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ABSTRACT
Context: Ambrisentan is an oral endothelin-receptor antagonist (ERA). However, there is no report on the
interaction between ambrisentan and shikonin.
Objective: To investigate the effect of shikonin on ambrisentan metabolism in vivo and in vitro.
Materials and methods: This study developed an ultra-performance liquid chromatography tandem
mass spectrometry (UPLC-MS/MS) method for simultaneous determination of ambrisentan and (S)-4-
hydroxymethyl ambrisentan in rat plasma. Twelve male Sprague-Dawley (SD) rats were divided into two
groups (n¼ 6): the control group and shikonin (20mg/kg) group. The pharmacokinetics of ambrisentan
(2.5mg/kg) were investigated after 30 min. Additionally, human and rat liver microsomes were used to
investigate the herb-drug interaction.
Results: The UPLC-MS/MS method was shown to be accurate, precise and reliable, and was successfully
applied to the herb-drug interaction study of ambrisentan with shikonin. When co-administrated with
20mg/kg shikonin, the Cmax and AUC(0–1) of ambrisentan were significantly increased by 44.96 and
16.65%, respectively (p< 0.05). In addition, there were modest decreases in (S)-4-hydroxymethyl ambrisen-
tan Cmax and AUC(0–1) in the presence of shikonin (p< 0.05), which indicated that these results were in
accordance with the inhibition of shikonin on ambrisentan metabolism. Moreover, enzyme kinetic study
indicated that shikonin had an inhibitory effect on human and rat microsomes where the IC50 values of
shikonin were 5.865 and 6.358lM, respectively.
Conclusions: Our study indicated that shikonin could inhibit ambrisentan metabolism. Further studies
need to be carried out to verify whether similar interaction truly apply in humans and whether this inter-
action has clinical significance.
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Introduction

Pulmonary arterial hypertension (PAH) is a life-threatening, pro-
gressive disease characterized by ever-increasing pulmonary vas-
cular resistance and sustained elevations in pulmonary artery
pressure, which ultimately result in right ventricular failure and
even premature death (Rich et al. 1987; Rubin 1997; Galie et al.
2008). Currently, endothelin-receptor antagonists (ERAs) are
used commonly in the treatment of PAH (Rubin 1997; Humbert
et al. 2004). Of them, ambrisentan is an orally active, nonsulfo-
namide, propanoic acid class of ERA, which can prevent the con-
striction or narrowing of blood vessels, thereby exerting
beneficial effects in the treatment of PAH (Galie et al. 2005;
Rubin et al. 2005). It is not only metabolized by hepatic phase
glucuronidation, but also undergoes phase oxidative metabolism
(Barst 2007; Vizza et al. 2012). The main metabolite (S)-4-
hydroxymethyl ambrisentan is produced by cytochrome P450
(CYP) 3A4 (Croxtall and Keam 2008).

Shikonin, a kind of lipophilic hydroxynaphthoquinone, is
mostly found in the root epidermis of at least 150 traditional
medicinal species that belong to the Boraginaceae family

(Assimopoulou et al. 2006; Hu et al. 2006; Albreht et al. 2009). It
has anti-inflammatory, antithrombotic, antioxidant, antibacterial,
antifungal, and antitumor properties (Tabata et al. 1975;
Sankawa et al. 1977; Wang et al. 1994; Albreht et al. 2009).
According to the pathophysiology, PAH can occur in association
with diseases such as inflammatory, thrombus, tumour or cirrho-
sis of the liver (Humbert et al. 2004; Schermuly et al. 2011).
Therefore, it is suggested that co-administration of ambrisentan
with shikonin may occur when PAH patients also have other dis-
eases that may be treated with shikonin. However, potential
herb-drug interactions between ambrisentan and shikonin have
not been reported in detail.

There are several studies about the determination of plasma
ambrisentan concentrations by using liquid chromatography/tan-
dem mass spectrometry (LC-MS/MS) (Nirogi et al. 2012; Lukram
and Sharma 2014; Yokoyama et al. 2014; Garcia-Martinez et al.
2018; Tanaka et al. 2020; van de Velde et al. 2020). However, to
date, there are only two published reports about the simultan-
eous determination of the concentrations of ambrisentan and
its metabolite (S)-4-hydroxymethyl ambrisentan in plasma by
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LC-MS/MS (Enderle et al. 2015, 2017). However, limited avail-
ability of isotope-labeled internal standards, the complex sample
preparation procedure (solid phase extraction) and long chroma-
tographic run time (12min) prohibited the use of both methods
for pharmacokinetic and/or interaction studies. In this study, we
develop a sensitive and validated ultra-performance liquid chro-
matography-tandem mass spectrometry (UPLC-MS/MS) method
for the simultaneous determination of ambrisentan and (S)-4-
hydroxymethyl ambrisentan in plasma. Meanwhile, this method
was successfully applied to measure concentrations of ambrisen-
tan and (S)-4-hydroxymethyl ambrisentan in an interaction
study, which investigated the effect of shikonin on ambrisentan
metabolism in vivo and in vitro.

