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RESEARCH ARTICLE

Effects of berberine on the pharmacokinetics of losartan and its metabolite
EXP3174 in rats and its mechanism

Hong Lia*, Lu Liua*, Lei Xieb,c*, Dongmei Gand and Xiaoqing Jiangb

aDepartment of Endocrinology, Shanghai Tenth People’s Hospital, Tongji University School of Medicine, Shanghai, P.R. China; bBiliary Tract
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Shanghai Wu Meng Chao Cancer Center, Ningbo City, Zhejiang Province, P.R. China; dDepartment of Paediatrics, Ningbo Women and Children’s
Hospital, Ningbo, Zhejiang Province, P.R. China

ABSTRACT
Context: Losartan and berberine (BBR) are often simultaneously used for the treatment of senile diabetic
nephropathy in clinics. However, the potential herb–drug interaction between losartan and BBR is
unknown.
Objective: This study investigates the influence of BBR on the pharmacokinetics of losartan and EXP3174,
and investigates the effects of BBR on the metabolic stability of losartan.
Materials and methods: The pharmacokinetic profiles losartan and EXP3174 of orally administered losar-
tan (10 mg/kg) with and without pretreatment with BBR (20 mg/kg) within 24 h were determined in
Sprague-Dawley rats. The inhibitory effects of BBR on the metabolic stability of losartan were investigated
using rat liver microsomes.
Results: The Cmax (1.26 ± 0.37 versus 1.96 ± 0.45 mg/L) and the AUC(0–t) (8.25 ± 0.89 versus
12.70 ± 1.42 mg h/L) of losartan were significantly (p< 0.05) increased by BBR compared to the control,
while the Cmax (0.97 ± 0.15 versus 0.77 ± 0.06 mg/L) of EXP3174 was significantly decreased compared to
the control (p< 0.05). The Tmax of losartan was prolonged from 0.41 ± 0.12 to 0.52 ± 0.18 h, but the differ-
ence was not significant. However, the Tmax of EXP3174 was decreased significantly (p< 0.05) from
8.14 ± 0.36 to 3.33 ± 0.28 h. The metabolic stability of losartan was increased from 37.4 to 59.6 min.
Discussion and conclusion: We infer that BBR might increase the plasma concentration of losartan and
decrease the concentration of EXP3174 through inhibiting the activity of CYP3A4 or CYP2C9.
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Introduction

Losartan is the first nonpeptide angiotensin II receptor blocker
used for the treatment of hypertension (Klishadi et al. 2015).
After oral administration, losartan can be absorbed quickly and
transformed in to its active metabolite EXP3174 mediated by
cytochrome P450 enzymes CYP3A4 and CYP2C9, which is about
10-fold more potent than its parent drug (Rincon et al. 2015).
Thus, the clinical hypotensive activity is predominantly mediated
by the active metabolite EXP3174, although losartan itself exhibits
good efficacy (Varshney et al. 2013). Because of its good anti-
hypertension effect, losartan has been one of the anti-hyperten-
sion drugs most frequently used for the prevention and control of
hypertension in the clinic (Yasar et al. 2008; Yang et al. 2011). As
we know, losartan is also a substrate of P-glycoprotein (P-gp)
(Yang et al. 2011). Considering that losartan is a substrate of both
CYP enzymes and P-gp, modulation of CYP and P-gp activities
may cause significant changes in the pharmacokinetic profiles of
losartan and its active metabolite EXP3174.

Berberine (BBR) is an important and typical constituent in
Rhizoma coptidis (Coptis chinensis Franch. [Ranunculaceae]),
which possesses a variety of activities including anti-tumour,
anti-inflammation, anti-atherosclerosis, and treating infectious
diarrhea (Orvos et al. 2015; Park et al. 2015). Recent studies

show that BBR could be used for the controlling arrhythmia,
lowering blood lipid, lowering blood pressure and reducing
blood sugar in clinical. It could also effectively promote regen-
eration in islet cells and contributes to recovery of islet func-
tion (Cui et al. 2009; Shen et al. 2012). Therefore, BBR was
widely used for the treatment of diabetes, hyperlipidemia and
hypertension (Pang et al. 2015). Losartan and BBR are often
simultaneously used for the treatment of senile diabetic nephr-
opathy in the clinics of China. However, many herb–drug
interactions resulting from concurrent use of herbal drugs with
over-the-counter drugs may cause adverse reactions such as
toxicity and treatment failure.

