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a b s t r a c t

A fast, reliable, and cost-effective liquid chromatography-tandem mass spectrometry method was
established to determine the effects of the traditional Chinese medicine employed to treat coronavirus
disease 2019, namely, Lianhua Qingwen granules, Huoxiang Zhengqi capsules, Jinhua Qinggan granules,
Shufeng Jiedu capsules, and Angong Niuhuang pills, on the pharmacokinetics of lopinavir/ritonavir in
rats. Blood samples were prepared using the protein precipitation method and atazanavir was selected as
the internal standard (IS). Separation was performed on an Agilent ZORBAX eclipse plus C18
(2.1 mm � 50 mm, 1.8 mm) column using acetonitrile and water containing 0.1% formic acid as the mobile
phase for gradient elution. The flow rate was 0.4 mL/min and the injection volume was 2 mL. Agilent Jet
Stream electrospray ionization was used for mass spectrometry detection under positive ion multiple
reaction monitoring mode at a transition of m/z 629.3/447.3 for lopinavir, m/z 721.3/296.1 for rito-
navir, and m/z 705.4/168.1 for the IS. The method showed good linearity in the concentration range of
25e2500 ng/mL (r¼0.9981) for lopinavir and 5e500 ng/mL (r¼0.9984) for ritonavir. The intra-day and
inter-day precision and accuracy were both within ±15%. Items, such as dilution reliability and residual
effect, were also within the acceptable limits. The method was used to determine the effects of five types
of traditional Chinese medicines on the pharmacokinetics of lopinavir/ritonavir in rats. The pharmaco-
kinetic results showed that the half-life of ritonavir in the groups administered Lianhua Qingwen
granules and Huoxiang Zhengqi capsules combined with lopinavir/ritonavir was prolonged by approx-
imately 1.5- to 2-fold relative to that in the control group. Similarly, the pharmacokinetic parameters of
lopinavir were altered. Overall, the results of this study offer important theoretical parameters for the
effective clinical use of five types of traditional Chinese medicines combined with lopinavir/ritonavir to
reduce the occurrence of clinical adverse reactions.
© 2021 The Authors. Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In December 2019, a type of pneumonia of unknown origin
suddenly emerged and proliferated at an extremely fast rate
throughout the world, resulting in a global pandemic [1,2]. This
disease-causing virus was named “2019 new coronavirus” by the
World Health Organization (WHO) on January 12, 2020 [3]; how-
ever, it was later named coronavirus disease 2019 (COVID-19) [4].
To date, 156,696,833 cases of COVID-19 have been diagnosed
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globally, and 3,269,661 deaths have been reported [5]. Currently,
the global epidemic is still in a very severe state.

Coronavirus is a type of enveloped single-stranded ribonucleic
acid (RNA) virus [6] with a high mutation rate and fast recombi-
nation speed [7]. Coronavirus, which belongs to the Coronavirus
subfamily of the Coronaviridae family, consists of four genera: a, b, g,
and d. All coronaviruses have similar characteristics in the structure
and expression of their genomes [8]. COVID-19 is the seventh type of
coronavirus that can lead to infection [9]. This oval or round virus
particle has a diameter of 60e140 nm [10] and can cause lower
respiratory tract infection and lead to pneumonia. The virus genome
encodes spike protein [11e14] and some nonstructural proteins,
such as RNA-dependent RNA polymerase, 3C-like protease (3CLpro),
and papain, to complete the cycle of virus replication [15,16].
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Table 1
The retention time (tR), optimized MS/MS transitions, fragmentor and collision en-
ergy for lopinavir, ritonavir, and the internal standard (IS).

Parameters Lopinavir Ritonavir Atazanavir (IS)

Retention time
(tR, min)

3.89 3.53 2.83

Precursor ion
(m/z)

629.3 721.3 705.4

Product ion
(m/z)

447.3 296.1 168.1

Fragmentor
(V)

140 160 185

Collision energy
(eV)

