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Ethnopharmacological relevance: The Mahuang–Xingren (MX) herb pair, the combination of Herba Ephedrae
(Mahuang in Chinese) and Semen Armeniacae Amarum (Xingren in Chinese), is a core component of tradi-
tional Chinese medicine formulations used to treat asthma and bronchitis. Although Xingren is considered to
be toxic, MX is widely used in the clinic and has few adverse effects. The mechanism underlying detox-
ification of Xingren by Mahuang in MX remains unknown and merits investigation.
Aim of the study: To determine the mechanism underlying detoxification of Xingren by Mahuang in MX.
Materials and methods: Acute toxic effects were evaluated in mice after oral administration of Mahuang,
Xingren, andMX aqueous extracts. Synergism, additivity, and antagonismwere quantified by determining the
CI (combination index) and DRI (dose-reduction index), which were calculated by the median effect method.
High performance liquid chromatography analysis of bioactive compounds (ephedrine, pseudoephedrine and
amygdalin) in aqueous extracts and data from previous pharmacokinetic studies in rats were combined to
explore the potential mechanism of toxicity antagonism by the components of MX. Moreover, the cytotoxic
effects of amygdalin and amygdalin activated by β-glucosidase (including different proportions of L-amyg-
dalin and D-amygdalin) were also investigated.
Results: Mahuang prevented and antagonized the acute toxicity of Xingren and allowed escalation of the
Xingren dose. Pearson correlation analysis indicated that the proportion of D-amygdalinwas closely correlated
with the antagonism of Xingren toxicity. The antagonism of its acute toxicity was primarily attributed to
stereoselective metabolism of amygdalin. Interestingly, the process was facilitated by Mahuang, which led to
reduced levels of the D-prunasin in vivo and thus reduced toxicity. Furthermore, the mechanism was also
evaluated by testing the cytotoxicity of amygdalin. Metabolism of D-amygdalin was a major cause of cyto-
toxicity and no stereoselective metabolism occurred in culture medium.
Conclusions: A comprehensive study of Xingren detoxification in the context of the MX combination sug-
gested that stereoselective metabolism of amygdalin facilitated by Mahuang may be the crucial mechanism
underlying detoxification of Xingren in the MX combination. Therefore,Mahuang acts to enhance and control
the effects of Xingren in the MX combination. These results illustrate the rationale behind the combination of
Mahuang and Xingren.

& 2015 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

Herb pairs, consisting of 2 herbs prescribed together to de-
crease toxicity and increase therapeutic efficacy, are the most
rved.
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.

fundamental and simplest form of multi-herb therapy. Herb pairs
are based on established principles known as the “seven com-
patibilities”: single action, mutual reinforcement, mutual assis-
tance, mutual restraint, mutual detoxification, mutual inhibition
and mutual antagonism (Wang et al., 2012). Although composed of
only 2 herbs, herb pairs are the basis of more complex multi-herb
formulations and possess most of the basic therapeutic features of
such derived formulations (Liu et al., 2012). In traditional Chinese
medicine (TCM), Herba Ephedrae (Mahuang in Chinese, the dried
herbaceous stems of Ephedra sinica Stapf.) and Semen Armeniacae
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Fig. 1. Chemical structure of amygdalin.
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Amarum (Xingren in Chinese, the dried, ripe seeds of Prunus ar-
meniaca L. var. ansu Maxim.) constitute an herb pair known as
Mahuang-Xingren according to the principles of mutual re-
inforcement and mutual assistance, which is used to treat asthma
and bronchitis (Li et al., 2010).

Ephedrine (E) and pseudoephedrine (PE) are the main bioactive
compounds of Mahuang. In contrast to the ephedra-containing
dietary supplements used in the United States, Mahuang has been
used widely without significant adverse effects under proper TCM
medical supervision (Mehendale et al., 2004). However, Xingren is
designated as a toxic herb by Shennong's Classic of Materia Medica.
In 2014, a case of fatal cyanide poisoning secondary to Xingren use
as an anticancer supplement was reported in Changshu City,
Jiangsu Province, China. (China Jiangsu, 2014). Amygdalin (Fig. 1), a
major effective component of Xingren and a source of its toxicity,
can be metabolized into cyanide, leading to fatal cyanide poison-
ing, especially after oral administration (Park et al., 2013). Al-
though the beneficial effects of Xingren (or amygdalin) as a treat-
ment for cancer are controversial (Milazzo et al., 2011; Moertel
et al., 1982), it is the most popular single herb used to treat asthma
in clinics in China (Huang et al., 2013). As a classical TCM combi-
nation, MX is a core component of many herbal prescriptions and
Chinese patent drugs for asthma and cough, due to the synergistic
efficacy of its components and its few associated side effects
(Wang et al., 2013; Zeng and Jiang, 2010). The bioactive con-
stituents (Ma et al., 2014; Shu et al., 2012), pharmacodynamics
(Zhang et al., 2009) and mechanism of action (Li et al., 2010) of the
MX have been investigated, but a comprehensive study of Xingren
detoxification in the context of the MX combination has not been
performed. Providing a scientific explanation for Xingren detox-
ification would promote understanding of its safe application and
provide a rational basis for herb-pair theory in TCM. Therefore, we
hypothesized that Xingren detoxification is achieved by the prin-
ciple of “mutual restraint” (or “mutual detoxification”) underlying
its synergistic anti-asthma effects.

