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Propose: The co-treatment of ulcerative colitis with berberine hydrochloride (BBR), the Janus kinase(JAK) inhibitor Tofacitinib
(TOFA), and Fligotinib (FIGA) is feasible and sophisticated in terms of mechanism. However, no studies have yet explored their
interactions. This study aimed to establish a highly sensitive, specific, and reproducible HPLC-MS/MS method for investigating the
pharmacokinetic interactions between BBR-TOFA and BBR-FIGA in rats.

Methods: The analytes and internal standards were extracted from rat plasma using a mixed solvent of dichloromethane and ether
(3:2 ratio). The mobile phase comprised a mixture of methanol (containing 0.1% formic acid) and water (containing 0.1% formic acid
and 2 mm ammonium acetate), with a flow rate of 0.6 mL/min. Elution was performed in a gradient mode on a Phenomenex Kinetex
column (50x3.0 mm, 2.6 pm). A systematic methodological validation was conducted according to the standards of the Chinese
Pharmacopoeia, covering aspects such as specificity, calibration curve and linearity, residual effects, precision and accuracy, recovery,
matrix effect, dilution integrity, and stability.

Results: All methodological validation parameters met the standards of the Chinese Pharmacopoeia, confirming the method’s
suitability for simultaneously determining the concentrations of BBR, TOFA, and FIGA in rat plasma. Pharmacokinetic experimental
results indicate that TOFA and FIGA have no significant effect on the plasma concentration of BBR across various pharmacokinetic
parameters. However, due to BBR’s inhibition or induction of various drug-metabolizing enzymes, it significantly affects some of the
pharmacokinetic parameters of TOFA and FIGA.
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Introduction

Ulcerative Colitis (UC) is a chronic and recurrent autoimmune intestinal disease characterized clinically by chronic
abdominal pain and diarrhea with mucous bloody stool, and pathologically by persistent inflammation of the colonic
mucosa and submucosa.' The etiology of UC is complex, mainly including dysbiosis of the intestinal microbiota,
dysfunction of the immune system, genetic factors, and the role of cytokines,* with intestinal flora disorder and immune
imbalance becoming hot topics in the research of the pathogenesis of UC.*? Studies have shown that the gut microbiome
is a microbial organ formed in conjunction with the host genotype, sensitive to growth processes and environmental
exposures.® It supports the development of the metabolic system and the maturation of the intestinal immune system by
providing beneficial nutrients, such as synthesizing vitamins and short-chain fatty acids.” The maturation of the immune
system is also conducive to the stability of the intestinal flora.® During bacterial or viral infections, or in disease states,
dysbiosis of the gut microbiota leads to a decrease in the levels of beneficial metabolic products (such as butyrate and
acetate) from intestinal bacteria, resulting in increased intestinal barrier permeability.” Bacteria or lipopolysaccharide into
the bloodstream and activate the immune system, causing a significant increase in pro-inflammatory factors such as IL-6,
IFN-y, CXCL-10, TNF-a, further exacerbating dysbiosis and disease progression.'® Therefore, more and more studies are
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focusing on the combined use of drugs that regulate the gut microbiota and immunomodulatory drugs to achieve efficient
and synergistic treatment of UC.

In the inflamed mucosa of UC patients, significant activation of the signal transducer and activator of transcription
(STAT3) molecule and related mucosal damage are driven by activators of the JAK/STAT signaling pathway, suggesting
that JAK enzyme inhibitors could play an important role in the treatment of active UC."' Tofacitinib(TOFA), a non-
selective JAK enzyme inhibitor, inhibits the JAK-STAT signaling cascade and is commonly used in the clinical treatment
of moderate to severe UC.'? However, because TOFA targets upstream signaling points, it can cause a variety of non-
specific reactions and adverse effects such as hyperlipidemia, which limits its use.'* Filgotinib (FIGA), a novel JAK1
selective inhibitor, effectively reduces the adverse reactions caused by JAK2 inhibition due to its high selectivity for
JAK1 and is commonly used in the clinical treatment of related inflammatory diseases, such as moderate to severe active
rheumatoid arthritis, UC, and Crohn’s disease, with efficacy superior to first-line clinical treatments (aminosalicylates,
glucocorticoids, and immunosuppressants).'* Dysbiosis of the intestinal flora is another characteristic of UC patients,’
thus restoring the gut microbiota to a normal state is equally crucial for the treatment of UC. Berberine hydrochloride
(Berberine) is a quaternary ammonium salt alkaloid mainly extracted from traditional Chinese medicinal herbs such as
coptis and other plants, commonly used in the treatment of infectious diseases of the digestive system.'> Studies have
shown that berberine hydrochloride has shown great potential in treating UC, mainly due to its ability to reverse the
decline in levels of lactobacilli, clostridia, and pseudomonads, increase microbial tryptophan metabolism, selectively
enrich short-chain fatty acid-producing bacteria, and promote fermentation, thus repairing and protecting the intestinal
mucosal barrier.'®'” Additionally, BBR can regulate intestinal immune imbalance to some extent by blocking the IL-6/
STAT3/NF-kB signaling pathway and regulating the function of enteric glial cells, dendritic cells, and T cells.'®""
Importantly, the oral bioavailability of BBR is only 5%, which allows most of the drug to remain in the intestine and
exert its effects, offering a significant advantage in regulating the gut microbiota.”” In summary, the combination of
TOFA/FIGA with BBR for the treatment of UC is feasible and advanced mechanistically, and holds promise as
a breakthrough drug combination for overcoming the therapeutic challenges of UC.
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Combined medication is a commonly used strategy for disease treatment in clinical practice, which can synergisti-
cally enhance efficacy and significantly reduce adverse drug reactions.”! However, interactions between drugs, especially
those based on pharmacokinetics, require careful attention. TOFA is primarily absorbed in the intestine via organic cation
transporters (OCTs)** and is metabolized in the liver by cytochrome P450 enzymes CYP3A4 and CYP2C19.%* Studies
have shown that co-administration with potent CYP3A4 inhibitors (such as ketoconazole or fluconazole) significantly

