on therapy in the treatment of
ischemic heart and cerebrovascular diseases. Several clinical
studies have demonstrated the effectiveness of adding Xue-
ShuanTong to conventional treatment of the ischemic diseases
[23–25]. XueShuanTong comprises ginsenosides, which are
believed to be responsible for the medicine’s therapeutic action.
Given the common comedication of XueShuanTong with synthetic
drugs and substantially higher systemic exposure to ginsenosides
after intravenous administration than after oral administration
(due to poor intestinal absorption of ginsenosides), drug
interaction information is essential for therapies that include
XueShuanTong. This investigation was designed to evaluate
XueShuanTong–drug interaction potential, focusing on CYP3A
induction and OATP1B inhibition, on the basis of understanding
this herbal medicine’s chemical composition and interaction-
related human pharmacokinetics.

MATERIALS AND METHODS
Study design
This investigation was designed to determine the potential for
XueShuanTong–drug interactions. Based on literature-mined
information and on findings from our earlier related studies, the
investigation focused on XueShuanTong-mediated CYP3A

induction and OATP1B3 inhibition. As the first step of
investigation, the chemical composition and related lot-to-lot
quality consistency of XueShuanTong were characterized by
liquid chromatography/mass spectrometry. This was followed by
a human pharmacokinetic study of ginsenosides from intrave-
nously dosed XueShuanTong to identify herbal compounds
considerably bioavailable for drug interactions and to character-
ize their pharmacokinetics/disposition that could influence the
interaction potential. Two types of XueShuanTong–drug inter-
action study were performed: (1) evaluation of XueShuanTong’s
potential for CYP3A induction in human subjects with the results
confirmed by a cell-based induction study using the bioavailable
XueShuanTong compounds with respect to enzyme activity
and mRNA level and (2) prediction of XueShuanTong’s potential
for OATP1B3 inhibition based on individual and joint inhibition
of the transporter by the bioavailable XueShuanTong com-
pounds and their time-related unbound levels of systemic
exposure in humans. In the CYP3A induction study, possible
influence of enzyme inhibition on the results was assessed
in vivo and in vitro. In the OATP1B3 inhibition study,
contributions of the ginsenosides to the interaction potential
were compared.

XueShuanTong, chemicals, and reagents
Samples of five lots of XueShuanTong, with the Chinese NMPA
drug ratification number of GuoYaoZhunZi-Z20025652, were
obtained from Guangxi Wuzhou Pharmaceutical Group (Wuzhou,
Guangxi Zhuang Autonomous Region, China). XueShuanTong is a
sterile and nonpyrogenic lyophilized solid for intravenous admin-
istration. Each gram of XueShuanTong is prepared from 15.4 g of
Sanqi (P. notoginseng roots). XueShuanTong (150 mg) is standar-
dized to contain 14.3–22.5 mg notoginsenoside R1, 54.0–84.0 mg
ginsenoside Rg1, 7.5–12.0 mg ginsenoside Re, 31.5–48.0 mg
ginsenoside Rb1, and not less than 0.7 mg ginsenoside Rd and
the sum of these ginsenosides is required to be within 128‒167
mg. XueShuanTong from lot 13100513 was used in this study. A
5% glucose injection, with a Chinese NMPA drug ratification
number of GuoYaoZhunZi-H12020021, was obtained from China
Otsuka Pharmaceuticals (Dalian, Liaoning Province, China). Mid-
azolam maleate tablet, with a Chinese NMPA drug ratification
number of GuoYaoZhunzi-H20010311, was obtained from Roche
Pharmaceuticals (Shanghai, China).
Ginsenosides F2, Rb1, Rb3, Rd, Re, Rf, Rg1, Rg3, compound-K, 20

(S)-protopanaxadiol, 20(S)-protopanaxatriol, and notoginsenoside
R1 were obtained from the National Institutes for Food and Drug
Control (Beijing, China); Ginsenoside F1, Ra1, Ra3, Rg2, Rh1, and
notoginsenoside Fa from Biopurify Phytochemicals (Chengdu,
Sichuan Province, China); and 20-gluco-ginsenoside Rf from
Fengshanjian (Kunming, Yunnan Province, China). The purity of
these compounds exceeded 98%. Midazolam, 1′-hydroxymidazo-
lam, rifampin, β-nicotinamide adenine dinucleotide phosphate
hydrate, glucose-6-phosphate monosodium salt, glucose-6-
phosphate dehydrogenase, and ketoconazole were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Estradiol-17β-D-glucuronide
(E217βG) was obtained from Cayman Chemical (Ann Arbor, MI,
USA). HPLC grade methanol, formic acid, lithium acetate
dehydrate, and dimethyl sulfoxide were also obtained from
Sigma-Aldrich. Deionized water was purified using a Millipore
Milli-Q Integral 3 (Milford, MA, USA).
Plateable cryopreserved primary human hepatocytes from three

donors (lots IZT/Caucasian, HVN/Caucasian, and XSM/Hispanic)
were obtained from BioIVT (Baltimore, MD, USA). Pooled human
liver microsomes, high-viability cryohepatocyte recovery medium,
cryohepatocyte plating medium, Matrigel matrix, and fetal bovine
serum were purchased from Corning Gentest (Woburn, MA, USA).
William’s Medium E and cell maintenance supplements were
obtained from Thermo Fisher Scientific (Grand Island, NY, USA).
Rat tail collagen type I was obtained from Millipore (Temecula, CA,
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USA). An MTT-based in vitro toxicology assay kit was obtained
from Sigma-Aldrich.

Human studies
Two human studies were performed at the National Clinical
Research Center at the Second Affiliated Hospital of Tianjin
University of Traditional Chinese Medicine (Tianjin, China). The
study protocols were reviewed and approved by the ethics
committee of clinical investigation at the hospital. The studies
were registered at the Chinese Clinical Trials Registry (www.chictr.
org) with a registration number of ChiCTR-ONRC-13003905 and
carried out in accordance with the Declaration of Helsinki. Thirty-
six healthy volunteers (24 men and 12 women) aged 21–33 years
(body mass index, 22.1 ± 1.8 kg/m2) were eligible to participate in
this study. Evaluation of potential participants included a medical
history, physical examination, and basic laboratory monitoring to
rule out any medical conditions that could increase subject risk or
affect study results. All participants were non-smokers and were
not allowed to use any synthetic drugs (including oral contra-
ceptives) or herbal medicines within 14 days prior to and during
the period of study participation. They were not permitted to
consume caffeine-containing products and alcoholic beverages
48 h prior to the study until the end of the study period.
Additional exclusion criteria included a history of intolerance to
any of the study medications. Informed consent was obtained
from all participants.
In the first human study, an open-label study, 28 subjects were

assigned into two groups (eight males and six females in each
group) to characterize the pharmacokinetics of ginsenosides after
intravenous dosing of XueShuanTong. For dosing, the XueShuan-
Tong solid (250 or 500 mg) was dissolved in 250 mL of 5% glucose
injection. A 2.5-h infusion of the resulting XueShuanTong solution
was implemented using a ZNB-XB intelligent infusion pump
(Beijing, China). Serial blood samples (~1mL each time) were
collected, from an antecubital vein catheter, before and 0.75, 1.5,
2.5 (just before terminating infusion), 2.67, 3, 3.5, 4.5, 6.5, 10.5, 24,
48, and 72 h after starting the infusion of XueShuanTong at 250 or
500mg/person. Meanwhile, serial urine samples were also
collected and weighed before and 0–3, 3–6, 6–10, 10–24, 24–48,
and 48–72 h after starting the infusion. Blood samples were
heparinized and centrifuged at 3000 × g for 10 min to obtain
plasma fractions for liquid chromatography/mass spectrometry-
based analysis. The freshly prepared plasma samples (200 µL) were
also dialyzed to determine unbound fractions of ginsenosides in
plasma using a method by Guo et al. [26].
In the second human study, an open-label study with a fixed