We conducted several experiments using MX to test our hy-
pothesis: (a) synergism and antagonism of the acute toxic effects
of orally administered Mahuang, Xingren, and MX extracts were
evaluated by the median effect method; (b) high performance li-
quid chromatography (HPLC) analysis of the bioactive compounds
(E, PE, and amygdalin) in Mahuang, Xingren and MX aqueous ex-
tracts was performed to explain the Xingren detoxification me-
chanism in vitro; (c) a pharmacokinetics study in rat was per-
formed in rats to explore the potential mechanism of antagonism
of Xingren toxicity in vivo; (d) finally, the cytotoxic effects of
amygdalin and amygdalin activated by β-glucosidase (including
different ratios of D-amygdalin) were also investigated. In previous
studies, we developed and validated a UPLC-MS/MS method and
applied it to study the comparative pharmacokinetics of MX. Ste-
reoselective metabolism of amygdalin was found in SD rats after a
single oral administration of theMX extract (Song et al., 2015). This
phenomenon led to our interest in performing a comprehensive
study to determine whether stereoselective metabolism in vivo is
associated with Xingren detoxification.

In the present study, a comprehensive detoxification study of
Xingren in MX herb pair was performed for the first time. Assays of
potential herb–herb interactions that may alter acute toxicity,
quantitative analysis of the bioactive compounds in the extracts,
evaluation of in vivo pharmacokinetics and cytotoxicity tests were
combined to investigate the possible mechanisms of Xingren de-
toxification. Moreover, preliminary evidence indicated that ste-
reoselective metabolism of amygdalin may play a key role in
Xingren detoxification upon oral administration of MX extract.
2. Materials and methods

2.1. Chemicals and reagents

Standards for E hydrochloride, PE hydrochloride, D-amygdalin
and benzaldehyde (purity, Z99%) were provided by the National
Institutes for Food and Drug Control (Beijing, China). D-Prunasin
(purity, Z96%) was purchased from BioBioPha Co., Ltd. (Kunming,
China). HPLC-grade acetonitrile, methanol (Merck, KGaA, Darm-
stadt, Germany) and phosphoric acid (Kermel Chemical Reagent
Co., Ltd.) were used for HPLC analysis. Distilled deionized water
was freshly generated using a MilliQ Ultra-Pure Water System
(Millipore, Billerica, MA, USA).

2.2. Plant materials and extracts preparation

Semen Armeniacae Amarum (Xingren in Chinese, the dried, ripe
seeds of Prunus armeniaca L. var. ansu Maxim.; including en-
docarp; Gansu Province; batch number: 20130901) and Herba
Ephedrae (Mahuang in Chinese, the dried herbaceous stems of
Ephedra sinica Stapf.; Inner Mongolia Autonomous Region; batch
number: 20110901) were purchased from Zisun Medicinal Mate-
rial Co., Ltd. (Guangzhou, China). The plant materials were au-
thenticated by Professor Ji Ma (Department of Chinese Medicine
Authentication, School of Traditional Chinese Medical Science,
Southern Medical University, Guangzhou, China). The plant names
were checked with www.theplantlist.org on April 14th, 2015.

Because the proportions of herbs used in MX prescriptions in
TCM clinics vary, the assays were performed using different ratios
of the MX constituents. According to an extraction method de-
scribed in the Formula of Traditional Chinese Medicine, Mahuang
(90 g) and Xingren (90 g) were immersed in 1440 mL water (1:8,
weight/volume) for 30 min and decocted twice for 60 min. The
solution was filtered and concentrated to obtain the MX (1:1)
decoction. The obtained solution was concentrated to 100 mL
using a rotary evaporator and stored at �20 °C overnight. The
frozen decoction was freeze-dried using a lyophilizer (Labconco,
Kansas City, MO, USA) to obtain the lyophilized powder form of
the extract. The lyophilized MX (1:1) extract powder was stored at
�20 °C. The same procedure was followed for the preparation of
the single herb, MX (4:1), MX (2:1), MX (1:2), and MX (1:4)
extracts.

2.3. Acute toxicity study

2.3.1. Animals
Adult male and female Kunming mice, weighing 18–22 g, were

obtained from the Lab Animal Center of Southern Medical Uni-
versity (certificate: SCXK (Guangdong Province) 2011-0015, No.
44002100001782). Animal subjects were housed at the SPF Animal
Center of The First Affiliated Hospital to Southern Medical Uni-
versity (Guangzhou, China) according to the regulations of the
animal care committee. The animals were housed in stainless steel
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cages with a 12-h light cycle (7:00 AM–7:00 PM). The temperature
was maintained at 21.5–25.5 °C with a relative humidity of 47.4–
70.3% and 6–20 air changes/h.

2.3.2. Experimental design
The experimental protocol was approved by the Animal Ethics

Committee of Southern Medical University. The animal studies
were designed according to Guidance for Acute Toxicity of TCM and
Natural Medicine (China Food and Drug Administration, 2005).

