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Background: Sorafenib and lenvatinib play a significant role as small molecule targeted drugs in the treatment of advanced
hepatocellular carcinoma. However, both drugs are most commonly associated with hypertension as a side effect, frequently needing
antihypertensive treatment. Telmisartan, an antagonist of angiotensin II receptor, can attenuate sorafenib- or donafenib-induced
hypertension. In clinical settings, sorafenib or donafenib is often prescribed alongside telmisartan, but the pharmacokinetic interactions
between donafenib and telmisartan, as well as sorafenib and telmisartan, are not well understood. Therefore, this study aimed to
evaluate these pharmacokinetic interactions in male Sprague-Dawley (SD) rats.

Methods: The animals were divided into seven groups (n = 6) and treated with sorafenib, donafenib, or telmisartan as monotherapy
(groups I-11I), multi-dose sorafenib or donafenib with single dose telmisartan (groups IV and V), or multi-dose telmisartan with single
dose sorafenib or donafenib (groups VI and VII). The levels of drugs in rat plasma were quantified using ultra-performance liquid
chromatography—tandem mass spectrometry (UPLC-MS/MS).

Results: Multiple doses of donafenib resulted in a 0.97-fold (P=0.010) increase in the area under the plasma concentration—time curve
(AUC) of telmisartan and a 57.3% (P=0.038) and 45.6% (P=0.032) decrease in the apparent clearance (CL ) and the apparent volume
of distribution (Vr) of telmisartan, respectively. Telmisartan resulted in a decrease in donafenib exposure; however, this effect was
not statistically significant. The pharmacokinetic characteristics of sorafenib were significantly altered when it was co-administered
with telmisartan. In particular, the AUC value and the maximum plasma concentration (C,,,) increased by 77.7% (P<0.001) and
60.9% (P<0.001), respectively, whereas V (50.4%, P=0.008) and CL,f (46.0%, P=0.006) were significantly decreased. However,
sorafenib did not affect the pharmacokinetic characteristics of telmisartan.

Conclusion: The results demonstrated potential interactions between telmisartan and sorafenib or donafenib, which may guide dosage
adjustment and prevent toxic effects in individual patients.
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Introduction

Cancer ranks as the second most common cause of death worldwide and significantly impacts human health." Tyrosine
kinase inhibitors (TKIs) have demonstrated considerable efficacy in treating various solid tumors, such as advanced renal
cell carcinoma and hepatocellular carcinoma.? Although TKIs are effective, certain adverse reactions of these drugs may
necessitate dose adjustments or discontinuation if not appropriately addressed.** Hypertension is a common cardiovas-
cular side effect of TKIs and has been related to unfavorable outcomes in cancer therapy.”® Prompt management of
hypertension during treatment with TKIs may allow patients to maintain the dosage of the drug and gain the maximum
benefit from it. Angiotensin receptor blockers (ARBs), which play a crucial role in inhibiting the renin—angiotensin—
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aldosterone system, are typically used as the main treatment for hypertension caused by VEGFR-TKIs.” However,
combination therapy may elicit drug-drug interactions between TKIs and ARBs.

The oral first-generation multitarget TKI, sorafenib, has been approved for the treatment of hepatocellular carcinoma
(HCC) and advanced renal cell carcinoma (RCC) by the US Food and Drug Administration (FDA). It targets a range of
receptor tyrosine kinases, including VEGFR.*? However, it is significantly associated with a higher incidence of
hypertension.'® Following oral intake in human, sorafenib achieves its maximum plasma concentration in about 3
hours, with more than 99% binding to plasma proteins. Sorafenib is primarily processed in the liver by cytochrome
P450 (CYP) 3A4 and UDP-glucuronosyltransferases (UGTs) like UGT1A9 and UGT1A1, with an elimination half-life of
25 to 48 hours. P-glycoprotein (P-gp), breast cancer resistance protein (BCRP), and multidrug resistance-associated
protein 2 (MRP2) appear to play key roles in the pharmacokinetics of sorafenib.!'™'* More importantly, sorafenib is
recognized as one of the most effective inhibitors of human UGTs known to date (ICso = 23.4 pM)."* Research indicates
that sorafenib can affect the pharmacokinetic properties of drugs metabolized by UGTs, which necessitates understanding
pharmacokinetic interactions between sorafenib and UGT substrates, or drugs primarily metabolized by UGTs.'>'®
Donafenib, a deuterated derivative of sorafenib, is an oral small-molecule multi-kinase inhibitor that was approved for

1."7 Deuteration can enhance the stability of a drug,

the treatment of hepatocellular carcinoma and thyroid cancer, in 202
resulting in an extended half-life, reduced systemic clearance, and increased systemic exposure.'® After oral adminis-
tration of a single dose (100 to 400 mg), donafenib reaches peak plasma levels within 2—3 hours. The half-life for plasma
elimination of donafenib is between 21 and 28 hours.'*° Research conducted in vitro shows that CYP3A4 and UGT1A9
are the primary enzymes responsible for the metabolism of donafenib, with CYP1BI1, CYP2CS8, CYP2C9, CYP2C19,
CYP2D6, and CYP3AS5 contributing to a smaller extent.”’ Due to its structural resemblance to sorafenib, donafenib
might influence the pharmacokinetic properties of drugs metabolized by UGTs.*> However, due to structural differences
between sorafenib and donafenib, drug interactions of sorafenib may not directly translate to donafenib, thus character-
ization of donafenib interactions are warranted.

