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ABSTRACT

Aim: We aimed to establish a sensitive LC-MS/MS method to analyze the pharmacokinetics of Ani HBr
tablets and injection. Methods: Around 10 mmNH,Ac containing 0.1% formic acid and acetonitrile
were used as the mobile phase. Acute lung injury in septic and normal rats, respectively, were
administered Ani HBr tablets at doses of 12.5, 25 and 50 mg/kg and injection at doses of 4, 8 and
16 mg/kg, followed by extraction of the drugs from plasma using ethyl acetate for subsequent
analysis. Results & conclusion: The method met the requirements for biological analysis. Ani HBr
tablets absorbed slowly in rats with disease, tail vein administration was a more promising approach

for treating septic acute lung injury.

1. Introduction

Sepsis is an acute multiorgan dysfunction syndrome
caused by infection leading to excessive systemic
inflammation and immunosuppression [1,2]. There
were approximately 49 million cases of sepsis globally
and approximately 11 million sepsis-related deaths from
1990 to 2017, accounting for 20% of global deaths. More
notably, sepsis exists in Asia with the highest incidence
and mortality [3]. Lung is the most vulnerable organ in
sepsis, and the inflammatory cascade caused by it will
cause acute lung injury (ALI) [2].

Anisodamine hydrobromide (Ani HBr) (Figure 1A)
is a natural L-alkaloid hydrobromide extracted from
Anisodus tanguticus (Maxim.) Pascher, a unique plant
from the Solanaceae in western China . Ani HBr
improves lipopolysaccharides (LPS)-induced septic ALl in
rats through multiple pathways, such as anti-apoptotic,
anti-oxidant stress and anti-inflammatory effects [4,5].
In addition, Ani HBr reduces vascular microcirculation
disorders caused by sepsis, stabilizing the permeability
of cell membranes and endothelial cells, to effectively
improve hemodynamics and avoid organ hypoxia and
even functional failure [6,7]. Based on extensive preclin-
ical pharmacological mechanism, it has been applied
for the treatment of septic shock and microcirculation
disorders in patients with abdominal pain in clinical
practice [8-10]. More importantly, Ani HBr significantly
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alleviates the symptoms of rapid breathing and increased
blood oxygen saturation in patients infected with COVID-
19 in 2019 [11]. Therefore, Ani HBr holds significant
clinical implications and demonstrates broad potential
for application in various medical fields.

The operation characteristics of medicines in vivo
are intricately linked to their clinical application. Under-
standing the absorption and metabolism processes will
offer valuable insights for determining optimal clinical
dosages and frequencies for their administration. Further-
more, given the alterations in biofilm permeability dur-
ing pathological states, the metabolic pathways of drugs
may also exhibit variations. Consequently, investigating
the medicine transport mechanism during disease con-
ditions assumes even greater urgency [12,13]. Currently,
however, there is a dearth of pharmacokinetic reports
on Ani HBr. Thus, this study developed the LC-MS/MS
method for it. For the first time, we explored the phar-
macokinetic features of Ani HBr in rats across various
administration routes, multiple doses and different phys-
iological states, offering insights for clinical drug using.

2. Materials & methods

2.1. Chemicals & reagents

Anisodamine hydrochloride tablets with 5 mg/tablet and
injection with 10 mg/ml were provided by Chengdu
First Pharmaceutical Co., Ltd (Sichuan, China). Aniso-
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Figure 1. The chemical structures of Ani HBr (A) and IS (B).

damine hydrochloride (purity >99.3%, batch:100051-
201607) and atropine sulfate (internal standard, IS, purity
>96.7%, batch: 10040-201613) were purchased from the
National Institutes for Food and Drug Control (Beijing,
China). Analytical-grade sodium hydroxide and ammo-
nium acetate were obtained from Chengdu Kelong
Chemical Co., Ltd (Sichuan, China). LPS (Escherichia coli
055:B5 L2880) was purchased from Sigma-Aldrich (St
Louis, MO, USA).

Acetonitrile and ethyl acetate (HPLC-grade) was pur-
chased from Fisher Scientific (Emerson, 1A, USA). HPLC-
grade formic acid was purchased from ACS Enko Chem-
ical (China) Co., Ltd. The re-distilled water used through-
out the analysis process in the laboratory was provided by
an $Z-93 automatic double pure water distiller (Shanghai,
China).

2.2. Establishment & evaluation of ALl animal
model

Healthy Sprague-Dawley (SD) rats, an equal number of
males and females, weighing 230-250 g were procured
from Chengdu Dashuo Experimental Animal Co., Ltd.
(Sichuan, China) and acclimatized for one week under
a controlled environment with a 12-h light-dark cycle
at 25°C and 75% relative humidity. During the adaptive
feeding period, rats were allowed free access to food
and water, with only fasting for 12 h prior to the exper-
iment. All animal experiments in the project were fol-
lowed the animal experiment protocol and guidelines
approved by the Animal Experiment Theory Committee
of Chengdu University of Traditional Chinese Medicine
(No. TCM-2022-305).