increases the concentration of TOFA in the body;**

conversely, co-administration with CYP3A4 inducers such as
rifampin reduces the concentration and bioavailability of TOFA.*> FIGA is mainly metabolized by intestinal carbox-
ylesterases (CES), with a minor portion metabolized by CYP3A4 in the liver.?® Additionally, FIGA is a substrate for
P-glycoprotein(P-gp).?’ Studies have shown that when co-administered with itraconazole, the Cyqx of FIGA increased by
64% and bioavailability by 45%; however, co-administration with rifampin reduced the C,,,x and bioavailability of FIGA
by 26% and 27%, respectively.”” Although BBR has a low oral bioavailability, it is prone to drug interactions, which may
be related to its extensive absorption and metabolic pathways.?® Firstly, the metabolism of BBR mainly occurs in the
liver, predominantly metabolized by CYP2D6 and to a lesser extent by CYP3A4 and CYP1A2;*° secondly, BBR is
a substrate for P-gp, OCTs, OATP1B1, and OATP1B3;*° thirdly, BBR can significantly inhibit transporters such as P-gp,
OCTs, OATP1BI, and OATP1B3;>! finally, BBR can inhibit the activity of CYP2D6 and CYP2C9 and has potential
bidirectional effects of induction and inhibition on CYP3A4.7%>? Therefore, studying the drug-drug interaction (DDI)
between BBR, TOFA, and FIGA is of significant importance.

Several methods are available for in vivo drug analysis, including chemiluminescence, immunoassay, and chromato-
graphy, with the latter encompassing high-performance liquid chromatography (HPLC), gas chromatography (GC), and
high-performance liquid chromatography-mass spectrometry (LC-MS/MS). Among these techniques, Ultra performance
liquid chromatography-tandem mass spectrometry (HPLC-MS/MS) is the most commonly used method and the gold
standard.*® This is primarily due to its advantages: 1) high selectivity and sensitivity of mass spectrometry, with detection
limits reaching the picogram level; 2) low operational costs without the need for specialized reagent kits; 3) strong
specificity, unaffected by metabolites or other drugs, making it particularly suitable for multiplex drug testing; and 4) the
capacity for simultaneous detection of diverse medications and their metabolites.**

The objective of this study is to develop and validate a high-performance liquid chromatography-tandem mass
spectrometry (HPLC-MS/MS) method for investigating drug-drug interactions (DDIs) between BBR and TOFA, as well
as BBR and FIGA in rats. The method employs liquid-liquid extraction techniques to extract all analytes and internal
standards (diazepam and tetrahydropalmatine). The results confirm that the established method satisfies all requirements
for methodological validation and is capable of simultaneously determining the concentrations of BBR, TOFA, and FIGA
in rat plasma. Pharmacokinetic results indicated the presence of DDIs between TOFA, FIGA, and BBR, which should be
carefully considered during the development of combination formulations or in clinical co-administration.

Materials and Methods

Experimental Reagents

Tofacitinib (purity > 98%) and Filgotinib (purity > 98%) were sourced from MedChemExpress (Beijing, China).
Berberine (purity > 98%) was obtained from Shanghai Hushi Chemical Co., Ltd. (Shanghai, China). HPLC-grade
acetonitrile (ACN) and methanol (MeOH) were purchased from Fisher Scientific (Fair Lawn, NJ, USA).
Tetrahydropalmatine and Diazepam were acquired from the National Institute for the Control of Pharmaceutical and
Biological Products (Beijing, China). Ultrapure water (UPW) was produced using a Milli-Q water purification system
(Millipore Corp., USA).

Animals

Thirty male Sprague-Dawley rats, weighing 200+20 g, were obtained from Beijing HFK Bio-Technology Co., Ltd. The
rats were randomly divided into five groups, with six animals in each group. They were housed in a breeding room
maintained at 25°C with 60 £ 5% humidity and a 12-hour dark-light cycle. The rats had ad libitum access to tap water
and standard chow. They were acclimatized under these conditions for one week before the start of the experiments. The
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rats fasted for 12.0 hours but had free access to water prior to drug administration. This experiment was approved by the
Ethics Committee of Shengjing Hospital, China Medical University, which adheres to the GB/T 35892-2018 national
standard for experimental animal welfare ethical review guidelines, issued by the General Administration of Quality
Supervision, Inspection and Quarantine of the People’s Republic of China and the Standardization Administration of
China and the International Association for the Study of Pain Guidelines for the Care and Use of Laboratory Animals.