Therefore, it is an urgent need to investigate the potential
herb–drug interaction between losartan and BBR to avoid the
occurrence of adverse reactions. To the best of our knowledge,
there are little data available for the pharmacokinetic interaction
between BBR and losartan. The aim of this study was to develop
a simple and reliable LC–MS method for the determination of
losartan and EXP3174 in rat plasma, compare the pharmacokinet-
ics of losartan and EXP3174 after oral administration of single
losartan and both losartan and BBR, investigate the inhibitory
effects of BBR on the metabolic stability of losartan, and guide
clinical medication of losartan and BBR to avoid the occurrence
of adverse reactions.
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Materials and methods

Chemicals and reagents

Standards of losartan, BBR hydrochloride and irbesartan as an
internal standard (IS) were purchased from the National Institute
for the Control of Pharmaceutical and Biological Products
(Beijing, China). Losartan carboxylic acid (EXP3174) was pur-
chased from Toronto Research Chemicals Inc., Toronto, Canada.
The chemical structures of losartan, EXP3174 and irbesartan are
shown in Figure 1. D-Glucose-6-phosphate, glucose-6-phosphate
dehydrogenase and NADPþwere obtained from Sigma Chemical
Co. (St. Louis, MO). Pooled RLM were purchased from BD
Biosciences Discovery Labware (Woburn, MA). Acetonitrile and
methanol were purchased from Fisher Scientific (Fair Lawn, NJ).
Formic acid was purchased from Anaqua Chemicals Supply Inc.
Limited (Houston, TX). Ultrapure water was prepared with a
Milli-Q water purification system (Millipore, Billerica, MA). All
other chemicals were of analytical grade or better.

Instrumentation and conditions

An Agilent 1100 liquid chromatography–mass spectrometer was
used in the study. The LC system consisted of a micro-degasser, a
binary pump, a high-performance well-plate autosampler and a
thermostated column compartment. An Agilent G1946D mass
spectrometer (Agilent) equipped with an electrospray source was
connected to the LC system. The same LC separation conditions
were used for LC–MS. Data acquisition and analysis were per-
formed using Agilent ChemStation for LC/MSD version B.02.01.
The sample was separated on Waters Xbridge C18 column
(100 mm �3.0 mm, i.d.; 3.5 mm) and eluted with an isocratic
mobile phase: solvent A (H2O–HCOOH, 100:0.1, v/v) and solvent
B (CH3OH, 55:45, v/v). The total analysis time was 8 min. The
column temperature was 25 �C at a flow rate of 0.8 mL/min and
injection volume of 5 lL, and the split ratio was 1:1.

The mass conditions were optimized as follows: capillary
4000 V, nebulizer pressure 40 psig, drying gas flowing rate 10 L/
min, gas temperature 350 �C and fragmentor 80 eV. Select-ion-
monitoring (SIM) in the positive ion mode was used. The ions
of losartan, EXP3174 and irbesartan were recorded as m/z 423.1,
m/z 437.1 and m/z 429.2 for the quantification, respectively.

Sample preparation

To 100 lL aliquot of a plasma sample, 20 lL methanol and
180 lL internal standard methanol solution (0.2 lg/mL) were
added and vortexed for 30 s to mix in a 1.5 mL polypropylene
tube, and then centrifuged at 12,000 rpm for 10 min. The super-
natant was removed into an injection vial and a 5 lL aliquot was
injected into the LC–MS system for analysis.

Preparation of calibration standards, internal standard and
quality control

The stock solution of losartan and EXP3174 was prepared in
methanol at a concentration of 10 mg/mL. The internal standard
solution was prepared in acetonitrile at a concentration of 0.2 lg/
mL. Calibration standard samples for losartan and EXP3174 were
prepared in blank rat plasma at concentrations of 0.01–2 lg/mL
and 0.02–5 lg/mL, respectively. The quality control (QC) samples
for losartan were prepared at low (20 ng/mL), medium (200 ng/
mL) and high (1000 ng/mL) concentrations in the same way as
the plasma samples for calibration, and QC samples for EXP3174
were prepared at low (50 ng/mL), medium (200 ng/mL) and high
(2000 ng/mL) concentrations. The QC samples were stored at
�40 �C until analysis.