10 16 36
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Currently, there is no targeted therapeutic drug for COVID-19.
As a result, people generally use classic medicine administered
in clinics and adopt a combination of Chinese and Western
medicine [17]. Lopinavir/ritonavir (LPV/r), also known as Kaletra,
is a compound preparation composed of lopinavir and low-dose
ritonavir. LPV/r is an antiretroviral drug that is used to treat hu-
man immunodeficiency virus (HIV) infection [18]. Lopinavir is
mainly metabolized by the cytochrome P450 (CYP450) isoen-
zyme, CYP3A4. Ritonavir is not only a substrate of CYP3A4 and
CYP2D6, but also a strong inhibitor of CYP3A4 [19]. Ritonavir is
used to inhibit the metabolism of lopinavir, thereby increasing the
concentration of lopinavir in the plasma to achieve a therapeutic
effect. Ritonavir is also a strong inhibitor of organic anion trans-
porting polypeptide 1B1 (OATP1B1), organic anion transporting
polypeptide 1B3 (OATP1B3), and P-glycoprotein (P-gp) trans-
porter [20,21]. LPV/r has been reported to have a certain effect on
patients with Middle East respiratory syndrome coronavirus and
severe acute respiratory syndrome coronavirus infection [22,23].
Currently, there is no definite theory regarding the mechanism of
LPV/r against COVID-19. According to the literature, both lopinavir
and ritonavir can inhibit 3CLpro and reverse transcription of the
virus [24]. However, lopinavir is the main drug that can combine
with viral proteases to produce immature and non-infectious vi-
rus particles. Ritonavir can restrain the liver metabolism of lopi-
navir and increase the blood concentration of lopinavir, thereby
exerting a synergistic antiviral effect [25]. Lin et al. [26] predicted
the interaction of LPV/r with COVID-19 protease and indicated
that the therapeutic effect of lopinavir and ritonavir on new cor-
onary pneumonia may be derived from its inhibitory effect on
coronavirus endopeptidase C30. In addition to Western medi-
cines, some Chinese medicines also play a crucial role in
combating COVID-19 due to their anti-inflammatory and anti-
viral effects. For example, Lianhua Qingwen granules, Jinhua
Qinggan granules, Huoxiang Zhengqi capsules, Angong Niuhuang
pills, and Shufeng Jiedu capsules are the drugs recommended in
the New Coronavirus Pneumonia Diagnosis and Treatment Plan
(trial seventh edition) [27]. Based on the results of related
research, the combination of Chinese and Western medicines can
significantly relieve the clinical pathologies of patients and
shorten the patients' treatment cycle [28]; however, the mecha-
nism of interaction between them and the possible adverse re-
actions are still unknown.

The aim of this study was to develop a simple, fast, and cost-
effective UHPLC-MS/MS method that can be employed to deter-
mine the pharmacokinetic effects of Lianhua Qingwen granules,
Jinhua Qinggan granules, Shufeng Jiedu capsules, Angong Niuhuang
pills, and Huoxiang Zhengqi capsules on LPV/r in rats. We also
sought to provide a rationale for the clinical use of these therapies
to reduce adverse reactions.

2. Experimental

2.1. Materials and reagents

The lopinavir standard (192725-17-0, purity > 99%) was
manufactured by Dalian Meilun Biotechnology Co., Ltd. (Dalian,
China). The ritonavir standard (155213-67-5, purity: 99%) was
purchased from Shanghai Xianding Biotechnology Co., Ltd.
(Shanghai, China). The internal standard (IS), atazanavir (198904-
31-3, purity: 98%), was provided by Tianjin Xiensi Biochemical
Technology Co., Ltd. (Tianjin, China). Kaletra was obtained from
Abbvie Co., Ltd. (North Chicago, IL, USA). Acetonitrile, methanol,
and formic acid were all of LC-MS grade and were obtained from
Fisher Scientific (Waltham, MA, USA). Distilled water was ob-
tained from Wahaha Co., Ltd. (Hangzhou, China). Other chemicals
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used in this study were of analytical grade and were obtained
from the market (Tianjin Yongda Chemical Reagent Co., Ltd.,
Tianjin, China).
2.2. Instruments and conditions

The UHPLC-MS/MS system consisted of an Agilent 1290 Infinity
II liquid chromatography system (containing a binary pump, an
automatic injector, and a diode array detector, Agilent, Waldbronn,
Baden-Württemberg, Germany) and a triple quadrupole tandem
mass spectrometer (G6470A, Agilent, Singapore). An Agilent ZOR-
BAX Eclipse Plus C18 column (2.1 mm � 50 mm, 1.8 mm) was
employed and the column temperature was maintained at 35 �C.
An aqueous solution containing 0.1% formic acid (A) and acetoni-
trile (B) was used as the mobile phase and a linear gradient elution
was applied. The gradient elution procedure appliedwas as follows:
0e1.5 min, 20% B; 1.5e2.0 min, 20%e60% B; 2.0e3.0 min, 60%e50%
B; 3.0e6.0min, 50% B; 6.0e7.0min, 50%e20% B; 7.0e8.0min, 20% B.
The flow rate of mobile phase was set to 0.4 mL/min and the in-
jection volume was 2 mL.