Telmisartan, having a longer half-life than other ARBs, offers more potent and lasting antihypertensive effects,
making it a preferred option for treating hypertension. It can be administered alone or alongside other antihypertensive
drugs.?* ?° The bioavailability of telmisartan depends on the dose, as higher doses result in higher bioavailability, ranging
from 42% to 57%. Telmisartan binds to plasma proteins at a rate of 99.5%, and its half-life for elimination is about 24
hours.?® Instead of undergoing metabolism by the CYP450 system, a large proportion of telmisartan is eliminated from
the body as the parent drug, with only a small proportion (11%) being metabolized to acyl-glucuronides by UGT1A3 and
excreted into the feces.?>” Telmisartan does not affect P450 enzymes in vitro, except for causing a minor inhibition of
CYP2C19. Additionally, studies have indicated that telmisartan acts as both a substrate and an inhibitor of P-gp (ICso =
12.4 uM), BCRP (ICso = 6.7 uM), and MRP2 (ICs = 38.2 uM).2>%®

Because telmisartan, sorafenib, and donafenib share similar metabolic pathways and transporters for elimination, using
telmisartan with sorafenib or donafenib could increase interaction risks. To investigate potential drug-drug interactions, a
reliable and sensitive analytical method for quantifying plasma concentrations of the target compounds is essential. While
multiple techniques are available for drug plasma analysis, existing methods have several drawbacks: large sample volumes,
narrow dynamic ranges, and time-consuming procedures that limit clinical utility, and no established approach enables the
simultaneous determination of these three drugs.”* ' Therefore, the objectives of this study were to develop and validate a
robust ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) method for the simultaneous
measurement of telmisartan, sorafenib, and donafenib, and to investigate the drug-drug interactions between them.

Materials and Methods

Materials

Sorafenib (99.5% purity, Lot ZZS-20-638-G3) and donafenib (99.9% purity, ZZS-20-X261-A1) were sourced from
Shanghai Zhen Zhun Biotechnology Co., Ltd. (Shanghai, China). Telmisartan (purity > 98%, Y20A7C13363) was
purchased from Shanghai Yuan ye Bio-Technology Co., Ltd. (Shanghai, China). *Hs-telmisartan (purity 99.8%, Lot
1062-070A1) was acquired from TLC Pharmaceutical Standards (Aurora, Canada). Dimethyl sulfoxide (DMSO) was
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Figure | The mass spectra of sorafenib (A), doanfenib (B), telmisartan (C), and 2H;-telmisartan (D).

sourced from Beijing Solarbio Science Technology Co., Ltd. (Beijing, China). Formic acid, ammonium acetate, and
acetonitrile of HPLC grade were procured from Fisher Scientific (Pittsburgh, PA, USA). Ultrapure water supplied by
Wahaha Group Co., Ltd. (Hangzhou, China) was employed for the entire study.

Methods

Instruments and Analytical Conditions

A UPLC-MS/MS system, which includes an LC-30A ultra-performance liquid chromatograph (Shimadzu, Japan) and a
Sciex Triple Quad 5500 triple quadrupole mass spectrometer (Sciex, USA), was used to quantify sorafenib, donafenib,
telmisartan, and *Hj-telmisartan. ZORBAX SB-C,g column (2.1 mm x 100 mm, 3.5 pm) facilitated chromatographic
separation through gradient elution, with the temperature maintained at 40°C. The mobile phase includes phase A, which
is water with 0.1% formic acid and 5 mM ammonium acetate, and phase B, which is acetonitrile. Gradient elution was
conducted at a flow rate of 0.7 mL/min with the following program: 0-2.0 min, 60% B; 2.0-2.5 min, 60-90% B; 2.5-3.5
min, 90% B; 3.5-3.6 min, 90-60% B; 3.6—4.6 min, 60% B.

Positive-mode electrospray ionization was used to ionize the analytes, which were then detected using multiple
reaction monitoring (MRM). The monitoring transitions were m/z 465.2—252.1, 468.1—255.1, 515.2—276.1, and
518.3—279.2 for sorafenib, donafenib, telmisartan, and *Hs-telmisartan, respectively (Figure 1). The parameters for
the mass spectrometer were set as follows: 50.0 psi for ion source gas 1, 60.0 psi for ion source gas 2, 20.0 psi for curtain
gas, a source temperature of 500°C, and an ion spray voltage of 5500 V. Table 1 provides a summary of the optimized
mass spectrometer parameters.