treatment order, eight other male subjects were recruited to
determine the potential for induction of CYP3A by XueShuanTong
and to characterize the pharmacokinetics of major circulating
ginsenosides during repeated doses of XueShuanTong. On day 1,
each subject received an oral dose of midazolam tablet at 7.5 mg.
After a 72-h washout period, these subjects received repeated 2.5-
h infusions of XueShuanTong for 15 days (from day 4 to day 18) at
500mg per day. On days 4 and 18, each subject also received an
oral dose of midazolam tablet at 7.5 mg (just after terminating the
infusion of XueShuanTong on that day). On day 1, serial blood
samples (~1mL each time) were collected before and 0.17, 0.5, 1,
2, 4, 8, and 21.5 h after dosing midazolam; serial urine samples
were also collected before and 0–3, 3–6, 6–10, and 10–24 h after
dosing. On days 4 and 18, serial blood samples were collected
before and 0.75, 1.5, 2.5 (just before terminating the infusion of
XueShuanTong), 2.67, 3, 3.5, 4.5, 6.5, 10.5, 24, 48 h (day 18 only),
and 72 h (day 18 only) after starting the infusion; in addition, serial
urine samples were collected and weighed before and 0–3, 3–6,
6–10, 10–24, 24–48 h (day 18 only), and 48–72 h (day 18 only) after
starting the infusion. On days 6, 8, 10, 12, 14, and 16, blood
samples were collected, before and 2.5 h (just before terminating
the infusion of XueShuanTong) after starting the infusion of

XueShuanTong. Blood samples were heparinized and centrifuged
at 3000 × g for 10 min to obtain plasma fractions; no preservative
was added into the urine samples. Plasma and urine samples were
stored at −70 °C until analysis.
The liver function and kidney function of each subject in the

second study were monitored on the day before the first dose of
midazolam and also on days 11 and 23. Serum alanine
aminotransferase, aspartate aminotransferase, total protein, albu-
min/globulin ratio, total bilirubin, and direct bilirubin were
monitored as liver function markers, while serum creatinine and
blood urea nitrogen were monitored as kidney function markers.

In vitro assessment of CYP3A induction by XueShuanTong
ginsenosides
Ginsenosides Rb1 (1), Rd (2), and Rg1 (31) and notoginsenoside R1
(32) were assessed for their induction of CYP3A using cryopre-
served human hepatocytes from three donors. Before use, the
cells were rapidly thawed at 37 °C and suspended in prewarmed
CryoHepatocyte recovery medium. After centrifugation at 100×g
for 10 min, the supernatant was aspirated, and the cells were
resuspended in CryoHepatocyte plating medium presupplemen-
ted with 10% fetal bovine serum and seeded at 6 × 104 cells/well
in 96-well plates precoated with rat tail collagen type I. During the
first 2 h of seeding, the cells in the plates were redistributed every
30min by gently rocking the plates. After incubating for 4 h, the
medium was replaced with a maintenance medium (William’s
Medium E supplemented with 4% cell maintenance cocktail-B/
100 nmol/L dexamethasone) and then maintained for 24 h. The
cells were then overlaid with Matrigel and incubated for 6 h. This
was followed by treating the cells, in triplicate, with the test
ginsenosides [1/10/100 μmol/L, except for ginsenoside Rd (2) at
0.1/1/10 μmol/L and XueShuanTong at the marker concentrations
1/10/100 μmol/L of ginsenoside Rg1 (31) present], by freshly
spiking each into the maintenance medium every 24 h over a
period of 72 h. After the treatment, the incubation medium was
replaced with the maintenance medium prespiked with mid-
azolam (200 μmol/L). After incubation for 30min, hydroxylation of
midazolam was terminated by transferring the medium (75 μL)
into a microcentrifuge tube containing ice-cold acetonitrile (75
μL). After centrifugation, the supernatant was analyzed by liquid
chromatography/mass spectrometry to determine the concentra-
tion of the metabolite 1′-hydroxymidazolam. Using rifampin (20
µmol/L) in place of the test ginsenoside in the incubation served
as the positive control, while using the same volume of solvent for
dissolving ginsenoside in place of the ginsenoside served as the
negative control. A ratio of enzyme activity, as indicated by the
formation of 1′-hydroxymidazolam, between the treated cells and
the negative control was defined as a measure of the induction
effect of the test ginsenoside. Such a ratio ≥ 2 and the test
compound’s ratio ≥ 20% of the positive control’s value indicated a
positive result, from at least one of the three donors [27].
In addition, the ginsenosides (1, 2, 31, and 32) were also

assessed with respect to cellular mRNA levels of CYP3A4 and
CYP3A5, which were determined by SYBR-based quantitative real-
time polymerase chain reaction (qRT-PCR) analysis. The relative
quantity of the target mRNA was determined by the ΔΔCt method
[28]. Using rifampin (20 µmol/L) in place of the test ginsenoside in
the incubation served as the positive control, while using the
same volume of solvent for dissolving ginsenoside in place of the
ginsenoside served as the negative control. A ratio of the enzyme
mRNA level between the treated cells and the negative control
was defined as a measure of the induction effect of the test
ginsenoside. Such a ratio ≥ 4 and the test compound’s ratio ≥ 20%
of the positive control’s value indicated a positive result, from at
least one of the three donors [27].
Human hepatocytes were exposed to individual ginsenosides

Rb1 (1; 1/10/100 μmol/L), Rd (2; 0.1/1/10 μmol/L), and Rg1 (31;
1/10/100 μmol/L), notoginsenoside R1 (32; 1/10/100 μmol/L),
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and XueShuanTong [at the marker concentrations 1/10/100
μmol/L of ginsenoside Rg1 (31) present] at 37 °C for 72 h to
assess the effects of the test compounds and mixture on the
cell mitochondria activity using an MTT-based in vitro toxicol-
ogy assay kit according to the manufacturer’s protocol.

In vitro assessment of CYP3A inhibition by XueShuanTong
ginsenosides
Inhibition of CYP3A by ginsenosides Rb1 (1), Rd (2), and Rg1 (31),
notoginsenoside R1 (32), and XueShuanTong was assessed, in
triplicate, by incubating a mixture (100 µL) that contained pooled
human liver microsomes (0.1 mg protein/mL), midazolam (2.5
µmol/L), the test ginsenoside, an NADPH-generating system, and
potassium phosphate buffer (100 mmol/L, pH 7.4) at 37 °C for 5
min. After incubation, the samples were analyzed, by liquid
chromatography/mass spectrometry, to determine the formation
of the metabolite 1′-hydroxymidazolam. The final concentration of
the ginsenoside was 100 µmol/L, while that of XueShuanTong was
the marker concentration 100 µmol/L of ginsenoside Rg1 present.
Ketoconazole (5 µmol/L), in place of the test ginsenoside in the
incubation, was used as the positive control, while the same
volume of solvent for dissolving ginsenoside in place of the
ginsenoside was used as the negative control.