Mice were acclimatized to the facilities and environment for
5 days before the experiments. Tap water and food were readily
accessible to the mice throughout the study. In this method, the
dose levels of the extracts were detected using acute oral toxicity
pretests to obtain the minimal effective dose and maximal effec-
tive dose. Mice (N¼360) were randomly assigned to 8 groups,
including Mahuang, Xingren, MX (4:1), MX (2:1), MX (1:1), MX
(1:2), MX (1:4) and control groups (5 dose levels in each group;
5 males and 5 females per dose level). Lyophilized powder sam-
ples were reconstituted with distilled deionized water and 5 dose
levels were obtained by geometric dilution (data for each group
shown in Supplementary table 1). After being fasted for 12 h, an-
imals were administered a single dose of one of the extracts at
0.35 mL/10 g via oral gavage. Animals found in a moribund con-
dition and animals showing severe pain or enduring signs of se-
vere distress were humanely killed.

2.3.3. Data analysis
General behaviors were continuously monitored for 5 h after

dosing, and each mouse was submitted to necroscopic examina-
tion immediately after death. Body weights were recorded before,
during, and after the test. Mortalities in 24 h were used for herb
combination analysis by the median-effect method. Combination
index (CI) and dose-reduction index (DRI) were plotted as a
function of the affected fraction (Fa), which represented the
mortality (Fig. 2A). This plot allows quantification of synergism
Fig. 2. Diagnostic plots and algorithms for drug combination studies based on median
computer simulation: the classic Fa (fraction affected)-CI (combination index) plot and
(B) CI equation and its rearrangement.
(CIo1), antagonism (CI41) and additive effects (CI¼1), as well as
how much the dose of each drug in a combination may be reduced
at a given effect at various dose levels. Dm, CI and DRI were cal-
culated using CalculSyn 2.0 (Biosoft, Cambridge, UK) based on the
median-effect method (Chou, 2011). The linear correlation coeffi-
cient (r) of the median-effect plot is considered to be a measure of
the data conformity according to the mass-action law principle
when an experimental measurement is assumed to be accurate.
An r-value of 1 indicates flawless conformity, while a low value
may be the result of biological variability or experimental
deviation.

2.4. HPLC Analysis of the extracts

2.4.1. Sample preparation for HPLC analysis
The lyophilized powders of Mahuang, Xingren and MX

(equivalent to 3.00 g raw material) were dissolved separately in
50 mL deionized water and solubilized by ultrasonic treatment for
5 min. Next, 10 mL of each suspension was diluted to a final vo-
lume of 25 mL with methanol. The solutions were shaken by hand
to mix them well and left to stand overnight. The supernatants
were transferred to 1.5 mL Eppendorf tubes and centrifuged at
17,760g for 10 min. The final supernatant was filtered through a
0.22 μm syringe filter before use. The resulting solutions (2 μL
each) were injected into the LC system for quantitative analysis.

2.4.2. Instruments and conditions
Extracts and quality control samples were analyzed using an

Agilent 1200 Series HPLC System (Agilent Technologies, Cary, NC,
USA) equipped with a Proshell 120 EC-C18 column
(2.1 mm�150 mm, 2.7 μm; Agilent Technologies) and a photo-
diode array detector. Acetonitrile and 0.15% phosphoric acid aqu-
eous solution were used as mobile phases A and B, respectively,
with a flow rate of 0.5 mL/min at 25 °C. The solvent gradient was:
4% A at 0–1.0 min; 4% A-6% A at 1.0–6.0 min; 6% A-8% A at 6.0–
effect method. (A) The typical quantitative diagnostic graphics generated by the
the Fa-DRI (dose-reduction index) plot for the constant ratio combination design.
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8.0 min; 8% A at 8.0–13.0 min; 8% A-10% A at 13.0–15.0 min; 10%
A-12% A at 15.0–19.0 min; 12% A at 19.0–22.0 min; 12% A-15% A
at 22.0–25.0 min; 15% A-4% A at 25.0–35.0 min. Analytes were
monitored at 215 nm. The data were analyzed using Agilent
Chemstation software for LC-3D system (Rev. B.04.03-SP1).

2.4.3. Analytical method validation
The method described herein was validated for selectivity,

linearity, precision, accuracy, recovery and stability according to
the Guideline for the Analytical Method Validation in Pharma-
ceutical Analysis (Chinese Pharmacopoeia Commission, 2010). In-
tra-day (within a single day) and inter-day (over 3days) precisions
were determined and expressed as relative standard deviation
(RSD). A method is considered precise, if the RSD is within 73%.
Instrumental repeatability was assessed by analyzing the same
sample (196.2 μg/mL E, 62.7 μg/mL PE and 243.4 μg/mL amygda-
lin) 7 times consecutively. The accuracy was evaluated by the re-
covery test. By adding known quantities of the mix standard so-
lutions to the sample solution at three different concentration
levels, recovery of each compound was calculated by comparing
the amount subtracted before spiking from that after spiking with
the actual amount added. The method is considered accurate if the
RE is within 73%. Stability was evaluated by comparing MX
samples stored for 0, 3, 6, 12 and 24 h with fresh samples and
expressed as RSD.

2.4.4. Determination of bioactive compounds
Three portions of working extract were prepared for each type

of extract. Two samples were obtained from each type of working
extract according to procedures described in “Sample preparation
for HPLC analysis”. The external standard method was used for the
quantitative determination of E, PE and amygdalin (including L-
amygdalin and D-amygdalin). The content of each compound was
expressed as extraction efficiency (ratio of compound transferred
from the herb into the extract).

