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ARTICLE
Multiple circulating saponins from intravenous ShenMai

inhibit OATPI1Bs in vitro: potential joint precipitants
of drug interactions

Olajide E. Olaleye'?, Wei Niu', Fei-fei Du', Feng-ging Wang', Fang Xu', Salisa Pintusophon', Jun-lan Lu', Jun-ling Yang' and Chuan Li'?

ShenMai, an intravenous injection prepared from steamed Panax ginseng roots (Hongshen) and Ophiopogon japonicus roots
(Maidong), is used as an add-on therapy for coronary artery disease and cancer; saponins are its bioactive constituents. Since many
saponins inhibit human organic anion-transporting polypeptides (OATP)1B, this investigation determined the inhibition potencies
of circulating ShenMai saponins on the transporters and the joint potential of these compounds for ShenMai-drug interaction.
Circulating saponins and their pharmacokinetics were characterized in rats receiving a 30-min infusion of ShenMai at 10 mL/kg.
Inhibition of human OATP1B1/1B3 and rat Oatp1b2 by the individual saponins was investigated in vitro; the compounds’ joint
inhibition was also assessed in vitro and the data was processed using the Chou-Talalay method. Plasma protein binding was
assessed by equilibrium dialysis. Altogether, 49 saponins in ShenMai were characterized and graded into: 10-100 pmol/day
(compound doses from ShenMai; 7 compounds), 1-10 umol/day (17 compounds), and <1 pmol/day (25 compounds, including
Maidong ophiopogonins). After dosing, circulating saponins were protopanaxadiol-type ginsenosides Rb;, Rb,, Rc, Rd, Ra;, Rgs, Ray,
and Ras, protopanaxatriol-type ginsenosides Rg;, Re, Rg,, and Rf, and ginsenoside Ro. The protopanaxadiol-type ginsenosides
exhibited maximum plasma concentrations of 2.1-46.6 umol/L, plasma unbound fractions of 0.4-1.0% and terminal half-lives of
15.6-28.5 h (ginsenoside Rgs, 1.9 h), while the other ginsenosides exhibited 0.1-7.7 umol/L, 20.8-99.2%, and 0.2-0.5 h, respectively.
The protopanaxadiol-type ginsenosides, ginsenosides without any sugar attachment at C-20 (except ginsenoside Rf), and
ginsenoside Ro inhibited OATP1B3 more potently (ICso, 0.2-3.5 pmol/L) than the other ginsenosides (=22.6 pmol/L). Inhibition of
OATP1B1 by ginsenosides was less potent than OATP1B3 inhibition. Ginsenosides Rb;, Rb,, Rc, Rd, Ro, Ra;, Re, and Rg, likely
contribute the major part of OATP1B3-mediated ShenMai-drug interaction potential, in an additive and time-related manner.
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INTRODUCTION

In China, many herbal medicines have been incorporated into
synthetic drug-based treatment of multifactorial diseases, such as
cardiovascular diseases, cancer, and infectious diseases, for
therapeutic advantage, either because their therapeutic effects
are complementary and/or synergistic or because such effects can
be achieved with reduced drug side effects or with reduced drug
resistance [1-7]. However, substances from co-administered
herbal products and synthetic drugs have potential for untoward
pharmacokinetic interactions [8-11]. Constituents of many bota-
nical products, evaluated as precipitants of drug interactions, have
been shown to inhibit and/or induce drug metabolizing enzymes
and transporters in vitro [12-16]. In addition, an herbal medicine
may also be the object of drug interactions [17]. In China, herbal
medicines are extensively used in clinics as multi-compound
extracts and highly purified compounds, and are prescribed by
both physicians practicing Western medicine and those practicing
Chinese traditional medicine. Like the oral herbal tablets and

capsules, herbal injections for intravenous administration are also
extensively used in clinics. By delivering its bioactive constituents
directly into the bloodstream and bypassing the enterohepatic
barrier, such injection often facilitates high levels of exposure
to these compounds for rapid effect. Given the common co-
medication of Chinese herbal medicines with synthetic medicines,
drug interaction information is essential. This will help ensure
pharmacokinetic compatibility (i.e., absence of any undesirable,
unintentional, or unmanageable pharmacokinetic interaction that
can lead to loss of drug effectiveness and safety) for the success
of such combination therapies.

Chinese herbal medicines often contain multiple bioactive
constituents bearing similar structures. These herbal compounds
could interact with the same drug metabolizing enzymes and/or
transporters (interacting proteins), and might jointly cause drug
interactions, to which they contribute to varying extents. Here, an
approach is proposed for investigating the drug interaction
potential of an herbal medicine: (1) characterizing the medicine’s
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chemical composition; (2) identifying its circulating compounds
that are bioavailable for such an interaction; (3) assessing
the modulation potencies of these herbal compounds on the
relevant interacting proteins; (4) characterizing their pharmacoki-
netic characteristics that can influence the compounds’ contribu-
tions to the interaction potential; and (5) evaluating the joint
modulation of the same interacting proteins by the identified
compounds. Data obtained from such investigation will inform
model-based prediction and clinical studies of drug interaction
related to the medicine.

ShenMai injection, an intravenous botanical drug product
prepared from steamed Panax ginseng roots (Hongshen) and
Ophiopogon japonicus roots (Maidong), is approved by the China
Food and Drug Administration (China FDA) as add-on therapy in
treatment of coronary artery disease and cancer. In a recent
double-blind, multicenter, placebo-controlled, prospective, rando-
mized clinical trial in 240 patients with chronic heart failure
and coronary artery disease, adding ShenMai (100 mL/day, for
7 days) to standard treatment yielded greater improvements in
New York Heart Association functional classification (the primary
endpoint) and also in 6-min walking distance, short-form 36 health
survey score, and TCM syndrome scores than the standard
treatment alone; adding ShenMai was well-tolerated, with no
apparent safety concerns [18]. Also, clinical studies have provided
evidence that adding ShenMai alleviates chemotherapy-induced
side effects in patients with breast cancer or with non-small cell
lung cancer [1, 19]. Saponins, the bioactive constituents of
ShenMai, are believed to be responsible for the injection’s
therapeutic action [20-23]. Saponins from Hongshen are triter-
pene saponins, which are classified here into 20(S)-protopanax-
adiol-type (ppd-type) ginsenosides, 20(S)-protopanaxatriol-type
(ppt-type) ginsenosides, and ginsenosides of other types, while
those from Maidong are steroidal saponins. Many triterpene
and steroidal saponins have been found to be inhibitors or
substrates of the human hepatic uptake transporters organic
anion-transporting polypeptide (OATP) 1B1 and/or OATP1B3
[14, 17, 24, 25]. Given that ShenMai is commonly co-
administered with other medicines, understanding its potential
for drug interactions is essential for its rational clinical use.
This investigation was designed to evaluate OATP1B-mediated
ShenMai-drug interaction potential by identifying ShenMai
saponins that are likely to contribute the major part of such
interactions and their joint inhibition of the transporters.

MATERIALS AND METHODS
Materials and chemicals
ShenMai injection (lot number, 161210D2, 17010432, 170515D2)
was manufactured by Shineway Pharmaceutical Group (Shijiaz-
huang, China) with a China FDA drug ratification number of
GuoYaoZhunZi-Z13020888. ShenMai from the lot 161210D2 was
used in the current rat studies (Supplementary Table S1). Each
milliliter of the injection is prepared from 0.1 g each of Hongshen
(steamed P. ginseng roots) and Maidong (O. japonicus roots),
yielding an herb-to-injection ratio of 1:5. The final product is a
sterile and nonpyrogenic injection for intravenous administration.
Each milliliter of ShenMai is standardized to contain not <0.10 mg
total of ginsenoside Rg; and ginsenoside Re; not <0.10 mg
ginsenoside Rb;; and 0.20-0.90 mg total of ginsenoside Rg;,
ginsenoside Re and ginsenoside Rb;. Crude samples of the
component herbs Hongshen (steamed P. ginseng roots) and
Maidong (O. japonicus roots) were also obtained from Shineway
Pharmaceutical Group and were stored at —20 °C until analysis.
Ginsenosides Rb;, Rb,, Rgs, Fq, F,, Rgy, Re, Rg,, Rf, and Rh;,
compound-K, 20(S)-protopanaxadiol, and 20(S)-protopanaxatriol
were obtained from the National Institutes for Food and Drug
Control (Beijing, China); ginsenosides Rge, Rk;, and Rgs, and
ophiopogonin D/, from Push Bio-technology (Chengdu, China);
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ginsenosides Ro and Rh,, and notoginsenoside R;, from Chroma
Biotechnology (Chengdu, China); ginsenosides Ra; and Ra,, from
Star Ocean Ginseng Bio-pharmaceutical (Shanghai, China); ginse-
nosides Rc and Rd, and ophiopogonin D, from Tauto Biotech
(Shanghai, China); and 20-gluco-ginsenoside Rf, from Fengshan-
jian (Kunming, China). The purity of these compounds exceeded
98%. Rifampin, HPLC grade methanol, formic acid, and lithium
acetate dihydrate were obtained from Sigma-Aldrich (St Louis,
MO, USA). Estradiol-17B-p-glucuronide (E;173G) was obtained
from Cayman Chemical (Ann Arbor, MI, USA). Deionized water
was purified using a Millipore Milli-Q Integral 3 cabinet water
purifying system (Milford, MA, USA).