Mass spectra were obtained using an Agilent Jet Stream Elec-
trospray ionization (AJS ESI) source in the positive mode at a
temperature of 350 �C; the main parameters were: capillary
voltage, 4000 V; nozzle voltage, 2000 V; dry gas temperature,
300 �C; sheath gas temperature, 350 �C; dry gas flow, 10 L/min;
sheath gas flow, 11 L/min; and nebulizer pressure, 40 psi. MS
scanning was performed in multiple reaction monitoring (MRM)
mode. The reaction parameters of the precursor and product ions
are shown in Table 1.
2.3. Preparation of the calibration standards and quality control
(QC) samples

Stock solutions of lopinavir and ritonavir (500 mg/mL) were
prepared with pure methanol and stored at 4 �C. The stock solu-
tions of lopinavir and ritonavir were diluted with methanol and
mixed with lopinavir concentrations of 125, 250, 625, 1250, 2500,
6250, and 12500 ng/mL and ritonavir concentrations of 25, 50, 125,
250, 500, 1250, and 2500 ng/mL to create a series of standard so-
lutions. Blank plasma (50 mL) was added to an Eppendorf tube.
Thereafter, 10 mL of the above-mentioned series of standard solu-
tion was added, vortexed, and mixed for 30 s to obtain calibration
standard samples with lopinavir concentrations of 25, 50, 125, 250,
500,1250, and 2500 ng/mL and ritonavir concentrations of 5, 10, 25,
50, 100, 250, and 500 ng/mL. Plasma samples with concentrations
of 75, 625, and 1875 ng/mL of lopinavir and 15, 125, and 375 ng/mL
of ritonavir were prepared as QC samples. The IS working solution
was diluted with methanol to a concentration of 400 ng/mL and
stored at 4 �C.
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2.4. Sample preparation

The rat plasma sample (50 mL) was transferred to a 1.5 mL plug
centrifuge tube. The IS solution (10 mL) and acetonitrile (150 mL)
were subsequently added into the tube. The mixture was swirled
for 3 min and centrifuged at 13,000 r/min for 10 min (20 �C). After
the supernatant was removed and filtered through a 0.22 mm filter
membrane, 2 mL of sample was injected into the system for LC-MS/
MS detection.

2.5. Method validation

The “9012 Guidelines for the Validation of Biological Sample
Quantitative Analysis Methods” (Pharmacopoeia Commission of
the People's Republic of China) [29] and “Technical Guidelines for
Non-clinical Pharmacokinetic Research of Drugs” (National Medical
Products Administration, China) [30] were used for method
verification.

2.5.1. Specificity and selectivity
Six different sources of blank plasma from rats were used to

verify the specificity and selectivity of the method. Lopinavir and
ritonavir were added into blank plasma at the lower limit of
quantification (LLOQ). Plasma samples were collected from rats
after gavage administration of LPV/r for 1 h. Endogenous sub-
stances did not interfere with the retention time of lopinavir, ri-
tonavir, or IS.

2.5.2. Linearity and LLOQ
Standard curves were established with a concentration range of

25e2500 ng/mL lopinavir and 5e500 ng/mL ritonavir, and
comprised 7 points. The ratio of the peak area of lopinavir and ri-
tonavir to IS was used as the ordinate y, and the nominal concen-
trations of lopinavir and ritonavir were used as the abscissa x. A
linear least squares regression model (w ¼ 1/x2) was used for
analysis. The lowest point of the standard curve was the LLOQ for
lopinavir and ritonavir. The precision should be less than 20% of the
relative standard deviation (RSD), and the accuracy should be 80%e
120% of the theoretical concentration.

2.5.3. Accuracy and precision
The precision and accuracy were estimated by analyzing QC

samples at LLOQ, low, medium, and high concentration levels in six
replicates on three successive days. The results were assessed using
the calibration curve of the day, and the intra-day and inter-day
precisions of the method were explored according to the results
of the QC samples. Precision was expressed as RSD while accuracy
was expressed as relative error (RE). When the RSD was <15%
(<20% at the LLOQ) and REwas within ±15% (±20% at the LLOQ), the
precision and accuracy were considered acceptable.

2.5.4. Extraction recovery and matrix effect
QC samples of low, medium, and high concentrations were used

to determine the extraction recovery (n¼6). The responses of the
extracted QC samples at the above concentrations were compared
to those of the analytes at the corresponding concentrations added
into the post-extraction blank rat samples to obtain the recovery
rates of lopinavir, ritonavir, and IS.

The peak areas of lopinavir, ritonavir, and the IS added into the
post-extraction supernatants of six blank plasma samples (obtained
from six different rats, respectively) were recorded as A, and the
responses of lopinavir, ritonavir, and IS at equivalent concentrations
spiked into water were recorded as B. The value of A/B was the
matrix effect (n¼3). The matrix factor ratio between the analytes
and the ISwasused toexpress the IS-normalizedmatrixeffect factor.
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2.5.5. Residual effects and dilution reliability
The residual effect was evaluated by six alternate injections of

the upper limit of quantification (ULOQ) and blank plasma sam-
ples. If the measured peak area was less than 20% of the LLOQ, it
was considered negligible. In addition, if the acquired peak area
was less than 20% of the LLOQ response, it was considered
negligible.

Plasma samples (n¼6) with five times the ULOQ (n¼6) were
diluted with blank plasma 5 times and 10 times, respectively,
and then measured to evaluate the reliability of dilution. The
accuracy and precision of the samples after dilution were within
±15%.