Table | Experimental Setting for the Tandem Mass-Spectrometer for Analytes and Internal Standard

Experimental Setting Sorafenib Donafenib | Telmisartan | 2H3-Telmisartan
MRM transition 465.2—252.1 | 468.1—255.1 | 515.2—276.1 518.3—279.2
Declustering potential (DP), V 100 100 100 100
Collision energy(CE), V 45 45 45 45
Collision cell exit potential(CXP), V 14 14 14 14
Entrance potential(EP), V 10 10 10 10
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Preparation of Calibration Standards and Quality-Control Samples

Sorafenib, donafenib, telmisartan, and *Hs-telmisartan stock solutions, each at 2 mg/mL, were individually prepared in
DMSO. By diluting the stock solutions with a mixture of 50% acetonitrile and water, working solutions for calibration
were prepared. To prepare calibration standards, 5 pL of the working solution was added to 45 pL of blank rat plasma.
The resulting calibration curve concentrations for sorafenib were 5, 15, 50, 200, 800, 2000, and 5000 ng/mL;10, 30, 100,
400, 1600, 4000, and 10,000 ng/mL for donafenib; and 1, 5, 10, 50, 100, 200, and 800 ng/mL for telmisartan. Likewise,
the quality-control (QC) samples had final concentrations of 10, 500, and 3750 ng/mL for sorafenib; 20, 3000, and 7500
ng/mL for donafenib; and 2, 80, and 600 ng/mL for telmisartan. The internal standard (IS) working solution of each drug
(500 ng/mL of donafenib, 2000 ng/mL of sorafenib, and 500 ng/mL of *H;-telmisartan) was prepared by diluting its
stock solution with 50% acetonitrile—water. “H;-telmisartan was used as the IS for telmisartan, whereas sorafenib and
donafenib were used as each other’s ISs. Stock solutions, working solutions, calibration standards, and QC samples were
stored at —20°C until subsequent analysis.

Plasma Sample Preparation

Protein precipitation was used to prepare the plasma samples. A rat plasma sample (25 pL) was combined with 2.5 pL of
the IS working solution and 75 pL of acetonitrile. The mixture was vortexed for 1 minute and centrifuged at 12,000 rpm
for 10 minutes. Subsequently, 25 pL of the supernatant and 50 pL of 50% acetonitrile—water were transferred to a clean
centrifuge tube and vortexed. A total of 5 pL of this solution was injected into the UPLC-MS/MS system for analysis.

Method Validation

The UPLC-MS/MS method was comprehensively validated for selectivity, calibration, lower limit of quantification
(LLOQ), accuracy, precision, matrix effects, recovery, and stability according to the guidelines.’® Selectivity was
evaluated using blank plasma samples obtained from six rats or samples spiked with analytes at the LLOQ and IS
concentration and plasma samples from rats treated with sorafenib, donafenib, or telmisartan.

The calibration curves were analyzed for sorafenib concentrations ranging from 5 to 5000 ng/mL, donafenib from 10 to
10,000 ng/mL, and telmisartan from 1 to 800 ng/mL. By plotting the peak ratio of the target analyte area to the internal
standard area against the weighted plasma concentration (1/x?), graphs were constructed, and the relationship was modeled
using linear least-square regression. Intra- and inter-day precision and accuracy were evaluated by analyzing six replicates
of LLOQ and QC samples processed at low, medium, and high concentrations on 3 consecutive days. Matrix effects were
calculated by evaluating the normalized matrix factor of six replicates of low- and high-concentration QC samples. The
stability of rat plasma was assessed by analyzing six replicates of QC samples. The stability of analytes was evaluated at
both low and high QC levels under four storage and processing conditions (n=6): room temperature (25°C) for 8 h,
autosampler temperature (15°C) for 12 h, —80 °C for 14 days, and after three freeze—thaw cycles (—80°C to 25°C).

Animals
Adult male Sprague-Dawley rats, with weights of 230 + 30 g, were sourced from Beijing Huafukang Biotechnology Co.,
Ltd. (Beijing, China; license number SCXK [Jing] 2019-0008). The Animal Ethics Committee of Hebei General
Hospital (Shijiazhuang, China) reviewed and approved all animal-related experimental procedures (No. 202216). The
welfare of the laboratory animals followed the Guidelines for the Ethical Review of Laboratory Animal Welfare People’s
Republic of China National Standard GB/T 35892-20181.

The rats were housed under controlled conditions (23 + 2°C, 12-h dark/12-h light cycle, relative humidity of 50 +
10%) and were acclimatized for a week to minimize any influence. All rats had unrestricted access to food and water;
however, food was prohibited for 12 h before drug administration.

In Vivo Pharmacokinetic Experiments

The rats were randomly divided into seven groups (n = 6). Sorafenib, donafenib and telmisartan were suspended in 0.5%
sodium carboxymethyl cellulose (CMC-Na). Rats in groups I-III were administered 0.5% CMC-Na for seven consecu-
tive days, and on the seventh day, they received sorafenib, donafenib, and telmisartan at doses of 100 mg/kg, 40 mg/kg,
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and 8 mg/kg, respectively, via gavage. Rats in group IV were given 100 mg/kg of sorafenib, while those in group V
received 40 mg/kg of donafenib for seven consecutive days, followed by 8 mg/kg of telmisartan on the seventh day. Rats
in groups VI and VII, after receiving 8 mg/kg of telmisartan for 7 days, were subsequently administered 100 mg/kg of
sorafenib (group VI) or 40 mg/kg of donafenib (group VII) on the seventh day.