Pentobarbital was obtained from Shanghai Westang Biotech-
nology (Shanghai, China) and sodium taurocholate, from Solarbio
Life Sciences (Beijing, China). Human liver microsomes and human
liver cytosol were obtained from Corning Gentest (Woburn,
MA, USA). Rat liver homogenate and rat liver microsomes were
prepared in-house [26]. Human embryonic kidney 293 (HEK-293)
cells were obtained from American Type Culture Collection
(Manassas, VA, USA). Human OATP1B1 and OATP1B3 and rat
Oatp1b2 expression plasmids were constructed by cloning human
OATP1B1 (NM_006446) and OATP1B3 (NM_019844) and rat
Oatp1b2 (NM_031650) open reading frames into expression
vector pcDNA 3.1(+) by Invitrogen Life Technologies (Shanghai,
China). Before use, the expression plasmids were sequence-
verified and functionally characterized [14]. The cell culture
reagents were obtained from Invitrogen Life Technologies.

In vivo rat studies of ShenMai

All animal care and use complied with the Guidance for Ethical
Treatment of Laboratory Animals (The Ministry of Science and
Technology of China, 2006, at www.most.gov.cn/fggw/zfwj/
zfwj2006). Rat studies were implemented according to protocols
that were reviewed and approved by the Institutional Animal Care
and Use Committee at Shanghai Institute of Materia Medica
(Shanghai, China). Rat studies are reported in accordance with the
ARRIVE guidelines [27, 28]. Male Sprague-Dawley rats were
obtained from SIPPR-BK Laboratory Animal Co. Ltd. (Shanghai,
China), housed at 20-24 °C and relative humidity of 30-70% with
a 12-h light/dark cycle, and maintained under specific-pathogen-
free conditions. Rats were provided commercial rat chow and
access to filtered tap water ad libitum and were acclimated to
the facilities and environment for one week before use. All rats
received in-house femoral vein cannulation for infusion of
ShenMai, while some received, in addition, femoral-artery-
cannulation for blood sampling or bile duct cannulation for bile
sampling. After surgery, rats were housed singly and allowed to
regain their preoperative body weights before the studies. All
used rats were killed with CO, gas. A total of 18 rats were used in
this investigation for three studies.

To assess the systemic exposure to saponins, six rats received a
30-min intravenous infusion of ShenMai at 10 mL/kg; the dose was
translated from the label human dose of ShenMai (100 mL/day) by
using the body surface area normalization method [29]. Serial blood
samples [around 150 pL; before and 15, 30 (just before terminating
the infusion), 35, 45 min, and 1, 1.5, 2.5, 4.5, 8.5, 24, 48, and 72 h
after starting the infusion] were collected in heparinized tubes and
then centrifuged to yield plasma fractions. The plasma samples were
aliquoted and then stored at —70°C pending analysis.

To investigate renal excretion of saponins, six rats that were
housed singly in metabolic cages with urine collection tubes
frozen at —15°C received a 30-min intravenous infusion of
ShenMai at 10 mL/kg and urine samples were collected before and
0-8, 8-24, 24-48, and 48-72 h after starting the infusion. The urine
samples collected were weighed, aliquoted, and then stored at
—70°C pending analysis.

To investigate hepatobiliary excretion of saponins, six rats
received a 30-min intravenous infusion of ShenMai at 10 mL/kg.
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Serial bile samples were collected before and 0-8, 8-24, 24-32,
32-48, 48-56, and 56-72h after starting the infusion of
ShenMai. During bile collection, a solution of sodium taurocholate
(768 mg/mL in saline; pH 7.4) was infused (1 mL/h) via the
duodenum. The bile samples collected were weighed, aliquoted,
and then stored at —70 °C pending analysis.

Determination of unbound fractions of ShenMai ginsenosides in

plasma

To determine the compounds’ unbound fractions in plasma,
freshly collected blank rat and human plasma samples were
spiked separately with test ginsenosides at 37 °C and equilibrium
dialysis using Spectra/Por 2 dialysis membranes (molecular weight
cutoff, 12-14 kDa; Rancho Dominguez, CA, USA) was performed
[30]. After equilibrating for 24 h at 55 rpm and 37 °C, the dialysate
and the plasma were sampled for analysis. The test ginsenosides
were ginsenosides Rb;, Rb,, Rc, Rd, Ra;, Rgs, Ray, Ras, Rgq, Re, Rg,,
Rf, Rh;, Ro, Rge, Rk;, Rhs and Rgs, notoginsenoside R,;, and 20-
gluco-ginsenoside Rf, all of which were tested at 5 umol/L, except
for the ppd-type ginsenosides and ginsenosides Rk; and Rgs also
at 50 umol/L. Collection of blank blood from healthy human
volunteers was approved by the Ethics Committee for Biomedical
Research at Shanghai Institute of Materia Medica. Blood samples
were heparinized and then centrifuged to yield plasma fractions,
which were put together to yield pooled blank human plasma and
pooled blank rat plasma. Unbound fraction in plasma (f, piasma)
was calculated using the following equation:

fu—plasma = (Cd/cp) X 100(%7 (1)

where (4 is the concentration in the dialysate sample and Cj, is the
corresponding concentration in the post-dialysis plasma sample.

In vitro metabolism studies of ShenMai saponins

To better understand whether systemic exposure to ginsenoside
Rd (of ppd-type) could be influenced by (besides its own dose
from ShenMai) other co-existing ppd-type ginsenosides’ metabo-
lism in rats and whether a similar scenario could take place
in humans, ginsenosides Rb;, Rb,, Rc, Ra;, Ray and Ras were
separately incubated in triplicate, at a final substrate concentration
of 10 umol/L, with rat liver homogenate at 37 °C for 20 h. The
incubation samples were analyzed by liquid chromatography/
mass spectrometry to determine formation of ginsenoside Rd. In
addition, such incubation was also performed using human liver
cytosol for these ppd-type ginsenosides at a final substrate
concentration of 10 pmol/L.

Ginsenosides Rgs, Rg,, Rf, and Rh; share a structural feature, i.e.,
possessing no sugar attachment at C-20. To better understand
whether systemic exposure of these ginsenosides could be
influenced by (in addition to their own doses from ShenMai)
their metabolism in rats and whether a similar scenario could take
place in humans, these four ginsenosides were separately
incubated with rat liver microsomes in the presence of the
cofactor reduced B-nicotinamide adenine dinucleotide phosphate
(NADPH) using the method by Hu et al. [26]. In brief, the
incubation was performed in triplicate at a final substrate
concentration of 10 umol/L and 37°C for 2h; the incubation
samples were analyzed by liquid chromatography/mass spectro-
metry to determine formation of the oxidized metabolites. In
addition, such incubation was also performed using human liver
microsomes for these ginsenosides at a final substrate concentra-
tion of 10 umol/L.