2.5.6. Stability
The stability of lopinavir and ritonavir in rat blood was esti-

mated by analyzing replicates (n¼3) at two QC concentrations (the
concentrations of lopinavir were 75 ng/mL and 1875 ng/mL, the
concentrations of ritonavir were 15 ng/mL and 375 ng/mL,
respectively) under different conditions and procedures. The short-
term stability of the sample was investigated after being placed at
room temperature for 8 h and the long-term stability was assessed
by evaluating the QC samples frozen at �80 �C for 14 days. The
samples were thawed at room temperature after being frozen
at �80 �C for 24 h; this was repeated three times to assess the
freeze-thaw stability. To evaluate the stability of the processed
samples, the samples were stored in an autosampler for 12 h at
20 �C. If the concentration variance was within 15%, the sample was
regarded as stable in the biological matrix.

2.6. Pharmacokinetic study

Thirty-six healthy Wistar rats (250e300 g, SPF level, license
number: SCXK 20190003) were randomly divided into six groups:
one control group and five experimental groups. The control group
was administered normal saline þ Kaletra (0.52 g/kg), while the
experimental groupswere administered Lianhua Qingwen granules
(2 g/kg) þ Kaletra (0.52 g/kg), Huoxiang Zhengqi capsules (0.25 g/
kg) þ Kaletra (0.52 g/kg), Jinhua Qinggan granules (1.6 g/
kg) þ Kaletra (0.52 g/kg), Shufeng Jiedu capsules (0.65 g/
kg) þ Kaletra (0.52 g/kg), and Angong Niuhuang pills (0.3 g/
kg) þ Kaletra (0.52 g/kg), respectively. The rats were treated with
traditional Chinesemedicines (TCM) or normal saline via gavage for
7 days; however, they were allowed to eat and drink freely for the
first six days. On the seventh day, rats were fasted for 12 h but
allowed to drink water freely. At 1 h after the last intragastric
administration, Kaletra was administered by gavage. Whole blood
(0.2mL) was collected from the tail vein at 10min, 30min,1 h,1.5 h,
2 h, 3 h, 4 h, 6 h, 8 h, 10 h,13 h, and 16 h after administration, placed
into heparinized tubes, and centrifuged at 4,000 r/min for 10 min
(4 �C). The obtained plasmawas placed into 1.5 mL centrifuge tubes
and stored at �20 �C until analysis. The DAS3.2 pharmacokinetic
program and the non-compartmental model were used to analyze
and calculate the pharmacokinetic parameters. The pharmacoki-
netic parameter values of the two analytes are presented as
mean ± standard deviation (SD).

3. Results and discussion

3.1. Mass spectrometric conditions

The MS conditions were optimized using AJS ESI as the ioniza-
tion source with the operation conducted in the MRM mode. The
AJS ESI conditions for the analytes and IS were optimized in both
positive and negative ion modes; however, more stable and intense
ions were obtained in positive ion mode, giving rise to the [MþH]þ
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ion peak at m/z 629.3 for lopinavir, m/z 721.3 for ritonavir, and m/z
705.4 for the IS in the Q1 full scan spectra. In the full scan spectrum
of the product ion, m/z 447.3, 296.1, and 168.1 for lopinavir, rito-
navir, and IS, respectively, showed highly abundant fragment ions
(Fig. 1). Therefore, the transitions ofm/z 629.3/447.3 for lopinavir,
m/z 721.3/296.1 for ritonavir, andm/z 705.4/168.1 for the IS were
selected for quantitative analysis. Parameters, such as gas temper-
ature, sheath gas temperature, capillary and nozzle voltage, and
flow rate of the sheath gas, were optimized to obtain the highest
intensity of protonated molecules of lopinavir, ritonavir, and the IS.

3.2. Chromatographic conditions

Water, 0.1% formic acid, and acetonitrile were used as the
mobile phase in this experiment. The detection time was only
8 min after optimization of the elution gradient, which was lower
than 12 min [31] and 16.3 min [32] reported in the literature.
Three chromatographic columns, namely, Agilent ZORBAX Eclipse
Plus C18 column (2.1 mm � 50 mm, 1.8 mm; Santa Clara, CA, USA),
Shimadzu Shim-pack GIST-HP C18 column (2.1 mm � 100 mm,
3.0 mm; Kyoto, Japan), and Waters ACQUITY UPLC® BEH C18 col-
umn (2.1 mm � 100 mm, 1.7 mm; Milford, MA, USA) were
compared successively to determine their resolution, peak shape,
column pressure, and column efficiency. Ultimately, the Agilent
ZORBAX Eclipse Plus C18 column (2.1 mm � 50 mm, 1.8 mm) was
selected for analysis.