2.4.5. Correlation analysis of potential bioactive compounds and
acute toxicity

Due to the complexity of the compounds in TCM formulations, it
is difficult to elucidate the specific mechanism underlying their acute
toxic effects. Pearson correlation analysis was used to assess the re-
lationships between differences in bioactive compounds and CI.

2.5. Pharmacokinetics analysis

As described in detail in our previous work, a comparative
pharmacokinetics studies in rats were performed after oral admin-
istration of Mahuang, Xingren, and MX extracts (Song et al., 2015).
Specific pathogen-free male Sprague–Dawley rats (200720 g) were
supplied by the Lab Animal Center of Southern Medical University
(certificate No. 44002100002402). The experimental protocol was
approved by the Animal Ethics Committee of Southern Medical
University, and animal studies were performed according to the
Guide for the Care and Use of Laboratory Animals. In brief, SD rats
were randomly divided into 3 groups (6 rats per group): a Mahuang
group, a Xingren group, and a MX (1:1) group. Rodents in the Ma-
huang group were administered an oral dose of 3 g/kg (equal to the
herbal preparation extracted from 3 g herb materials) Mahuang,
Xingren, and MX extracts. Blood samples were collected from the
retro-orbital plexus at designated time points after dosing. The
plasma samples, pretreated by a one-step direct protein precipitation
with acetonitrile, were analyzed by our validated UPLC-MS/MS
method (Song et al., 2015). A non-compartmental analysis was
adopted in this study, and DAS software version 3.2.2 (Mathematical
Pharmacology Professional Committee of China, Shanghai, China)
was used to calculate the pharmacokinetic parameters. The previous
pharmacokinetics studies demonstrated that stereoselective meta-
bolism of amygdalin occurred in vivo. The present study together
with our previous work further highlights the correlation between
stereoselective metabolism of amygdalin and Xingren detoxification.
Plasma concentrations of prunasin (the primary metabolite of
amygdalin) were reanalyzed in terms of the ratio of L-prunasin to D-
prunasin to better understand the decrease in Xingren toxicity.

2.6. Cytotoxicity test

2.6.1. Cell culture and materials
β-Glucosidase (lyophilized powder, Z6 U/mg) was obtained

from Sigma-Aldrich Chemical (St. Louis, MO, USA). MDCK (Madin-
Darby canine kidney cell line) cells and PC12 (rat pheochromocy-
toma cell line) cells were obtained from Type Culture Collection of
the Chinese Academy of Sciences (Shanghai, China). The cells were
cultured in Dulbecco's modified Eagle's medium-Ham's F-12 nu-
trient mixture (1:1) containing 10% fetal bovine serum at 37 °C in a
humidified atmosphere of 5% CO2–95% air.

2.6.2. Experimental design
The D-amygdalin content of herbal extracts varies greatly in re-

sponse to boiling water and combination with Mahuang (Hwang
et al., 2002; Isoza et al., 2001; Xie et al., 2012). In the intestine and
liver, enzyme complexes containing β-glucosidase can degrade
amygdalin into many different metabolites (Berrin et al., 2002).
Therefore, amygdalin cytotoxicity was evaluated in terms of different
chemical configurations. Similar to the decocting of herbs, epimer-
ization of amygdalin was carried out as follows: D-amygdalin stock
solutions (150 mM) were placed in tubes in a boiling water bath for
0 min, 4 min, 8 min, or 25 min to obtain a. 100%, b. 81.9%, c. 68.8%
and d. 49.9% D-amygdalin respectively (ratios calculated by D-amyg-
dalin/L-amygdalinþD-amygdalin). Working concentrations were ob-
tained by gradual dilution with culture medium. Growth inhibition
assays were carried out with MDCK and PC12 cells in the presence of
different proportions of D-amygdalin to determine whether changing
the proportion of D-amygdalin affected the cytotoxic activity. More-
over, in order to stimulate its degradation after oral administration,
growth inhibition by amygdalin activated by β-glucosidase was also
investigated. Therefore, the objective of the current study was to
examine the effects of amygdalin and amygdalin activated by β-
glucosidase at different configuration ratios on proliferation of PC12
and MDCK cells. The experimental protocol is shown in Fig. 3A.

2.6.3. Cell proliferation assay
Cell proliferation was measured using the Cell Counting Kit-8

(CCK-8, Dojindo Laboratories, Japan). For the assays, the cells
(1�104 cells/well in 100 μL of culture medium) were seeded into
96‑well plates and left to adhere overnight, after which medium
were removed and replaced by 90 μL of different concentrations of
the samples and 10 μL β-glucosidase solution (1 mg/ mL) (or blank
culture medium). After 48 and 72 h of incubation, the media were
replaced with 90 μL of serum-free culture medium. Subsequently,
10-μL CCK‑8 was added prior to incubation in the dark at 37 °C for
1 h. The absorbance was determined using Infinite M200 plate
reader (Tecan Research Triangle Park, NC, USA). The concentration
of compound required to inhibit proliferation by 50% (IC50) was
determined by plotting the percentage of cell growth inhibition
against the compound concentration. All experiments were re-
peated 3 times, and the results are expressed mean7SEM (stan-
dard error of mean).