For drug detection, 0.1 mL of rat blood was collected into heparinized test tubes at the following time points: 0, 0.5,
1,2,3,4,5,6,7,8, 10, 12, 24, 48, and 72 h for sorafenib; 0, 0.5, 1, 2, 3,4, 5, 6, 7, 8, 10, 12, 24, 48, 72, 96, and 120 h for
donafenib; and 0, 0.17, 0.33, 0.5, 0.75, 1, 2, 3, 4, 6, 8, 10, 12, 24, 48, and 72 h for telmisartan. Blood samples were
centrifuged at 4500 rpm for 10 minutes, with the supernatant collected and stored at —80°C for subsequent UPLC-MS/
MS analysis.

Statistical Analysis

The sample size (n=6 per group) was determined using the resource equation method.’? For one-way analysis of
variance (ANOVA), the minimum sample size was calculated as n= 10/ (k + 1), where & represents the number of groups.
In this study, comparing pharmacokinetic parameters between two treatment groups (experimental and control) resulted
in a sample size per group of n=10/2 + 1 =6.

The non-compartmental model, utilizing DAS software (version 2.1.1, Mathematical Pharmacology Professional
Committee of China, Shanghai, China), was used to assess the pharmacokinetic parameters of the three drugs. The
parameters consisted of the area under the concentration—time curve (AUC), the maximum concentration in plasma
(Cmax), the time to reach this maximum concentration (T ), the half-life of the drug in plasma (t, ), clearance of drug
plasma volume per time unit (CL,/F), and apparent volume of distribution (V,/F). SPSS software (SPSS Inc., Chicago,
IL, USA) was used to statistically analyze the parameters. Datasets were compared using independent-sample t-tests
when they exhibited normality and homogeneity of variance; otherwise, Welch correction (Welch’s z-test) or the Mann—
Whitney U-test was employed. Normality was assessed using the Shapiro—Wilk test and visual inspection of Q-Q plots,
while homogeneity of variance was confirmed through Levene’s test. A P-value of <0.05 was considered statistically
significant. Pharmacokinetic parameters were expressed as the mean + standard deviation or median with interquartile
range (IQR), depending on normality assessments.

Results
Method Validation

Figure 2 depicts the chromatograms obtained from a blank rat plasma sample, blank plasma samples with analytes added
at the LLOQ and IS levels, and plasma samples from rats administered with sorafenib, donafenib, or telmisartan.
Interfering peaks were absent at the retention times of the drugs, that is, at 1.17 minutes for sorafenib, 1.16 minutes for
donafenib, 0.85 minutes for telmisartan, and 0.85 minutes for “Hs-telmisartan.

The equations for the calibration curves of sorafenib, donafenib, and telmisartan were Y = 0.013X + 0.0123 (r =
0.9980), Y =0.00113X + 0.00547 (r = 0.9980), and Y = 0.0149X + 0.0012 (r = 0.999), respectively. The precision (RSD)
and accuracy (RE) at all concentrations on the standard curves, including the LLOQ, were <15% of the standard
concentration. Table 2 presents the precision and accuracy of QC samples. For all analyte concentrations tested in rat
plasma, the intra- and inter-day precision values remained below 6.5%, with accuracy ranging from —8.7% to 7.8%,
indicating the reproducibility of the proposed method. Matrix effects, evaluated as IS-normalized matrix factor, ranged
from 1.01 to 1.06 for sorafenib, 1.01 to 1.02 for donafenib, and 1.03 to 1.09 for telmisartan, indicating negligible matrix
effects (Table 3). The extraction recovery ranged from 96.2% to 101.8% for sorafenib, 98.9% to 101.3% for donafenib
and 86.5% to 100.8% for telmisartan and the RSDs were <15%. In all four storage and handling scenarios, the RE values
of the drugs were below 7.0%, and the RSDs were under 10% (Table 4). This suggests that the drugs in rat plasma
samples remained stable.
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Table 2 Intra- and Inter-Day Precision and Accuracy of Sorafenib, Donafenib and Telmisartan in Rat Plasma

Analytes Concentration Intra-Day (n=6) Inter-Day (n=18)
(ng/ mL)
Mean * SD RSD (%) | RE (%) | Mean % SD RSD (%) | RE (%)
Sorafenib 5 5.13+0.28 5.5 24 5.17+0.30 5.9 34
10 9.9410.63 6.3 —0.6 10.23£0.52 5.1 2.1
500 529.83 +6.82 1.3 6.2 530.67 +13.89 2.6 6.1
3750 3728.33 +98.06 2.6 —0.6 3720.00£1112.72 | 3.0 —0.8
Donafenib 10 10.78 £0.46 43 7.8 11.25£0.55 4.9 7.3
20 21.15+0.99 47 5.9 20.88+0.93 45 4.5
3000 2736.67 +53.54 2.0 -8.7 2862.78 +128.01 45 —4.6
7500 7952.63+335.052 | 4.2 6.0 7652.99 +467.3 6.1 2.0
Telmisartan | 1.01£0.03 3.0 1.4 1.00£0.06 6.2 0.5
2 2.07+0.10 4.9 32 1.98£0.13 6.5 -1.5
80 82.78+2.41 29 34 81.92+3.6 44 2.5
600 621.33+13.47 22 35 607.22+31.86 5.2 1.4