We selected a cohort of healthy male and female SD
rats and administered an intraperitoneal injection of LPS
solution (10 mg/kg). After 3 h, we harvested the right
lower lobe of the lung for Hematoxylin and eosin (HE)
staining and weighed the left lung weight to compare
the wet/dry weight ratio. After the lower lobe of the right
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lung was fixed in 4% paraformaldehyde for 48 h, paraffin
embedded sections were made and stained. The evalua-
tion criteria of ALI model were disruption of alveolar and
interstitial structure, hemorrhage, neutrophil infiltration
and serous exudation. The left lung of rats was also wet
weighted and then dried in a constant temperature oven
at 80°C for 24 h, the ratio of wet/dry weight of the left
lung was calculated to evaluate the degree of pulmonary
edema.

2.3. The methods for pretreatment of samples

The rat plasma sample (50 ul) was combined with IS
working solution (25 ul), followed by the addition of
2 mol/I NaOH solution (10 ul). After adding 600 p.| of ethyl
acetate, the mixture was thoroughly mixed. Following
centrifugation at 14,000 rpm for 5 min at 4°C, the super-
natant (400 ul) was collected and subsequently evapo-
rated under a stream of nitrogen in a water bath main-
tained at 40°C. Finally, the residues were re-dissolved in
50 ! of mobile phase and centrifuged at 14,000 rpm for
5 min at 4°C. Then, 40 ul of the supernatant was taken for
sample loading and 10 ul was injected for analysis.

2.4. Preparation of standard solutions

Stock standard solution at 1.0 mg/ml for Ani HBr and was
prepared with acetonitrile. Additionally, stock standard
solution at 0.5 mg/ml for IS was prepared with methanol.
IS working solution (150 ng/ml) was obtained by diluting
IS stock standard solution with 50% methanol-water.

2.5. LC-MS/MS conditions

This project used the Shimadzu LC-20 series HPLC sys-
tem (Tokyo, Japan) and AB Sciex 4000 Q TRAP (AB Sciex,
Foster City, CA, USA) triple quadrupole mass spectrom-
eter in series for LC-MS/MS analysis. The elution pro-
cedure was performed on a Phenomenex C;g column
(3.0 x 50 mm, 5 um), equipped with a pre-column
(4 x 3.0 mm, 5 um). The mobile phase A was 10 mmol/I



ammonium acetate containing 0.1% formic acid, and the
mobile phase B was acetonitrile. Isometric elution was
performed at 0.4 ml/min (1/9, v/v), and the analysis time
was 4 minutes. The temperature of the column tempera-
ture was maintained at 50°C, and the automatic injection
chamber was at 15°C.

The mass spectrometry was selected electrospray ion-
ization (ESI) source for multiple reaction monitoring
(MRM) mode monitoring in positive ion mode. The ion-
ization voltage was 5500 V, and the ion source temper-
ature was at 500°C. Nitrogen was used as the dryer, the
atomization gas was at 50 psi, the auxiliary heating gas
was at 50 psi, the curtain air was at 20 psi and the spray
collision gas mode was selected as medium mode. The
mass-to-charge ratio (m/z) for the quantitative ion pair for
Ani HBr was 306.2— 140.2, additionally, IS had a m/z value
of 290.2—124.2.

2.6. Method validation

2.6.1. Specificity

To assess the specificity, a mixture of rat plasma samples
from six different sources was prepared and compared
against blank plasma samples, standard solutions with
blank plasma samples and plasma sample from normal
rats after oral administration of Ani HBr 12.5 mg/kg at 1 h.
The response of blank plasma samples should be less than
20% of Ani HBr and less than 5% of IS.

2.6.2. Calibration curve

A series of working solutions were prepared by diluting
the Ani HBr stock solution with acetonitrile to obtain con-
centrations of 20,000, 16,000, 12,000, 6000, 3000, 1000,
100 and 40 ng/ml, respectively. 30 ul of each working
solution was added to 570 ul of blank plasma to pre-
pare standard plasma samples with concentrations of
Ani HBr at 1000, 800, 600, 300, 150, 50, 5 and 2 ng/ml|,
respectively. The weighted least squares linear regression
method (1/x?) was used to plot the peak area (Ani HBr/IS)
against the ratio of calibration standard concentration to
calibration curve. The acceptable calibration curve should
possess an r-value exceeding 0.99.