Materials and methods

Materials

Ambrisentan and (S)-4-hydroxymethyl-ambrisentan were
obtained from Toronto Research Chemicals (Toronto, Ontario,
Canada). Midazolam used as internal standard (IS) was pur-
chased from the Sigma-Aldrich (St. Louis, MO, USA). LC-grade
acetonitrile, methanol and formic acid (FA, 98% purity) were
purchased from Merck (Darmstadt, Germany). Ultrapure water
was produced by the Millipore purification system (Millipore,
Bedford, MA, USA). All of the other chemicals and solvents
were of analytical grade.

LC-MS/MS instrument and conditions

The liquid chromatographic separation was performed on a
Waters ACQUITY UPLC BEH C18 column (2.1� 50mm,
1.7 mm) and column temperature was maintained at 40 �C. The
initial mobile phase was consisted of 60% solvent A (water con-
taining 0.1% formic acid) and 40% solvent B (acetonitrile) at the
flow rate of 0.4mL/min. The gradient elution was used as fol-
lows: 0–0.6min linearly increased to 90% solvent B, 0.6–1.2min
maintained at 90% solvent B, and 1.2–1.8min the solvent B was
steeply reversed back to 40%. A subsequent re-equilibration time
(2.2min) should be performed before the next injection. The
injection volume was 2lL.

Samples were analyzed by ultra-performance liquid chroma-
tography-tandem mass spectrometry (UPLC-MS/MS) using a
Waters Acquity I-Class and a Waters XEVO TQS triple-quadru-
pole mass spectrometer (Waters Corp., Milford, MA, USA) with
an electrospray ionization (ESI) source. A dynamic multiple reac-
tion monitoring (MRM) method was developed to detect specific
precursor and product ions of ambrisentan and its metabolite
inside their retention time window (Table 1). Data acquisition
was performed by Masslynx 4.1 software (Waters Corp.).

Preparation of calibration standards and quality
control samples

Standard stock solutions of ambrisentan (1mg/mL), (S)-4-
hydroxymethyl-ambrisentan (1mg/mL), and the IS (1mg/mL)

were separately prepared by dissolving in methanol. The IS
working solution (500 ng/mL) was prepared daily by diluting its
stock solution with methanol. Working solutions for calibration
and controls were prepared by appropriate dilution of stock solu-
tions with methanol. The calibration standards were prepared by
adding 10lL ambrisentan or (S)-4-hydroxymethyl ambrisentan
working solutions with different concentrations into 90 lL drug-
free rat plasma. The final concentrations of calibration standards
were 100, 500, 1000, 2000, 5000, and 10,000 ng/mL for ambrisen-
tan and 1, 5, 10, 50, 100, and 500 ng/mL for (S)-4-hydroxymethyl
ambrisentan.

Quality control (QC) samples were prepared independently in
the same way at three levels: 400, 4000, 8000 ng/mL for ambri-
sentan and 4, 40, 400 ng/mL for (S)-4-hydroxymethyl ambrisen-
tan. All stock solutions, working solutions, calibration standards
and QCs were preserved at �20 �C until analysis.

Sample preparation

In a 1.5mL polypropylene centrifuge tube, 10 lL midazolam
(500 ng/mL) was added to 100 mL of plasma sample followed by
the addition of 200mL acetonitrile. After vortexing for 2.0min,
the tubes were centrifugated for 10min at 13,000 rpm. To 100 mL
supernatant, 100mL water was added and mixed, then 2mL was
injected into the UPLC-MS/MS system for analysis.

Method validation

Selectivity is a specialty of a method which can accurately quan-
tify the target analyte by suppressing interference of endogenous
compounds. It was evaluated by analyzing six different blank
plasma samples from six rats, blank plasma spiked ambrisentan,
(S)-4-hydroxymethyl ambrisentan and IS, as well as the rat
plasma samples.

Six-point calibration curves (100–10,000 ng/mL for ambrisen-
tan and 1–500 ng/mL for (S)-4-hydroxymethyl ambrisentan) in
triplicate were measured and assayed on 3 days. The linearity for
ambrisentan and (S)-4-hydroxymethyl ambrisentan were eval-
uated by the weighted (1/x2) least squares linear regression of
the peak area ratios against concentrations. The lower limit of
quantification (LLOQ) was defined as the lowest concentration
on the calibration curves.