2.6.4. Characterization of enzymatic hydrolysis time profile
Qualitative analysis of enzymatic hydrolysis time profiles was

performed by HPLC. PC12 cells at 80% confluence were exposed to
5.0 mM amygdalin and amygdalin activated by β-glucosidase (at



Fig. 3. Graphical protocol of cytotoxicity evaluation (A) and hydrolysis process of amygdalin (B).
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different configuration ratios) for 0, 60, 120 and 240 min. Culture
medium samples (500 μL) were collected at the indicated times
and filtered through a 0.2-μm Acrodisc 25 mm syringe filter. The
enzyme reaction was terminated by the addition of 1500 μL of ice-
cold acetonitrile. Each sample was vortexed for 5 min and cen-
trifuged at 17,760g for 15 min. The supernatant was filtered
through a 0.22 μm syringe filter and dried under a gentle nitrogen
stream. The residue was reconstituted in 5000 μL of 50% methanol
and centrifuged at 20,385g for 20 min at 4 °C. The supernatant was
obtained and analyzed by HPLC based on the method described in
“2.4.2. Instruments and conditions”.

2.7. Statistical analysis

The results (except cytotoxicity tests) are presented as
mean7SD. The data were analyzed by one-way analysis of var-
iance (ANOVA) followed by least-significant difference post-hoc
(LSD) tests. Pearson's test was applied to assess the correlations
between the constituents of amygdalin and combination analysis
of acute toxicity. Statistical analysis was performed using SPSS
software (version 16.0, IBM Corp., Armonk, NY, USA). A probability
value of Po0.05 was considered to be statistically significant.
3. Results and discussion

3.1. Acute toxicity study

3.1.1. Obvious antagonistic effect of MX
In the Mahuang, MX (4:1) and MX (2:1) groups, death occurred

10–40 min after administration. Toxicity was manifested pre-
dominantly as profuse sweating, Straub tail reaction, trembling,
convulsions, and spasms. No obvious toxic signs were observed in
the MX (1:1), MX (1:2), MX (1:4) and Xingren groups within 50 min



Fig. 4. Representative HPLC-DAD chromatograms of mixed standards (A), Mahuang (B) Xingren (C), Mahuang-Xingren herb pair (1:1) (D) and blank (E). Ephedrine, pseu-
doephedrine and amygdalin were used to quantify the aqueous extracts.
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of administration of the extracts; however, dramatic changes oc-
curred within the period from 60 to 100 min after administration of
the extracts, including lying prostrate, catalepsy, shortness of
breath, respiratory distress, opisthotonos and death. The major or-
gans showed no obvious lesions at necropsy under observation by
the naked eye (data not shown) and there were no significant
changes in body weight during the experiment in the surviving
mice (Supplementary table 2). The median lethal dose (LD50) and
95% confidence intervals of the extracts in mice after oral admin-
istration are summarized in Table 1. The results indicated that
Xingren was more toxic than Mahuang and demonstrated that the
safety profile of the MX combination had been improved sig-
nificantly in comparison with that of Xingren alone (the MX treat-
ments had LD50 concentrations greater than that of Xingren). Using
median effect analysis, we explored MX interactions by testing the
combination with different ratios of components. In all groups, r-
values were between 0.962 and 0.998, indicating that the data
conformity were acceptable. Obvious antagonistic effects with high
CI50 (CI value at EC50) values were observed when the acute toxicity
of the MX combinations was tested (Table 1 and Supplementary Fig
1). Moreover, the results of these experiments were consistent with
the herb combination ratios: higher proportions of Mahuang were
associated with stronger antagonistic effects.

3.1.2. Antagonistic action mainly led to the favorable DRI of Xingren
Rearrangement of the equation for CI also provides algorithms

for solving the DRI for each drug in a particular combination
Table 1
Mahuang –Xingren (MX) combination induced an antagonistic effect on acute toxicity co
median drug effect analysis calculating the combination index (CI) and the dose-reduct

Dm value (g/kg) Combination in

Group LD50 95% confidence intervals CI50

Mahuang 93.2 85.2–102.0 –

Xingren 29.9 25.3–35.3 –

MX (4:1) 87.9 81.7–94.5 8.57
MX (2:1) 81.6 77.9–85.3 5.01
MX (1:1) 81.4 75.5–87.9 3.60
MX (1:2) 64.6 62.9–66.3 2.24
MX (1:4) 59.3 52.6–66.9 1.68

Dm: Median-effect dose or concentration.
LD50: Median lethal dose.
CI50: CI at LD50.
DRI50: DRI at LD50.
r: The linear correlation coefficient of the median-effect plot.
(Fig. 2B). A DRI greater than 1 indicates favorable dose reduction
that can reduce toxicity in therapeutic applications (Chou, 2011).
Conversely, in toxicity study, a DRI less than 1 indicates a higher
tolerance that increases the therapeutic index. After combined
treatment in mice, the DRI50 (DRI at LD50) of Xingren was de-
creased by 7.94- to 1.36-fold (except MX 1:4) and the DRI50 of
Mahuang was increased by 1.57–1.06-fold when compared with
the two herbs taken individually (Table 1). Generally speaking, the
results of the combination analysis suggested that improvement of
the MX safety profile was mainly due to Xingren detoxification.
Mahuang could antagonize the acute toxicity of Xingren and sig-
nificantly decrease the DRI50 of Xingen.