In vitro assessment of interactions of ShenMai saponins with
OATP1B1 and OATP1B3

Cell culture was conducted and uptake of ginsenosides Rb;, Rb,,
Rc, Rd, Ra;, Rgs, Ray, Ras, Rg;, Re, Rgy, Rf, Rhy, Ro, Rgs, Rk;, Rhy,
and Rgs, and 20-gluco-ginsenoside Rf, notoginsenoside R,, and
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ophiopogonins D and D’ in HEK-293 cells transiently transfected
with OATP1B1 or OATP1B3 were investigated using methods
described by Jiang et al. [14]. The transport rate of the test
compound in pmol/min/mg protein was calculated using the
following equation:

Transport = (G x V)/T /W, )]

where C, is the concentration in the cellular lysate, V| is the
volume of the lysate, T is the incubation time (10 min), and W/ is
the measured protein amount in the lysate (mg). Differential
uptake between the transfected cells (TC) and mock cells (MC) was
defined as a net transport ratio (Transportyc/Transportyc ratio).
A net transport ratio >3 was taken to indicate that the test
saponin was a substrate of the transporter. Before use, the
transfected cells were functionally characterized by measuring
uptake of E,17BG; the net transport ratios were 55.3+3.8
and 42.1+4.4 for OATP1B1 and OATP1B3, respectively, in the
absence of rifampin and 1.4+0.0 and 1.0+ 0.0, respectively, in
the presence of rifampin (100 umol/L). Inhibition potencies of
the test saponins on the cellular transport of E;17BG by human
OATP1B1 or OATP1B3 were initially screened at a saponin
concentration of 100 pmol/L. Half-maximal inhibitory concentra-
tions (ICso) were then determined for those saponins demonstrat-
ing > 50% inhibition. The concentrations of E;173G were 10 and
15 umol/L for OATP1B1 and OATP1B3, respectively, while the
concentrations of each test ginsenoside are shown in Supple-
mentary Table S2. To assess the influence of 1-h preincubation
with test ginsenosides (in the absence of the substrate E;17BG)
on their OATP1B1/1B3 inhibition, ICsy values measured with
such preincubation were compared with the respective ICsg
values measured without preincubation. Unbound fractions in
incubation (fy.incubation) containing mock cells were measured
for test ginsenosides at 10 pmol/L, using a method by Posada
et al. [31]. The mean f,.incubation Values of test ginsenosides were
96-114%, except for ginsenosides Rge, Rk;, and Rgs with such
values of 39-76%.

In vitro assessment of joint inhibition of OATP1B1/1B3 by
ginsenosides

Ginsenosides Rb,;, Rb,, Rc, Rd, Re, and Ro were selected for
investigation of their joint inhibition of OATP1B1 and OATP1B3.
These selected ginsenosides exhibited the highest (Csomin X
fu-plasma)/ICso ratios (where Csomin is the maximum rat plasma
concentration at 30 min after starting 30-min infusion, f,.plasma iS
for human plasma, and ICsq is for the human OATP1B1/1B3). Joint
inhibition was assessed using the Chou-Talalay method [32, 33].
Two combinations were tested, i.e,, six ginsenosides Rb,, Rb,, Rc,
Rd, Re, and Ro mixed in a ratio similar to that of their “C3gmin X f..
plasma’ and four ppd-type ginsenosides Rb, Rb,, Rc, and Rd mixed
in a ratio similar to that of their “Cy sh X fuplasma” (Where C sy, is
rat plasma concentration at 1.5 h after starting 30-min infusion).
These ratios were held constant, while the total concentrations
were varied by serial dilution. Joint inhibition of OATP1B1 and
that of OATPIB3 by the ginsenoside combinations were
assessed using the transiently transfected HEK-293 cells, with
E;17BG as substrate. The joint inhibition was characterized with
respect to combination index (Cl), which was calculated using
Combosyn Compusyn software (version 1.0; Paramus, NJ, USA).
A Cl value of <0.9, 0.9-1.1, or >1.1 was taken to indicate that
the joint inhibition is synergistic, additive, or antagonistic
respectively, i.e.,, producing a joint inhibition greater than, equal
to, or lower than, respectively, the sum of inhibition by the
individual compounds.

Characterization and grading of saponins present in ShenMai

A Waters Synapt G2 high definition time-of-flight mass spectro-
meter (Manchester, UK), interfaced via a LockSpray source with
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a Waters Acquity ultra performance liquid chromatographic
separation module (Milford, MA, USA), was used for detection,
characterization, and grading of saponins present in ShenMai.
Samples of the herbal injection were prepared by diluting with
water, while samples of the component herbs Hongshen and
Maidong were prepared by extracting with 50% methanol
followed by filtration. Chromatographic separation was achieved
on a 1.7 um Waters BEH C18 column (100 mm x 2.1 mm i.d.; 45 °C;
Dublin, Ireland) with a mobile phase, delivered at 0.3 mL/min,
consisting of (A) methanol/water (1:99, v/v; containing 1 mmol/L
formic acid) and (B) methanol/water (99:1, v/v; containing 1 mmol/
L formic acid). A 42-min gradient program was used, consisting
of 0-2min at 2% B, 2-32 min 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 that gave a resolution power of
around 20,000 and was externally calibrated over a range of m/z
50-1500 using a 5 mmol/L sodium formate solution at 10 yL/min
and mass shifts during acquisition were corrected using leucine
encephalin (m/z 554.2615 for the negative ion mode). MSE data
acquisition (in centroid mode, m/z 50-1500) was achieved
simultaneously using a trap collision energy of 3V and a trap
collision energy ramp of 30-50V with a scan time of 0.4s.

Prior to analysis, information on saponins originating from
Hongshen (steamed P. ginseng roots) and Maidong (O. japonicus
roots) was obtained by literature mining, and four literature
references by Xie et al. [34], Yang et al. [35], Shin et al. [36], and
Li et al. [37] gave the most comprehensive information about
chemical constituents of these herbs and about chemotransfor-
mation of ginsenosides related to pharmaceutical processing.
Saponins present in ShenMai were detected in the negative
ion mode using an analyte-targeted detection approach, based
on a compound list with information (obtained via the pre-
analysis literature mining) such as their names, structures,
accurate molecular masses, electrospray ionization patterns, and
collision-induced dissociation patterns. Those detected com-
pounds that were suspected to be ShenMai saponins were
characterized by comparing their accurate molecular masses,
fragmentation profiles, and chromatographic retention times
with those of the associated reference standards. When such
standards were not available, characterization was based on
comparison with the reported mass data for the suspected
saponins and their reported chromatographic elution order
with other related compounds. Grading of the characterized
ShenMai saponins was based on calibration with their respective
reference standards or calibration with a structurally similar
reference standard.

Quantification of ShenMai ginsenosides in biological samples

An AB Sciex API 4000 Q Trap mass spectrometer (Toronto, Canada),
interfaced via a Turbo V ion source with an Agilent 1290 Infinity Il
LC (Waldbronn, Germany), was used for quantification of ShenMai
ginsenosides in plasma, urine, and bile samples from the rat
studies and in samples from the cell-based transport studies.
Samples were prepared by precipitation with three volumes of
methanol and follow-up centrifugation. Chromatographic separa-
tion was achieved on a 5 um Agilent ZORBAX Eclipse Plus C;g
column (50 mm x 2.1 mm i.d.; Santa Clara, CA, USA) with a mobile
phase, delivered at 0.35 mL/min, consisting of (A) methanol/water
(1:99, v/v; containing 25 umol/L lithium acetate and 1 mmol/L
formic acid) and (B) methanol/water (99:1, v/v; containing 25 pmol/
L lithium acetate and 1 mmol/L formic acid). A 12-min gradient
program was used, consisting of 0-2 min, from 20% B to 70% B;
2-8 min, from 70% B to 85% B; 8-8.5 min, from 85% B to 100% B;
8.5-10 min, at 100% B; 10-12 min 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 Rb;, Rb,/Rc, Rd/Re, Ra;/Ray,
Rgs, Ras, Rg;, Rgy Rf, Rh;, Ro, Rgs, Rk;/Rgs, and Rhy,
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notoginsenoside R;, and 20-gluco-ginsenoside Rf were m/z
1115 — 349 (collision energy, 81V), 1085 — 319 (85V), 953 — 773
(63V), 1217 - 451 (83V), 791 - 349 (67V), 1247 — 481 (80V),
807 — 627 (51V), 791 — 187 (77 V), 807 — 349 (63 V), 645 — 465
(49V), 963 — 363 (67 V), 773 — 333 (57 V), 773 - 349 (65 V), 627 —
447 (55V), 939 —» 319 (73 V), and 969 — 349 (79 V), respectively.