Equipment and Operating Conditions

Chromatographic Conditions

The chromatographic analysis was performed using a Phenomenex Kinetex column (50%3.0 mm, 2.6 um) coupled with
an Agilent Zorbax ODS pre-column (12.5 mmx 2.1 mm, 1.7 um). The mobile phase consisted of methanol with 0.1%
formic acid and water with 2.0 mm ammonium acetate and 0.1% formic acid, employed in a gradient elution. The flow
rate was maintained at 0.6 mL/min, with a column temperature set at 40 °C. The injection volume was 2.0 uL. The
gradient elution conditions are shown in Table 1. Diazepam(DZP) was used as the internal standard for TOFA and FIGA,
while tetrahydropalmatine(TYP) served as the internal standard for BBR.

Mass Spectrometry Conditions

Ionization was achieved through electrospray ionization (ESI) in a triple quadrupole mass spectrometer. The operational
parameters included an ion source temperature of 400 °C, curtain gas at 20 units, and an ion spray voltage of 4500
V. Detection was conducted in the multiple reaction monitoring (MRM) mode with positive ion scanning.

Stock Solutions, Quality Control Samples and Calibration Standards

Stock solutions of analytes and ISs were prepared by dissolving in methanol to obtain a final concentration of 200.0 pg/
mL. A series of concentration standard solutions was prepared by diluting the above stock solution in 20% aqueous
MeOH.

Calibration curves were prepared by adding 10 pL of the respective working solutions to 90.0 pL of drug-free rat
plasma to produce the following calibration concentrations:0.1, 0.4, 2.0, 10.0, 40.0, 200.0 ng/mLfor BBR and 1.0, 4.0,
20.0,100.0, 400.0, 2000 ng/mL for TOFA and FIGA.

Quality control (QC) samples were prepared at the lower limit of quantification (LLOQ), low concentration quality
control (LQC), medium concentration quality control (MQC) and high concentration quality control (HQC) separately
according to the preparation method of the calibration curve, and the specific concentrations were as follows: 0.1, 0.2, 5.0
and 160.0 ng/mL for BBR; 1.0, 2.0, 50.0 and 1600.0 ng/mL for TOFA and FIGA. Both tetrahydropalmatine (TYP) and
diazepam (DZP) solutions with 50ng/mL were obtained by diluting the stock solution with 20% aqueous MeOH.

Plasma Samples

A volume of 90.0 pL of plasma was transferred into a 5.0 mL plastic centrifuge tube with a cap. To this tube, 20.0 pL of IS
solution (50.0 ng/mL) and 10.0 pL of methanol were added. The mixture was vortexed for 1.0 minute to ensure
homogeneity. Subsequently, 2.0 mL of a mixed extraction solvent (dichloromethane:ether = 3:2) was added, followed by

Table | Gradient Condition of HPLC for Analytes and ISs

Time (min) | Flow Rate(mL/min) | A(%)* | B(%)"
Initial 0.60 70 30
0.6 0.60 70 30
0.8 0.60 30 70
2.0 0.60 30 70
22 0.60 70 30
25 0.60 70 30

Notes: *Water containing 20 mmol ammonium acetate and 0.1% formic
acid. ® Methanol containing 0.1% formic acid.
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vortexing for 5.0 minutes. The mixture was then centrifuged at 4000.0 rpm for 5.0 minutes. The supernatant was carefully
transferred to a 10.0 mL plastic centrifuge tube with a pointed bottom. The organic solvent was evaporated under a stream
of nitrogen at 40°C. The residue was reconstituted in 500.0 uL of the mobile phase, centrifuged at 15000.0 rpm for
10.0 minutes, and 2.0 pL of the clear supernatant was injected into the chromatography system for analysis.

Method Validation

The validation procedures for selectivity, linearity, accuracy, precision, recovery and stability referred to the Chinese
Pharmacopeia guidelines for bioanalytical method validation.

Specificity

The specificity of the established HPLC-MS/MS method was validated using blank plasma from six different batches of
SD rats as the matrix. A volume of 90.0 puL of mixed blank plasma from six rats was processed according to the “Plasma
Samples” section, with the exception of not adding the IS. An injection of 2.0 pL was made to obtain a blank
chromatogram. A solution containing known concentrations of BBR, TOFA, FIGA, and the IS was added to the blank
plasma and processed as per the “Plasma Samples” section. An injection of 2.0 pL. was made to obtain a chromatogram
of simulated plasma samples. Plasma samples collected after dosing the rats were also processed according to the
“Plasma Sample Processing Method” section and injected (2.0 pL) to obtain plasma sample chromatograms. This
procedure was employed to investigate whether endogenous substances in the blank plasma interfere with the determina-
tion of the analytes of interest.