The matrix effect was evaluated by comparing the peak area
ratio of analytes added into post-extracted plasma samples from
six different drug-free rat plasma samples at three concentration
levels (LQC, MQC, and HQC) with pure standard samples at
corresponding concentrations. The extraction recovery was eval-
uated by the peak area ratios of extracted QC samples to those
of post-extraction samples containing equivalent amount of
the analytes.

The accuracy and precision of the method were assessed by
analyzing three different concentrations of the QC samples in
three separate days. Relative standard deviation (RSD, %) and
the percentage of the measured concentration to the nominal
concentration (relative error RE, %) were used to assess the

Table 1. MS parameters for ambrisentan, (S)-4-hydroxymethyl ambrisentan and midazolam.

Compound name Precursor ion (m/z) Product ion (m/z) Collision energy (V) Cone voltage (V)

Ambrisentan 379.24 347.28 5 10
(S)-4-Hydroxymethyl ambrisentan 395.11 363.17 5 30
Midazolam 326.20 291.0 30 60
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accuracy and precision of the method. As required, variation
should be within ± 15% for both precision and accuracy.

Animals and in vivo pharmacokinetic analysis

Male Sprague-Dawley (SD) rats (250–280 g) were obtained from
Laboratory Animal Centre of Wenzhou Medical University
(Wenzhou, China). The rats were housed at a temperature of
25 �C and were acclimatized for 14 days in experimental condi-
tions to minimize all influence.

For studying the effect of shikonin on the pharmacokinetic of
ambrisentan, 12 SD rats were divided into two groups: the con-
trol group (group A, n¼ 6) and study group (group B, n¼ 6).
Diet was prohibited for 12 h while water was not limited before
administration. Shikonin was dissolved in oil and ambrisentan
was suspended in 0.5% Carboxy Methyl Cellulose (CMC). Group
A were treated with oil and Group B were treated with shikonin
(20mg/kg) by oral administration. Ambrisentan (2.5mg/kg) was
oral administrated half an hour later. Then, 0.3mL blood sam-
ples were collected into heparinized tubes via the tail vein at
time points of 0.083, 0.25, 0.5, 0.75, 1, 1.5, 2, 4, 8, 10, 12 and
24 h. Blood samples were centrifuged at 13,000 rpm for 10min.
The plasma samples were immediately separated from whole
blood and stored at �80 �C until analysis.

In vitro metabolism study

In order to study the effect of shikonin on the metabolism of
ambrisentan in human and rat liver microsomes, shikonin (0.01,
0.1, 5, 10, 25, 50 and 100 lM) and ambrisentan (concentration
at about the respective Km value) were added to a 0.1M Tris-
HCl reaction mixture containing human liver microsomes or rat
liver microsomes to determine the half-maximal inhibitory con-
centration (IC50).

The reactions were preincubated for 5min at 37 �C, and then
NADPH was added to start the reaction in a final volume of
200lL. And incubations proceeded at 37 �C for 60min.
Reactions were terminated by cooling to �80 �C immediately.
Midazolam (20 lL, with the concentration of 500 ng/mL) was
added to the mixture followed by the addition of 0.4mL of
acetonitrile, which was then vortexed for 2.0min and centrifuged
at 13,000 rpm for 10min. The supernatant was 1:1 diluted with
water and 2lL mixture was injected into the UPLC–MS/MS sys-
tem for analysis. Incubations were performed in triplicate and
the data are presented as the mean± standard deviation.

Results and discussion

Method development

In order to obtain good peak symmetry, high detection sensitiv-
ity and shorten retention times, we had optimized many liquid
chromatographic conditions, such as column type and mobile
phase. Waters ACQUITY UPLC BEH C18 column (2.1� 50mm,
1.7 mm) with column temperature at 40 �C achieved effective sep-
aration and symmetrical peak shapes. In addition, various mobile
phase combinations including acetonitrile, methanol and water
with or without formic acid with altered flow rates were eval-
uated for optimum chromatographic retention of the analytes
and IS. Finally, a mixture of acetonitrile and 0.1% formic acid in
water with a gradient elution at flow rate of 0.4mL/min was
employed, which could obtain high detection sensitivity and
shorten retention time. Moreover, mass parameters conditions

were also optimized to obtain better resolution and higher
response. At the conclusion of MS/MS optimization, the most
intense fragment signal was used to quantify, and detailed infor-
mation is presented in Table 1.