Ani HBr quality control (QC) working solution is pre-
pared by diluting the stock solution with acetonitrile, with
concentrations of 16,000, 6000, 100 and 40 ng/ml, respec-
tively. Next, high-quality control (QH), medium-quality
control (QM), low-quality control (QL) and lower limit of
quantification (LLOQ) plasma samples of Ani HBr were
prepared by adding 30 ul working solution at concentra-
tions of 800, 300, 5 and 2 ng/ml, respectively to 570 ul
blank plasma.
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2.6.3. Accuracy & precision

The accuracy and precision of the analytical method were
evaluated by evaluating three batches of QC samples for
four concentrations with six replicates for Ani HBr over
three consecutive working days. Accuracy was defined
as (the measured value / the true value) x100%, and
precision was defined as the relative standard deviation
(RSD) of measured values, which were deemed accept-
able within a fluctuation range of +15%.

2.6.4. Extraction recovery & matrix effect

To assess the extraction recovery of Ani HBr and IS, the
peak area ratio of QH, QM and QL samples with six repli-
cates with that of the same concentration analyte in
working solutions were compared. To evaluate the matrix
effect of Ani HBrand IS, the peak area ratio of the working
solution with QH, QM and QL concentrations after pro-
cessing blank plasma samples from 6 different sources
was compared with the peak area ratio of the pure same
concentration working solution. The coefficient of varia-
tion (CV%) of the normalized IS should fall within a range
of +15%.

2.6.5. Dilution integrity

The plasma samples were prepared at 9000 ng/ml, then
followed by a tenfold dilution with blank plasma to gen-
erate six parallel preparations for evaluating the linearity
of sample dilutions. The acceptability criteria for accuracy
and precision were within £15% deviation from theoret-
ical values.

2.6.6. Stability

To evaluate the stability of plasma samples, we assessed
the short-term stability (at room temperature, 25°C for
12 h) and post-processing stability (in an autosampler
at 15°C for 24 h) by testing six parallel QH, QM and QL
samples. Additionally, we examined freeze-thaw stabil-
ity (three cycles within 1 week) and long-term stabil-
ity (1 month frozen at -80°C). The accuracy of QC sam-
ples within 15% of the theoretical value was considered
acceptable.

2.7. Pharmacokinetic study

Seventy-two healthy SD rats were randomly allocated
into two groups: the intragastric administration (i.g.)
group and the tail intravenous injection (i.v.) group. The
rats underwent a 12-h fasting period with adlibitum
access to water prior to the experiment. The i.g. group
was randomly divided into three dosage groups: low-
dose (12.5 mg/kg), medium-dose (25 mg/kg) and high-
dose (50 mg/kg). Each group was further randomized into
model and normal subgroups with six rats in each sub-
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group that has equal number of male and female rats. The
i.v group was also randomly divided into three dosage
groups: low-dose (4 mg/kg), medium-dose (8 mg/kg) and
high-dose (16 mg/kg). Each group was further random-
ized into model and normal subgroups with six rats in
each subgroup that has equal number of male and female
rats.

Based on blood collection methods from relevant lit-
erature [14,15], approximately 0.3 ml of blood was col-
lected from the orbital venous plexus at pre-dose and
after administration at 2, 5, 15, 30, 60, 90, 120, 240, 360,
480, 600 and 1440 min. After each blood collection, the
rats drank freely to ensure the balance of blood vol-
ume in the rats and prevent excessive blood loss. The
blood samples were collected in eppendorf tubes con-
taining sodium heparin as an anticoagulant and immedi-
ately stored on ice. The blood samples were centrifuged
at 4500 rpm, 4°C for 10 min to obtain plasma, which was
then stored at -80°C for subsequent LC-MS/MS analysis.

2.8. Statistical analysis

Data acquisition was implemented in Analyst software
(Version 1.6.3, AB SCIEX). Pharmacokinetic parameters
were calculated using a non-compartmental analysis
(NCA) model fitted by the Winnonlin 8.3.5 software, and
the values were expressed as mean £ SD. Data analysis
was performed using Graphpad Prism 9.0 and SPSS 26.0.
The pharmacokinetic parameters of the normal group
and the model group were compared. If the data met the
normal distribution and homogeneity of variance, inde-
pendent sample t-tests were selected, otherwise non-
parametric tests were selected. The p value less than 0.05
was considered statistically significant.

3. Results
3.1. Evaluation of the ALI Model

3.1.1. Histopathological analysis

LPS-induced septic ALI, as shown in Figure 2, exhibited
neutrophil infiltration in the alveolar interstitium and col-
lapse of the alveoli compared with the control group.
Additionally, there was evidence of bleeding. It was indi-
cated that the successful establishment of a rat model for
ALl induced by LPS-sepsis.