Table 3 Matrix Effect and Extraction Recovery of Sorafenib, Donafenib and Telmisartan in Rat Plasma (n = 6)

Analytes Concentration IS-normalized Matrix Factor Extraction Recovery
(ng/ mL)
Mean * SD RSD (%) Mean £ SD (%) RSD (%)
Sorafenib 10 1.06+0.06 5.7 96.2+5.5 5.8
500 / / 101.7+4.6 4.5
3750 1.01+0.04 4.1 101.8+4.4 43
Donafenib 20 1.02+0.06 6.1 98.9+11.3 1.4
3000 / / 101.3£3.9 3.9
7500 1.01£0.02 2.1 100.7+4.3 43
Telmisartan 2 1.09£01.0 9.1 86.5+4.9 5.6
80 / / 100.8+5.1 5.1
600 1.03+0.08 7.34 98.0+7.1 7.3

Table 4 Stability of Sorafenib, Donafenib and Telmisartan in Rat Plasma (n = 6)

Analytes Conditions Concentration (ng/mL) | Mean  SD Precision (RSD%) | Accuracy (RE%)
Sorafenib Autosampler (15 °C) for 12 h 10 10.12+£0.40 4.0 1.27
3750 3575.00+£75.03 2.1 =57
Room temperature for 8 h 10 10.67+0.45 42 6.7
3750 3493.33£95.64 27 —6.8
—80 °C for 14 days 10 9.72+0.763 7.8 -2.8
3750 3820.00+61.21 1.6 1.9
Three freeze—thaw cycles (—80 °C to 25 °C) | 10 9.8010.67 6.9 -2.0
3750 3543.33£81.65 23 -5.6
(Continued)
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Table 4 (Continued).

Analytes Conditions Concentration (ng/mL) | Mean * SD Precision (RSD%) | Accuracy (RE%)
Donafenib Autosampler (15 °C) for 12 h 20 19.92+1.20 6.0 -0.7
7500 7526.5+577.87 7.7 0.42
Room temperature for 8 h 20 19.27+0.81 42 -3.8
7500 7825.42+425.51 | 54 43
—80 °C for 14 days 20 18.78+1.08 5.8 —6.1
7500 7389.00+438.93 | 5.9 -1.5
Three freeze—thaw cycles (—80 °C to 25 °C) | 20 19.28%1.11 5.8 -3.5
7500 7662.50+186.25 | 2.4 22
Telmisartan | Autosampler (15 °C) for 12 h 2 1.98+0.20 7.8 -0.8
600 614.83£24.10 39 25
Room temperature for 8 h 2 2.12+0.10 5.5 58
600 612.50+10.8 1.8 2.0
—80 °C for 14 days 2 1.99+0.20 9.2 -0.8
600 611.33£29.10 4.8 1.7
Three freeze—thaw cycles (—80 °C to 25 °C) | 2 1.91+0.10 7.6 —4.5
600 605.00+26.8 4.4 0.9

Pharmacokinetic Interactions

Influence of Sorafenib and Donafenib on the Pharmacokinetics of Telmisartan

Figure 3 shows the mean concentration—time curves of telmisartan administered alone and in combination with multiple
doses of sorafenib or donafenib. The main pharmacokinetic parameters of telmisartan are summarized in Table 5. The
data suggested that sorafenib does not significantly affect the pharmacokinetic parameters of telmisartan.

Multiple doses of donafenib led to a 0.97-fold (P=0.010) and 0.98-fold (P=0.010) increase in the AUC_ and AUC,_,
values of telmisartan, respectively. In addition, the CL,r and Vg of telmisartan significantly decreased by 57.3%
(P=0.038) and 45.6% (P=0.032) and T,,.x was prolonged by almost 6 h (P=0.017) when compared with that in the
telmisartan-alone group. However, no significant differences were observed in C,,,, or t;, between the telmisartan-alone
and multi-dose donafenib + telmisartan groups.

400 - telmisartan alone
—-— multiple-doses sorafenib+telmisartan
300 —— multiple-doses donafenib+telmisartan

200

h

F

60 72

Telmisartan plasma concentration (ng/mL)

Time(h)

Figure 3 Mean plasma concentration—time profiles of telmisartan after oral administration alone and following multiple doses of sorafenib or donafenib.
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Table 5 Pharmacokinetic Parameters of Telmisartan in Rats When Administered Alone and
Following Multiple Doses of Sorafenib or Donafenib

Parameters (Unit) Telmisartan (8 mg/kg)

Alone After Sorafenib After Donafenib
AUC,, (ug/L*h) 1938.45(1280.8,3027.8) | 2327.41(1289.7,3129.1) | 3814.01(3442.5,5253.4)*
AUC_..(ug/L*h) 1948.67(1281.4,3028.9) | 2329.21(1290.1,3141.7) | 3862.69(3454.8,5274.2)*
Crnax (1g/l) 136.50(105.5,231.3) 159.0(100.1,197.3) 185.50(162.5,467.8)
Trmax (h) 3.50(3.0,6.5) 3.500(3.0,6.5) 10.00(6.0,12.0)*
ti (h) 6.84(4.9,10.0) 6.636(5.5,8.6) 8.34(8.1,9.2)
CLz/F(L/h/kg) 4.68+2.36 4.51+2.64 2.000.61%*
Vz/F (L/kg) 46.12%19.11 38.72+9.84 25.10+8.02*

Notes: *P<0.05, **P<0.01, compared to telmisartan alone. Pharmacokinetic parameters are expressed as the mean * standard
deviation or median with interquartile range (IQR), depending on normality assessments.