Linearity, LLOQ and Carryover
A volume of 90.0 uL of blank plasma was spiked with 10.0 pL of standard solution and 20.0 pL of internal standard
solution to prepare samples with plasma concentrations equivalent to 1.0, 4.0, 20.0, 100.0, 400.0, and 2000.0 ng/mL for
TOFA and FIGA, and 0.1, 0.4, 2.0, 10.0, 40.0, and 200.0 ng/mL for BBR. The samples were processed according to the
“Plasma Samples” section, and 2.0 uL of each was injected for analysis to record the chromatograms. The concentration
of the analyte served as the x-axis, and the peak area ratio of the analyte to the internal standard was plotted on the y-axis.
A weighted (W=1/x?) least squares regression was used to construct the calibration curve, with the equation of the linear
regression representing the standard curve. The lowest point on the standard curve was considered as the LLOQ.
After injecting the highest point on the standard curve (ULOQ), a 2.0 pL sample of blank plasma was analyzed to
assess the residual effects of the analytes and the internal standard. The residual peak area of the analytes should not
exceed 20% of the LLOQ peak area, and the internal standard residual peak area should be less than 5% of the internal
standard peak area.

Accuracy and Precision

A volume of 90.0 pL of blank plasma was prepared according to the “calibration standards” section, selecting the LLOQ
and three QC concentration levels to evaluate the precision and accuracy of the developed HPLC-MS/MS method. The
concentration levels for BBR were set at 0.1 ng/mL, 0.2 ng/mL, 5.0 ng/mL, and 160.0 ng/mL. For TOFA and FIGA,
concentration levels were set at 1.0 ng/mL, 2.0 ng/mL, 50.0 ng/mL, and 1600.0 ng/mL, with six samples per concentra-
tion level. The procedure was conducted according to the “Plasma Sample”section, with the measurements taken
consecutively over three days. Concentrations for the LLOQ and QC samples were calculated based on the daily
standard curve, and the results were used to determine the method’s accuracy and precision.

Recovery and Matrix Effect

A volume of 90.0 uL of blank plasma was prepared according to the “Calibration standards”section to create quality
control (QC) samples of low, medium, and high concentrations of BBR, TOFA, and FIGA, with six samples per
concentration level. The process was conducted in accordance with the “Plasma sample” section to obtain peak area
A. Additionally, 90.0 pL of blank plasma was taken and 2.0 mL of mixed extraction solvent was added, followed by
vortexing for 5.0 min and centrifuging at 4000.0 rpm for 5.0 min. The supernatant was then transferred into a 10.0 mL
pointed-bottom plastic tube, to which 10.0 mL of standard solution and 20.0 mL of internal standard solution were added.
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The remaining steps were performed as described in the “Plasma sample” section to obtain peak area B. Similarly,
90.0 pL of water was processed with 2.0 mL of mixed extraction solvent, followed by vortexing for 5.0 min and
centrifuging at 4000.0 rpm for 5.0 min. The supernatant was transferred into a 10.0 mL pointed-bottom plastic tube, and
10.0 mL of standard solution and 20.0 mL of internal standard solution were added. The remaining steps were conducted
as outlined in the “Plasma sample” section to obtain peak area C. The extraction recovery was calculated based on the
ratio of peak areas A/B for each concentration, and the matrix effect was determined by the ratio of peak areas B/C.

Stability

QC samples of low, medium, and high concentrations of BBR, TOFA, and FIGA were prepared, with four samples per
concentration, to assess the stability of the samples under various conditions. The stability tests included freeze-thaw
cycle stability (three cycles at —20.0 °C), room temperature stability (placed at room temperature for 4.0 hours), and
autosampler stability (placed in an autosampler at 4.0 °C for 6.0 hours).

Dilution Integrity

Simulated plasma samples of TOFA and FIGA with concentrations of 16.0 and 32.0 pug/mL, as well as BBR with
concentrations of 1.6 and 3.2 ug/mL, were prepared. These samples were then diluted with blank plasma to the HQC
level, with four samples per concentration, and processed according to the “Plasma sample” section. The relative
deviation between the measured values and the theoretical values in the dilution test should be less than £15%.

Procedure

After a 14-day acclimation period, rats were subjected to a drug interaction study, with food withheld the night before
dosing but not water. The experiment was divided into five groups, each consisting of six rats, as detailed below: The first
group received BBR alone, administered orally as a suspension at a dose of 60 mg/kg. The second group received TOFA
alone, administered orally as a suspension at a dose of 20 mg/kg. The third group received FIGA alone, administered
orally as a suspension at a dose of 10 mg/kg. The fourth group received a combination of BBR and TOFA, administered
orally as separate suspensions at doses of 60 mg/kg and 20 mg/kg, respectively. The fifth group received a combination
of BBR and FIGA, administered orally as separate suspensions at doses of 60 mg/kg and 10 mg/kg, respectively. All drug
suspensions were prepared using a 0.5% solution of sodium carboxymethyl cellulose. The suspensions were stirred
thoroughly before administration to ensure accurate dosing.

Blood samples (0.3 mL) were collected from the orbital plexus at pre-dose and at 0.25 h, 0.5 h, 1.0 h, 2.0 h, 3.0 h,
5.0h, 7.0 h, 12.0 h, 24.0 h, 36.0 h, 48.0 h, and 72.0 h post-dose. Samples were centrifuged at 4000.0 rpm for 5 minutes,
and the plasma was then frozen and stored for analysis.