3.1.2. Lung dry/wet weight ratio

The left lung wet/dry weight ratio of rats in the con-
trol group and the model group was shown in Table 1,
which in the model group was significantly higher than
that in the control group, with statistical significance (p
< 0.01), indicating that the ALl in LPS-sepsis was success-

fully constructed. For subsequent experiments, a dosage
of 10 mg/kg LPS was chosen as the modeling agent.

3.2. Optimization of LC-MS/MS conditions

The analysis method’s sensitivity was enhanced by reopti-
mizing the conditions for both mass spectrometry detec-
tion and liquid chromatography. Firstly, quantitative ion
pairs were optimized using MRM mode. Given that both
AniHBrand IS alkaloids containing N, opting for the pos-
itive ion mode would be more advantageous in terms of
enhancing sensitivity of ion pairs. Both Ani HBr and IS
exhibited [M + H] ™ mode in their parent ions, with Ani
HBr displaying m/z 306.2 and IS exhibiting m/z 290.2. The
product ion spectra scan, as depicted in Figure 3, illus-
trated that the fragment ion corresponding to Ani HBr
had a m/z of 140.2, while the fragment ion for IS exhib-
ited an m/z value of 124.2. Consequently, the quantitative
ion pair for Ani HBr was represented by m/z 306.2— 140.2,
and IS was denoted by m/z 290.2— 124.2. For optimiza-
tion of chromatographic conditions, different types of
mobile phases were tested. We investigated the impact
of pure water, 0.1% formic acid, 5 mmol/l ammonium
acetate and 10 mmol/l ammonium acetate contain-
ing 0.1% formic acid on sensitivity. Around 10 mmol/I
ammonium acetate containing 0.1% formic acid was ulti-
mately determined as mobile phase A, as it significantly
enhanced the sensitivity of the analyte and improved
peak shape.

3.3. Method validation

3.3.1. Specificity

The interference of blank plasma on the sensitivity of
analyte in LLOQ samples was below 20%, meanwhile the
interference on the sensitivity of IS was less than 5%. Fur-
thermore, the retention time of the target compound in
plasma samples obtained from normal rats orally admin-
istered with 12.5 mg/kg Ani HBr tablets for 60 min closely
resembles that observed at LLOQ levels, as depicted in
Figure 4. These findings affirmed the method'’s excellent
selectivity.

3.3.2. Calibration curve

The calibration curve demonstrated linearity, with a
regression coefficient (r) exceeding 0.99, indicating a lin-
ear correlation between the ratio of Ani HBr and IS peak
areas and the analyte concentration in rat plasma within
the range of 2-1000 ng/ml. The linear equation for Ani HBr
was as follows: y = 0.00361x + 0.00439, r = 0.9979.

3.3.3. Accuracy & precision
Based on this analytical method, the accuracy and pre-
cision of three batches for QC samples, both intra-batch
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Figure 2. ALl in LPS-sepsis rats. (A) Control (x 100). (B) 10 mg/kg LPS induced ALI (x 100). (C) Control (x200). (D) 10 mg/kg LPS

induced ALI (x200).

Table 1. The left Lung dry/wet weight ratio in rats (n = 6, mean = SD).

Group Lung dry/wet weight ratio
Control 5.00 +0.40
Model 6.64 +0.91°

2p < 0.01 compared with normal rats.
SD: Standard deviation.

and inter-batch were within the range of 85-115% of the
theoretical concentration. As shown in Table 2, this indi-
cated that the analytical method possessed reliable accu-
racy and precision.

3.3.4. Extraction recovery & matrix effect

The extraction recovery range of the analyte in QC sam-
ples was 89.51-91.87%, as presented in Table 3, with an
RSD range of 3.63-10.19%. These results indicated a con-
sistently stable extraction recovery rate for Ani HBr. Addi-
tionally, the matrix effects on the analytes were within an
acceptable range, indicating that plasma matrix did not
exert significant interference.

3.3.5. Dilution integrity

Given the potential for encountering biological speci-
mens with concentrations surpassing the upper limit of
quantification during actual testing, it is imperative to
evaluate the reliability of dilution. Plasma samples with
concentrations higher than upper limit of quantification
were further diluted using blank plasma, with a dilution

factor of 10. The accuracy of Ani HBr was determined to
be 98.50%, with an RSD of 2.56%.

3.3.6. Stability

In this analytical method, the short-term stability, post-
processing stability, freeze-thaw stability and long-term
stability of QC samples were all examined. As shown
in Table 4, the measured concentrations of QC samples
under different conditions were within 15% of the theo-
retical concentration, with an RSD ranging from 2.31 to
11.16%, which met the requirements.