3.3. Sample preparation

Several studies have reported the use of LC-MS/MS to determine
the drug concentrations of lopinavir and ritonavir in biological
samples after administration. Sample pretreatment methods
include liquid-liquid extraction [33], solid phase extraction [34],
and alkaline protein precipitation combined with liquid-liquid
extraction [31]. In this study, the protein precipitation method,
liquid-liquid extraction method (ethyl acetate as extraction sol-
vent), and liquid-liquid extraction after alkaline protein precipita-
tion (NaOH alkalization, ethyl acetate as solvent) were compared.
The results revealed that good peak shape and low residue were
obtained using the three treatment methods. However, the recov-
ery rate of liquid-liquid extraction and liquid-liquid extraction after
alkaline precipitation of the protein was low. Furthermore, repro-
ducibility was found to be poor. The liquideliquid extraction
method after alkaline protein precipitation also had a strong matrix
effect, which made it difficult to meet the requirements of phar-
macokinetic analysis. After a comprehensive comparison, the
Fig. 1. Product ion spectra (MS/MS) of (A) lopinavir,
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protein precipitation method was identified to be convenient,
simple, and associated with low cost, low matrix effect, and high
recovery. Therefore, this method was selected for sample
treatment.

3.4. Method validation

3.4.1. Specificity and selectivity
Fig. 2 displays the represented chromatograms of lopinavir, rito-

navir, and the IS in a blank plasma sample, blank plasma containing
the analytes at the LLOQ and the IS, and a plasma sample from a
normal rat at 1 h after gavage administration of Kaletra. The analytes
were demonstrated to be well separated with high resolution and
displayed goodpeak shapes. The retention timeof lopinavir, ritonavir,
and the IS was 3.89, 3.53, and 2.83 min, respectively. There was no
endogenous interference in the IS; however, aminor interferencewas
found in lopinavir and ritonavir, and the peak area was far less than
20% of LLOQ, which could not affect the subsequent determination.
Several efforts were thus made to eliminate this part of the interfer-
ence. However, due to their strong volatility and their high capability
to contamiante the instrument system, this interference could not be
completely removed. Thus, all attempts were made to minimize the
interference as much as possible.

3.4.2. Linearity and LLOQ
The standard curves demonstrated great linearity within the

concentration range of 25e2500 ng/mL for lopinavir and 5e500 ng/
mL for ritonavir. The representative regression equation of lopina-
vir was y ¼ 3.525 � 10�1x þ 3.720 � 10�2 (r¼0.9981), and that of
ritonavir was y¼ 3.584� 10�1xþ 3.002� 10�3 (r¼0.9984), where y
represents the peak area ratio of lopinavir and ritonavir to IS, and x
indicates the concentration of lopinavir and ritonavir in blood.

The LLOQ was 25 ng/mL for lopinavir, which was markedly
lower than 62.5 ng/mL [31] and 100 ng/mL [35] reported in the
literature; and 5 ng/mL for ritonavir, which was lower than 12.5 ng/
mL [31] and 99 ng/mL [36] reported in the literature. The RE values
of lopinavir and ritonavir at the LLOQwere 3.45% and 1.46%, and the
RSDs were 4.03% and 4.32%, respectively. These results align with
the principle of biological sample determination.

3.4.3. Accuracy and precision
The intra-day and inter-day precision (RSD) and accuracy (RE) of

the analytes under this method at four different concentrations
(LLOQ, low, medium, and high) are shown in Table 2. Both RSD and
RE were within ±15%, indicating that the accuracy and precision of
the established method were acceptable.
(B) ritonavir, and (C) the internal standard (IS).



Fig. 2. MRM chromatograms of (AeC) lopinavir, (DeF) ritonavir, and (GeI) the IS in (A, D, and G) a blank plasma sample, (B, E, and H) blank plasma containing the analytes at the
lower limit of quantification and the IS, and (C, F, and I) a plasma sample from a normal rat at 1 h after gavage administration of Kaletra.

Table 2
Intra-day and inter-day accuracy and precision of lopinavir and ritonavir in rat
plasma (n¼6).

Analyte Concentration
(ng/mL)

Intra-day Inter-day

RSD (%) RE (%) RSD (%) RE (%)

Lopinavir 25 2.6 1.54 5.1 1.9
75 2 2.32 6.8 3.5
625 3.3 �4.43 13.6 2.7
1875 5.8 �0.17 3.8 1.6

Ritonavir 5 3.6 0.59 2.6 1.8
15 3.6 7.56 10.2 2.8
125 3.2 �0.57 4.8 0.1
375 3.8 6.76 10.2 2.0

RSD: relative standard deviation; RE: relative error.

Table 3
Summary of the recovery of lopinavir and ritonavir in rat plasma (n¼6).