Pharmacokinetic parameters were analyzed using DAS3.0 software, including peak plasma concentration (C,,y), time
to reach peak concentration (Ty,.y), area under the plasma concentration-time curve (AUC), apparent plasma clearance
(CL), and elimination half-life (t;,). All pharmacokinetic parameters were presented as mean + SD. The statistical
analyses were performed using GraphPad Prism. For the pharmacokinetic parameters of BBR, which included data from
multiple groups (Mono-BBR, BBR+TOF, BBR+FILG), a one-way analysis of variance (ANOVA) was employed to
assess the overall differences among the groups. Prior to conducting the ANOVA, the normality of the data distribution in
each group was comprehensively evaluated through a dual approach: statistical testing using the Shapiro—Wilk test
combined with graphical assessment via Q-Q plots. Given the relatively small sample size per group, this combined
methodology was adopted to enhance the robustness of normality evaluation, as the Shapiro—Wilk test alone may have
limited power in small sample scenarios. The homogeneity of variance was examined using Levene’s test. When both
quantitative (Shapiro—Wilk test) and qualitative (Q-Q plot visualization) assessments indicated normality and homo-
geneity of variance, a one-way ANOVA was performed. When the ANOVA result indicated a significant difference
among the groups, post-hoc multiple comparison tests (Tukey’s test) were carried out to identify which specific groups
differed from each other. A P-value < 0.05 was considered statistically significant. For the comparison of the pharma-
cokinetic parameters of FILG between the Mono-FILG and FILG+BBR, as well as the comparison of the pharmacoki-
netic parameters of TOF between relevant groups, an unpaired #-test was used. Consistent with the ANOVA approach, the
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normality assumption was verified through both the Shapiro—Wilk test and visual inspection of Q-Q plots, while the
homogeneity of variance was evaluated using Levene’s test. The combination of statistical testing and graphical analysis
was particularly emphasized in these pairwise comparisons to ensure appropriate test selection. After confirming that the
data met the assumptions of normality and homogeneity of variance through these evaluations, the unpaired #-test was
performed. A P-value < 0.05 was considered statistically significant.

Results

Mass Spectrometry

To optimize the most sensitive ionization mode for TOFA, FIGA, BBR and the IS, ESI full scans were carried out in both
positive and negative ion detection modes. It was found that both the analytes and the IS had better response in the
positive ion mode. Under these chromatographic conditions, the retention times of each analyte was as follows: 0.82min
for TOFA, 1.71min for FIGA, 1.58min for BBR, 2.13min for DZP and 1.49min for TYP. Meanwhile, the MS conditions
for collision energy, declustering voltage, source temperature, ionization mode, curtain gas, etc. were systematically
optimized. The MS parameters, final ion pairs and ion spectra are shown in Table 2 and Figure 1.

Method Validation

The developed HPLC-MS/MS method were validated using blank plasma from rats according to the requirements and
standards of the Chinese Pharmacopeia guidelines. The results of method validation showed that all items met the
standards.

Specificity

The specificity assay results demonstrated that endogenous substances in blank plasma did not interfere with the determination
of the analytes. The retention times for BBR, TOFA, FIGA, DZP, and TYP were 1.58 min, 0.82 min, 1.71 min, 2.13 min, and
1.49 min, respectively. Chromatograms are shown in Figure 2.

Linearity, LLOQ and Carryover

The results for standard curves and linear ranges showed that the regression equation for BBR was y=0.0181x+0.04(r =
0.9991), with a linear range of 0.1 to 200.0 ng/mL. The linear relationship was good, and the lower limit of quantification
(LLOQ) was 0.1 ng/mL. The regression equations for FIGA and TOFA were y =0.0311x+0.05(» = 0.9958) and y=0.0397x
+0.05(r = 0.9968), respectively, both with a linear range of 1.0 to 2000.0 ng/mL. The linear relationships were
satisfactory, with an LLOQ of 1.0 ng/mL for both compounds. The results for residual effects indicated that the residual
effects of the analytes and the internal standard were within acceptable limits. Notably, the residual effect for BBR was
relatively pronounced. However, this effect could be essentially disregarded after changing the needle wash solution to
a stronger solvent system (isopropanol: methanol: water = 1:1:1).

Precision and Accuracy
The results for precision and accuracy are shown in Table 3. The intra-day and inter-day precision (RSD) and accuracy
(RE) for TOFA, FIGA, and BBR were all less than 15.0%, meeting the requirements for methodological validation. This

Table 2 Transition Reactions of BBR, TOFA, FIGA and ISs (DZP, TYP)

Molecule | Transition Lonspray Declustering Collision Collision Cell Exit
Voltage (V) Potential (V) Energy (V) Potential (V)

BBR 336.2—-319.7 5500 40 40

TOFA 313.3—149.4 5500 100 40 13

FIGA 426.3—291.3 5500 130 37

Dzp 285.2—193.0 5500 80 44

TYP 356.1—192.2 5500 85 37
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Figure | The diagrams of daughter scan of BBR, TOFA, FIGA, DZP and TYP.

indicates that the established HPLC-MS/MS method possesses good precision and accuracy, ensuring the reliability of
the in vivo drug measurement results.