3.4. Pharmacokinetic study

To systematically investigate the pharmacokinetic charac-
teristics of Ani HBr under physiological and pathological
conditions, different doses and different administration
routes, we evaluated the pharmacokinetic parameters of
Ani HBr in normal and pathological rats after i.g. and i.v.
of different doses. The mean plasma concentration-time
profiles of rat were shown in Figure 5, and the pharma-
cokinetic parameters in Table 5.
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Figure 3. Production spectra (MS/MS) of (A) Ani HBr (m/z 306.2— 140.2), (B) IS (m/z 290.2— 124.2).

Under physiological conditions, following intragastric
administration, the time to achieve the time to achieve
maximum concentration (T,,,,) of Ani HBr tablets in rats
across 12.5, 25 and 50 mg/kg was 12.5 + 9.9, 6.7 + 4.1
and 12.0 £ 10.4 min, respectively. This suggested a rapid
absorption of Ani HBr under physiological conditions,
allowing it to quickly enter the bloodstream and exert
its effect, aligning with prior reports [16]. Moreover, the
half-life of elimination (T,,,) for Ani HBr in normal rats

was about 3 h, which was also consistent with previ-
ous studies [16,17]. As the gavage dose increases, the
maximum value of concentration (C,,,) of rats after oral
administration reached 164.5 + 38.5, 364.0 4+ 148.1 and
890.6 £ 313.9 ng/ml, demonstrating a dose-dependent
effect. Furthermore, following i.v. of Ani HBr injection in
rats, C,,,, rose in accordance with the dose, with values
1736.6 +453.5,3550.0 + 388.4 and 5750.0 + 511.8 ng/ml.
The aforementioned results indicated that, within the
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Figure 4. Representative chromatograms of Ani HBr and IS (A) blank plasma in rats, (B) LLOQ, (C) plasma from normal rats after oral
administration of Ani HBr tablets 12.5 mg/kg at 60 min.

Table 2. Accuracy and precision for Ani HBr in rat plasma (n = 6).

Analyte QC concentration Intra-batch Inter-batch
(ng/ml)
Accuracy (%) Precision (RSD, %) Accuracy (%) Precision (RSD, %)
Ani HBr 2 103.17 8.37 106.94 10.44
5 105.13 6.98 107.14 10.29
300 107.06 3.91 104.04 7.81
800 101.58 438 98.00 5.72

Ani HBr: Anisodamine hydrochloride; QC: Quality control; RSD: Relative standard deviation.
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Table 3. Extraction recovery and matrix effect for Ani HBr and IS in rat plasma (n = 6).

Analytes QC concentration Extraction recovery Matrix effect
(ng/ml)
Mean (%) RSD (%) Mean CV (%)
5 89.51 6.55 1.19 6.67
Ani HBr 300 91.87 10.19 1.07 6.77
800 90.56 3.63 1.01 5.30
IS 150 88.52 4.03 0.96 3.85

Ani HBr: Anisodamine hydrochloride; CV: Coefficient of variation; IS: Internal standard; QC: Quality control; RSD: Relative standard deviation.

Table 4. Stability for Ani HBr in rat plasma (n = 6).

Analyte QC concen- Short-term stability Post-processing stability Freeze-thaw stability Long-term stability
tration
(ng/ml) Accuracy Precision Accuracy Precision Accuracy Precision Accuracy Precision (RSD,
(%) (RSD, %) (%) (RSD, %) (%) (RSD, %) (%) %)
Ani HBr 5 105.64 5.43 105.00 6.37 107.51 5.15 99.93 3.63
300 106.71 6.90 107.33 2.81 108.20 11.16 107.13 3.31
800 98.09 10.34 98.91 231 97.96 4.77 108.75 3.21
Ani HBr: Anisodamine hydrochloride; QC: Quality control; RSD: Relative standard deviation.
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Figure 5. Mean plasma concentration-time profiles of normal and model rats after intragastric administration of 12.5 (A), 25 (B) and
50 mg/kg (C) Ani HBr tablets, and after intravenous administration of 4 (D), 8 (E) and 16 mg/kg (F) Ani HBr injection (n = 6,

mean =+ SD).

dose range, the T,, of Ani HBr remained consistent
with the administration routes. The T, ., showed minimal
change with varying dosage, and there might be a dose-
dependent relationship between C, ., and the dosage.
In rats with LPS-induced septic ALl, we administered
the same dosages and routes as in the physiological
group. Based on the drug absorption, the disease state
resulted in the T, and C., of Ani HBr tablets in rats
exhibiting distinct features compared with the physio-
logical group. As shown in Table 5, the T,,,, of Ani HBr
in normal rats at 12.5, 25 and 50 mg/kg was 12.5 + 9.9,
6.7 4.1 and 12.0 &= 10.4 min, respectively, while the T, ,,
in pathological conditions was significantly prolonged to