Analyte Concentration
(ng/mL)

Recovery
(%, mean ± SD)

RSD (%)

Lopinavir 75 98.4 ± 3.4 3.4
625 95.7 ± 2.1 2.2
1875 97.4 ± 3.7 3.8
15 96.8 ± 4.6 4.8

Ritonavir 125 96.8 ± 1.6 1.6
375 98.4 ± 2.2 2.2

IS 80 101.1 ± 4.1 4.1
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3.4.4. Extraction recovery and matrix effect
The extraction recovery of lopinavir and ritonavir in rat plasma

at low, medium, and high concentrations and the IS is shown in
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Table 3. The recoveries of lopinavir and ritonavir in QC samples and
the IS were in the range of 95.7%e101.1%, with an RSD of less than
4.8%. Such finding indicates that the established method was ac-
curate, accordant, and reusable.



Table 4
Summary of the matrix effect of lopinavir and ritonavir in rat plasma (n¼6).

Analyte Concentration
(ng/mL)

Matrix effect (%) IS-normalized matrix effect (%)

Mean ± SD RSD Mean ± SD RSD

Lopinavir 75 101.9 ± 5.7 5.6 103.3 ± 6.0 5.8
1875 100.6 ± 4.4 4.4 101.3 ± 3.0 3

Ritonavir 15 98.8 ± 1.2 1.3 100.3 ± 1.8 1.7
375 94.6 ± 5.7 6.1 95.2 ± 2.9 3.1

IS 80 99.0 ± 2.9 2.9 e e
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The results of the matrix effects are shown in Table 4. The matrix
effects of lopinavir and ritonavir at the low and high concentration
levels were found to be within the range of 94.6%e101.9%, with an
RSD of less than 6.1%. The IS-normalizedmatrix effect waswithin the
range of 95.2%e103.3%, with an RSD of less than 5.8%. Such findings
indicate that there was no apparent influence of the rat plasma
matrix on the determination of lopinavir and ritonavir in plasma.
Fig. 3. Mean blood concentration curves of (A) lopinavir and (B) ritonavir in rats after
oral administration (n¼6).
3.4.5. Residual effects and dilution reliability
The residual effect was determined as the ratio of the analyte

peak area in blank plasma to the LLOQ peak area after 6 alternate
injections. The peak areas of the analytes of lopinavir and ritonavir
after six alternate injections of a blank blood sample and the ULOQ
samples were less than 4.4% and 2.1% of the LLOQ while that of the
IS was less than 0.08%, demonstrating that the residual effects can
be ignored.

The differences between the measured concentration and the
theoretical concentration was employed as the definition for ac-
curacy (RE) to investigate the reliability of dilution. The results are
listed in Table 5. The precision and accuracy of each analyte were
within ±15%, and the reliability of the dilution was consistent with
the requirements of biological sample determination.
3.4.6. Stability
The results for the stability of lopinavir and ritonavir in rat

plasma under various conditions are shown in Table 6. Lopinavir
and ritonavir displayed sufficient stability when samples were
placed at 20 �C for 8 h, stored at �80 �C for 14 days, gone through
three freeze-thaw cycles, and placed in an autosampler at 20 �C for
12 h.
Table 5
Summary of the dilution effect of lopinavir and ritonavir in rat plasma (n¼6).

Analyte Dilution
factor

Concentration
(ng/mL)

Lopinavir 10 1250
5 2500

Ritonavir 10 250
5 500

Table 6
Stability of lopinavir and ritonavir in rat plasma under various conditions based on LC-M

Analyte Concentration
(ng/mL)

8 h, 20 �C 14 days, �80 �

RE (%) RSD (%) RE (%)

Lopinavir 75 �0.9 3.8 �1.6
1875 8.4 2.3 9.1

Ritonavir 15 1.7 5.6 7
375 4.9 1.5 4.6
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3.5. Pharmacokinetic study

The above LC-MS/MS assay was employed in the phar-
macokinetic study of lopinavir and ritonavir after intragastric
administration of LPV/r (0.52 g/kg) combined with five TCMs to
rats. The mean plasma concentration-time curves of lopinavir and
ritonavir are illustrated in Fig. 3, and the major pharmacokinetic
parameters of lopinavir and ritonavir from the non-compartment
model analysis are shown in Tables 7 and 8. The pharmacokinetic
Measured
concentration
(ng/mL)

RSD (%) RE (%)

1308.0± 106.2 8.1 4.6
2340.6± 69.9 3.0 �6.4
263.6± 15.7 6.0 5.4
484.0± 18.6 3.9 �3.2

S/MS (n¼3).

C Three freeze-thaw cycles 12 h, 20 �C

RSD (%) RE (%) RSD (%) RE (%) RSD (%)

2.8 �3.3 4.4 �3 3.1
3 1.2 1.5 0.4 4.6
2.9 �1.9 2.9 �0.1 3.7
1.9 1.3 1.8 3.7 4.2



Table 7
The pharmacokinetic parameters of lopinavir in the experimental groups and the control group (mean ± SD, n¼6).