Recovery and Matrix Effect

The results for recovery and matrix effect are shown in Table 3. The extraction recovery rates for TOFA, FIGA, and BBR
were between 93.7-98.7%, 93.7-103.6%, and 96.2-99.2%, respectively. The recovery rates for the ISs DZP and TYP
were 93.8% and 97.4%, respectively. These results indicate that liquid-liquid extraction effectively separates the drugs
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Figure 2 Representative HPLC-MS/MS chromatograms for BBR, TOFA, FIGA, DZP and TYP in rats plasma samples: (A) a blank plasma sample; (B) a blank plasma sample
spiked with analytes and IS, and (C) plasma sample of a rat post-dosing.

from plasma, with high and stable recovery rates that meet the standards required for methodological validation. The
matrix effect results showed that the matrix effects for TOFA, FIGA, and BBR were 93.2-103.6%, 95.1-104.2%, and
97.7-101.1%, respectively, while the matrix effects for the ISs DZP and TYP were 97.5% and 96.9%, respectively. These
findings are in accordance with the standards for methodological validation, further indicating that the established HPLC-
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Table 3 Methodology Verification Results of Precision, Accuracy, Recovery and Matrix Effect

Drug | QC Concentration | Inter-Day Precision | Intra-Day Precision Accuracy Recovery Matrix Effect
(ng/mL) (RSD %) (RSD %) (RE %) (MeantSD %) (MeanxSD %)
BBR 1.0 8.9 3.2, 58, 4.1 32 95.3+4.6 101.1£4.7
20 72 5.7,40,79 -29 98.5+5.8 97.7+5.8
50.0 47 3.9,46,28 47 93.7+6.2 98.3+4.1
1600.0 2.0 34,27,30 39 103.6+4.1 99.3+2.1
TOFA 1.0 8.8 5.9,93,67 -5.8 98.7+5.2 103.6+3.3
20 35 38,4.1,47 2.1 93.7+2.0 95.5+4.7
50.0 6.2 28,47,55 34 96.4+5.8 97.0+3.4
1600.0 42 30,39 1.8 77 97.8+8.6 93.2+2.6
FIGA 1.0 5.1 38,6222 —4.0 99.2+4.3 95.1%1.5
20 6.4 5.6,39, 5.1 5.1 97.5+4.7 98.3+4.6
50.0 2.7 6.6,38,58 6.2 98.3+5.1 104.2+4.2
1600.0 33 26,39, 30 1.9 96.2%1.9 95.7+7.4
Dzp 100.0 9.6 5.7,88, 39 33 93.8+2.5 97.5+3.2
TYP 100.0 7.5 42,47,9.7 4.5 97.4+3.6 96.9+4.4

MS/MS method and drug extraction technique are appropriate. The endogenous substances in plasma did not produce

significant matrix effects, thus not affecting the accuracy of the analyte and internal standard measurements.

Stability

The results of the stability assessment are presented in Table 4. The simulated plasma samples of TOFA, FIGA, and BBR
were found to be stable under conditions of freeze-thaw cycles, room temperature storage, and autosampler storage, with

all relative errors (RE %) being less than 15.0%. These results meet the necessary requirements for stability.

Dilution Integrity

The relative errors (RE%) between the measured values and theoretical values of the diluted simulated plasma samples of
TOFA, FIGA, and BBR all met the required criteria, indicating that dilution does not affect the accuracy of this method.

Specific results are provided in Table 4.

Table 4 Stability of Analytes and ISs Under Various Storage Conditions (RE %, n=4)

Drug | QC Concentration Room -20 °C Freeze- Autosampler Dilution Integrity
(ng/mL) Temperature for 30 Thaw Stability
10-Fold | 20-Fold
Days Cycles
BBR 37 —49 =59 2.1 - -
50.0 -2.9 -2.7 1.5 32 - -
1600.0 2.6 36 5.3 -1.0 27 3.6
TOFA 5.8 42 —4.7 —24 - -
50.0 4.4 —4.6 -3.6 3.6 - -
1600.0 —4.3 2.1 —5.3 1.5 -34 2.5
FIGA 79 39 4.5 —4.7 - -
50.0 5.1 0.7 38 38 - -
1600.0 4.0 —5.2 6.6 29 42 6.7
Dzp 100.0 -34 28 39 —5.9 - -
TYP 100.0 2.8 3.0 —4.1 37 - -
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Pharmacokinetic Analysis

A systematic study on the pharmacokinetics and interactions of TOFA, FIGA, and BBR in rats was conducted using the
established HPLC-MS/MS method. The pharmacokinetic profiles are illustrated in Figures 3—5, while the results of the
pharmacokinetic parameters are presented in Table 5.