In vitro assessment of joint inhibition of OATP1B by
XueShuanTong ginsenosides
Joint inhibition of OATP1B by ginsenosides Rb1 (1), Rd (2), and Rg1
(31) and notoginsenoside R1 (32) was assessed in vitro, and the
data were processed using the Chou–Talalay method [29].
Ginsenosides Rb1 (1), Rd (2), and Rg1 (31) and notoginsenoside
R1 (32) were mixed at a ratio of 10:1:100:10, which is similar to that
of the unbound plasma Cmax on day 18 of repeatedly dosing
intravenous XueShuanTong at the label dose 500mg/day. This
ratio was held constant, while the total ginsenoside concentra-
tions were varied by serial dilution. Inhibition of the transporter by
the individual ginsenosides and joint inhibition by the ginsenoside
combinations were assessed using transiently transfected HEK-293
cells expressing the transporter, with E217βG as the substrate [11].
The joint inhibition was characterized with respect to the
combination index (CI), which was calculated using Combosyn
Compusyn software (version 1.0; Paramus, NJ, USA). A CI value of,
<0.9, 0.9–1.1, or >1.1 indicated that the joint inhibition was
synergistic, additive, or antagonistic, respectively. The IC50 values
of individual ginsenosides were estimated using the method
reported by Jiang et al. [11].

Analysis of XueShuanTong samples for ginsenosides
A Waters Synapt G2 high definition time-of-flight mass spectro-
meter (Manchester, UK), interfaced via a LockSpray source with a
Waters Acquity ultraperformance liquid chromatographic separa-
tion module (Milford, MA, USA), was used for detection,
characterization, and grading of ginsenosides present in samples
of XueShuanTong. Sample preparation was performed by dissol-
ving XueShuanTong in water. Chromatographic separation was
achieved on a 1.7 μm Waters BEH C18 column (100mm× 2.1 mm
i.d.; 45 °C; Dublin, Ireland) with a mobile phase (0.3 mL/min),
consisting of solvents A (methanol/water, 1:99, v/v; containing 1
mmol/L formic acid) and B (methanol/water, 99:1, v/v; containing
1mmol/L formic acid). A 42-min gradient program was used,
consisting of 0–2min at 2% B, 2–32min from 2% to 98% B, 32–37
min at 98% B, and 37–42min at 2% B. The mass spectrometer was
operated in resolution mode and externally calibrated with
sodium formate (5 mmol/L; 10 μL/min) over a range of m/z
50–1500; mass shifts during acquisition were corrected with
leucine encephalin (m/z 554.2615; the negative ion mode). MSE

data acquisition (in centroid mode, m/z 50–1500) was achieved
simultaneously using a trap collision energy of 3 V and a trap
collision energy ramp of 30–50 V with a scan time of 0.4 s.

Literature mining was performed to generate a preanalysis
Sanqi ginsenoside list, which contained information, such as the
compounds’ names, structures, accurate molecular masses,
electrospray ionization profiles, collision-induced fragmentation
profiles, and literature sources. Ginsenosides present in Xue-
ShuanTong were initially detected based on accurate molecular
masses and electrospray ionization profiles. The suspected
ginsenosides were characterized by comparing their accurate
molecular masses, fragmentation profiles, and chromatographic
retention times with those of the reference standards. When such
standards were not available, the characterization was based on
comparison with the literature-mined information, such as the
mass spectrometric data for the suspected ginsenosides and the
chromatographic elution order with other related compounds.
Follow-up quantification of the characterized ginsenosides in
XueShuanTong samples was based on calibration with their
respective reference standards or, when their respective reference
standards were not available, with a structurally similar reference
standard.

Analysis of human samples for unchanged and metabolized
ginsenosides
To analyze unchanged and metabolized ginsenosides in human
subjects receiving XueShuanTong, plasma and urine samples were
prepared with methanol at a volumetric sample-to-methanol ratio
of 1:3 and then centrifuged. After the supernatants were reduced
to dryness under reduced pressure, the residues were reconsti-
tuted with 50% methanol and then analyzed by liquid chromato-
graphy/mass spectrometry. The chromatographic and mass
spectrometric conditions were the same as those described for
analysis of XueShuanTong samples for ginsenosides. Detection
and characterization of unchanged ginsenosides in human plasma
and urine samples after dosing XueShuanTong were achieved
using the characterized XueShuanTong sample (with respect to
ginsenosides) as reference standard. Detection and characteriza-
tion of metabolites of ginsenosides in these human plasma and
urine samples were achieved using our earlier characterized
human plasma and urine samples (with respect to unchanged and
metabolized ginsenosides), obtained after oral dosing of a Sanqi
extract, as described by Hu et al. [22]. Follow-up quantification of
the characterized ginsenosides and their metabolites in human
samples was based on calibration with their respective reference
standards or, when their respective reference standards were not
available, with a structurally similar reference standard. Due to
assay sensitivity, some minor ginsenosides and the metabolites
were detected and characterized using an AB Sciex API 4000 Q
Trap mass spectrometer (Toronto, Canada), interfaced via a Turbo
V ion source with an Agilent 1290 Infinity II liquid chromatograph
(Waldbronn, Germany), and the mobile phase contained 0.025
mmol/L lithium acetate.

Quantification of ginsenosides, midazolam, 1'-hydroxymidazolam,
and E217βG in study samples
Concentrations of the major circulating ginsenosides, i.e., ginseno-
sides Rb1 (1), Rd (2), and Rg1 (31) and notoginsenoside R1 (32), in
human plasma and urine samples after dosing XueShuanTong
were determined using the AB Sciex mass spectrometer interfaced
with the Agilent liquid chromatograph. Methods for sample
preparation were the same as those used in the detection of
unchanged and metabolized ginsenosides in human samples.
Chromatographic separation was achieved on a 5 μm Agilent
ZORBAX Eclipse Plus C18 column (50mm× 2.1 mm i.d.; Santa Clara,
CA, USA) with a mobile phase (0.35 mL/min), consisting of solvents
A (methanol/water, 1:99, v/v; containing 0.025 mmol/L lithium
acetate and 1mmol/L formic acid) and B (methanol/water, 99:1, v/
v; containing 0.025mmol/L lithium acetate and 1mmol/L formic
acid). An 8-min gradient program was used, consisting of 0–2min
from 20% B to 70% B, 2–5min from 70% B to 90% B, 5–7min at
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90% B, 7–7.1 min from 90% B to 20% B, and 7.1–8min at 20% B.
The mass spectrometer was operated in the positive ion mode to
generate lithiated molecules. Optimal precursor-to-product ion
pairs for multiple reaction monitoring of ginsenosides Rb1 (1), Rd
(2), and Rg1 (31) and notoginsenoside R1 (32) were m/z 1115→349
(collision energy, 81 V), 953→773 (63 V), and 807→627 (51 V) and
939→319 (73 V), respectively. Matrix-matched calibration curves
were constructed with the reference standards using weighted (1/
X or 1/X2) linear regression of the peak areas (Y) of the analytes
against the corresponding nominal analytes’ concentrations (X:
1.37, 4.12, 12.4, 37.0, 111, 333, 1000, 3000, 5000, and 10,000 nmol/
L). The calibration curves showed good linearity (R > 0.99).
Although no internal standard was used, assay validation,
implemented according to the European Medicines Agency
Guideline on Bioanalytical Method Validation (2012; www.ema.
europa.eu), demonstrated that the assays were reliable and
reproducible for intended use. The lower limits of quantification
were 37.0, 4.12, 4.12, and 4.12 nmol/L for ginsenosides Rb1 (1), Rd
(2), and Rg1 (31) and notoginsenoside R1 (32), respectively, and
the upper limits of quantification were,10 000, 5000, 5000, and
3000 nmol/L, respectively. The intraday accuracy and precision
were 89%–115% and 2%–18%, respectively, while the interday
values were 86–113% and 2%–12%, respectively. The coefficients
of variation of matrix factors were 1.2%–14.4%. The recovery of
sample preparation was concentration-independent and was
97%‒101%, 76%‒86%, 80%‒93%, and 93%‒99% for ginsenosides
Rb1 (1), Rd (2), and Rg1 (31) and notoginsenoside R1 (32),
respectively. The carryover in the blank sample following the
upper limits of quantification was negligible for these
ginsenosides.
Concentrations of midazolam and 1'-hydroxymidazolam in