Influence of Telmisartan on the Pharmacokinetics of Sorafenib

Figure 4 displays the average plasma concentration-time curves for sorafenib when given alone and after multiple doses
of telmisartan, and Table 6 lists the main pharmacokinetic parameters of sorafenib. The pharmacokinetic parameters of
sorafenib were significantly affected after its co-administration with telmisartan. In particular, the AUC,., AUC,_,, and
Cmax Of sorafenib increased by 77.7% (P<0.001), 75.8% (P<0.001), and 60.9% (P=0.049), respectively, whereas V
(50.4%, P=0.008) and CL, (46.0%, P=0.006) were significantly decreased. However, the T, and t;, of sorafenib did
not show significant differences between the sorafenib-alone and multi-dose telmisartan + sorafenib groups.

Influence of Telmisartan on the Pharmacokinetics of Donafenib

Figure 5 presents the mean plasma concentration-time curves of donafenib administered alone and after multiple doses of
telmisartan. The main pharmacokinetic parameters of donafenib are shown in Table 7. When telmisartan and donafenib
were co-administered, the CL,r of donafenib significantly increased by 87.5% (P=0.019), whereas t;,, decreased by
35.0% (P=0.020). The AUCq,, AUCq., and C . values of donafenib were lower in the multi-dose telmisartan +
donafenib group than in the donafenib-alone group; however, the difference was not statistically significant.

Discussion

An UPLC-MS/MS method was developed for the simultaneous quantification of sorafenib, donafenib, and telmisartan
concentrations. The mobile phase, gradient elution steps, and mass spectrometry conditions were optimized in this study
to allow for the simultaneous detection of three drugs in rat plasma. The addition of formic acid (0.1%) and 5 mM

1800 —— Sorafenib alone

—— multiple-doses telmisartan+Sorafenib

900
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0 12 24 36 48 60 72
Time(h)

Sorafenib plasma concentration (ng/mL)

Figure 4 Mean plasma concentration—time profiles of sorafenib after oral administration alone and following multiple doses of telmisartan.
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Table 6 Pharmacokinetic Parameters of Sorafenib in Rats After
Oral Administration Alone and Following Multiple Doses of

Telmisartan

Parameters (Unit) Sorafenib (100 mg/kg)

Alone After Telmisartan
AUC,_, (ug/L*h) 17749.40+5136.31 31,536.78+4272.27**
AUC,_..(ng/L*h) 18384.2845424.17 | 32,313.26+3910.87**
Cnax (1g/L) 956.50+£257.28 1539.00+£582.35*
Trnax (h) 5.50(4.0,6.0) 6.00(5.5,8.5)
ti2 (h) 13.75+3.97 12.10£3.45
CLz/F(L/h/kg) 5.80+1.50 3.13£0.35%*
Vz/F (L/kg) 112.07+36.76 55.54+19.3**

Notes: *P<0.05, **P<0.01, compared to sorafenib alone. Pharmacokinetic para-
meters are expressed as the mean * standard deviation or median with interquartile
range (IQR), depending on normality assessments.

ammonium acetate to the water can diminish the tailing effects of sorafenib and donafenib, leading to distinct symmetric
peaks, as well as decreased background noise. In gradient elution steps, establishing a higher initial proportion of mobile
phase B effectively eliminated the carryover of sorafenib and donafenib. The optimization of mass spectrometry
conditions resulted in an increased analyte response in positive ion mode. The [M + H]" ion was selected as the parent
ion for the analytes due to its superior response. The ion pairs obtained after the screening of sorafenib, donafenib, and
telmisartan, and “Hs-telmisartan were as follows: 465.2—252.1, 468.1—255.1, 515.2—276.1, and 518.3—279.2.
Optimization was also conducted for other mass conditions, namely declustering potential (DP), collision energy (CE),
and ion source temperature (TEM).

Isotope-labeled internal standards are most commonly used in tandem mass spectrometry to eliminate errors due to
matrix interference and differential ionization properties of the analytes. Donafenib, a deuterated derivative of sorafenib,
was used as the internal standard for sorafenib, and conversely, sorafenib was used as the internal standard for donafenib.
Additionally, “H;-telmisartan was employed as the internal standard for telmisartan in this study. No significant matrix
effects were observed at the retention times of the analytes. The protein precipitation method, known for its simplicity,
speed, cost-effectiveness, and environmental friendliness, is considered more suitable for pharmacokinetic research when
contrasted with liquid-liquid extraction and solid-phase extraction. Consequently, acetonitrile was utilized as the protein
precipitant in this study.