As shown in Figure 3, the concomitant use of TOFA and FIGA does not significantly affect the pharmacokinetic behavior
of BBR in rats, with no significant differences observed in the pharmacokinetic parameters. The reasons are analyzed as
follows: On one hand, BBR belongs to Class IV in the Biopharmaceutics Classification System, characterized by poor
solubility and permeability, and it is also a good substrate for P-gp, leading to its oral bioavailability being lower than 5%.%
Conventional methods to enhance absorption, such as the co-use of absorption enhancers, preparation of phospholipid
complexes, or the use of P-gp inhibitors, also cannot significantly increase its bioavailability.’® On the other hand, after
BBR enters the bloodstream, it is rapidly distributed to various tissues, often resulting in tissue drug concentrations that are
higher than plasma drug concentrations.>’ Furthermore, TOFA and FIGA do not have significant inducing or inhibiting effects
on the metabolic enzymes CYP450 and various transporters for BBR. Therefore, the co-use of TOFA and FIGA has a minimal
impact on the bioavailability of BBR, and the drug interaction between them is not significant.

As illustrated in Figure 4, the concurrent use of BBR significantly alters the pharmacokinetic behavior of TOFA
in vivo. Compared to the administration of TOFA alone, the combination with BBR resulted in a 1.76-fold decrease in
AUC .y and a 1.55-fold decrease in C,,ax, While the CL increased by 1.63-fold and the time to peak concentration
increased by 2.49-fold, all of which were statistically significant. This effect is likely related to the absorption pathway of
TOFA. Studies have shown that TOFA is primarily absorbed through the gastrointestinal OCT,** and BBR has
a significant inhibitory effect on OCT.*®*° This inhibition leads to impaired absorption of TOFA and changes in its

—+—BBR—e-BBR+FIGA-=-BBR+TOFA
20 40

60 80

pharmacokinetic parameters.
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Figure 3 Mean plasma concentration profiles of BBR in rats plasma after oral administration of BBR with and without coadministration of TOFA and FIGA (n = 6).
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Figure 4 Mean plasma concentration profiles of TOFA in rats plasma after oral administration of BBR with co-administration of TOFA (n = 6).
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Figure 5 Mean plasma concentration profiles of FIGA in rats plasma after oral administration of BBR with co-administration of FIGA (n = 6).

As shown in Figure 5, the concurrent use of berberine hydrochloride also significantly alters the pharmacokinetic
behavior of FIGA in vivo. Compared to the administration of FIGA alone, the combination with berberine hydrochloride
resulted in a 1.67-fold increase in AUC .y and a 2.26-fold increase in Cpy,y, While the CL decreased by 1.64-fold and the
Tmax decreased by 2.09-fold, all of which were statistically significant. The analysis for these effects is as follows: 1)

2,227 and partly metabolized in the liver by the

FIGA is primarily metabolized in the intestines by CES, especially CES
CYP3A4 enzyme. However, studies have shown that BBR and its metabolites are strong inhibitors of the CES2
enzyme.*® Given the low oral bioavailability and high intestinal concentration of BBR, and the fact that CES2 is mainly
distributed in the intestines, berberine hydrochloride can enhance the absorption of FIGA by inhibiting the CES2; 2)
Research indicates that although BBR is a substrate for CYP3A4, it exhibits a significant inhibitory effect on CYP3A4,
affecting the liver metabolism rate of other CYP3A4 substrates.”” Since a small portion of FIGA is metabolized by
CYP3A4,*! the inhibition of CYP3A4 by berberine hydrochloride leads to reduced metabolism of TOFA, thereby causing

an increase in plasma drug concentration.

Discussion

This study successfully established and validated an HPLC-MS/MS method to simultaneously determine the concentrations
of BBR, TOFA, and FIGA in rat plasma and investigate their drug interactions. The results provide valuable insights into
the pharmacokinetic behavior of these drugs when used in combination, which is crucial for the treatment of UC.

The established HPLC-MS/MS method demonstrated excellent performance in all validation parameters, meeting the
requirements of the Chinese Pharmacopeia. This method’s high sensitivity, specificity, and reproducibility enable
accurate quantification of BBR, TOFA, and FIGA in rat plasma, ensuring the reliability of the subsequent pharmacoki-
netic and drug interaction studies. The validation results, such as the linearity, precision, accuracy, recovery, matrix
effect, dilution integrity, and stability, are consistent with previous studies on similar analytical methods.>***** This

Table 5 Pharmacokinetic Parameters of BBR, TOFA and FIGA in Rats (Data are Means * SD, n =6)

PK Parameters | AUCo.(ng/Lh) | AUC.)(ng/Lh) | CL (L/h) Conax (ng/L) tarny (h) Tmax (h)
Mono-BBR 150.53+81.36 160.82+115.63 553.71+387.06 | 20.84+12.84 30.97+12.11 | 1.92+1.85
BBR+TOF 186.04+111.32 224.23+138.11 357.20+192.31 | 18.13+13.24 23.22+13.92 | 1.63£1.39
BBR+FLG 191.25+85.81 225.41+88.09 301.39£111.39 | 29.01+20.07 39.90+31.42 | 1.50+2.71
Mono-TOF 13400.67+£5788.94 | 13,400.69+5788.94 | 1.69+0.58 2981.77+1417.44 | 2.55+0.37 0.67+0.49
TOF+BBR 7593.13+1637.79% | 7594.25£1638.16* | 2.75+0.63* 1923.33+£640.99 3.98+2.41 1.67+0.52*
Mono-FLG 4606.61£1320.55 | 4617.64+1316.08 2.3410.74 927.00+458.99 5.32+1.67 0.58+0.20
FLG+BBR 7691.48+2316.84% | 7695.33+2322.34% | 1.43+0.57* 2091.33+1154.22% | 5.01£2.72 1.21£0.93

Notes: *p < 0.05.