Method validation

The method validation assays were performed according to the
United States Food and Drug Administration (FDA) guidelines.
Selectivity was investigated by comparing the chromatograms of
six different batches of blank rat plasma with the corresponding
spiked plasma to exclude interference of endogenous substances
and metabolites.

The linearity of each calibration curve was determined by plot-
ting the peak area ratio (y) of analytes to IS versus the nominal
concentration (x) of analytes with weighted (1/x2) least square lin-
ear regression. The lower limit of quantification (LLOQ) was
determined as the concentration of the analyte with a signal-to-
noise ratio at 10 with acceptable accuracy and precision (�20%).

The intra-day precision and accuracy of the method were
assessed by determining the QC samples five times on a single
day, and the inter-day precision and accuracy were estimated by
determining the QC samples over three consecutive days. Relative
standard deviation (RSD) and relative error (RE) were used to
express the precision and accuracy, respectively.

The extraction recovery was evaluated by comparing peak
areas obtained from extracted spiked samples with those of the
post-extracted spiked samples. The matrix effect was evaluated by
comparing the peak areas of the post-extracted spiked QC sam-
ples with those of corresponding standard solutions. These proce-
dures were repeated for five replicates at three QC concentration
levels.

Stability was examined by analysing replicates (n¼ 3) of the
three levels of QC samples under different conditions. Short-term
stability was evaluated after the exposure of QC samples to room
temperature for 4 h. Post-preparative stability was conducted by
reanalysing the QC samples after 24 h in the autosampler at ambi-
ent temperature. For freeze/thaw stability, the plasma samples
were determined through three freeze (�40 �C)–thaw (room tem-
perature) cycles. Long-term stability was performed by assessing
the plasma samples after storage at �40 �C for 15 days.

Figure 1. The chemical structure of losartan (A), irbesartan (B) and EXP3174 (C).
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Pharmacokinetic study

The animal facilities and protocols were approved by the
Institutional Animal Care and Use Committee. Male Sprague-
Dawley rats weighing 250 ± 20 g were supplied by Sino-British
Sippr/BK Lab Animal Ltd. (Shanghai, China). The rats were
maintained in an air-conditioned animal quarter at 22 ± 2 �C and
50 ± 10% relative humidity. Water and food (laboratory rodent
chow, Shanghai, China) were allowed ad libitum. The animals
were acclimatized to the facilities for 5 days, and then fasted with
free access to water for 12 h prior to each experiment. Twelve rats
were equally randomized to two groups (six rats in each group),
including the losartan-only group (A) and the losartan and BBR
group (B). The losartan and BBR fraction powders were all homo-
genized in 1.5% Tween 80 aqueous solution with a mortar and
pestle. Animals in group A were administered according the oral
dose of 10 mg/kg; and animals in group B were administered at
an oral dose of BBR (20 mg/kg) and losartan (10 mg/kg). Blood
samples (0.25 mL) were collected into a heparinized tube via the
oculi chorioideae vein before drug administration and at 0.083,
0.25, 0.5, 1, 2, 3, 4, 6, 8, 12 and 24 h after drug administration.
After centrifuge at 5000 rpm for 5 min, the supernatant was
obtained and frozen at �40 �C until analysis.

Inhibitory effects of BBR on the metabolic stability of
losartan

Rat liver microsomes were used to determine the phase I meta-
bolic rate of losartan. The assay conditions and reaction mixtures
were similar as reported previously (Qi et al. 2013, 2014). The
reaction mixture was incubated at 37 �C for 5 min and then losar-
tan (100 lM) was added. The effects of BBR on the metabolic rate
of losartan were investigated by adding 100 lM of BBR to rat liver
microsomes and preincubating for 30 min at 37 �C, and then los-
artan (100 lM) was added. Aliquots of 30 lL were collected from
reaction volumes at 0, 1, 3, 5, 15, 30 and 60 min and 60 lL ice-
cold acetonitrile containing IS was added to terminate the reac-
tion, and then the sample preparation method was the same as
the plasma sample preparation method and determined by
LC–MS. The half-life (t1/2) in vitro was obtained using equation:
t1/2¼0.693/k.