Selectivity

The selectivity of the method was examined by analyzing sam-
ples obtained from blank plasma (Figure 1(A)), blank plasma
spiked with analytes (Figure 1(B)) and a rat plasma sample
(Figure 1(C)). Compared with the blank plasma, there was no
interference from endogenous substances.

Linearity and LLOQ

Linear regression analysis was used to construct the calibration
curves over the concentration range of 100–10,000 ng/mL for
ambrisentan and 1–500 ng/mL for (S)-4-hydroxymethyl ambri-
sentan, respectively. The regression coefficients R2 of two calibra-
tion curves were both >0.99, which indicated that they had good
linearity. The LLOQ of ambrisentan and (S)-4-hydroxymethyl
ambrisentan were 100 ng/mL and 1 ng/mL with the RSD within
±20% and RE did not exceed ±20% of the nominal
concentration.

Matrix effect and extraction recovery

The matrix effect for ambrisentan at concentrations of 400, 4000
and 8000 ng/mL were measured to be 102.34, 95.82, and 116.47%
(n¼ 6), respectively (Table 2). The matrix effect for (S)-4-
hydroxymethyl ambrisentan at concentrations of 4, 40, and
400 ng/mL were measured to be 118.49, 108.56, and 109.61%
(n¼ 6), respectively. The matrix effect for the IS (500 ng/mL)
was 88.66% (n¼ 6). The results showed the matrix effect values
were within the acceptable limits (85–115%), which indicated
that the matrix effect is negligent in our study.

The recovery of ambrisentan and (S)-4-hydroxymethyl ambri-
sentan were between 91.51 and 109.62% over three QC sample
levels. It proved that the method to measure ambrisentan and
(S)-4-hydroxymethyl ambrisentan was reliable, accurate and
reproducible.

Accuracy and precision

The accuracy and precision values were determined via six repli-
cates of QC samples at three concentrations. The results are
summarized in Table 2. RSD was used to express intra-day and
inter-day precision, and RE was used to express intra-day and
inter-day accuracy. The method was repeatable and reproducible
since RSD was below 8.06% and RE was ranged from �2.22 to
9.33% for all the investigated concentrations of analytes in
rat plasma.

Effects of shikonin on the metabolism of ambrisentan
in vivo and in vitro

The mean pharmacokinetic parameters of ambrisentan adminis-
tered alone (group A) and in combination with shikonin (group
B, 20mg/kg shikonin) were calculated by DAS 3.0, and the statis-
tical analysis results are presented in Tables 3 and 4, respectively.
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Table 2. Precision, accuracy, matrix effect (ME) and recovery for analytes of QC sample in rat plasma (n¼ 6).

Concentration
Intra-day Inter-day

Analytes ng/mL Mean ± SD RSD (%) RE (%) Mean ± SD RSD (%) RE (%) Recovery (%) ME (%)

4 4.37 ± 0.19 4.25 9.33 4.33 ± 0.11 2.52 8.22 104.16 118.49
4-(S)-Hydroxymethyl ambrisentan 40 41.35 ± 1.44 3.49 3.37 41.63 ± 0.49 1.19 4.08 105.89 108.56

400 420.91 ± 15.12 3.59 5.23 426.67 ± 6.18 1.45 6.67 109.62 109.61
400 420.65 ± 33.90 8.06 5.16 421.77 ± 18.59 4.41 5.44 93.66 102.34

Ambrisentan 4000 3968.10 ± 277.363 6.99 �0.80 4107.74 ± 128.31 3.12 2.69 91.51 95.82
8000 8209.13 ± 151.21 1.84 2.61 7822.28 ± 337.01 4.31 �2.22 105.57 116.47

Figure 1. UPLC–MS/MS chromatograms of ambrisentan, its metabolite (S)-4-hydroxymethyl ambrisentan and IS. (A) A blank serum sample; (B) a blank plasma sample
spiked with ambrisentan, (S)-4-hydroxymethyl ambrisentan and IS; (C) a rat plasma sample.
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Mean plasma concentration–time curves of ambrisentan and (S)-
4-hydroxymethyl ambrisentan in the two groups are presented in
Figure 2.

The mean plasma concentration–time curve showed that it
had the higher concentration of ambrisentan in Group B, which
was given shikonin 20mg/kg (Figure 2(A)), while it had the
lower concentration of (S)-4-hydroxymethyl ambrisentan in
Group B (Figure 2(B)), which indicated that shikonin could
decrease the metabolism rate of ambrisentan in vivo after the
single-dose treatment. When co-administered with shikonin, the
Cmax and AUC(0–1) of ambrisentan were significantly increased
by 44.96 and 16.65%, respectively (p< 0.05). In addition, the
Tmax and t1/2 of ambrisentan were slightly changed compared to
those of the control group. And, there were modest decreases in
(S)-4-hydroxymethyl ambrisentan Cmax and AUC(0–1) in the
presence of shikonin (p< 0.05), which indicated that these
results were in accordance with the inhibition of shikonin on
ambrisentan metabolism.