For quantification of saponins, matrix-matched calibration
curves were constructed with reference standards using weighted
(1/X or 1/X?) linear regression of the peak areas (Y) of the analytes
against the corresponding nominal analytes’ concentrations (X;
1.37,4.12, 124, 37.0, 111, 333, 1000, 3000, and 5000 nmol/L), and
the 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 [38], demonstrated that the assays were
reliable and reproducible for the intended use. The assays’ lower
limits of quantification were 1.37-37.0 nmol/L for the test
ginsenosides and the upper limits of quantification were
1000-5000 nmol/L. The intra-batch accuracy and precision were
85.2-113.9% and 1.5-15.0%, respectively, while the inter-batch
values were 85.3-113% and 2.1-14.9%, respectively. The coeffi-
cients of variation of matrix factors were 2.5-14.3%. The stability
of analytes under conditions mimicking the analytical process
was evaluated: after storage at 24°C for 5h, after storage at
8°C for 24 h and after three freeze-and-thaw cycles. The test
compounds were stable under the test conditions, because the
measured mean concentrations fluctuated within —0.2-14.6% of
the nominal concentrations. All the preceding validation results
were within the required ranges.

Liquid chromatography/mass spectrometry-based bioanalytical
assay for quantification of E;17pG was the same as that described
by Jiang et al. [14].

Data processing

ShenMai contains many saponins and their daily doses from the
injection are a governing factor for their individual contributions
in potential ShenMai-drug interactions. Therefore, the detected
and characterized ShenMai saponins were ranked according to
their daily doses, which were calculated as the products of their
content levels in the injection and the injection’s label daily dose
(100 mL/day). Then, these saponins were graded into different
levels according to their daily doses, i.e.,, >10, 1-10, and <1 pmol/
day. Due to differences in formulation and dosage regimen
among herbal medicines, this ranking and grading is based on the
compounds’ daily doses, rather than on their content levels in the
herbal medicine; this facilitates data comparison among such
medicines.

Pharmacokinetic parameters of circulating ShenMai saponins
were estimated by non-compartmental analysis using Innaphase
Kinetica software package (version 5.0; Philadelphia, PA, USA).
Fractions of dose excreted into urine (f..y) and into bile (f.g)
were calculated using the cumulative amounts excreted into
urine (Cum.Acy) and into bile (Cum.A.3), respectively, divided
by the dose. A ratio of renal clearance to the product of
glomerular filtration rate and unbound fraction in plasma [CLg/
(GFR X fuplasma)] Was used to understand which process(es) were
involved in the renal excretion. The hepatobiliary (CLg) and renal
clearance (CLg) were calculated from the cumulative amounts
excreted into bile and into urine divided by the area under plasma
concentration-time curve, i.e, Cum.A.s/AUCy. and Cum.A..y/
AUGC,., respectively.

In vitro ICso was estimated using Erithacus GraFit software
(version 5.0; Surrey, UK). Contributions of individual circulating
ginsenosides to OATP1B-mediated ShenMai-drug interaction
potential were estimated based on their (CX f,_pjasma)/ICso ratios,
after a single dose of ShenMai, and on their (C x R X f_pjasma)/ICs0
ratios, at steady state after multiple doses of ShenMai. The term C
is the rat plasma concentration of the ginsenoside after starting a
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30-min intravenous infusion of ShenMai or after starting such
infusion on the first day of multiple dosing; the term R is the
accumulative factor of the ginsenoside calculated as 1/(1 — e
where k is its elimination rate constant (0.693/t,,,) and 1 is the
dosing interval (24 h). The term f,_piasma is unbound fraction of the
ginsenoside in human plasma. Given uncertainties in measure-
ments of binding in plasma, the f,.pasma Was set to 1% when
experimentally determined to be <1% [39]. The term ICso of the
ginsenoside is for the human OATP1B3 or OATP1BI1. All results are
expressed as arithmetic mean + standard deviation.

’

RESULTS

Saponins detected in ShenMai and their relative abundance

A total of 49 saponins were detected and characterized in samples
of the three ShenMai lots (Table 1 and Fig. 1), i.e., 47 ginsenosides
originating from the component herb Hongshen (steamed P.
ginseng roots) [20 ppd-type ginsenosides (1-20), 13 ppt-type
ginsenosides (31-43), and 14 ginsenosides of other types (51-64)]
and two ophiopogonins (71 and 72) originating from the other
component herb Maidong (O. japonicus roots). Based on their
individual doses from ShenMai, these saponins were graded into
three levels: 10-100 umol/day [the ppd-type ginsenosides Rb; (1),
Rb, (2), and Rc (3), the ppt-type ginsenoside Rg; (31) and Re (32),
and the other-type ginsenoside Ro (51)], 1-10 umol/day [the ppd-
type ginsenosides Rd (4), Ra; (5), Rgs (6), Ra, (7), Ras (8), and Rbs
(9), the ppt-type ginsenoside Rg, (33), Rf (34), notoginsenoside R;
(35), and 20-gluco-ginsenoside Rf (36), and the other-type
ginsenosides Rgg (52), Rk; (53), Rh, (54), and Rgs (55)], and <1
pmol/day [the remaining 27 minor ginsenosides (10-20, 37-43,
and 56-64) and ophiopogonin D (71) and D’ (72)]. The sum of
doses of Level | saponins was 62% of the total dose of saponins in
ShenMai while the sum of doses of Level Il saponins was 33.4% of
the total dose of saponins. The remaining minor saponins
constituted only 4.6% of the total dose of saponins. The injection
exhibited lot-to-lot variability of 6.9-18.4% for the Level | saponins,
2.2-18.1% for the Level Il saponins and 3.4-28.2% for the
remaining saponins. Although flavonoids were also reported to
be present in Maidong [34], they were not detected in the test
ShenMai samples.

Systemic exposure to and pharmacokinetics of saponins in rats
that received ShenMai
A total of 20 ginsenosides circulating during and after a 30-min
intravenous infusion of ShenMai (10 mL/kg) were detected in rats
and characterized. These consisted of eight ppd-type ginseno-
sides, i.e., ginsenosides Rb; (1), Rb, (2), Rc (3), Rd (4), Ra; (5), Ra,
(7), Ras (8), and Rgs (6), in descending order of exposure levels
(Cmax); seven ppt-type ginsenosides, i.e., ginsenosides Rg; (31), Re
(32), Rg, (33), and Rf (34), notoginsenoside R; (35), 20-gluco-
ginsenoside Rf (36), and ginsenoside Rh; (37); and five ginseno-
sides of other types, i.e, ginsenosides Ro (51), Rgs (52), Rk, (53),
Rh, (54), and Rgs (55). The minor Hongshen ginsenosides and
Maidong ophiopogonins (dose, <1 umol/day) were negligibly or
not detected in plasma after dosing. Oxidized metabolites of the
circulating ShenMai ginsenosides [except for ginsenosides Rgs (6),
Rg> (33), Rf (34), and Rh, (37)] and the deglycosylated metabolites
compound-K, 20(S)-protopanaxadiol, or 20(S)-protopanaxatriol
were negligibly or not detected. Although the oxidized metabo-
lites of ginsenosides Rgs (6), Rg, (33), Rf (34), and Rh, (37) were
detected in plasma after dosing ShenMai, their levels were low
compared with those of the respective parent compounds. These
metabolites were mainly eliminated via hepatobiliary excretion.
Chemical structures of the major circulating ginsenosides (1-8,
31-37, and 51-55) and those of ophiopogonins D (71) and D’ (72)
are shown in Fig. 2.