Results

LC–MS optimization

Because of the complexity of plasma samples, there may be many
endogenous components co-eluted with the analytes. In order to
develop a sensitive and accurate LC–MS method for determin-
ation of losartan and its metabolite EXP3174 in rat plasma, the
quantification analysis was performed using SIM mode owing to
its high selectivity and sensitivity. Formic acid (0.1%) was added
into the mobile phase to obtain better separation and increase the
response of losartan and EXP3174 in the positive mode. As
shown in Figure 2, abundant protonated molecular ions after elec-
trospray ionization of losartan m/z 423.1, EXP3174 m/z 437.1 and
irbesartan m/z 429.2 were selected for MS detection.

Method validation

The representative chromatograms in SIM mode of losartan,
EXP3174 and irbesartan are shown in Figure 3. The analysis of

blank rat plasma samples did not show any interference at the
retention times of losartan, EXP3174 and irbesartan.

Linearity for determining losartan and EXP3174 in spiked rat
plasma was prepared by eight calibration standards in five inde-
pendent runs. The calibration curves were obtained with correl-
ation coefficients (r) more than 0.999 between 0.01 and 2.00 lg/
mL of losartan and between 0.02 and 5.00 lg/mL of EXP3174.
The LLOQ was set at 0.01 lg/mL for losartan and 0.02 lg/mL for
EXP3174 in rat plasma. The signal-to-noise ratio was >10 and
the deviation was no more than 15% (n¼ 6).

As shown in Table 1, the precision of this method was no
more than 10% RSDs for losartan and EXP3174, and the accuracy
ranged from �7.10% to 9.64% for losartan and from �8.95% to
6.25% for EXP3174.

The matrix effect was examined to assess the possibility of ion-
ization suppression or enhancement. The matrix effect ranged
from 90.2% to 97.6% for losartan and EXP3174 over the three
levels of QC samples. The results indicated that no obvious matrix
effect was observed. The overall mean recoveries of losartan and
EXP3174 in plasma at three different concentration levels were
found to be 82.4–93.1% with RSD less than 10%, which indicated
that the extraction procedure was consistent and reproducible.

Results of short-term stability, postpreparative stability, freeze
and thaw stability and long-term stability are shown in Table 2.
This result showed that the samples were stable during the rou-
tine analysis for the pharmacokinetic study of losartan and
EXP3174.

Application of the method to pharmacokinetic study

The analytical procedures described were used to quantify losartan
and its metabolite EXP3174 in rat plasma samples obtained from
12 male Sprague-Dawley rats, of which six were orally adminis-
tered losartan aqueous solution. The other six were orally admin-
istered losartan and BBR aqueous solution. The mean
concentration–time curve of losartan and EXP3174 in the two
treatments is shown in Figure 4.

The pharmacokinetic parameters of losartan and EXP3174
were calculated using the noncompartmental method with DAS
3.0 pharmacokinetic software (Chinese Pharmacological
Association, Anhui, China). The pharmacokinetic parameters are
shown in Table 3.

As shown in Table 3, the parameters Cmax and AUC(0–t) for
losartan in the losartan and BBR (B) group were larger than those
of losartan-only group (A), and the difference was significant
(p< 0.05), and the Cmax and AUC(0–t) increased approximately
55.5% and 53.9%, respectively; However, Cmax and AUC(0–t) for
EXP3174 in the losartan and BBR (B) group were smaller than
those of losartan-only group (A), and the difference was also sig-
nificant (p< 0.05). The results indicated that the plasma concen-
tration of losartan increased in losartan and BBR group compared
with the single losartan group, and however, the plasma concen-
tration of EXP3174 decreased.