3.2. HPLC analysis of the extracts

3.2.1. Validation of the HPLC method
A reliable HPLC method was developed and validated to si-

multaneously determine E, PE, and amygdalin. The calibration
curves for all analytes exhibited good linearity (r240.999, Sup-
plementary table 3). The LOQs of E, PE, and amygdalin were
10.1 μg/mL, 5.05 μg/mL, and 11.1 μg/mL, respectively. Re-
presentative chromatograms of the blank sample, standards, Ma-
huang, Xingren and MX (1:1) solutions are shown in Fig. 4 (chro-
matograms of MX of different combination ratios shown in Sup-
plementary Fig. 2). No peaks that could interfere with the mea-
surements of the studied compounds were observed. L-Amygdalin
and D-amygdalin were characterized by high-resolution electron
mpared to treatment with herbs oral administered individually as demonstrated by
ion index (DRI).

dex DRI50 r

95% confidence intervals Mahuang Xingren

– – – 0.970
– – – 0.962
6.90–10.3 1.57 0.13 0.980
4.28–5.74 1.44 0.23 0.996
3.07–4.13 1.14 0.38 0.991
1.98–2.50 1.14 0.73 0.998
1.48–1.87 1.06 1.36 0.978



Table 2
Precision, accuracy and stability of HPLC method for determination of analytes.

Analytes Spiked conc. (μg mL�1) Observed conc. (μg mL�1) Precision (RSD%) Accuracy (RE%) Instrument Stability

Intraday Interday Intraday Interday Repeatability RSD (%) RSD (%)

Ephedrine 40.4 236.871.1 2.7 2.6 0.12 0.75
101 296.672.6 2.4 2.8 �0.56 �0.59 0.99 2.22
253 449.672.7 0.9 1.2 0.14 0.19

Pseudoephedrine 20.2 82.970.5 2.7 2.7 �0.75 0.02
50.5 113.471.1 2.4 2.2 0.53 0.17 0.87 1.92

126.5 189.172.0 1.3 1.8 �0.24 0.51

Amygdalin 22.2 265.670.6 2.6 2.7 �0.18 0.06
88.8 333.772.2 2.4 2.5 1.53 2.20 0.50 2.06

555 801.376.0 1.1 1.1 0.52 0.64

RSD: relative standard deviation RE: relative error.

Table 3
Contents of the three bioactive compounds in Mahuang, Xingren, and Mahuang-Xingren (MX).

Group Compounda (mean7SD)

Ephedrine Pseudoephedrine L-amygdalin D-amygdalin Amygdalinb

Mahuang 6.6971.16 2.0270.42 – – –

Xingren – – 5.6270.36 6.1570.45** 11.7770.72
MX (4:1) 7.5070.53 2.3870.18 2.7570.20** 10.0870.50** 12.8370.70
MX (2:1) 8.0070.54 2.4370.22 2.9770.34** 9.8771.23** 12.8471.52
MX (1:1) 8.2370.30* 2.5670.13* 3.6970.10** 10.4770.89** 14.1670.98**

MX (1:2) 7.2671.05 2.1070.31 3.4770.48** 7.9170.74** 11.3871.20
MX (1:4) 5.5770.64 1.6670.27 3.4870.44** 6.7270.52 10.1970.94

a The content unit was mg/g that expressed as extraction efficiency by decocting.
b

L-amygdalin and D-amygdalin.
* Po0.05.
** Po0.01, vs. single herbs (Mahuang or Xingren).

Fig. 5. The change in constituents of amygdalin of different combination ratios (A) and its association with combination index (B) and dose-reduction index (C).
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spray ionization massspectrometry (Supplementary Fig. 3). Two
compounds with identical protonation and product ion mass
spectra were observed, indicating likely epimer formation. The
precision of the method, as evaluated by performing 6 replicate
assessments, was acceptable, with both intra-day and inter-day
RSD of less than 3% (Table 2). The repeatability of the assay was
good, because the peak area RSD of each compound in the MX
(1:1) extract was less than 1%. Accuracy is calculated as the per-
centage of recovery. Table 2 illustrates the RE, which ranged be-
tween �0.75 and 2.20% and was thus within the pre-established
range of 73%. Satisfactory stability of the compounds in the MX
extracts was also observed for at least 24 h at room temperature,
because each peak area RSD was less than 3% (Table 2).
3.2.2. Antagonism of acute toxicity was closely correlated with D-
amygdalin

The validated HPLC method was successfully applied to de-
termine the compounds in the Mahuang, Xingren, and MX extracts.
As shown in Table 3, the extraction efficiencies (mg/g) of E, PE, and
amygdalin (including L-amygdalin and D-amygdalin) in combina-
tion (except MX 1:1) were not significantly different (P40.05)
from those of the single herbs. However, the extraction efficiency
of D-amygdalin in MX was increased significantly (Po0.05) in
comparison with that of Xingren alone. The epimeric forms of a
drug may display different pharmacological or toxic effects (Food
and Drug Administration, 1992). Combined with results obtained
from acute toxicity studies, these findings suggest that changes in
the amygdalin composition could be associated with the favorable