Table 2 summarizes the pharmacokinetics of circulating
ginsenosides (1-8, 31-37, and 51-55) from intravenously dosed
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ShenMai; Fig. 3a—-d shows the total (unbound plus bound) plasma
concentrations of these ginsenosides over time. Significant
differences in total levels and duration of systemic exposure
were observed among different types of ginsenosides. Due
to significant inter-compound differences in content level in
ShenMai, comparison of total levels of systemic exposure among
the ginsenosides should be based on correction of these data by
individual ginsenoside doses from the injection. As a result, the
ppd-type ginsenosides (1-8) exhibited substantially higher total
levels of systemic exposure than the ppt-type ginsenosides (31—
37) and ginsenosides of other types (51-55). For the ppd-type
ginsenosides, Czomin/compound dose and AUC/compound dose
were  1.38-2.23 ymol/L/umol and  8.97-26.14 umol/L h/pmol,
respectively (except for ginsenoside Rgs (6), 0.66 umol/L/umol
and 0.50 pmol/L h/umol, respectively), while for the ppt-type/
other types, such data were 0.08-0.31/0.12-0.73 pmol/L/pmol and
0.04-0.23/0.07-0.59 pmol/L h/umol, respectively. Plasma protein
binding also differed significantly among these ginsenosides
(Table 3). The ppd-type ginsenosides (1-8) were extensively
bound in plasma, while the ppt-type ginsenosides (31-37) were
not extensively bound. Regarding ginsenosides of other types,
ginsenoside Ro (51) exhibited a f,_pjasma Of 22%, while such values
for ginsenosides Rk, (53)/Rgs (55) and ginsenosides Rgg (52)/Rh,
(54) were <0.1% and around 4%, respectively. Based on the
products of total exposure levels and f,.pjasma Values, levels of
systemic exposure to unbound ginsenosides over time are shown
in Fig. 3e-h. It is worth mentioning that such f_pasma Values for
humans were greater than the respective values for rats (Table 3);
these interspecies differences should be considered in predicting
the related drug interaction in humans. In addition, terminal half-
life (t,,,) also differed significantly among the ginsenosides
(Table 2). The terminal half-lives of the ppd-type ginsenosides
(1-8) [except for ginsenoside Rgsz (6)] were substantially longer
than those of the ppt-type ginsenosides (31-37) and the
ginsenosides of other types (51-55).

Systemic clearance (Cl,,) differed notably among the different
types of circulating ginsenosides (Table 2). The CL;q, values of the
ppd-type ginsenosides (1-5, 7, and 8), except for ginsenoside Rgs
(6), were significantly lower than those of the ppt-type ginseno-
sides (31-37) and the ginsenosides of other types (51-55).
However, the apparent volumes of distribution at steady state
(Vss) did not differ so much among these ginsenosides (Table 2).
Clearly, the inter-ginsenoside differences in systemic exposure
correlated mainly with the differences in CLi, rather than those
in Vss.

Elimination of ginsenosides in rats that received ShenMai

For the ppd-type ginsenosides (1-8), renal and hepatobiliary
excretion of the unchanged compounds represented their major
routes of elimination (Table 2). These ppd-type ginsenosides,
except ginsenosides Rd (4) and Rgs (6), exhibited greater fo.yo-72n
values than the respective f.go 7on Vvalues. Their renal excretion
appeared to be mostly based on glomerular filtration as indicated
by their CLg/(GFR X f,.piasma) Values. Ginsenoside Rd (4) exhibited
an extraordinarily high fego 7o Value (91.4%), the sum of which
with foyo 7on exceeded 100% (i.e, 109.1%), suggesting that part
of this circulating ginsenoside derived from metabolism of other
ShenMai ginsenosides. Ginsenoside Rgs; (6) was eliminated mainly
by hepatobiliary excretion; its renal excretion appeared to be
negligible.

For the ppt-type ginsenosides (31-37), renal and hepatobiliary
excretion of the unchanged compounds contributed comparably
to their elimination (Table 2). Consistent with the inter-compound
differences in Cliop, the hepatobiliary excretory clearance (Clg)
and renal excretory clearance (CLg) values for these ppt-type
ginsenosides were significantly greater than such respective
values for the ppd-type ginsenosides (1-8). The sums of f..
B0-72h and fe.yo_72n Values for ginsenosides Rg, (33), Rf (34), and
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Fig. 1 Saponins, detected by mass spectrometry, in ShenMai. a Stacked chromatograms of saponins in a typical sample of ShenMai. b Mean
content levels of saponins in three lots of ShenMai. ¢ Mean doses of saponins from the three lots of ShenMai at the label dose 100 mL/day
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Fig. 2 Chemical structures of major circulating ginsenosides in rats that received an intravenous infusion of ShenMai and those of major
ophiopogonins present in the herbal injection. Ara(p) arabinopyranosyl, Ara(f) arabinofuranosyl, Fuc fucopyranosyl, Glc glucopyranosyl, Glu
glucuropyranosyl, Rha rhamnopyranosyl, Xyl xylopyranosyl
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Fig. 3 Plasma concentrations of various ginsenosides over time
after a 30-min intravenous infusion of ShenMai in rats. a-d Total
(unbound plus bound) concentrations of ginsenosides in rat plasma
over time. e-h Unbound concentrations of ginsenosides in rat
plasma over time. The total plasma concentrations of ophiopogo-
nins D (71) and D’ (72) were too low to be quantified in rat plasma
after dosing ShenMai. Given uncertainties in measurements of
binding in plasma, the f pasma is set to 1% when experimentally
determined to be <1%

Rh; (37) were small (10-38%). For the ginsenosides of other types
(51-55), hepatobiliary excretion contributed the main part of their
elimination, while their renal excretion was negligible. Renal
excretion of the ppt-type ginsenosides [31-37, except 20-gluco-
ginsenoside Rf (36)] and ginsenosides of other types [51-55,
except ginsenoside Rh, (54)] appeared to be mainly based on
glomerular filtration, as indicated by their CLg/(GFR X f, piasma)
values (Table 2).

In vitro metabolism of circulating ShenMai ginsenosides

As shown in Fig. 4, incubation of ginsenoside Rb; (1) with rat liver
homogenate resulted in significant formation of ginsenoside Rd
(4). However, such incubation of ginsenosides Rb, (2) and Ras (8)
yielded only low and trace amount of ginsenoside Rd (4); such
incubation of ginsenosides Rc (3), Ra; (5), and Ra; (7) resulted in
negligible formation of ginsenoside Rd (4). The in vitro deglyco-
sylation, which is expected to take place in vivo, might be the
reason, at least in part, for the extraordinarily high fego_7on of
ginsenoside Rd (4) in rats (Table 2). Similar inter-compound
differences in formation of ginsenoside Rd (4) were observed by
incubation of these ppd-type ginsenosides with human liver
cytosol (Fig. 4). It is worth mentioning that rat liver cytosol was
also tested for the metabolism above. However, unlike using
human liver cytosol, no formation of ginsenoside Rd (4) was
observed using rat liver cytosol. Despite using different liver

SPRINGERNATURE

Table 3. Unbound fractions of ShenMai ginsenosides in rat and
human plasma
Compounds (ID) fu-plasma (%)

Rat Human
Ppd-type ginsenosides
Ginsenoside Rb; (1) 0.62 +0.03 1.7+0.6
Ginsenoside Rb, (2) 0.51+0.08 24+1.1
Ginsenoside Rc (3) 0.74+0.33 1.5+0.1
Ginsenoside Rd (4) 0.59+0.01 1.2+0.2
Ginsenoside Ra; (5) 0.74 +0.01 2.0+0.1
Ginsenoside Rgs (6) 1.0+ 0.1 0.67 +0.17
Ginsenoside Ra; (7) 0.46 +0.03 1.7+04
Ginsenoside Ras (8) 0.92+0.13 40+0.7
Ppt-type ginsenosides
Ginsenoside Rg; (31) 89.0+0.7 98.5+5.3
Ginsenoside Re (32) 834+3.2 948+7.6
Ginsenoside Rg; (33) 20.8+0.5 38.7+4.6
Ginsenoside Rf (34) 53.5+5.0 50.6 +4.6
Notoginsenoside R; (35) 934+0.3 97.3+25
20-Gluco-ginsenoside Rf (36) 99.2+6.6 105.7+4.2
Ginsenoside Rh; (37) 444+04 34.6+0.9
Ginsenosides of other types
Ginsenoside Ro (51) 22.1+24 14.6+2.2
Ginsenoside Rge (52) 5.1+0.5 46+0.3
Ginsenoside Rk; (53) 0.04 +0.00 0.02 +0.00
Ginsenoside Rh, (54) 3.5+0.5 43+0.8
Ginsenoside Rgs (55) 0.07 £ 0.00 0.09 £ 0.02
fu-piasma Unbound fraction in plasma

preparations for the two species, the overall result essentially
indicates that the deglycosylation can take place in the rat liver
and also in human liver.

Mono-oxidized metabolites of ginsenosides Rgs (6), Rg, (33), Rf
(34), and Rh; (37) were detected after the compounds were
incubated with NADPH-fortified rat liver microsomes (Fig. 4). This
might explain, at least in part, why these ginsenosides had low
sums of fego 72n and feyo-72n after dosing ShenMai in rats
(Table 2). Similar in vitro metabolism was observed for these
ginsenosides by incubating with NADPH-fortified human liver
microsomes (Fig. 4).