human plasma samples and in incubation samples (obtained
from in vitro studies) were determined using an assay similar to
that for measurement of the ginsenosides in human plasma
samples, except for some chromatographic and mass spectro-
metric conditions. In brief, the mobile phase for chromatographic
separation consisted of solvents A (methanol/water, 1:99, v/v;
containing 1mmol/L formic acid) and B (methanol/water, 99:1, v/v;
containing 1mmol/L formic acid) and was delivered at 0.3 mL/
min. A 6.5-min gradient program was used, consisting of 0–0.5
min at 5% B, 0.5–2.5 min from 5% B to 90% B, 2.5–3min from 90%
B to 95% B, 3–5min at 95% B, 5–5.1 min from 95% B to 5% B, and
5.1–6.5 min at 5% B. The mass spectrometer was operated in the
positive ion mode to generate protonated molecules. Optimal
precursor-to-product ion pairs for multiple reaction monitoring of
midazolam and 1'-hydroxymidazolam were m/z 326→291 (colli-
sion energy, 30 V) and 342→324 (30 V), respectively. Matrix-
matched calibration curves were constructed with the reference
standards midazolam and 1'-hydroxymidazolam using weighted
(1/X) linear regression of the peak areas (Y) of the analytes against
the corresponding nominal analytes’ concentrations (X: 1.37, 4.12,
12.4, 37, 111, 333, 500, and 1000 nmol/L). The lower limits of
quantification were 1.37 and 4.12 nmol/L for midazolam and 1′-
hydroxymidazolam, respectively, and the upper limits of quanti-
fication were 1000 nmol/L for both. No internal standard was used;
the intraday accuracy and precision were 94.7%–103.6% and
3.4%–10.7%, respectively, while the interday values were
96.6%–101.0% and 2.9%–5.1%, respectively. The recovery of
sample preparation was 75%‒98% and 83%‒97% for midazolam
and 1′-hydroxymidazolam, respectively; the carryover in the blank
sample following the upper limits of quantification was negligible.
The assay for quantification of E217βG in OATP1B-inhibition

study samples was the same as that described by Jiang et al. [11].

Data processing
To understand the chemical composition of XueShuanTong and
highlight the important ginsenosides present, the ginsenosides
detected and characterized were first ranked according to their

respective daily doses, which were calculated as the product of
the ginsenoside content level in XueShuanTong and the
injection’s label daily dose 500mg/day. These ginsenosides were
then graded into different levels according to their daily doses, i.e.,
>10, 1‒10, and <1 μmol/day.
Pharmacokinetic parameters of ginsenosides Rb1 (1), Rd (2), and

Rg1 (31) and notoginsenoside R1 (32) were estimated by
noncompartmental analysis using Innaphase Kinetica software
package (version 5.0; Philadelphia, PA, USA). The potential for
XueShuanTong ginsenosides to perpetrate drug interactions on
OATP1B1/3 was estimated using equation 1:

DDI index ¼ Cmax ´ f u�plasma
� �

=IC50 (1)

where Cmax is the maximum total (unbound plus bound) plasma
concentration, fu-plasma is the unbound fraction in plasma, and IC50
is the in vitro half maximum inhibitory concentration.

Pharmacokinetic parameters of midazolam and 1'-hydroxymi-
dazolam were evaluated for statistically significant differences
between values for days 1 and 4, between those for days 1 and 18,
and between those for days 4 and 18 by the paired, two-tailed t
test. Statistical analysis was performed using IBM SPSS Statistics
software (version 19.0; IBM, Chicago, IL, USA). P < 0.05 was
considered the minimum level of statistical significance. All data
are expressed as the mean ± standard deviation.

RESULTS
Ginsenosides detected in XueShuanTong and related lot-to-lot
quality consistency
A total of 50 ginsenosides were detected and characterized in
XueShuanTong: 14 ppd-type ginsenosides (1–14), 18 ppt-type
ginsenosides (31–48), and 18 ginsenosides of other types (51–68)
(Fig. 1 and Supplementary Table S1). The ginsenosides were
graded, with respect to their compound doses, into three levels:
>10 μmol/day [ginsenoside Rb1 (1), ginsenoside Rg1 (31), noto-
ginsenoside R1 (32), and ginsenoside Re (33)], 1‒10 μmol/day
[ginsenoside Rd (2), notoginsenoside Fa (3), ginsenoside Ra3 (4),
notoginsenoside R4 (5), ginsenoside Rh1 (34), 20-gluco-
ginsenoside Rf (35), ginsenoside Rg2 (36) and notoginsenoside
M/N/R3/R6 isomer-3 (37)], and <1 μmol/day [the remaining
38 minor ginsenosides (6–14, 38–48, and 51–68)]. Neither 20(S)-
protopanaxadiol (the aglycone of ppd-type ginsenosides) nor 20
(S)-protopanaxatriol (the aglycone of ppt-type ginsenosides) was
detected in XueShuanTong. The sum of doses of the four
ginsenosides (1 and 31‒33; compound dose, >10 μmol/day)
accounted for 92.3% of the total dose of XueShuanTong
ginsenosides, whereas such sum for eight ginsenosides (2‒5 and
34‒37; 1‒10 μmol/day) and for the remaining 38 minor ginseno-
sides (6–14, 38–48, and 51–68; <1 μmol/day) accounted for 5.0%
and 2.7% of the total dose of XueShuanTong ginsenosides,
respectively. XueShuanTong exhibited lot-to-lot variability of
4.4%–10.2% for the ginsenosides (1 and 31‒33) and
7.3%–36.2% for the ginsenosides (2‒5 and 34‒37).

Human systemic exposure and pharmacokinetics of ginsenosides
after dosing XueShuanTong
All 36 human subjects completed their scheduled treatment. As
expected, subjects in the second human study experienced
sedation following midazolam administration. No subject reported
an unanticipated or serious adverse effect associated with
XueShuanTong administration.
As shown in Fig. 2 and Supplementary Table S2, a total of 11

circulating ginsenosides, i.e., five ppd-type (1–5) and six ppt-type
ginsenosides (31–36), were detected and characterized in human
subjects after intravenous dosing of XueShuanTong. Circulating
ginsenosides generally occurred in a compound dose-dependent
manner; the minor ginsenosides (compound dose, <1 μmol/day)
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Fig. 1 Ginsenosides, detected by mass spectrometry, in XueShuanTong. (a) Stacked chromatograms of ginsenosides in a typical sample of
XueShuanTong. (b) Mean content levels of ginsenosides in five lot-samples of XueShuanTong. (c) Doses of ginsenosides from the
XueShuanTong lot used in the human pharmacokinetic study at the label dose 500mg/day. (d) Percentage daily doses of ginsenosides ( > 10
µmol/day, comprising 1 and 31‒33; 1‒10 µmol/day, comprising 2‒5 and 34‒37; and < 1 µmol/day, comprising 6‒14, 38‒48, and 51‒68) in the
total daily dose of all the ginsenosides detected in XueShuanTong. The names of XueShuanTong ginsenosides as indicated by compound IDs
are shown in Supplementary Table S1