Inhibitory effects of BBR on the metabolic stability of
losartan

As we know, the metabolism of losartan was mainly mediated by
CYP450, and therefore, in this research, the effects of BBR on the
metabolic rate of losartan were investigated. The representative
chromatograms of determination are shown in Figure 5. The
results showed that the metabolic stability of losartan was
37.4 min, while the metabolic rate was prolonged (59.6 min) in
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Figure 2. The mass spectra of losartan (A), EXP3174 (B) and irbesartan (C).
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Figure 3. (A) Representative chromatograms of blank plasma; (B) blank plasma spiked with losartan (2), EXP3174 (3) and irbesartan (1); (C) rat plasma treated with BBR
and losartan.
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the presence of BBR. The results indicated that BBR could inhibit
the metabolic stability of losartan.

Discussion

A multitude of drugs has been taken off the market after successful
clinical trials (Lehmann 2013). One reason for this is the incidence

of adverse drug–drug interactions (Li 2001). It is now well known
that a drug can inhibit the metabolic stability of another drug, lead-
ing to a higher than intended plasma level (Wrighton & Stevens
1992; Zhang et al. 2007; Ye et al. 2011). The major clinical conse-
quence of inhibitory drug–drug interactions is undesired drug tox-
icity (Gouws et al. 2012; Qi et al. 2013). For example, the
antifungal ketoconazole, a potent inhibitor of CYP3A4, causes
drug–drug interactions with drugs that are substrates of CYP3A4
(Xiaoyang et al. 2015). However, undesired drug–drug interactions
can also be caused by transporters (Kim et al. 1998; Li et al. 2014;
Joyce et al. 2015; Wen et al. 2016). Some drug interactions, previ-
ously believed to be P450-mediated, are now considered at least in
part due to the inhibition of transport proteins. For example for
talinolol, which undergoes little metabolism, the increased bioavail-
ability in the presence of verapamil is most likely due to inhibition
of P-gp by verapamil (Nguyen et al. 2014).

Losartan was administrated in a tablet form, and therefore its
absorption and metabolism may be affected by the activity of the
excretory transporters and drug metabolizing enzymes. Several
researches have indicated that the absorption of losartan in small
intestinal mucosa was mainly mediated by P-gp, and losartan was
mainly metabolized by CYP3A4 and CYP2C19 (Yun et al. 1995;
Soldner et al. 2000). Therefore, the potential drug–drug inter-
action of losartan mediated by CYP450 and P-gp might happen.
As BBR and losartan was usually co-administered to the patients
for the treatment of senile diabetic nephropathy in the clinic in

Table 2. Stability of losartan and EXP3174 in plasma samples (n¼ 3).

Stability (%, RE)

Analyte
Plasma samples

(ng/mL)
Short-term

(4 h at room temperature)
Autosampler

(24 h)
Three freeze–thaw

cycles at �40 �C
Long-term

(15 days at �40 �C)

Losartan 20 8.13 6.51 5.24 �4.18
200 �7.54 5.64 6.37 6.85

1000 9.98 4.87 8.55 9.54
EXP3174 50 �6.87 7.35 6.19 8.30

200 5.58 6.84 �4.35 5.25
2000 6.49 �5.52 7.37 6.87

Figure 4. The mean concentration–time curves in rat plasma after oral administra-
tion of single losartan and both losartan and BBR, (A) losartan and (B) EXP3174.

Table 3. Pharmacokinetic parameters of losartan and EXP3174 in male Sprague-
Dawley rats following oral administration of losartan alone and both losartan and
BBR.

Losartan EXP3174

Parameter Group A Group B Group A Group B

Tmax (h) 0.41 ± 0.12 0.52 ± 0.18 8.14 ± 0.36 3.33 ± 0.28*
Cmax (mg/L) 1.26 ± 0.37 1.96 ± 0.45* 0.97 ± 0.15 0.77 ± 0.06*
t1/2 (h) 5.54 ± 1.15 5.58 ± 1.36 4.53 ± 0.44 4.99 ± 0.51
AUC(0–t) (mg h/L) 8.25 ± 0.89 12.70 ± 1.42* 11.87 ± 2.31 9.36 ± 1.94*
AUMC(0–t) (mg h/L) 47.58 ± 7.63 80.93 ± 14.64* 100.29 ± 18.36 72.89 ± 17.19*
CL (L/h kg) 2.27 ± 0.38 1.51 ± 0.28* 1.65 ± 0.28 2.10 ± 0.42
MRT (h) 5.79 ± 0.47 6.30 ± 0.87 8.44 ± 0.68 7.76 ± 0.57

*p< 0.05 indicates significant differences from the control.