Fig. 6. Mean concentration ratio-time profiles of L-prunasin/D-prunasin in rat
plasma after oral administration of Xingren and Mahuang-Xingren extracts. Each
point represents the mean7SD (n¼6).
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DRI of Xingren (Fig. 5A and C). Therefore, Pearson correlation
analysis was used to identify relationships between the CIs and the
ratios of D-amygdalin/L-amygdalin. The Pearson correlation coef-
ficient (r¼0.901, Po0.01) indicated that the ratio of D-amygdalin/
L-amygdalin and CI were very strongly related (Fig. 5A and B). In
other words, the proportion of D-amygdalin was closely correlated
with the level of antagonism. However, this result seemed to be
contradictory to the favorable DRI of Xingren. D-Amygdalin has
been reported as the cytotoxic component of Xingren, which ex-
hibits a selective killing effect on cancer cells (Chang et al., 2006).
This contradiction may be explained by the in vivo nature of drug
disposition, in contrast with the in vitro nature of the studies of
amygdalin content variation. Therefore, antagonism of D-amygda-
lin metabolism may have contributed to the antagonism of acute
Xingren toxicity observed in this study.
Fig. 7. Conjecture on the explanation for stereoselective me
3.3. Interpretation of pharmacokinetics data

In comparison with previous UPLC-MS/MS determination of
bioactive compounds in rat plasma and comparative pharmacoki-
netics analysis after oral administration of Mahuang, Xingren, and MX
extracts, more attention was paid to the metabolic characteristics of
amygdalin. D-Amygdalin absorbed in the blood would be metabolized
to D-prunasin with few parent compounds after oral administration
of pure amygdalin (Fang et al., 2010). The ratio of L-prunasin to D-
prunasin in plasmawas not consistent with that of the parent drug in
aqueous extracts, indicating stereoselective amygdalin metabolism
in vivo. As illustrated in Fig. 6 and Supplementary table 4 (published
data in Journal of Pharmaceutical and Biomedical Analysis), D-prunasin
was less abundant than L-prunasin in rat plasma, although there was
more D-amygdalin than L-amygdalin in the extract (Fig. 4C and D).
Interestingly, the process was facilitated by Mahuang, which led to
virtual dose reduction of the D-prunasin dose in vivo and thus re-
duced toxicity. To clarify the relationship between the MX combi-
nation and the reduction in toxicity, a graphical description of our
conjecture based on the chemical equilibrium of amygdalin in vitro
and prunasin in vivo is illustrated in Fig. 7. In brief, the aqueous ex-
tract of Xingren is a racemic mixture that consists of equivalent
amounts of each of a pair of epimers (50% of D-amygdalin and 50% of
L-amygdalin). The chemical equilibrium in vitro (L-amygdalin⇌D-
amygdalin) was disrupted by Mahuang, increasing the efficacy of D-
amygdalin. In response, the metabolite equilibrium (L-prunasin⇌D-
prunasin) should shift towards L-prunasin to restore the chemical
balance in vivo, especially upon administration of the MX extract.

A previous study indicated that the lower metabolic rate (lower
CLz/F and longer MRT and t1/2) and limited distribution (smaller Vz

/F values) of amygdalin and prunasin upon administration of the
MX extract also contributed to reducing the toxicity reduction of
Xingren in comparison with that Xingren alone (Song et al., 2015).
Considering stereoselective metabolism-related characteristics,
reducing the dose of D-prunasin, limiting its biodistribution and
lowering its metabolic rate are also recognized as the most likely
mechanism underlying the detoxifying effect of Mahuang on
tabolism of amygdalin based on chemical equilibrium.



Fig. 8. Effect of amygdalin (including 100% (A), 81.9% (B), 68.8% (C), and 49.9% (D) D-amygdalin) with or without activation by β-glucosidase on inhibition of PC12 and MDCK
cell proliferation after 48 h incubation (LSD test, * Po0.05, ** Po0.01).

Table 4
The half maximal inhibitory concentrations, IC50 (μM),of A (100% D-amygdalin), B
(81.9% D-amygdalin), C (68.8% D-amygdalin), and D (49.9% D-amygdalin) estimated
by the CCK-8 assays on rat pheochromocytoma (PC12) and Madin-Darby canine
kidney cell line (MDCK), means7SEM (N¼3).

Cell line IC50 (μM, Mean7SEM)

A B C D

PC12 38.8375.96a 34.9973.67a 40.1672.69a 39.5772.10a

PC12* 5.9770.45d 7.0670.42c 8.1470.48b 9.6370.82a

MDCK 63.9777.36a 62.3976.50a 64.9575.21a 64.1076.04a

MDCK* 3.9370.47d 5.2670.42c 6.8270.2b 8.4270.94a

The different superscripts (a–d) within a line indicate significant differences be-
tween the drugs (Po0.05).

* Treatment with amygdalin activated by β-glucosidase.

Fig. 9. Representative HPLC-DAD chromatograms (λ¼215 nm) of amygdalin (including 1
D) and its metabolites hydrolyzed by β-glucosidase in PC12 cell culture medium at indi
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Xingren in the MX combination. The molecular mechanisms un-
derlying the detoxifying effect of Mahuang may involve enzyme-
mediated reactions and merit further study.