Fig. 2 Systemic exposure (a, b) to and renal excretion (c) of ginsenosides, unchanged and metabolized, in human subjects (m9‒m16 and f7‒
f12) who received an intravenous infusion of XueShuanTong at 500mg/day, along with chemical structures of the major circulating
ginsenosides. The unchanged ginsenosides are ranked in the same order as in Fig. 1b, c, along with their detected metabolites. The symbol
“×” (in red) denotes a ginsenoside or metabolite that was not detected. The names of XueShuanTong ginsenosides, unchanged and
metabolized, as indicated by compound/metabolite IDs, are shown in Supplementary Table S2. Glc glucopyranosyl; Xyl xylopyranosyl
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were negligibly or not detected in plasma samples. Ppd-type
ginsenosides Rb1 (1) and Rd (2) and ppt-type ginsenoside Rg1 (31)
and notoginsenoside R1 (32) were the major circulating Xue-
ShuanTong compounds. In addition to the unchanged ginseno-
sides, eight circulating metabolites of ppt-type ginsenosides were
also detected; they were the deglycosylated metabolite 20(S)-
protopanaxatriol (PPT) and its further oxidized metabolites, M4,
M6, M8, and M11‒M14. These metabolites were minor circulating
XueShuanTong compounds compared with unchanged ppt-type
ginsenoside Rg1 (31) and notoginsenoside R1 (32) (Fig. 2). All the
unchanged circulating ginsenosides were also detected in human
urine samples. In addition to the circulating metabolites (PPT, M4,
M6, M8, and M11‒M14), more metabolites of PPT (M3, M5, and M7)
were also detected in urine samples, but all at very low levels
compared with those of ginsenoside Rg1 (31) and notoginseno-
side R1 (32). Such metabolites of ppd-type ginsenosides were not
detected in plasma and urine samples after dosing XueShuan-
Tong. Figure 2 shows the chemical structures of ginsenosides (1, 2,
31, and 32) that are considerably bioavailable for
XueShuanTong–drug interactions.

Table 1 summarizes the human pharmacokinetics of ginseno-
sides Rb1 (1), Rd (2), and Rg1 (31) and notoginsenoside R1 (32)
after dosing XueShuanTong; Fig. 3 shows their total (unbound
plus bound) and unbound plasma concentrations over time after a
single dose of XueShuanTong at 250 or 500mg/person (human
study 1). The total plasma concentrations of these ginsenosides
over time after dosing XueShuanTong at 500 mg/day on days 4
and 18 (human study 2) are shown in Supplementary Fig. S1.
These ginsenosides exhibited increased maximum plasma total
concentration (Cmax) and area under the plasma
concentration–time curve from 0 to infinity (AUC0–∞) as the
XueShuanTong dose increased from 250 to 500mg/person. After
correcting the compound doses for the subject’s body weight,
there was no significant gender difference in Cmax or AUC0-∞ of the
ginsenosides (P= 0.07‒0.95), except for ginsenoside Rd (2) and
notoginsenoside R1 (32), which exhibited significant, but slight,
gender differences in Cmax (both at 500 mg XueShuanTong per
person; P < 0.05). There were notable intercompound differences
in terminal half-lives (t1/2) between the ppd-type ginsenosides (1
and 2) and the ppt-type ginsenosides (31 and 32); the differences

Table 1. Pharmacokinetics of ginsenosides Rb1 (1), Rd (2), and Rg1 (31) and notoginsenoside R1 (32) in human subjects who received intravenous
XueShuanTong

Compound (ID) Cmax (µmol/L) AUC0-t (μmol/L·h) AUC0-∞ (μmol/L·h) t1/2 (h) CLtot, p
(mL/h/kg)

Vss (mL/kg) fu (%) fe-U (%)

Human study 1 (dose, 250mg XueShuanTong per person): subject ID, m1‒m8 (male); body weight, 53.0‒88.8 kg; age, 21‒32 years old)

Ginsenoside Rb1 (1) 16.3 ± 3.7 425.5 ± 68.0 622.9 ± 101.1 43.5 ± 6.5 1.4 ± 0.2 80.6 ± 8.7 2.5 ± 0.7 38.4 ± 7.0

Ginsenoside Rd (2) 0.7 ± 0.2 13.8 ± 2.3 49.7 ± 25.0 175.9 ± 83.0 1.8 ± 0.6 142.4 ± 25.0 2.1 ± 0.8 20.1 ± 2.6

Ginsenoside Rg1 (31) 3.6 ± 0.5 7.8 ± 0.9 7.9 ± 0.9 1.3 ± 0.2 278.9 ± 41.6 338.8 ± 35.5 98.3 ± 3.7 42.1 ± 4.5

Notoginsenoside R1 (32) 0.7 ± 0.1 1.6 ± 0.2 1.6 ± 0.2 1.4 ± 0.2 204.5 ± 28.8 283.2 ± 30.2 90.0 ± 10.6 49.4 ± 6.8

Human study 1 (dose, 250mg XueShuanTong per person): subject ID, f1‒f6 (female); body weight, 50.1‒59.3 kg; age, 24‒27 years old)

Ginsenoside Rb1 (1) 19.5 ± 2.2 492.4 ± 46.7 691.1 ± 65.9 39.9 ± 4.7 1.5 ± 0.1 82.4 ± 13.3 1.1 ± 0.3 42.7 ± 13.2

Ginsenoside Rd (2) 0.8 ± 0.1 14.2 ± 2.5 36.1 ± 15.6 133.9 ± 112.4 2.5 ± 0.5 143.0 ± 24.0 1.0 ± 0.5 18.6 ± 4.2

Ginsenoside Rg1 (31) 5.0 ± 0.6 12.8 ± 3.1 12.8 ± 3.2 1.3 ± 0.3 219.4 ± 64.4 272.3 ± 43.0 83.5 ± 8.2 45.1 ± 13.4

Notoginsenoside R1 (32) 1.0 ± 0.1 2.4 ± 0.6 2.5 ± 0.6 1.3 ± 0.3 174.5 ± 47.3 253.0 ± 37.4 78.5 ± 17.8 48.5 ± 13.2

Human study 1 (dose, 500mg XueShuanTong per person): subject ID, m9‒m16 (male); body weight, 57.0‒78.0 kg; age, 25‒32 years old)

Ginsenoside Rb1 (1) 26.3 ± 2.6 737.7 ± 99.3 1069.4 ± 179.9 42.9 ± 7.5 1.6 ± 0.2 92.8 ± 10.9 1.2 ± 0.2 41.9 ± 4.3

Ginsenoside Rd (2) 1.3 ± 0.2 25.2 ± 3.8 66.1 ± 26.7 125.9 ± 75.9 2.2 ± 0.4 143.4 ± 18.1 0.5 ± 0.1 18.6 ± 1.5

Ginsenoside Rg1 (31) 6.4 ± 0.6 16.9 ± 2.0 16.9 ± 2.1 1.2 ± 0.1 267.2 ± 51.6 308.4 ± 37.5 78.1 ± 8.8 36.1 ± 4.6

Notoginsenoside R1 (32) 1.2 ± 0.1 3.3 ± 0.4 3.3 ± 0.4 1.3 ± 0.1 205.1 ± 38.5 277.5 ± 32.0 85.7 ± 6.7 50.8 ± 5.3

Human study 1 (dose, 500mg XueShuanTong per person): subject ID, f7‒f12 (female); body weight, 48.7‒66.8 kg; age, 21‒27 years old)

Ginsenoside Rb1 (1) 28.9 ± 3.2 887.4 ± 97.5 1269.9 ± 206.6 41.0 ± 7.6 1.5 ± 0.3 87.5 ± 9.7 1.9 ± 0.2 44.5 ± 17.5

Ginsenoside Rd (2) 1.2 ± 0.1 26.4 ± 2.2 68.6 ± 29.9 119.7 ± 82.0 2.2 ± 0.3 161.2 ± 19.2 1.5 ± 0.7 17.5 ± 6.5