This study reveals potential pharmacokinetic interactions between telmisartan and sorafenib or donafenib, character-
ized by a marked increase in sorafenib and telmisartan exposure. The AUC value of telmisartan was 0.97-fold higher in

8000
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Figure 5 Mean plasma concentration—time profiles of donafenib after oral administration alone and following multiple doses of telmisartan.
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Table 7 Pharmacokinetic Parameters of Donafenib in Rats After
Oral Administration Alone and Following Multiple Doses of

Telmisartan

Parameters (Unit) Donafenib (40 mg/kg)
Alone After telmisartan

AUCO-t (ug/L*h) 306721.87+165,988.33 | 138,423.61+35,082.94
AUCO0-(ug/L*h) 319409.88+179,453.24 | 139,531.30+34,867.62
Cmax (pug/L) 7416.67+2009.15 5900.00+2480.91
Tmax (h) 8.6712.34 8.83+2.23
tl/2 (h) 23.17+6.05 15.06+2.62*
CLz/F(L/h/kg) 0.16£0.09 0.30+0.08*
Vz/F (L/kg) 5.21+2.83 6.49+1.55

Notes: *P<0.05, compared to donafenib alone. Pharmacokinetic parameters are
expressed as the mean * standard deviation or median with interquartile range
(IQR), depending on normality assessments.

the multi-dose donafenib + telmisartan group than in the telmisartan-alone group, whereas the AUC value of sorafenib
was 75.8% higher in the multi-dose telmisartan + sorafenib group than in the sorafenib-alone group. These results
accentuate the possibility of increased adverse drug reactions when these drugs are used concurrently, highlighting need
for further study in human to assess the translation of these interactions.

Multiple doses of sorafenib did not significantly impact the pharmacokinetic parameters of telmisartan. Research
conducted in vitro has demonstrated that P-gp, BCRP, OATP1B3, and MRP2 are crucial in regulating the pharmacoki-
netics of telmisartan; however, in vivo only MRP2 is a known factor for human PK. Although sorafenib and telmisartan
are substrates for MRP2, there is no direct evidence that either drug inhibits or induces intestinal MRP2, which may
explain a lack of interaction of sorafenib on telmisartan pharmacokinetics.®* Telmisartan is also a substrate for UGT1A3,
as a small proportion (11%) of telmisartan is metabolized to acyl-glucuronides by UGT1A3 for elimination from the
body.** Sorafenib has been identified as a potent inhibitor of human UGT1Al and UGTIA9; however, it has no
inhibitory effects on UGT1A3.'"* This phenomenon may be another explanation for the absence of the effects of
sorafenib on the pharmacokinetic characteristics of telmisartan.

Despite being a deuterated derivative of sorafenib, donafenib exerted different effects on the pharmacokinetic
characteristics of telmisartan when compared with sorafenib. The concurrent administration of donafenib and telmisartan
led to increased telmisartan exposure, characterized by a 0.97-fold increase in AUC and a 6-h prolongation in T,,,,. We
speculate that donafenib increases the absorption of telmisartan and/or inhibits its metabolism. The t;,, of telmisartan
showed no significant differences between the telmisartan-alone and multi-dose donafenib + telmisartan groups. This
finding suggests that inhibition of metabolism may not be the primary factor contributing to the increased telmisartan
exposure in rats. The increased exposure to telmisartan after donafenib administration may be attributed to the enhanced
absorption of telmisartan. Telmisartan, classified as a BCS class II drug, exhibits markedly low water solubility and high
permeability, with solubility potentially being a key factor in its reduced bioavailability. However, we speculate that
donafenib may not enhance the bioavailability of telmisartan by influencing its solubility in the small intestine. It is
unlikely to affect the bioavailability of telmisartan by influencing intestinal transporters. Moreover, its lower bioavail-
ability may be associated with first-pass elimination via glucuronidation.’*-*> Donafenib may further enhance telmisartan
bioavailability through inhibition of intestinal UGT1A3-mediated metabolism, thereby reducing first-pass elimination in
the small intestine. Owing to limited research on donafenib, the precise mechanism underlying its enhancement of
telmisartan bioavailability remains unclear. Therefore, future research could focus on the impact of donafenib on
metabolic enzymes and transporters to explore the mechanism of this interaction. Increasing the bioavailability of
telmisartan may not only enhance its antihypertensive efficacy but also result in adverse reactions. Therefore, monitoring
the adverse effects of telmisartan is essential when concurrently administering it with donafenib.
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In this study, we found that the AUC and C,,,, values of sorafenib markedly increased when it was administered after
7 days of treatment with telmisartan. However, the t|,, of sorafenib did not show significant differences between the
sorafenib-alone and multi-dose telmisartan + sorafenib groups. Unlike the co-administration of sorafenib and telmisartan,
the co-administration of donafenib and telmisartan decreased the exposure to donafenib. Specifically, the AUC . value of
donafenib decreased by 54.9%; however, this decrease was not statistically significant. Moreover, the t;,, of donafenib
was lower in the multi-dose telmisartan + donafenib group than in the donafenib-alone group (15.06 h versus 23.17 h).