In vitro interactions of circulating ShenMai ginsenosides and
ophiopogonins with rat Oatp1b2, human OATP1B1, and human
OATP1B3

As shown in Table 4, most test ShenMai saponins exhibited slow
rates of membrane permeation (<10 pmol/min/mg protein)
in mock cells, except for ginsenosides Rgs (55), Rk; (53), and
Rh, (54) and ophiopogonin D’ (72) with a rapid rate of membrane
permeation (>400 pmol/min/mg protein) and ginsenoside Rgs
(6) and ophiopogonin D (71) with a moderately rapid rate
(around 100 pmol/min/mg protein). Among the test ginsenosides
with a slow rate of membrane permeation, most of the ppt-
type ginsenosides (31, 32, and 34-37) were substrates of rat
Oatp1b2 and selective substrates of human OATP1B3, based on
their net transport ratios (Table 4). Ginsenoside Rg, (33; ppt-type)
and ginsenosides Ro (51) and Rge (52) of other types were
substrates of both human OATP1B1 and OATP1B3, as well as
Oatp1b2. Cellular uptakes of these test ginsenosides (31-37, 51,

Acta Pharmacologica Sinica (2019) 40:833 - 849



Circulating ShenMai ginsenosides inhibit OATP1B activity
OE Olaleye et al.

)
O a (Ratliver homogenate) b (Human liver cytosol)
8= 100
So
S= 75
co
38 50
© D
0>J £ 25
£9 o X X X O x X
o= 1 2 3 5 7 8 1 2 3 5 7 8
X c
L Substrate ID Substrate ID
c (Rat liver microsomes) d (Human liver microsomes)
—_ 33 33
“6 o\\o/ (substrate) 37 (substrate) (suh:zZale)
8 v 100 (substrate)
cQ
S5 75
g_o
%g 50 6 34 6 34
ubs substrate ubstrate
q>> = 25 (substrate) (substrate) (substrate) (substrate)
20
Eg O v-'meer—N—Nm—Nm - N e T = N ™ & e = e en
O = S S 3 &S oS & 3 d o o & o8
0{0 O & \© \&© e <t < < - -~ o \& \© \© e on <t < < - >~
== 222 2272 S 222 2272
Metabolite ID Metabolite ID

Fig. 4 In vitro deglycosylation of the ppd-type ginsenosides Rb, (1),

Rb; (2), Rc (3), Ra; (5), Ra; (7), and Ras (8) into the metabolite ginsenoside

Rd (4) using rat liver homogenate (a) compared with that using human liver cytosol (b) and in vitro oxidation of ginsenosides Rgs (6), Rg, (33),

Rf (34), and Rh, (37) using NADPH-fortified rat liver microsomes (c)

compared with that using NADPH-fortified human liver microsomes (d).

Metabolite ID provides information regarding parent compound, metabolite type, and metabolite isomer. For instance, M6 in M6¢_, denotes a
metabolite of ginsenosides Rgs (6), the subscript letter O indicating that it is an oxidized metabolite and the subscript number 1 indicating it is
the metabolite’s first eluted isomer. Structural similarities and differences of these ginsenosides are shown in Fig. 2

and 52) by the transporters were inhibited by 100 umol/L
rifampin, all with a reduced net transport ratio <3. OATP1B1
and OATP1B3 had limited influence on cellular transport of
the ppt-type ginsenoside Rh; (37), based on their net transport
ratios for this compound. Meanwhile, the ppd-type ginsenosides
(1-8) were not substrates of Oatpl1b2, OATP1B1, or OATP1B3.
Regarding the test saponins with a rapid or not-so-rapid rate
of membrane permeation, their net transport ratios for Oatp1b2,
OATP1B1, and OATP1B3 were all <3, except for ophiopogonin
D (71) with net transport ratios of around 4 for OATP1B1 and
OATP1B3.

As shown in Table 5 most of the test ginsenosides at
100 umol/L  exhibited > 50% inhibition of OATP1B1- and
OATP1B3-mediated cellular uptake of E,17BG, except for noto-
ginsenoside R; (35) and 20-glucoginsenoside Rf (36) exhibiting
such inhibition for OATP1B3 only. These ginsenosides more
potently inhibited OATP1B3 than OATP1B1 (ICso values shown in
Table 5; associated dose-response curves shown in Supplementary
Fig. S1 and S2). Ppd-type ginsenosides (1-8) exhibited potent
OATP1B3 inhibition with IC5o of <3 umol/L, and ginsenoside
Rgs (6) was the most potent inhibitor. Ginsenosides of other
types (51-55) also potently inhibited OATP1B3 (Table 5). In
contrast, most of the ppt-type ginsenosides (31, 32, and 34-36)
exhibited ICso values of >10 umol/L for OATP1B3; such values for
ginsenosides Rg, (33) and Rh; (37) were around 3 umol/L.
Although some known inhibitors of OATP1B1 and OATP1B3 have
been reported to exhibit time-dependent inhibition [40-43],
ginsenosides Rb; (1), Rb, (2), Rc (3), Rd (4), Rgs (6), Rg; (31),
Re (32), and Ro (51) did not exhibit any significant time-
dependent inhibition (Table 5). The ginsenosides also inhibited
rat Oatp1b2, exhibiting [with the exception of ginsenoside Ro
(51)] ICso values (Supplementary Table S3) greater than the
respective values for human OATP1B1/1B3.

Acta Pharmacologica Sinica (2019) 40:833 - 849

Given multiple ginsenosides being simultaneously introduced
into and co-circulating in the bloodstream by dosing ShenMai,
drug interactions related to ShenMai are expected to result from a
joint inhibition of the human transporters by these herbal
compounds. Combination of ginsenosides Rb; (1), Rb, (2), Rc
(3), Rd (4), Re (32), and Ro (51) and that of ginsenosides Rb, (1),
Rb; (2), Rc (3), and Rd (4) yielded additive inhibition of OATP1B3
and OATP1B1, as indicated by the combination indices shown
in Table 6.

DISCUSSION

In ShenMai, Hongshen ginsenosides are the major saponins
present, while Maidong ophiopogonins are minor. Ginsenosides
are also present in medicinal herbs of other Panax species,
including P. notoginseng roots (Sanqi) and P. quinquefolius roots
(Xiyangshen) [35, 44]. In China, both Hongshen and Sanqi are used
in intravenous herbal injections, e.g., ShenMai, using Hongshen,
and XueShuanTong, using Sangi. Based on our current and
ongoing investigations, differences in ginsenoside composition
between ShenMai and XueShuanTong are: presence of greater
number of major ppd-type ginsenosides but less number of major
ppt-type ginsenosides in ShenMai than in XueShuanTong and
presence of ginsenosides of other types in ShenMai but negligible
in XueShuanTong. Given that some ppd- and ppt-type ginseno-
sides exhibit significantly different inhibition potencies on OATP1B
transporters [14], and that such inhibition remains to be evaluated
for many Hongshen-origin ginsenosides, ShenMai-drug interac-
tions warrant a separate investigation.

Here, high-priority ShenMai ginsenosides were identified in rat
pharmacokinetic study, prior to in vitro transporter inhibition
study. Also, drug interaction-related pharmacokinetics (including
plasma Cnax and t;,) were characterized for the identified
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Table 4. Cellular uptake of ShenMai saponins by rat Oatp1b2, human
OATP1B1, and human OATP1B3
Compounds (ID) Transport in  Net transport ratio
mock cell
(pmol/min/ Oatplb2  OATP1B1 OATP1B3
mg protein)
Ppd-type ginsenosides
Ginsenoside Rb; (1) 54+1.6 1.2+0.5 1.3+0.2 13%0.1
Ginsenoside Rb; (2) 9.4+6.0 1.5+03 1.8+0.1 1.8+0.1
Ginsenoside Rc (3) 6.2+1.3 22+05 1.3+0.1 14+0.2
Ginsenoside Rd (4) 9.8+20 1.4+0.1 1.5+0.1 1.2+0.1
Ginsenoside Ra; (5) 44+0.7 14+0.2 14+0.1 15+03
Ginsenoside Rgs (6) 111.9+475 15+0.3 14+03 1.8+06
Ginsenoside Ra, (7) 42+09 25+0.5 1.8+0.5 20+04
Ginsenoside Ras (8) 54+13 26+1.3 1.1+03 1.0+0.1
Ppt-type ginsenosides
Ginsenoside Rg; (31) 1.5+0.3 7.1+05 22+08 11.6+0.8
Ginsenoside Re (32) 24+08 782+14.1 29+£0.0 247x30
Ginsenoside Rg;, (33) 3.3+0.8 209+1.1 88+1.0 187+23
Ginsenoside Rf (34) 2.1+0.5 44+0.1 23+04 11.0+1.8
Notoginsenoside 1.0+£0.2 182+28 3.1+04 132%+10
R, (35)
20-Glucoginsenoside  2.1+0.1 94+19 06+£0.1 107+13
Rf (36)
Ginsenoside Rh; (37) 6.6+2.1 48+0.6 25+01 21+03
Ginsenosides of other types
Ginsenoside Ro (51) 10.0+ 4.9 153+14 134+24 20.2+6.0
Ginsenoside Rgg (52) 39.7+136 6.6+0.7 129+2.0 108=0.7
Ginsenoside Rk; (53) 1063.9+ 1.5+£0.1 1.8£0.1 1.9+0.2
117.0
Ginsenoside Rh, (54) 439.8+49.3 1.3+0.2 1.8£0.0 1302
Ginsenoside Rgs (55) 25959+ 1.3+0.1 1.5+£0.1 14+0.1
215.1
Ophiopogonins
Ophiopogonin D (71) 96.4+154 2.7+06 49+05 4.0+1.0
Ophiopogonin D’ (72) 1900.0 + 14+0.1 24+05 20£05
292.6