425 + 27.5, 50.0 £+ 24.5 and 25.0 + 7.7 min. Concur-
rently, the C,, of the 12.5 mg/kg Ani HBr tablet-treated
model group was notably reduced compared with the
physiological group (81.4 & 25.0 vs 164.5 &+ 38.5 ng/ml).
Following oral administration of 25 and 50 mg/kg Ani
HBr tablets, the C,, for model group and physiolog-
ical group rats were (210.3 £ 59.2 vs 364.0 + 148.1,
445.6 £ 71.7 vs 890.6 £ 313.9 ng/ml), respectively. The
above results indicated that after oral administration, the
absorption rate of Ani HBr tablets in diseased rats was
slowed down. To investigate the absorption of Ani HBr in
rats under different states, we evaluated the area under
the concentration-time curve from 0 to 24 h (AUC,,)
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and area under the concentration-time curve from 0
to time infinite (AUC,_, ). However, we found that only
after administration at a dose of 50 mg/kg, the AUC,,,
and AUC,_ in the model group were 3065.5 + 1499.8
and 6189.1 + 4726.7 h*ng/ml, respectively, while those
in the physiological group were 1623.4 4+ 381.6 and
1693.0 + 383.6 h*ng/ml, significantly higher than the
average level in the physiological group, indicating that
Ani HBr has a higher absorption level in rats with sepsis-
induced ALI at this dose, which is more conducive to the
exertion of its efficacy. In addition, the volume of distribu-
tion (Vz) of the model group at this dose was significantly
higher than that of the physiological group (p < 0.01),
indicating that Ani HBr had a more extensive distribution
in the model rats.

During the elimination of Ani HBr, after oral
administration of 12.5 mg/kg Ani HBr tablets, the T, ,
was extended from 3.0 + 1.1 h in the physiological group
to 6.1 &+ 1.2 h in rats with ALI. Similarly, after i.g. of 25
and 50 mg/kg Ani HBr tablets, the T, ,, of the model rats
extended to 7.0 £+ 1.1 and 6.8 & 1.8 h, respectively, com-
pared with 3.2 + 0.6 and 3.4 & 1.2 h in the physiological
group, indicating a slower elimination of Ani HBr in the
model rats. Correspondingly, the mean residence time
from 0to 24 h (MRT,.,) also confirmed this fact. After being
administered with 12.5 mg/kg Ani HBr tablets orally, the
MRT,,, of rats in the physiological group was 4.5 & 0.5
h. However, the MRT,, of rats with LPS-induced septic
ALl prolonged to 8.9 4 0.5 h, which was approximately
twice as long as that of the physiological group. After
administering a higher dose, the MRT,, was delayed from
46 + 091to 7.2+ 1.2 hat 25 mg/kg, and from 4.3 + 1.2
to 9.1 + 2.2 h at 50 mg/kg. The aforementioned results
indicated that, at the identical dosage, Ani HBr took a
longer time to accumulate within the body of rats with
sepsis-induced ALI compared with normal rats.

The absorption of drugs is crucial for their efficacy.
However, the absorption of Ani HBr in model rats was
slow after i.g. Therefore, we also evaluated the pharma-
cokinetic characteristics of Ani HBr injection administered
intravenously in model rats. The tail vein injection deliv-
ers drug directly into the blood circulation without the
process of absorption, which makes Ani HBr take effect
faster, and this is a major advantage of tail vein injection.
As shown in Figure 5 & Table 5, at a dose of 4 mg/kg,
the C,,, in the model group was 2336.6 £ 268.1 ng/ml|,
which was higher than that of the physiological group
1736.6 £ 453.5 ng/ml (p < 0.05). The C,,,, of the model
group at doses of 8 and 16 mg/kg was 4128.3 4- 386.6 and
8456.7 + 360.4 ng/ml, respectively, and that of the nor-
mal group was 3550.0 & 388.4 and 5750.0 + 511.8 ng/m|,
respectively, both significantly higher than those of the
normal group. The phenomenon could be attributed to

the slowed metabolism in pathological rats, which, cou-
pled with systemic vascular microcirculation abnormal-
ities, reduced the blood circulation speed and thereby
lowered the elimination rate of Ani HBr in the blood-
stream [18]. Given that Ani HBr entered the systemic circu-
lation promptly after i.v., the T, ., for each group occured
within 2 min. In terms of AUC,, and AUC,_., the param-
eters for the model group exceeded those of the physio-
logical group, suggesting that the exposure of Ani HBr in
the blood is greater under pathological conditions than
under physiological conditions.