Ginsenoside Rg1 (31) 7.7 ± 0.8 20.7 ± 2.7 20.8 ± 2.8 1.3 ± 0.1 240.1 ± 33.5 354.9 ± 26.8 97.5 ± 3.0 53.8 ± 17.5

Notoginsenoside R1 (32) 1.5 ± 0.2 4.1 ± 0.5 4.1 ± 0.5 1.5 ± 0.1 184.8 ± 24.9 311.6 ± 25.8 94.5 ± 6.7 62.0 ± 18.1

Human study 2 (dose, 500mg XueShuanTong once daily; day 4): subject ID, m17‒m24 (male); body weight, 57.4‒73.8 kg; age, 25‒33 years old)

Ginsenoside Rb1 (1) 23.0 ± 5.8 245.1 ± 25.1 745.0 ± 236.6 – 2.1 ± 0.8 143.3 ± 20.3 – –

Ginsenoside Rd (2) 1.3 ± 0.3 11.0 ± 1.4 20.5 ± 5.8 – 4.5 ± 1.5 122.3 ± 15.2 – –

Ginsenoside Rg1 (31) 6.9 ± 1.1 16.9 ± 1.6 17.0 ± 1.6 1.4 ± 0.2 268.5 ± 33.0 342.0 ± 53.8 – –

Notoginsenoside R1 (32) 1.3 ± 0.2 3.4 ± 0.3 3.4 ± 0.3 1.4 ± 0.1 205.0 ± 28.9 296.0 ± 42.5 – –

Human study 2 (dose, 500mg XueShuanTong once daily; day 18): subject ID, m17‒m24 (male); body weight, 57.4‒73.8 kg; age, 25‒33 years old)

Ginsenoside Rb1 (1) 68.8 ± 11.3 2632.0 ± 521.1 4376.3 ± 1200.6 52.7 ± 6.9 0.4 ± 0.1 31.0 ± 4.8 – 128.4 ± 28.6

Ginsenoside Rd (2) 4.1 ± 1.0 146.1 ± 53.6 303.6 ± 154.0 74.6 ± 25.9 0.4 ± 0.2 31.0 ± 10.5 – 127.1 ± 39.8

Ginsenoside Rg1 (31) 8.0 ± 1.3 25.5 ± 3.2 25.5 ± 3.2 2.5 ± 0.1 180.5 ± 29.4 301.7 ± 41.9 – 61.0 ± 17.0

Notoginsenoside R1 (32) 1.6 ± 0.3 4.7 ± 0.5 4.8 ± 0.5 1.7 ± 0.2 145.2 ± 19.7 255.0 ± 28.0 – 25.6 ± 6.2

The details of human pharmacokinetic study are described in “Materials and methods” section (Human studies). The data represent mean ± standard deviation
Cmax maximum plasma concentration, AUC0-t area under the plasma concentration–time curve from 0 to last measured time point, AUC0-∞, area under the
plasma concentration–time curve from 0 to infinity, t1/2, terminal half-life, CLtot,p total plasma clearance, VSS apparent volume of distribution at steady state, fu
unbound fraction in plasma, fe-U fraction of dose excreted into urine
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were mainly associated with intercompound differences in total
plasma clearance (CLtot,p). Such differences in apparent volumes of
distribution at steady state (VSS) were smaller than those in CLtot,p.
The VSS values of the ppd-type ginsenosides (1 and 2) were
smaller than those of the ppt-type ginsenosides’ (31 and 32); with
the VSS of the former being smaller than the human extracellular
volume (260mL/kg [30]) and those of the latter approximating
260mL/kg. The ppd-type ginsenosides (1 and 2) notably
accumulated during repeated doses of XueShuanTong for 15
consecutive days, but ppt-type ginsenosides (31 and 32) did not.
The accumulative factors (R) of ginsenosides (1 and 2), measured
in human study 2, were 5.1 and 8.0, respectively; this measured
intercompound difference in R was consistent with that estimated
using the elimination rate constant k (0.693/t1/2).

Intravenous XueShuanTong or its major circulating ginsenosides
exhibiting no modulation of CYP3A-mediated midazolam 1′-
hydroxylation
All human subjects metabolized midazolam extensively to 1′-
hydroxymidazolam on days 1 (receiving no XueShuanTong;
baseline), 4 (receiving the first daily dose of XueShuanTong),
and 18 (receiving the 15th daily dose of XueShuanTong). Figure 4
shows plasma concentrations of midazolam and 1′-hydroxymida-
zolam over time after oral dosing of midazolam tablet on these
3 days; the compounds’ systemic exposure data are summarized
in Supplementary Table S3. No statistically significant difference
between days 1 and 4 was noted in Cmax, AUC0–8h, AUC0-∞, or t1/2
values of midazolam or in those of 1′-hydroxymidazolam,
suggesting that there was no obvious inhibition or activation of

CYP3A, mediating midazolam 1′-hydroxylation, by intravenously
administered XueShuanTong. Additionally, such differences were
not detected between days 1 and 18, suggesting that there was
no induction of CYP3A during the repeated doses of
XueShuanTong.
Ginsenosides Rb1 (1), Rd (2), and Rg1 (31), notoginsenoside R1

(32), and XueShuanTong at their test concentrations did not
significantly decrease the mitochondrial activity of human
hepatocytes. The positive control rifampin (20 µmol/L), a known
inducer of CYP3A, exhibited average ratios of enzyme activity (as
indicated by the formation of 1′-hydroxymidazolam) between the
treated cells and the negative control, i.e., 4.1‒44.6. As shown in
Fig. 5, ginsenosides Rb1 (1), Rd (2), and Rg1 (31) and notoginseno-
side R1 (32) exhibited such ratios of 0.4‒1.9 at all test concentra-
tions, except for notoginsenoside R1 (32) at 100 µmol/L exhibiting
a ratio of 2.4 for the donor HVN. This ratio of notoginsenoside R1
(32) was only 5.5% (<20%) of the positive control’s ratio for HVN.
At the test concentrations, XueShuanTong exhibited ratios of
enzyme activity ranging from 1.1 to 1.5 for the donors XSM and
IZT. Such ratios for the donor HVN were 2.6‒2.9, which were only
5.9%‒6.6% of the positive control’s ratio for HVN. These ginseno-
sides (1, 2, 31, and 32; each at 100 µmol/L), as well as
XueShuanTong (at the marker concentration 100 μmol/L of
ginsenoside Rg1 (31) present), did not exhibit >50% inhibition of
CYP3A4 or CYP3A5 in vitro (Supplementary Table S4). To assess
influence of treatment with the ginsenosides (1, 2, 31, and 32) and
XueShuanTong on cellular CYP3A4 and CYP3A5 mRNA expression,
real-time PCR analysis was performed, and the results are shown
in Fig. 5. Hepatocytes treated with rifampin resulted in notable
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increases in the mRNA expression of CYP3A4 and CYP3A5, with
the ratios of mRNA levels between treated and untreated cells 30‒
149 and 14‒26, respectively. At all test concentrations, ginseno-
sides Rb1 (1), Rd (2), and Rg1 (31), notoginsenoside R1 (32), and
XueShuanTong exhibited such ratios of 0.5‒4.1 and 0.5‒2.6,
respectively. Collectively, intravenously administered XueShuan-
Tong did not induce CYP3A; consistently, its major circulating
ginsenosides Rb1 (1), Rd (2), or Rg1 (31) or notoginsenoside R1 (32)
did not induce the enzymes.