Pharmacokinetic parameters Lianhua Qingwen
granules þ Kaletra

Huoxiang Zhengqi
capsules þ Kaletra

Jinhua Qinggan
granules þ Kaletra

Shufeng Jiedu
capsules þ Kaletra

Angong Niuhuang
pills þ Kaletra

Control group

AUC0et (mg/LF0D7h) 45.038 ± 4.197** 58.028 ± 4.761 58.282 ± 1.836 39.154 ± 1.473** 67.826 ± 4.300 62.445 ± 5.974
AUC0e∞ (mg/LF0D7h) 46.247 ± 4.172** 59.708 ± 4.379 59.336 ± 1.823 40.061 ± 1.799** 68.774 ± 4.803 63.692 ± 6.018
MRT0et (h) 5.357 ± 0.161* 5.483 ± 0.359 5.525 ± 0.282 5.647 ± 0.091 5.221 ± 0.154** 5.694 ± 0.23
MRT0e∞ (h) 5.741 ± 0.288 5.904 ± 0.519 5.768 ± 0.335 5.955 ± 0.218 5.408 ± 0.243** 5.960 ± 0.302
t1/2 (h) 2.511 ± 0.566 2.610 ± 0.812 2.127 ± 0.295 2.274 ± 0.322 2.051 ± 0.332 2.190 ± 0.337
tmax (h) 2.500 ± 0.548* 3.833 ± 1.169 2.667 ± 0.516* 3.000 ± 0 3.000 ± 0 3.833 ± 1.169
V/F (L/kg) 41.073 ± 10.788* 33.200 ± 11.124 26.904 ± 3.649 42.507 ± 4.884** 22.292 ± 2.453 25.948 ± 4.279
CL/F (L/h/kg) 11.320 ± 1.020** 8.751 ± 0.687 8.771 ± 0.268 13.002 ± 0.575** 7.592 ± 0.532 8.221 ± 0.715
cmax (mg/L) 5.765 ± 0.595** 7.234 ± 0.494 7.047 ± 0.360 5.547 ± 0.412** 11.484 ± 0.996** 7.631 ± 1.051

*P<0.05, **P<0.01 vs. control group. AUC0et: area under the plasma concentration-time curve from zero to time; AUC0e∞: area under the plasma concentration-time curve from
zero to infinite; MRT0et: mean retention time from zero to time;MRT0e∞: mean retention time from zero to infinite; t1/2: the half time; tmax: peak time of drug concentration in
plasma; V/F: the apparent volume of distribution; CL/F: the total body clearance; cmax: the maximum blood concentration.

Table 8
The pharmacokinetic parameters of ritonavir in the experimental groups and the control group (mean ± SD, n¼6).

Pharmacokinetic parameters Control group Lianhua Qingwen
granules þ Kaletra

Huoxiang Zhengqi
capsules þ Kaletra

Jinhua Qinggan
granules þ Kaletra

Shufeng Jiedu
capsules þ Kaletra

Angong Niuhuang
pills þ Kaletra

AUC0�t (mg/L,h) 2.628 ± 0.319 2.308 ± 0.848 5.439 ± 1.070** 4.486 ± 0.367** 3.888 ± 0.093** 5.033 ± 0.663**

AUC0�∞ (mg/L,h) 2.656 ± 0.325 2.344 ± 0.851 5.505 ± 1.048** 4.512 ± 0.362** 3.911 ± 0.112** 5.065 ± 0.661**

MRT0�t (h) 4.057 ± 0.397 3.364 ± 0.180** 3.613 ± 0.348 4.436 ± 0.186 3.882 ± 0.027 3.477 ± 0.037*

MRT0�∞ (h) 4.220 ± 0.444 3.682 ± 0.242* 3.897 ± 0.338 4.525 ± 0.336 3.976 ± 0.117 3.588 ± 0.035*

t1/2 (h) 2.340 ± 0.607 4.354 ± 0.713** 3.420 ± 0.479** 1.678 ± 0.975 2.319 ± 0.698 3.313 ± 0.791*

tmax (h) 2.083 ± 0.492 1.833 ± 0.753 2.667 ± 0.816 2.000 ± 0 3.000 ± 0** 3.000 ± 0**

V/F (L/kg) 664.0 ± 159.1 1532 ± 498.4** 659.7 ± 117.4 280.6 ± 165.7** 442.6 ± 122.2* 488.1 ± 83.409*

CL/F (L/h/kg) 198.3 ± 24.088 245.5 ± 80.601 97.387 ± 18.733** 115.9 ± 10.16** 133.0 ± 3.787** 104.0 ± 12.509**

cmax (mg/L) 0.604 ± 0.082 0.560 ± 0.185 1.214 ± 0.205** 0.923 ± 0.059** 1.152 ± 0.046** 1.474 ± 0.192**

*P<0.05, **P<0.01 vs. control group.