The widespread distribution of medicines lays the
foundation for their full efficacy. After i.v. of 4 and 8 mg/kg
Ani HBr injection, we did not observe significant differ-
ences in Vz between the physiological group and the
model group. However, afteri.v. of 16 mg/kg Ani HBr injec-
tion, the results showed that the Vz of the model group
was 17.3 & 6.6 I/kg, which was significantly higher than
that of the physiological group at 9.6 £ 2.1 I/kg, indicat-
ing that Ani HBr had a more extensive distribution in rats
with septic ALl at this dose. In terms of drug clearance rate
(CL), after i.v. of 4 mg/kg Ani HBr injection, the patholog-
ical group had a CL of 27.2 4+ 2.8 ml/min/kg, which was
significantly lower than that of the physiological group
(61.5 £ 13.0 ml/min/kg). Similarly, after increasing the
dose to 16 mg/kg, the CL of the model group remained
significantly lower than that of the physiological group,
indicating that the clearance of Ani HBr slowed down in
septic rats. In line with this, following i.v. injection of 4,
8 and 16 mg/kg Ani HBr, the MRT, in the model group
was approximately 1.7, 1.8 and 1.6-times greater than that
in the physiological group, suggesting a prolonged reten-
tion and slower metabolism of Ani HBr in rats with sepsis-
induced ALI. Hence, it also accounted for the significantly
higher C,,, in the model group compared with the phys-
iological group at the same dose.

4. Disscusion

Ani HBr is a highly polar tropane alkaloid [19]. We found
that when using protein precipitation, the matrix can
seriously interfere with its quantification, so we adopted
a liquid-liquid extraction method and added NaOH to
improve its recovery rate. Since the concentration of the
drugin rat plasma decreases over time, a sensitive analyti-
cal method is needed for detection, so we used LC-MS/MS
technology to evaluate the plasma pharmacokinetics of
rats [20].

The pharmacokinetics of Ani have been investigated in
human subjects, as well as in healthy mice, rats and bea-
gle dogs. Ma et al. utilized micellar liquid chromatogra-
phy to determine the pharmacokinetic characteristics of
Ani afterintramuscular administration in healthy humans,



with T,,, observed at approximately 1 h [21]. In early
preclinical studies, it was found that Ani was rapidly dis-
tributed in healthy mice after intraperitoneal injection
and had T,, of 2.9 h [22]. The pharmacokinetic char-
acteristics of Ani in rats were investigated by Ma et al.
using the LC-MS method. It was observed that the T,
following oral administration of 60 mg/kg Ani in rats was
determined to be 2.555 h, while AUC,, was found to be
1.992 h*png/l [23]. Tian et al. conducted a pharmacoki-
netic study on Ani in healthy rats, administering it orally
at a dose of 25 mg/kg and intravenously via the tail vein
at a dose of 8 mg/kg. The results showed that T, was
observed at 0.56 4 0.13 h after oral administration, with
no significant difference in T,,, between the two routes
of administration [17]. Additionally, Zhang et al. observed
that the administration of hyoscyamus niger extract to rats
via gavageresultedin T of Aniat0.23+0.29handT,,
of 3.34 £ 1.79 h [16]. The T, ,, of anisodamine hydrochlo-
ride injection in Beagle dogs was 1.29 & 0.10 h, while the
AUC,, was at 2992.87 & 182.16 h*ng/ml [24]. The T,
in healthy rats following gastric administration of Ani HBr
tablets was observed to be within 0.5 h, indicating rapid
systemic absorption, which is consistent with previous lit-
erature findings. Additionally, a comprehensive analysis
of the pharmacokinetics of racemic anisodamine enan-
tiomers in rabbits revealed that both the levorotatory and
dextrorotatory forms exhibit analogous pharmacokinetic
characteristics [25]. However, the configuration of a drug
plays a pivotal role in determining its efficacy. As the nat-
ural levorotatory form, Ani HBr exhibits twice the binding
affinity to M-choline receptors compared with its racemic
counterpart, resulting in pharmacological activity that is
100-1000-times higher than that of the dextrorotatory
form [6,26,27]. The application value of Ani HBr is higher,
thus indicating its greater potential in clinical use.

The clearance of Ani primarily occurs in the rat intesti-
nal flora through dehydration and hydrolysis, although
its metabolic intensity is weak, predominantly existing as
the parent drug [28]. However, Ani undergoes biotrans-
formation in rat plasma, leading to six metabolites [29].
Our previous study found that the major hepatic metabo-
lites of dehydrated anisodamine can still be detected after
administration for 24 h, exhibiting non-linear kinetic char-
acteristics [30,31]. It should be noted that the hydroly-
sis product of Ani, tropic acid, exhibits mutagenicity and
thus poses potential risks to the safety of Ani HBr [32].
Zhu et al. developed an LC-MS/MS analysis method for
tropic acid in rat plasma; however, there is still a dearth of
simultaneous measurement of plasma concentrations for
both of them [33]. Additionally, the Ani and seven phase
| metabolites, along with four phase Il metabolites, can
be detected in rat urine. Similarly, it is excreted in feces
as both the parent drug and phase | metabolites, indicat-

BIOANALYSIS (&) 11

ing that Ani undergoes clearance via hepatic, renal and
biliary pathways [34,35]. The important thing is that sep-
sis will downregulate the activity of liver CYP enzymes
and decrease glomerular filtration rate, both of which will
affect the clearance of Ani [36-38]. Therefore, our study
provides a basis for the clinical application of Ani HBr
tablets and injection in pathological conditions.