Potential for intravenously administered XueShuanTong–drug
interactions via inhibiting OATP1B by ginsenosides
Given that major circulating herbal compounds are considerably
bioavailable for potential XueShuanTong–drug interactions on
OATP1B, the interaction study focused on ginsenosides Rb1 (1), Rd
(2), and Rg1 (31) and notoginsenoside R1 (32). Combination of
these four ginsenosides yielded additive, rather than synergistic or

antagonist, inhibition of OATP1B3 and OATP1B1, as indicated by
the combination indices shown in Table 2. The comparative %
inhibition of ginsenoside Rb1 (1) alone and in the presence of
ginsenosides Rd (2) and Rg1 (31) and notoginsenoside R1 (32), at
the clinically relevant dose, is shown in Supplementary Fig. S2.
Adding ginsenosides Rd (2) and Rg1 (31) and notoginsenoside R1
(32) to ginsenoside Rb1 (1) significantly increased the total %
inhibition compared with the % inhibition by ginsenoside Rb1 (1)
alone (P < 0.05). Therefore, the sum of estimated individual DDI
indices of these four ginsenosides was used to reflect the potential
for XueShuanTong–drug interactions on the transporters (Fig. 6).
The ginsenosides selectively inhibited OATP1B3; the estimated
total DDI indices for OATP1B3 at Cmax for a single dose of
XueShuanTong and for repeated doses of the injection on day 18
were 5.5-times and 6.3-times, respectively, as much as those for
OATP1B1. The total DDI index on OATP1B3 for the repeated doses
on day 18 was 0.75. The contribution of an individual ginsenoside
to the potential interaction was estimated using the percentage of
its DDI index in the total index of the four ginsenosides. At Tmax,
ginsenoside Rb1 (1) was the main contributor to the potential
OATP1B3-mediated interaction with the percentages 79% for a
single dose of XueShuanTong and 82% for repeated doses of the
injection on day 18; such percentages of ginsenosides Rd (2)/Rg1
(31)/notoginsenoside R1 (32) were only 4%/14%/3% and 7%/10%/
1%, respectively. Regarding the potential interaction on OATP1B1,
the percentages of ginsenoside Rb1 (1) were 48% and 56%,
respectively; those of ginsenosides Rd (2)/Rg1 (31)/notoginseno-
side R1 (32) were 7%/34%/11% and 11%/27%/6%, respectively.
After terminating the infusion, contributions of ppt-type ginseno-
side Rg1 (31) and notoginsenoside R1 (32) were reduced quickly
(due to their short t1/2). However, the total DDI index slowly
decreased, with such indices for OATP1B3 at 24 and 48 h after
starting infusion being 40% and 28%, respectively, of that at Tmax

(2.5 h) for a single dose of the injection and 70% and 49%,
respectively, of that at 2.5 h for repeated doses of XueShuanTong
on day 18. The percentage values for OATP1B1 were 26%, 18%,
52%, and 36%, respectively.

DISCUSSION
To our knowledge, this is the first human pharmacokinetic
investigation of multiple ginsenosides from intravenously admi-
nistered XueShuanTong, prepared from a standardized extract of
P. notoginseng roots (Sanqi), and it serves as the first step in
determining the potential for XueShuanTong–drug interactions.
Based on this investigation, unchanged (rather than metabolized)
ginsenosides Rb1 (1), Rd (2), and Rg1 (31) and notoginsenoside R1
(32) are the major circulating XueShuanTong compounds, which
are considerably bioavailable for drug interactions related to the
herbal medicine. This is different from the situation after oral
dosing of Sanqi extract [22, 31]. Ginsenosides are poorly absorbed
from the gastrointestinal tract due to their poor membrane
permeability; the unabsorbed ginsenosides can be deglycosylated
by the human gut microbiota followed by further oxidation of the
deglycosylated metabolites. Although several combinatorial
metabolites represent the major circulating forms of ginsenosides
for orally dosed Sanqi extract, exposure levels of these metabolites
are notably different among human individuals (relative standard
deviations of Cmax and AUC, 51%‒150% and 54%‒168%,
respectively) [22]. After intravenous infusion of XueShuanTong,
such interindividual differences for the major circulating ginseno-
sides (1, 2, 31, and 32) are relatively small, as indicated by relative
standard deviations of 11%‒23% (for Cmax) and 13%‒33% (for
AUC). Substantial intercompound differences in systemic exposure
to XueShuanTong ginsenosides are attributable mainly to their
great differences in compound dose level, i.e., over three orders of
magnitude. Unlike other ppt-type ginsenosides (31 and 32;
compound dose level, >10 μmol/day), ginsenoside Re (33) has a
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low Cmax, probably due to its greater CLtot,p. In addition to Cmax,
plasma protein binding (fu) and terminal half-life (t1/2) also govern
the contribution of an individual ginsenoside to potential
XueShuanTong–drug interactions. In addition to intercompound
differences in fu (particularly between the ppd-type and ppt-type
ginsenosides), interindividual differences in fu of the highly
protein-bound ppd-type ginsenosides (1 and 2) should also be
considered in predicting the clinical outcome of the potential
interactions; this requires developing more accurate and precise
assays for such highly bound compounds. It is worth mentioning
that ppd-type ginsenoside Rb1 (1) exhibits notably longer t1/2 in
humans than in rats, i.e., 42.1 and 17.1 h, respectively (Supple-
mentary Table S5). These interspecies differences, as well as the
related interindividual differences in humans, should also be
considered in predicting the clinical outcome of the potential
interactions. Ginsenoside Rd (2) circulating after intravenous
dosing of XueShuanTong exhibits notably longer t1/2 (58‒307 h)
than that after intravenous dosing of purified ginsenoside Rd
(~18 h) [32]. This discrepancy most likely results from a
pharmacokinetic matrix effect of XueShuanTong, which contains
both ginsenosides Rb1 (1) and Rd (2). Our earlier study suggests
that ginsenoside Rb1 can be transformed into ginsenoside Rd by
human hepatic cytosolic glucosidase [12]. During repeated doses
of XueShuanTong, such deglycosylation of ginsenoside Rb1 (1) can
enhance the accumulation of ginsenoside Rd (2) in the systemic
circulation.

Prior studies of the potential for ginseng–drug interactions
involve assessing the modulation of human cytochrome P450
enzymes (P450s), UDP-glucuronosyltransferases (UGTs), P- glycopro-
tein (P-gp), and OATP1Bs by ginsenosides [11, 12, 33–37]. It is clear
that bulky (extensively glycosylated and highly polar) ginseno-
sides, such as ginsenosides Rb1, Rb2, Rc, Rd, Re, and Rg1, exhibit
weak inhibition of P450s, UGTs, and P-gp in vitro, with IC50 > 50
µmol/L. Based on our current human pharmacokinetic investiga-
tion of XueShuanTong, the in vitro concentrations necessary to
inhibit these enzymes and transporter were not realized in vivo at
its clinically relevant dose. Deglycosylated metabolites of ginseno-
sides [compound-K, 20(S)-protopanaxadiol, and 20(S)-protopanax-
atriol] and ginsenoside Rg3 exhibit relatively potent inhibition of
the enzymes and transporter, but these compounds were poorly
or negligibly detected in humans after dosing XueShuanTong.
Accordingly, the potential for XueShuanTong–drug interactions
via inhibiting P450s, UGTs, or P-gp was not considered in this
investigation. Due to the clinical study by Malati et al. [20]. and the
substantially higher systemic exposure to ginsenosides after
intravenous administration than after oral administration, the
potential of XueShuanTong to induce CYP3A was assessed in this
investigation. Both the human study and the in vitro induction
study demonstrate that repeatedly dosing intravenous XueShuan-
Tong, at the label dose 500mg/day, does not induce human
CYP3A. Consistent with our current in vitro data, other investiga-
tors also reported no cellular induction of human CYP3A by
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ginsenosides Rb1, Rd, or Rg1 [38, 39]. Notably, our conclusion (i.e.,
intravenous XueShuanTong not inducing human CYP3A) should
not be extrapolated simply to oral ginsenoside-containing
products due to notable differences in human exposure to
ginsenosides between the two routes of administration. The
recently reported impact of gut microbiota on hepatic expression
of P450s in mice [40, 41] suggests that interactions of ginseno-
sides with the gut microbiota should be considered in assessing
the potential of oral ginsenoside-containing products to induce
CYP3A. In addition, XueShuanTong appears not to induce CYP1A2
and CYP2B6 (Supplementary Fig. S3).
The potential for XueShuanTong–drug interactions on OATP1Bs