ginsenosides. Interspecies similarities and differences in these
inter-compound differences are considered in using these rat
pharmacokinetic data for investigating ShenMai-drug interaction
potential. Systemic clearance of ginsenosides generally involves
two or more of three elimination routes: hepatobiliary excretion,
renal excretion, and hepatic metabolism [14, 26, 45]. Hepatobiliary
excretion of ginsenosides is governed mainly by action of the
hepatic uptake transporter and their membrane permeability.
ShenMai ginsenosides significantly differ in their cellular transport
by rat Oatpl1b2: ppt-type ginsenosides (31-37), ginsenosides
Ro (51) and Rge (52) are substrates, while the other ginsenosides
(1-8 and 53-55) are not. This in vitro transport profile correlates
well with the compounds’ CLg profile in rats. Such inter-compound
differences in vitro also occur for human OATP1B3 and for human
OATP1B1. For most of the ginsenosides that exhibit slow rates
of membrane permeation, the inter-compound differences in
hepatobiliary excretion in rats depend on inter-compound
differences in the transporters’ actions. For ginsenosides Rgs (6),
Rk, (53), Rh, (54), and Rgs (55) that are not substrates of the rat
and human transporters, their rapid hepatobiliary excretion is due
to their good membrane permeability. Accordingly, hepatobiliary
excretion of ShenMai ginsenosides in humans is expected to be
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similar to that in rats. Renal excretion of most ShenMai ginseno-
sides is mainly based on glomerular filtration, which is governed
by plasma protein binding. Interspecies similarity in such binding
suggests that inter-ginsenoside differences in renal excretion
in rats can largely be extrapolated to humans. Hepatic metabolism
of ShenMai ginsenosides in rats, as suggested by in vitro
metabolism data, appears to involve: (1) deglycosylation of
ginsenosides Rb; (1) and Rb, (2) to yield ginsenoside Rd (4);
and (2) mono-oxidation of ginsenosides Rgs (6), Rg, (33), Rf (34),
and Rh, (37). The in vitro data also suggest that these metabolic
reactions could similarly occur in humans. The Vss of ShenMai
ginsenosides in rats are 0.2-1.0 times as much as rat volume of
total body water. Because the inter-compound differences in Vss
are mainly due to the compounds’ differences in plasma protein
binding, membrane permeability, and hepatic transporter-
mediated transport, such differences in humans are expected to
be similar to those in rats. Our ongoing investigation of
XueShuanTong indicates that differences in plasma Cy.x and t;,,
among the ginsenosides in rats correlate well with the respective
differences in human subjects (Supplementary Fig. S3). Collec-
tively, rat plasma Cyax and t;, could be used to predict
the contributions of ginsenosides to OATP1B-mediated ShenMai-
drug interaction potential in humans. Meanwhile, despite the
preceding interspecies similarities, measurement of unbound
plasma Cn.x and t;, of ShenMai ginsenosides in humans is
required for estimating ShenMai-drug interaction indices. Inter-
species similarities and differences in ShenMai ginsenosides’
parameters related to drug interaction are summarized in
Supplementary Table S4.

All  the circulating ShenMai ginsenosides inhibit human
OATP1B3 in vitro, but to varying extents. Although these
compounds inhibit OATP1B1 less potently than OATP1B3, inter-
compound differences in inhibition potency are similar on
both transporters (Table 5). Two structural features of ginseno-
sides appear to favor potent inhibition of the OATP1B transpor-
ters, i.e, (1) presence of 20(S)-protopanaxadiol as aglycone
and/or (2) absence of sugar attachment at C-20. These two
features also seem to enhance the compound'’s binding in human
plasma. The ppd-type ginsenosides (1-8) exhibit potent OATP1B3
inhibition in vitro, with ginsenoside Rgs (6; the only circulating
ppd-type ginsenoside without any sugar attachment at C-20)
being the most potent inhibitor. Although such inhibition by ppt-
type ginsenosides (31-37) is generally weak, the 1Cs5, values of
ppt-type ginsenosides without any sugar attachment at C-20 (33,
34, and 37) are smaller than those of the other ppt-type
ginsenosides (31, 32, 35, and 36). Ginsenosides of other types
(52-55), without any sugar attachment at C-20, also exhibit potent
OATP1B3 inhibition. Ginsenoside Ro (51) has structural features
different from the other ShenMai ginsenosides’; it is also a
potent OATP1B3 inhibitor. Regarding ICsy, inhibition of OATP1B1
was reported to be substrate-dependent for several inhibitors
of the transporter; using a sensitive probe substrate can avoid
false-negative prediction of OATP1B1-mediated drug interactions
[46, 47]. Little is known about such substrate-dependent inhibition
of OATP1B3. In this investigation, E;173G was used as substrate,
which appears to be a sensitive substrate for many OATP1B
inhibitors.

Pharmacokinetic characteristics also influence the ginsenosides’
contributions to ShenMai-drug interaction potential. Given that
inter-compound differences in these pharmacokinetic character-
istics in rats are most likely similar to the respective differences
in humans, contributions of individual ginsenosides to ShenMai-
drug interaction potential in humans can be predicted based
on their (CX f,.plasma)/ICso ratios, for a single dose of ShenMai,
and their (CXRXfyplasmal/ICso ratios, for multiple doses of
ShenMai. Here, C and R are rat data, while f,_pasma and ICsq are
human data (these terms are defined in Data processing
subsection). Contributions of the ppd-type ginsenosides (1-8)
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Table 5.

In vitro inhibitory activities of ShenMai saponins towards human OATP1B1 and OATP1B3

Compounds (ID)

% Inhibition at 100 pmol/L

ICso (ICso after 1-h preincubation) (umol/L)