Table 1. The precision and accuracy of losartan and EXP3174 in plasma samples.

Intra-day Inter-day

Analyte Plasma samples (ng/mL)
concentration

measured (ng/mL)
Precision
(%, RSD)

Accuracy
(%, RE)

concentration
measured (ng/mL)

Precision
(%, RSD)

Accuracy
(%, RE)

Losartan 20 18.58 6.42 �7.10 18.21 8.28 �8.95
200 191.36 4.83 �4.32 212.49 7.51 6.25

1000 1094.25 8.64 9.43 921.54 4.56 �7.85
EXP3174 50 46.35 6.46 �7.3 47.35 7.32 �5.30

200 212.37 5.21 6.19 208.38 6.84 4.19
2000 1885.25 9.64 �5.74 1894.42 6.72 �5.28
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china. Therefore, it is an urgent need to investigate the potential
herb–drug interaction between BBR and losartan.

Previous studies have reported that the pharmacokinetic pro-
files of losartan and EXP3174 in rats were similar to humans, and

therefore, using rat to speculate its potential herb–drug interaction
was rationale (Yoshitani et al. 2002). In this research, a sensitive
and reliable LC–MS method was developed for the determination
of losartan and EXP3174 in rat plasma, method validation was

Figure 5. (A) Representative chromatograms of blank microsome incubation solutions; (B) blank microsome incubation solution spiked with losartan (2), EXP3174 (3) and
irbesartan (1); (C) blank microsome incubation solution treated with BBR and losartan.
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also fully validated. The plasma concentration of losartan and
EXP3174 was determined using the LC–MS method after oral
administration of losartan (10 mg/kg) or both losartan (10 mg/kg)
and BBR (20 mg/kg), and the pharmacokinetics profiles of losar-
tan and EXP3174 were calculated using Das 3.0. The results indi-
cated that the pharmacokinetics profiles of losartan and EXP3174
changed significantly compared to the control (p< 0.05), and
potential herb–drug interaction might happen when they are co-
administered. As losartan was a substrate of P-gp and metabolized
by CYP3A4 and CYP2C9, therefore we think that BBR could
change the pharmacokinetic profiles through changing the activity
of P-gp, CYP3A4 or CYP2C9. Choi et al. have also reported that
when losartan and licochalcon A was administered, the pharmaco-
kinetic profiles of losartan were changed significantly (p< 0.05),
and the experiment also showed that licochalcon A might change
the bioavailability of losartan through decreasing P-gp mediated
efflux and metabolism mediated by CYP3A4 or CYP2C9 (Choi &
Choi 2013). Several researches have indicated that BBR has little
influence on the activity of P-gp (Zhang et al. 2011), and therefore,
it was impossible for BBR to change the pharmacokinetics profiles
of losartan and EXP3174 through affecting the activity of P-gp. We
speculated that BBR affects its pharmacokinetics might through
inhibiting the activity of CYP3A4 or CYP2C9 as researches have
reported that BBR was an inhibitor of CYP3A4. Therefore, in this
research, BBR on the metabolic stability of losartan was investigated
using rat liver microsomes, and the results indicated that the meta-
bolic stability was prolonged with the pretreatment of BBR. After
BBR and losartan was co-administered to rats, the plasma concen-
tration of losartan was increased and EXP3174 was decreased, the
results were also consistent with the metabolism of losartan which
was inhibited, and so the concentration of EXP3174 was decreased.
Therefore, the changed pharmacokinetics profiles of losartan and
EXP3174 may be due to the inhibition of CYP3A4 or CYP2C9.
The present study reminds us that the herb–drug interaction
between BBR and losartan might happen, and further evaluation in
clinical studies is necessary.
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