was predicted, based on understanding of bioavailability and
pharmacokinetics of XueShuanTong ginsenosides in humans and

their inhibitory potencies on the human transporters. Because the
ginsenosides selectively inhibit OATP1B3, XueShuanTong is most
likely to alter pharmacokinetics of selective substrates of OATP1B3
when coadministered, rather than selective substrates of OATP1B1
or dual substrates of OATP1B1/1B3. Several selective
OATP1B3 substrates, such as cholecystokinin-8, telmisartan,
amanitin, dioscin, convallatoxin, ouabain, dihydroouabain, ouaba-
genin, and ppt-type ginsenosides, have been reported [11, 12, 42–
46]. Among the circulating ginsenosides, ppd-type ginsenoside
Rb1 (1) predominantly contributes to the potential OATP1B3-
mediated XueShuanTong–drug interaction, whereas the other
circulating ginsenosides Rd (2) and Rg1 (31) and notoginsenoside
R1 (32) are minor contributors to the potential interaction; all
these four compounds inhibit the transporter in an additive
manner. For OATP1B3-mediated interactions, the compound-
contribution profile of XueShuanTong (derived from P. notogin-
seng roots) is different from that of ShenMai (a steamed P. ginseng
root-containing injection for intravenous administration), i.e.,
contributions of multiple ShenMai ginsenosides of ppd-type and
other types are comparable [12]. Due to the long t1/2 of ppd-type
ginsenosides Rb1 (1) and Rd (2) in humans, the mean total DDI
index for the potential XueShuanTong–drug interaction slowly
decreases after terminating the infusion (as indicated by the value
at 24 h after starting the infusion being >40% of that at Tmax).
Additionally, this index can steadily increase during repeated
doses of XueShuanTong (as indicated by the mean total DDI
indices on day 18 after repeated doses being ~2.5 times as much
as the associated mean values for the first daily dose; e.g., at 2.5 h
after starting infusion, increasing from 0.3 to 0.8). In addition to
the mean total DDI index, the associated interindividual difference
should also be considered in interpreting the study results; for the
potential OATP1B3-mediated XueShuanTong–drug interaction,
even while receiving the same doses, some individuals can be
at higher risk of interaction than others. Such variation may result
from interindividual differences in exposure to the circulating
ginsenosides and in their in vivo IC50 values for OATP1B3. The
exposure differences involve interindividual differences not only in
Cmax and fu of the ginsenosides but also in their t1/2, mainly for
long-circulating and extensively plasma-protein-bound ginseno-
sides Rb1 (1) and Rd (2). Based on such exposure differences of the
ginsenosides, the estimated highest individual subject value of the
total DDI index for the potential XueShuanTong–drug interaction
may be twice as much as the estimated mean value of this total

Table 2. Combination indices for ginsenosides Rb1 (1), Rd (2), and Rg1 (31) and notoginsenoside R1 (32) at different levels of inhibition of OATP1B1
and OATP1B3

Percentage inhibition Individual ginsenoside concentration Total concentration Combination index

1 2 31 32 (1+ 2+ 31+ 32, 10:1:100:10)

(µmol/L) (µmol/L)

OATP1B1

50% 13.6 2.5 297 181 67.3 (5.6+ 0.6+ 55.6+ 5.6) 0.9

75% 28.7 7.0 883 647 174 (14.4+ 1.4+ 144+ 14.4) 0.9

90% 60.8 19.4 2621 2309 452 (37.4+ 3.7+ 374+ 37.4) 1.0

95% 101 38.9 5495 5487 864 (71.4+ 7.1+ 714+ 71.4) 1.0

OATP1B3

50% 1.5 0.8 130 117 12.3 (1.0+ 0.1+ 10.1+ 1.0) 0.9

75% 3.6 2.0 371 323 30.7 (2.5+ 0.3+ 25.4+ 2.5) 0.9

90% 8.6 4.9 1062 895 76.6 (6.3+ 0.6+ 63.3+ 6.3) 0.9

95% 15.5 9.0 2172 1789 143 (11.8+ 1.2+ 118+ 11.8) 1.0

The details of inhibition study are described in “Materials and methods” section (In vitro assessment of joint inhibition of OATP1B by XueShuanTong
ginsenosides)

Fig. 6 Estimated total DDI indices on OATP1B1 (a, c) and OATP1B3
(b, d), for a single 2.5-h intravenous infusion of XueShuanTong (the
label dose 500mg; a, b) and for repeated doses of XueShuanTong
(500mg, once daily) on day 18 (c, d). 1, ginsenoside Rb1; 2,
ginsenoside Rd; 31, ginsenoside Rg1; and 32, notoginsenoside R1
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DDI index for all the subjects. However, this does not indicate the
exact interindividual differences in the total DDI index, because
the interindividual in vivo IC50 differences are not incorporated;
currently, it is technically difficult to assess the in vivo IC50.
Increased awareness of drug interaction potential of herbal

medicines will help ensure the safe and effective use of both
herbal medicines and coadministered synthetic drugs. Information
on the potential for interactions should be an important part of
the package leaflet of herbal medicines. However, most Chinese
herbal medicines currently lack such information, including the
extensively used XueShuanTong. To this end, we determined the
potential for XueShuanTong–drug interactions. In summary,
ginsenosides Rb1 (1), Rd (2), and Rg1 (31) and notoginsenoside
R1 (32) are the key XueShuanTong compounds that are
considerably bioavailable for drug interactions; their interaction-
related human pharmacokinetic profiles consist of compound
dose-dependent levels of systemic exposure and, for ginsenosides
Rb1 (1) and Rd (2), long terminal half-lives and extensive binding
to plasma proteins. Repeatedly dosing intravenous XueShuanTong
does not induce human CYP3A4/3A5. Based on human pharma-
cokinetics and overall inhibitory potency of its bioavailable
ginsenosides, intravenously dosed XueShuanTong is found to
have high potential for OATP1B3-mediated drug interactions,
which is attributed chiefly to ginsenoside Rb1 (1). This finding
informs the need for further model-based determination of the
interaction potential for XueShuanTong and, if necessary, asso-
ciated clinical drug interaction study. Based on the results of our
current investigation, caution is advised when (1) increasing the
dose and/or the infusion rate of XueShuanTong, (2) coadminister-
ing XueShuanTong with drugs having their disposition/elimination
largely dependent on OATP1B3 and having narrow therapeutic
indices, and (3) using XueShuanTong in patients with hypoalbu-
minemia and/or impaired liver function and in elderly patients
receiving polypharmacy. To this end, pharmacokinetic investiga-
tion of XueShuanTong in patients and identification of markers
that can indicate individual exposure to or in vivo OATP1B3 IC50 of
the ginsenosides are also warranted to provide information
necessary to guide clinical decision making.
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