OATP1B1 OATP1B3 OATP1B1 OATP1B3
Ppd-type ginsenosides
Ginsenoside Rb, (1) 93.9+0.9 96.3+29 9.2+0.3 (10.3+0.9) 1.6+0.1 (1.5£0.1)
Ginsenoside Rb; (2) 95.2+0.9 95.9+3.6 6.1+£0.2 (74+0.3) 14+0.2 (1.1 £0.0)
Ginsenoside Rc (3) 95.6+04 96.6+1.4 3.8+0.7 (29+0.9) 0.5+0.0 (0.5+0.0)
Ginsenoside Rd (4) 95.0+0.2 97.1+£3.7 20+0.1 (20+0.1) 09+0.1 (0.8+0.1)
Ginsenoside Ra; (5) 92.8+0.9 96.7 + 2.1 12.8+0.8 1.3+0.2
Ginsenoside Rgs (6) 71.0+3.9 98.0+04 1.3+0.1 (26+0.2) 0.3+0.0 (0.5+0.1)
Ginsenoside Ra; (7) 95.0+0.3 98.5+2.0 48+0.2 1.8+0.2
Ginsenoside Ras (8) 91.1+1.2 86.9+8.6 49+1.3 29+0.3
Ppt-type ginsenosides
Ginsenoside Rg; (31) 459+11.6 39.2+6.6 1349+ 16.0 (180.9+13.7) 81.9+9.6 (43.4+8.2)
Ginsenoside Re (32) 585+5.1 73.1+8.8 126.8+16.5 (148.4+11.3) 226+27 (11.7+£1.7)
Ginsenoside Rg; (33) 948+ 0.6 93.5+25 85+0.4 3.0+0.2
Ginsenoside Rf (34) 87.2+13 939+19 16.9+0.7 123+1.2
Notoginsenoside R; (35) 169+1.7 63.3+0.1 — 41.8+6.6
20-Glucoginsenoside Rf (36) 343+6.8 66.1+2.8 — 453 +3.5
Ginsenoside Rh; (37) 939+14 878+26 13.8+34 3.5%0.1
Ginsenosides of other types
Ginsenoside Ro (51) 94.4+0.5 97.2+0.6 11.1+£0.5(11.7+£0.2) 3.5+0.2 (26£0.1)
Ginsenoside Rgg (52) 935+1.2 94.1+£4.7 16.3+26 1.1+£0.0
Ginsenoside Rk, (53) 95.0+£0.3 89.8+3.6 2.7+0.1 1.1+0.1
Ginsenoside Rh, (54) 95.9+0.2 95.7+1.2 5816 3.5%0.1
Ginsenoside Rgs (55) 97.4+0.7 98.4+0.5 43+0.2 1.5+0.2
Ophiopogonins
Ophiopogonin D (71) No inhibition No inhibition — —
Ophiopogonin D’ (72) No inhibition No inhibition — —

Table 6.

Computer-simulated combination indices for ginsenosides Rb; (1), Rb, (2), Rc (3), Rd (4), Re (31), and Ro (51) at different levels of inhibition
of human OATP1B1 and OATP1B3

Percentage inhibition

Individual ginsenoside

Compound concentration (pmol/L)

Ginsenoside combination (compound ratio)
Total concentration (umol/L)

Combination index

1 2 3 4 31 51 1+2+3+4+31+51 1+2+3+4 1+2+3+ 1+2+3+4
(3:3:1:1:10:4) (3:3:1:1) 4431451

Human OATP1B1

50% 16 20 8 6 392 34 28 14 1.0 1.1
75% 68 41 27 14 1597 66 65 34 0.9 1.0
90% 288 82 93 30 6501 125 151 85 0.9 1.0
95% 763 133 212 52 16,893 194 270 158 0.9 1.0
Human OATP1B3

50% 2 1 0.7 08 27 4 3 1 1.2 1.0
75% 4 4 2 85 9 8 3 1.1 1.0
90% 10 10 5 269 21 19 9 1.0 1.0
95% 18 19 1 11 592 37 35 16 1.0 1.0

The compound ratios in six-ginsenoside combination and four-ginsenoside combination were derived from the products of total rat plasma concentrations at
30 min and 1.5 h, respectively, after starting 30-min infusion of ShenMai and their unbound fractions in human plasma, i.e., “Czomin X fu-plasma” @and “Cy sp X fi,-
plasma- Combination index was estimated using Combosyn Compusyn software (version 1.0; Paramus, NJ, USA). A combination index value of <0.9, 0.9-1.1, or
>1.1 was taken to indicate that the joint inhibition is synergistic, additive, or antagonistic, respectively
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Fig. 5 Time-related total (CXf,pasma)/lCso ratios of circulating
ginsenosides, for a single dose of ShenMai (a, b), and their time-
related total (CXRXf,pasma)/ICso ratios, for multiple doses of
ShenMai at steady state (¢, d). The term C is the plasma
concentration of a circulating ginsenoside at 15 and 30 min and 1
and 1.5h after starting a 30-min intravenous infusion of ShenMai
in rats or after starting such infusion on the first day of multiple
dosing. The terms R (in rats), fy_piasma (in human plasma), and ICs (for
human OATP1B1 or OATP1B3) are defined in “Data processing”
subsection. Data in Table 6 suggested that the ginsenosides jointly
inhibited OATP1B3 and OATP1B1 in an additive manner. The
numbers in bold to the right of the bars are compound IDs; the
associated compound names are shown in Supplementary Tables S5
and S6, which summarize the (Cx f,.plasma)/ICso ratios of individual
circulating ginsenosides, for a single dose of ShenMai, and their
time-related total (CX R X f_plasma)/ICso ratios, for multiple doses of
ShenMai at steady state. These ratios were estimated to identify
ShenMai saponins that were likely to contribute the major part of
ShenMai-drug interactions. It is worth mentioning that, although
these ratios are not the conventional DDI indices, their estimation
was based on the principle for estimating human DDI index and on
understanding of similarities and differences, in inter-compound
variation, between rats and humans (Tables 3 and 5, Supplementary
Tables S3 and S4, and Supplementary Fig. S3). The predicted human
DDI indices are shown in Supplementary Table S7; also see Supple-
mentary Method

are limited by their extensive binding in human plasma, despite
their potent OATP1B3 inhibition; however, such contributions
are enhanced upon repeated doses of ShenMai due to accumula-
tion of these long-circulating compounds. In contrast, contribu-
tions of ppt-type ginsenosides (31-37) are limited by their low
inhibition potencies, despite their low binding in plasma.
Ginsenoside Ro (51) exhibits medium-potent OATP1B3 inhibition
and moderate binding in plasma. Contributions of ginsenosides
(52-55) are expected to be limited due to their low systemic
exposure, despite their potent OATP1B3 inhibition. Due to the
inter-compound differences in t;,,, the contributions of ginseno-
sides to OATP1B3-mediated ShenMai-drug interaction potential
change in a time-related manner: (1) the profile during infusion
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different from that after terminating the infusion and (2) the
profile upon repeated doses different from that after single
dose. Figure 5 depicts such time-related profiles for ShenMai
(associated data shown in Supplementary Tables S5 and S6),
with the individual ginsenosides jointly inhibiting the transporters
in an additive manner. Before terminating ShenMai infusion,
three types of ginsenosides, i.e, ginsenosides Rc (3), Rb, (1), Rb,
(2), Ro (51), Rd (4), Ra; (5), Re (32), and Rg, (33), contribute
90% of the OATP1B3-mediated interaction potential. After
infusion (one hour after), the ppd-type ginsenosides (3, 1, 2, 4,
and 5) alone contribute 93% of such interaction potential.
Similar scenarios took place for OATP1B1, but with lower total
inhibition potency. At steady state upon repeated doses of
ShenMai, the total ratios of ginsenosides increased significantly
due to increased contribution of long-circulating ppd-type
ginsenosides, relative to the scenario after a single dose (Fig. 5).
It is worth mentioning that intravenous ShenMai is likely to
precipitate clinical PK interaction with an OATP1B3 substrate
via inhibition of the transporter by multiple ginsenosides.
This prediction is based on estimated total DDI indices of
ginsenosides in humans after dosing ShenMai using rat-human
correlations in Cnhax and t;,, of XueShuanTong ginsenosides
(Supplementary Fig. S3); for the details, see Supplementary
Method and Table S7.

In summary, an approach for investigating herbal medicine-
drug interaction is proposed and illustrated: characterize the
medicine’s chemical composition, identify multiple herbal com-
pounds that are bioavailable and bioactive for such interaction,
and characterize their individual contributions to the interaction
and their joint action mode. Twelve potent OATP1B3 inhibitors
from circulating ShenMai saponins are reported here for the first
time. The inhibitor ginsenosides, except ginsenoside Ro (51), have
20(S)-protopanaxadiol as aglycone and/or no sugar attachment at
C-20; they also inhibit OATP1B1 but less potently. OATP1B-
mediated ShenMai-drug interactions could result from joint
inhibition of the transporters by multiple ginsenosides, among
which ginsenosides Rb; (1), Rb, (2), Rc (3), Rd (4), Ro (51), Ra, (5),
Re (32), and Rg, (33) are predicted to contribute the major part
of such interactions, in an additive and time-related manner.
Due to the long-circulating ppd-type ginsenosides, the interaction
risk should be monitored even after terminating infusion of
ShenMai; such risk can be increased upon repeated doses of the
herbal injection. This investigation, as well as a planned human
pharmacokinetic study of ShenMai, will inform physiologically
based pharmacokinetic model-based prediction and clinical
studies of drug interaction with this herbal injection; it will also
inform investigation of intra-ShenMai interactions between the
OATP1B3-inhibiting ginsenosides and the OATP1B3 substrate
ginsenosides.
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