L. Li, X. Yu, D. Xie et al. Journal of Pharmaceutical Analysis 12 (2022) 270e277
parameters of the group administered Lianhua Qingwen granules
were significantly altered compared to those of control group
administered normal saline and Kaletra. Furthermore, the area
under the plasma concentration-time curve from zero to time
(AUC0�t), the area under the plasma concentration-time curve from
zero to infinite (AUC0�∞), and the maximum blood concentration
(cmax) of lopinavir displayed a 1.5-fold decreasewhile the total body
clearance (CL/F) displayed a 1.5-fold increase. The half time (t1/2)
and the apparent volume of distribution (V/F) of ritonavir were
found to increase. Lianhua Qingwen granules mainly contain
Forsythia, Honeysuckle, Radix isatidis, and Ephedra sinica. Previous
studies have reported that Forsythia can induce the expression of P-
gp and drug metabolism enzymes, such as CYP3A4, CYP2C9, and
CYP2C19 in the intestine and liver [37]. Therefore, the change in the
pharmacokinetic parameters of this group was speculated to be
caused by the induction of CYP3A4 expression by Forsythia, which
resulted in a decrease in the AUC0�t, AUC0�∞, and cmax of lopinavir,
and an increase in CL/F. The AUC0�t, AUC0�∞, and cmax of ritonavir in
the group administered both Huoxiang Zhengqi capsules and
Kaletra were increased by 2-fold, t1/2 was prolonged by approxi-
mately 1.5-fold, and CL/F was significantly decreased. However, the
pharmacokinetic parameters of lopinavir did not change. This may
be due to the complicated composition of this TCM or the influence
of the microenvironment in rats on the action of the CYP450
enzyme. The pharmacokinetic parameters of lopinavir in the group
administered both Jinhua Qinggan granules and Kaletra were
basically unchanged; the AUC0�t and AUC0�∞ of ritonavir increased
by 1.7-fold, the cmax of ritonavir increased by 1.5-fold, while CL/F
and V/F decreased. The components of TCM are complex. Further-
more, TCMs contain too many unknown components. Drug-drug
interactions cause changes in drug transporters and CYP450 en-
zymes in rats, which will lead to changes in the metabolism of
lopinavir/ritonavir. In the group administered both Shufeng Jiedu
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capsules and Kaletra, the AUC0�t, AUC0�∞, and cmax of lopinavir
were decreased by 1.5-fold, and CL/F and V/F were significantly
increased. Moreover, the AUC0et and AUC0�∞ of ritonavir increased
by approximately 1.5-fold, cmax increased 2-fold, and CL/F was
apparently decreased. Shufeng Jiedu capsules contain Polygonum
cuspidatum, Forsythia suspensa, and Radix isatidis. Therefore, the
change in pharmacokinetic parameters in this group was specu-
lated to be caused by the induction of CYP3A4 by Forsythia.
Although the AUC0�t, AUC0�∞, and cmax of ritonavir was found to
increase, it was not sufficient to inhibit the metabolism of lopinavir
by CYP3A4. The mean retention time from zero to time (MRT0�t)
and mean retention time from zero to infinite (MRT0�∞) of lopi-
navir in the group administered both Angong Niuhuang pills and
Kaletra were significantly reduced, and cmax was evidently
increased. Furthermore, the AUC0�t and AUC0�∞ of ritonavir
increased by two-fold, t1/2 was prolonged, and CL/F decreased
significantly. Angong Niuhuang pills mainly contain bezoar, musk,
buffalo horn, and other ingredients. The interaction between these
ingredients slows down the metabolism of ritonavir, prolongs its
half-life, and reduces its clearance rate.

4. Conclusions

In this study, a UHPLC-MS/MS method was developed to deter-
mine the effects of five TCMs on the pharmacokinetic parameters of
lopinavir and ritonavir in rat plasma. The developed method had the
following advantages: short sample processing time, strong selec-
tivity, high sensitivity, good repeatability, and convenient operation.
Pretreating biological samples is a key step in drug analysis. As a
result, the protein precipitation method was used to treat biological
samples in this study. This method had good repeatability, resulted
in a high recovery rate, and involved a simple operation. Further, the
solvent used for protein precipitationwas consistentwith themobile
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phase, and there was no interference of other components, which
provided a good condition for detection. Altogether, this method can
provide analytical technical support for determining the concentra-
tions of lopinavir and ritonavir in the blood. Lianhua Qingwen
granules, Huoxiang Zhengqi capsules, Jinhua qinggan granules,
Shufeng Jiedu capsules, and Angong Niuhuang pills have a certain
degree of influence on the pharmacokinetic parameters of lopinavir
and ritonavir. Accordingly, they can serve as a reference for admin-
istering clinical drugs, reducing the occurrence of adverse reactions,
and ensuring the safety of medications.
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