The remarkable increase in sorafenib exposure after its co-administration with telmisartan may be attributed to the
effects of the P-gp, BCRP, and UGT pathways in the intestine. Telmisartan, which inhibits P-gp, caused higher serum
digoxin concentrations when administered with digoxin compared to digoxin alone.*®*’ Studies have indicated that
sorafenib is a substrate for P-gp and BCRP. Therefore, the increased sorafenib exposure in the presence of telmisartan
can most likely be attributed to the inhibition of intestinal transport processes, which may increase the intestinal
absorption of sorafenib. In addition, telmisartan may act as an inducer of UGTs, which can decrease the exposure to
mycophenolic acid by activating PPAR-y and enhancing UGT1A9 expression.*® Induction of UGTs leads to increased
conjugation by UGT1A9 to produce sorafenib—glucuronide (SG) in the liver, which is extensively secreted into the bile.
Upon secretion, SG enters the intestinal lumen and is cleaved by bacterial B-glucuronidases to sorafenib, which
subsequently undergoes intestinal absorption and re-enters systemic circulation.>® Although induction of UGTs accel-
erates sorafenib metabolism and reduces its systemic exposure, the reabsorption of the drug may also increases its
exposure in systemic circulation.*® However, the effects of UGTs on the increased systemic exposure to sorafenib remain
unknown.

Donafenib is metabolized in a way similar to sorafenib, but the amounts of each metabolite differ. Research on the
mass balance of oral sorafenib in humans revealed that 15% of the drug was eliminated as sorafenib-p-D-glucuronide
(SG), compared to less than 5% as oxidative metabolites. In contrast, donafenib metabolism is dominated by N-oxidation
(M2, 24.76% of total drug), with glucuronidation (M7) representing a minor pathway (4.82%).*! Furthermore, in vivo
pharmacokinetic studies have demonstrated that UGT-mediated metabolism contributes substantially less to the overall
clearance of donafenib compared to sorafenib.?' These distinct metabolic profiles suggest that UGT inhibitors/inducers
may differentially affect the pharmacokinetics of these two drugs. Since telmisartan is not a modulator of CYP, it may not
influence the metabolism of donafenib mediated by CYP. Although telmisartan may be an inducer of UGT, the relatively
minor contribution of UGT to donafenib clearance suggests that telmisartan would have negligible effects on the
exposure of donafenib by inducing UGT. To date, no studies have shown whether donafenib is a substrate for P-gp or
BCRP and whether telmisartan-induced transporter inhibition influences the systemic exposure to donafenib. However,
despite their structural similarities, sorafenib and donafenib exhibit distinct pharmacokinetic profiles, as evidenced by
differences in their metabolite proportion and distributions. These observed variations likely stem from subtle structural
modifications that differentially affect their binding affinities to metabolic enzymes and transporters. This mechanistic
distinction also provides a plausible explanation for the contrasting effects of telmisartan on the two drugs’
pharmacokinetics.

The mechanisms underlying the differential pharmacokinetic effects of telmisartan on sorafenib and donafenib remain
unclear. However, this study may provide valuable guidance for the co-administration of sorafenib or donafenib and
telmisartan in clinical settings. For instance, the co-administration of telmisartan with sorafenib may increase sorafenib
exposure, potentially leading to adverse effects. Therefore, monitoring the plasma concentration of sorafenib during
combination therapy is necessary for the prompt detection of any alterations in sorafenib metabolism. Although
telmisartan has minimal effects on donafenib exposure, these effects may become significant under certain conditions.
Therefore, when telmisartan is used in combination with donafenib, monitoring the therapeutic efficacy of donafenib is
necessary.

However, it is crucial to address these limitations of this study. First, no experimental animal models for cancer have
been established to evaluate DDI. It is our understanding that the effect of cancer on hepatic and renal function might
downregulate CYPs and UGTs, which may change drug pharmacokinetics, impair the clearance of drugs.**** In addition,

species differences exist, which means that DDIs may differ between rats and humans. In summary, the results provide
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essential information about the DDI potential of investigational drugs and can inform future clinical DDI studies, and by
the way, further clinical interaction studies are needed to conduct with these drugs to provide useful information.

Conclusion

This study established a validated UPLC-MS/MS approach for the simultaneous quantification of sorafenib, donafenib,
and telmisartan in rat plasma. It was successfully utilized to explore pharmacokinetic interactions involving telmisartan
and donafenib or sorafenib. The results showed that multiple doses of donafenib enhanced systemic exposure to
telmisartan in rats. In addition, telmisartan enhanced the bioavailability of sorafenib but decreased that of donafenib.
This increased exposure to telmisartan and sorafenib, as a result of DDI, may elevate the risk of adverse reactions with
telmisartan and sorafenib. Additionally, the decreased exposure of donafenib may possibly diminishing its therapeutic
benefits. The pharmacokinetic findings indicate that intense monitoring is necessary when these drugs are used together.
However, the exact mechanisms mediating the observed pharmacokinetic interactions between these drugs require
additional study and further verification should be confirmed through clinical trials.
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