Abbreviations: AUC, area under the plasma concentration—time curve; CL, apparent plasma clearance; C,,,,, maximum plasma concentration; t,,

elimination half-life; T .y, time to Cax-
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indicates that the developed method can be effectively applied to in-vivo drug analysis, providing a reliable tool for
studying the pharmacokinetics of these drugs in complex biological matrices.

In terms of pharmacokinetic interactions, our findings show that TOFA and FIGA have no significant effect on the
plasma concentration of BBR. BBR’s low oral bioavailability, poor solubility, and permeability, along with its role as
a P-gp substrate, contribute to its stable pharmacokinetic profile when co-administered with TOFA and FIGA.*® TOFA
and FIGA do not strongly influence the metabolic enzymes and transporters related to BBR, which further explains the
lack of significant interaction. This is in line with previous research on drugs with similar biopharmaceutics classification
characteristics, where drugs with poor absorption are less likely to be affected by co-administered drugs that do not
directly target their limited absorption pathways.

Conversely, BBR significantly affects the pharmacokinetic parameters of TOFA and FIGA. For TOFA, co-administration
with BBR led to a decrease in AUC .y and C,,,x and an increase in CL and Ty« This is likely due to BBR’s inhibitory effect on
OCT, which is the main absorption pathway for TOFA.** The inhibition of OCT reduces TOFA’s absorption, resulting in lower
plasma concentrations and altered pharmacokinetic behavior. Similar drug-transporter interactions have been reported in other
studies, where inhibitors of transporters can significantly impact the absorption and pharmacokinetics of substrate drugs.**

Regarding FIGA, co-administration with BBR increased AUC gy and C,,.x and decreased CL and T, This is mainly
attributed to BBR’s inhibition of CES2, the primary metabolic enzyme for FIGA in the intestines, and its inhibitory effect on
CYP3A4, which also metabolizes FIGA to a certain extent.** By inhibiting CES2, BBR reduces FIGA’s intestinal metabolism,
enhancing its absorption. The inhibition of CYP3A4 further decreases FIGA’s liver metabolism, leading to increased plasma
concentrations. These findings are consistent with the known inhibitory effects of BBR on drug-metabolizing enzymes and
highlight the importance of considering enzyme-substrate interactions when combining drugs.*’

From a clinical perspective, these results have significant implications for the treatment of UC. TOFA and FIGA are
JAK inhibitors commonly used to treat UC, and BBR shows potential in regulating the gut microbiota and immune
responses, which could potentially enhance the efficacy of TOFA and FIGA.'*'” However, the significant pharmacoki-
netic interactions between BBR and these JAK inhibitors must be carefully considered. Altered pharmacokinetic
parameters may lead to changes in drug efficacy and an increased risk of adverse reactions. For instance, in dosing,
when co-administering BBR with TOFA, clinicians may need to consider increasing the dose of TOFA to maintain its
therapeutic levels, given the decrease in its plasma concentration. On the other hand, when using BBR with FIGA, the
increased plasma concentration of FIGA due to BBR interaction may require dose reduction to mitigate the risk of side
effects. These dosing adjustments should be further explored in clinical trials. As an illustration, the decreased plasma
concentration of TOFA when co-administered with BBR may reduce its therapeutic effect, while the increased concen-
tration of FIGA may increase the risk of side effects.'”

When comparing our results with existing literature, the drug-drug interactions discovered in this study are consistent with
the general understanding of BBR’s interaction potential. BBR has been reported to interact with various drugs through its
effects on drug-metabolizing enzymes and transporters.”’” However, this is one of the few studies specifically investigating the
interactions between BBR, TOFA, and FIGA. Future research could further explore the long-term effects of these drug
combinations on UC treatment, including the impact on clinical outcomes, safety profiles, and the potential for dose
optimization. Future research should focus on conducting clinical studies in UC patients to confirm these pharmacokinetic
interactions. Such studies can explore the long - term effects of these drug combinations on UC treatment, including the impact
on clinical outcomes, safety profiles, and the potential for dose optimization. This will provide more accurate guidance for
clinical practice, ensuring the safe and effective use of these drugs in combination for UC patients. Additionally, studies in
human subjects are needed to confirm these findings and provide more accurate guidance for clinical practice.

In conclusion, this study not only established a reliable analytical method but also revealed important pharmacoki-
netic interactions between BBR, TOFA, and FIGA. These results contribute to a better understanding of the complex
relationships between these drugs and provide a basis for more rational drug use in the treatment of UC. Clinicians
should be aware of these interactions when prescribing BBR in combination with TOFA or FIGA to ensure the safety and
efficacy of treatment. It is essential that further clinical studies in UC patients are carried out to translate these pre-clinical
findings into practical clinical guidelines, thereby optimizing the therapeutic approach for UC patients using these drug
combinations.
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