Moreover, as shown in Figure 3, the IC50 for inhibition activ-
ity in human liver microsomes was 5.865 lM, while it was
6.358 lM in rat liver microsomes. The results indicated that shi-
konin could inhibit the metabolism of ambrisentan both in
human and rat liver microsomes.

According to previous reports, ambrisentan had little effect
on hepatic CYP450 induction or inhibition. For example, rifam-
picin, a potent inducer and substrate of CYP3A4, had no clinic-
ally effect on pharmacokinetics of ambrisentan (Harrison et al.
2010). And ketoconazole, which is known as a strong inhibitor
of CYP3A4, also had no clinically significant effect on the

Table 3. The main pharmacokinetic parameters of ambrisentan in rat plasma in
two groups (n¼ 6).

Parameters Group A Group B

AUC(0–t) (lg/L�h) 41,308.92 ± 19,275.09 53,368.89 ± 7,683.32�
AUC(0–1) (lg/L�h) 44,893.16 ± 22,304.94 53,861.05 ± 7,773.54�
t1/2z (h) 0.92 ± 0.42 0.55 ± 0.11
Tmax (h) 0.60 ± 0.55 0.22 ± 0.08
Vz/F (L/kg) 0.09 ± 0.06 0.04 ± 0.01
CLz/F (L/h/kg) 0.07 ± 0.03 0.05 ± 0.01
Cmax (lg/L) 31,474.53 ± 18,255.05 57,182.51 ± 14,900.22�
Group A: control group; Group B: a single dose of 20mg/kg shikonin. �p< 0.05.

Table 4. The main pharmacokinetic parameters of (S)-4-hydroxymethyl ambri-
sentan in rat plasma in two groups (n¼ 6).

Parameters Group A Group B

AUC(0–t) (lg/L�h) 1,383.75 ± 329.16 961.42 ± 372.20�
AUC(0–1) (lg/L�h) 1,417.66 ± 343.58 994.23 ± 384.29�
t1/2z (h) 1.59 ± 0.26 1.25 ± 0.65
Tmax (h) 0.55 ± 0.21 0.65 ± 0.22
Vz/F (L/kg) 4.20 ± 1.05 4.91 ± 2.51
CLz/F (L/h/kg) 1.85 ± 0.46 2.86 ± 1.17
Cmax (lg/L) 883.37 ± 221.66 482.91 ± 141.83�
Group A: control group; Group B: a single dose of 20mg/kg shikonin. �p< 0.05.

Figure 2. Mean± SD concentration–time curve of ambrisentan (A) and (S)-4-hydroxymethyl ambrisentan (B) in two groups (n¼ 6 each group).

Figure 3. Various concentrations of shikonin for half-maximal inhibitory concentration (IC50) in the activity of (A) rat liver microsomes and (B) human liver microsomes.
Values are mean± SD, n¼ 3.
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pharmacokinetics of ambrisentan (Richards et al. 2009).
Furthermore, it has been reported that the CYP3A4 and
OATP1B1 inhibitor clarithromycin increased ambrisentan expos-
ure but clinically likely to be irrelevant (Markert et al. 2013).
However, in our study, the increase of ambrisentan exposure in
the presence of shikonin indicated that the CYP3A4 inhibition
by shikonin could be a potential cause (Tang et al. 2017). Most
frequent adverse events of patients receiving ambrisentan were
reported peripheral edoema, headache, dizziness and nasal con-
gestion (Elshaboury and Anderson 2013). These side effects were
considered mild to moderate in nature. Thus, in the clinic, the
combination of ambrisentan and shikonin should be avoided or
monitored, because the pharmacokinetics of ambrisentan have
been altered significantly. Therefore, exposure to ambrisentan
would be significantly increased and its associated side effects
would be more serious and frequent. Finally, further studies
about the effect of shikonin on ambrisentan metabolism in clin-
ical studies and its inhibitory mechanism should be further
investigated.

Conclusions

A rapid and sensitive method for the quantification of ambrisen-
tan and (S)-4-hydroxymethyl ambrisentan in rat plasma by
UPLC-MS/MS was developed and validated according to com-
monly accepted criteria. Moreover, the UPLC-MS/MS method
was also applied to the herb-drug interaction study of ambrisen-
tan with shikonin in vivo and in vitro. The results revealed that
shikonin has a potential inhibitory effect on the metabolism of
ambrisentan.
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