The alterations in the pharmacokinetic properties of
Ani HBr may be associated with the intestinal microenvi-
ronment and vascular microcirculation in rats with patho-
logical conditions [39]. Under physiological conditions,
on the one hand, multipotent intestinal stem cells located
at the bottom of small intestinal crypts can continuously
proliferate and differentiate into absorptive small intesti-
nal epithelial cells. In sepsis, proliferation and differenti-
ation are suppressed, potentially resulting in a decrease
in the number of absorptive small intestinal epithelial
cells [40]. Furthermore, sepsis will hasten the apopto-
sis of intestinal epithelial cells, compromising the intesti-
nal barrier [40-42]. On the other hand, sepsis causes
widespread disturbances in the vascular microcirculation
within the body, ultimately affecting systemic hemody-
namics [2]. In the early stage of sepsis, the massive release
of inflammatory factors encourages the adhesion of neu-
trophils to endothelial cells, activates coagulation factors
and induces vascular fibrin deposition, ultimately lead-
ing to the formation of vascular microthrombi [41,43]. The
intestinal mucosal layer and hepatic portal vein, as crucial
regions for blood supply, will experience a reduction in
blood flow due to mesenteric artery constriction during
the onset of sepsis, potentially impacting drug absorp-
tion [44,45]. These may be the reasons for the weakened
absorption of Ani HBr in septic rats. Similarly, the alter-
ationsin hemodynamics observed in sepsis will also result
in impairments of liver and kidney function, leading to
a decelerated clearance and prolonged retention time of
Ani HBr [46,47].

Therefore, intravascular administration is a better way
to treat the disease, which avoids absorption reduction,
repair vascular damage and improve vascular microcircu-
lation.

5. Conclusion

In this paper, we pioneered the establishment of a bio-
sample analysis method for Ani HBr in rat plasma, based
on LC-MS/MS technology, exhibiting strong specificity.
The value exceeded 0.99 for concentrations ranging from
2to 1000 ng/ml, with an accuracy range of 98.00-107.14%
and a precision range of 3.91-10.44%. The extraction
recovery rate of Ani HBr in rat plasma surpassed 89%,
with no notable matrix interference. Subsequently, for the
first time, we identified the differences in the pharma-
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cokinetic characteristics of Ani HBr in rats under physi-
ological and pathological conditions. Following a single
gavage of LPS-induced septic ALl rats treated with 12.5,
25 and 50 mg/kg Ani HBr tablets, the C ., were signifi-
cantly lower than that of the physiological group, while
Tomax Were significantly prolonged. At a dose of 50 mg/kg,
the AUC,, and AUC,,__ values were 3065.5 + 1499.8 and
6189.1 + 4726.7 h*ng/ml, respectively, indicating signifi-
cant differences compared with the physiological group.
After a single tail vein injection of 4, 8 and 16 mg/kg
Ani HBr injection to the model rats, due to the slowed
metabolism, C .., AUC,, and AUC,_ were higher than
those of the physiological group, which would help to
exert the drug effect. The above findings provide valuable
experience for the development and application of Ani
HBr and will contribute to a more comprehensive under-
standing of it.

Article highlights

« The alkaloid Ani HBr is derived from Anisodus tanguticus (Maxim.)
Pascher in western China and possesses the ability to enhance
vascular microcirculation disorders. Consequently, it has gained
widespread recognition for its efficacy in treating septic shock.

+ Asensitive and rapid LC-MS/MS method was first established and
validated to explore the pharmacokinetic characteristics of Ani HBr
tablets and injection in normal and septic acute lung injury rats.

« Under physiological conditions, Ani HBr tablets were rapidly
absorbed into the bloodstream with T, within 0.5 h. After oral
and intravenous administration, T, , was approximately 3 h,
showing linear pharmacokinetic characteristics.

- In pathological conditions, the absorption of Ani HBr tablets was
slowed down in rats with septic acute lung injury. However, after
administration of the injection, the AUC significantly increased,
T,/, and MRT were prolonged, which was more conducive to the
exertion of pharmacological effects.
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