3.4. Cytotoxicity assay

Stereoselective metabolism, a key mechanism of toxicity re-
duction, was also demonstrated in the cytotoxicity test. The in-
hibitory effects of treatment with 7.5 mΜ amygdalin (including
49.9%, 68.8%, 81.9% or 100% D-amygdalin) (with or without acti-
vation by β-glucosidase) for 48 h on the proliferation of PC12 and
MDCK cells is shown in Fig. 8. The median effective dose (IC50), the
drug concentration causing 50% inhibition of the desired activity,
was calculated graphically for each cell proliferation curve using
GraphPad Prism Version 5.01 for Windows (GraphPad Software
00% D-amygdalin: A, 81.9% D-amygdalin: B, 68.9% D-amygdalin: C, and D-amygdalin:
cated times.
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Inc., San Diego, CA). The IC50 values of amygdalin and amygdalin
activated by β-glucosidase on the proliferation of PC12 and MDCK
cells for 48 h are summarized in Table 4. Similar to other recent
studies (Nie et al., 2013; Zhou et al., 2012), β-glucosidase-mediated
hydrolysis of amygdalin significantly enhanced its inhibitory ef-
fects on growth. The D-amygdalin ratio did not alter cytotoxicity in
the absence of β-glucosidase. However, a higher proportion of D-
amygdalin could enhance cytotoxicity in the presence of β-glu-
cosidase. These results suggested that benzaldehyde and hydrogen
cyanide released during D-amygdalin hydrolysis contribute to
amygdalin cytotoxicity.

3.4.1. Metabolism of D-amygdalin had a major contribution to
cytotoxicity

Amygdalin consists of a gentiobiose, a disaccharide composed
of 2 units of D-glucose, and mandelonitrile. β-Glucosidase cata-
lyzes hydrolysis of β-glycosidic bonds, resulting in dissociation of
mandelonitrile and formation of benzaldehyde and hydrogen cy-
anide (Fig. 3B), which are toxic to living cells. As shown in Fig. 9,
amygdalin, pruasin and benzaldehyde were detected in the culture
medium. Contrary to the results of the in vivo metabolism study,
the ratio of L-prunasin/D-prunasin was approximately consistent
with that of the parent drug, indicating that no stereoselective
metabolism occurred. Moreover, in contrast to the situation in vivo,
hydrolysis of D-amygdalin in vitro was a simple process that was
not influenced by biodistribution and clearance, enhancing D-
amygdalin toxicity. These results suggest that D-amygdalin meta-
bolism was the major source of hydrogen cyanide in this experi-
ment (Fig. 7). Stereoselective metabolism, in which the metabolic
pathway is manipulated to some extent, may be critical for de-
toxification of Xingren in the MX combination.

3.4.2. Cell selection in the cytotoxicity study
Cell culture can be used in preliminary toxicology evaluations

as a means of saving time and animals (Vanparys, 2002). Cyto-
toxicity tests using specialized cells are useful when the in vivo
toxicity of a chemical is already well established. Chronic oral
administration of the cassava plant (which contains amygdalin)
causes neurological damage in humans similar to that seen in
persons suffering from tropical ataxic neuropathy, a disorder at-
tributed to chronic cyanide exposure (Kalyanaraman et al., 1983;
Newton et al., 1981). In the present study, we used PC12 cells, a
standard in vitro model for evaluation of the developmental neu-
rotoxicity of a diverse range of compounds. Although beneficial
effects of amygdalin for cancer patients are not currently sup-
ported by sound clinical data (Milazzo et al., 2011), there are a few
reports of pharmacological concentrations of amygdalin selec-
tively killing malignant cells, but not normal cells, suggesting that
it could be useful as a treatment for cancer (Chen et al., 2013).
MDCK cells, a normal canine kidney cell line, are used to assess
cytotoxicity in research on antineoplastic agents (Dharmatti; et al.,
2014; Petinari et al., 2004). To better understand the cytotoxicity
of amygdalin, its effect on normal MDCK cells were also evaluated.
4. Conclusion

The method used to combine herb pairs is the summation of
millennia of clinical experience. TheMX herb pair is widely used in
the clinic due to its efficacy and few adverse effects. According to
TCM theory, Mahuang is combined with Xingren to maintain the
balance of the nature of the herbs and recover the harmony of lung
Qi. In this paper, a comprehensive detoxification study of Xingren
in the context of the MX herb pair was undertaken. In comparison
with Xingren alone, the MX combination had a favorable ther-
apeutic index due to the clear antagonistic effect of Mahuang on
Xingren toxicity. Moreover, analysis of bioactive compounds,
pharmacokinetics experiments in rats, and cytotoxic assessment
provided further evidence that stereoselective metabolism of
amygdalin may be a crucial mechanism underlying detoxification
upon oral administration of MX extracts. This study provides a
preliminary explanation for the hypothesis regarding the “mutual
restraint” relationship of Mahuang and Xingren in MX proposed
above, and offers a new mode of thinking regarding research into
MX combination theory and the mechanisms underlying detox-
ification effects in TCM herb pairs.
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Glossary

Mahuang-Xingren herb pair: A classical combination in traditional Chinese medi-
cine consisting of Herba Ephedrae (Mahuang in Chinese) and Semen Arme-
niacae Amarum (Xingren in Chinese) that is used to treat asthma, and
bronchitis;

Dm value: The median-effect dose or concentration. It is usually represented by
ED50 or IC50. Depending on the endpoint of the measurement, it can also be
represented by LD50 or TD50 if lethality or toxicity is measured;

Combination index (CI): A quantitative measure of the degree of drug interaction in
terms of additive effect (CI¼1), synergism (CIo1), or antagonism (CI41) for a
given endpoint of the effect measurement;

Dose-reduction index (DRI): A measure of how much the dose of each drug in a
synergistic combination may be reduced at a given effect level compared with
the doses of each drug alone.
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