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Background: Canagliflozin, a sodium glucose cotransporter 2 (SGLT2) inhibitor, is widely used for the
treatment of type 2 diabetes mellitus. However, drug interactions with canagliflozin can affect its glucose-
lowering therapeutic effects or exacerbate its adverse effects. Telmisartan, an angiotensin receptor blocker
(ARB), has been approved for the treatment of diabetic kidney disease. This study aimed to investigate the
effects of telmisartan on the pharmacokinetics and tissue distribution of canagliflozin.

Methods: An ultra-performance liquid chromatography-tandem mass spectrometry method was successfully
validated to determine the levels of canagliflozin in the plasma and tissues. The main pharmacokinetic
parameters were calculated using the non-compartmental model.

Results: Compared with animals administered canagliflozin alone, the area under the receiver operating
characteristic curve of animals co-administered telmisartan and canagliflozin was significantly increased after
a single-day administration, but significantly decreased after a seven-day treatment regimen (both P<0.05).
The highest concentrations of canagliflozin were detected in the kidneys, followed by the intestine, liver,
heart, lung, spleen, and brain tissues. Furthermore, the concentration of canagliflozin in the heart, liver, lung,
and kidney tissues at 2 hours post-administration was significantly higher in the telmisartan and canagliflozin
group compared to the group treated with canagliflozin alone (P<0.05).

Conclusions: A pharmacokinetic drug-drug interaction between telmisartan and canagliflozin might occur

during drug co-administration.
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Introduction

Diabetes is associated with a high risk of cardiovascular and
renal diseases (1,2). The increased incidence of diabetes in
the past decades has become the major cause of end-stage
kidney disease (3). Telmisartan, an angiotensin receptor
blocker (ARB), is one of the most frequently used drugs for
the treatment of hypertension. ARBs were first shown to
be effective 19 years ago, and they are the only approved
treatment for renoprotection in patients with type 2 diabetes
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(4,5). Telmisartan is a substrate of P-glycoprotein (P-gp/
ABCB1), breast cancer resistance protein (BCRP/ABCG2),
and multidrug resistance-associated protein 2 (MRP2/
ABCC2). Specifically, telmisartan is a potent inhibitor of P-gp
and a moderate inhibitor of MRP2 and BCRP (6,7).
Canagliflozin reduces blood glucose levels independently
of insulin secretion via inhibition of the sodium glucose
cotransporter 2 (SGLT2) receptors in the proximal renal
tubules, leading to decreased renal reabsorption of glucose.
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Furthermore, SGL'T?2 inhibitors are a novel class of drugs
that have been shown to be effective for the treatment of
renal diseases, as demonstrated in the Canagliflozin and
Renal Events in Diabetes with Established Nephropathy
Clinical Evaluation (CREDENCE) and the Dapagliflozin
and Prevention of Adverse outcomes in Chronic Kidney
Disease (DAPA-CKD) clinical trials (8,9), both clinical
trials required the participates to receive treatment with
angiotensin-converting enzyme inhibitors (ACEIs) or
ARBs, the combination of SGLT?2 inhibitors and ARBs
is a promising treatment therapy in renal disease, while
the potential interactions have not been investigated.
Considering that canagliflozin is a substrate of the three
efflux transporters (10), modulation of P-gp, BCRP, and
MRP2 activities by telmisartan may cause significant
changes in the pharmacokinetic profile of canagliflozin.
Compared to rats, mice have a higher amino acid homology
of transporter proteins to humans (11-13), however, the
pharmacokinetic experiment itself has many plasma volume,
then we chose rats in consideration of animal welfare
regulations for mice. For tissue distribution and subsequent
molecular mechanism, we still chose mice as the experiment
subjects.

Both SGLT?2 inhibitors and ARBs act on tubuloglomerular
feedback (T'GF), with the former altering afferent arteriole
vasoconstriction, while the latter changes efferent arteriole
vasodilation (14,15). However, it remains unknown whether
combined SGLT2 and ARB inhibition can normalize the
intraglomerular hypertension and hyperfiltration associated
with renal protection.

It is widely accepted that the concentration of a
drug in the tissues is fundamental in determining its
pharmacological effects and adverse effects. This study
aimed to investigate whether co-administration of
telmisartan alters the pharmacokinetics of canagliflozin.
The plasma and tissue distribution of canagliflozin were
assessed. The results provide clinical guidance regarding
adverse drug reactions during co-administration of
telmisartan and canagliflozin. We present the following
article in accordance with the ARRIVE reporting checklist
(available at http://dx.doi.org/10.21037/apm-21-65).

Methods
Chemicals and reagents

Canagliflozin (standard, purity >98%) was obtained from
Shanghai Zhen Zhun Biological Technology Co., Ltd.
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(Shanghai, China), while canagliflozin (raw material, purity
>99%) was purchased from Shanghai Macklin Biochemical
Co., Ltd. (Shanghai, China). Empagliflozin (standard, purity
>99%) was obtained from ApexBio (Houston, TX, USA) and
telmisartan (raw material, purity >99%) was purchased from
Aladdin Co., Ltd. (Shanghai, China). High performance
liquid chromatography (HPLC)-grade methyl tert-butyl
ether and formic acid were obtained from Fisher Scientific
Ltd. (Pittsburgh, PA, USA). Ultrapure water was obtained
from Wahaha Group Co., Ltd. (Hangzhou, China).

Apparatus and conditions

The ultra-performance liquid chromatography-tandem
mass spectrometry (UPLC-MS/MS) system consisted of
a Shimadzu Nexera LC-30A UPLC system (Shimadzu,
Kyoto, Japan) with a Waters BEH C18 column (2.1 mm x
100 mm, 1.7 pm; Waters Co., Ltd., Dublin, Ireland) and an
API 5500 triple-quadrupole mass spectrometer (Sciex Co.,
Ltd., Framingham, MA, USA).

The optimized method used binary gradient mobile
phases with water (containing 0.1% formic acid) as mobile
phase A, and acetonitrile as mobile phase B. The gradient
program was applied as follows: phase B was initially
balanced at 40%, then linearly increased from 40% to
75% for 4 minutes, and slightly increased from 75% to
85% in 0.8 minutes. The pre-column equilibrium time was
1 minute and the flow rate was 0.25 mL/min. The prepared
sample (3 pL) was injected into the UPLC-MS/MS
system. The auto-sampler and column temperature were
maintained at 4 and 40 °C, respectively.

The mass spectrometer was equipped with an
electrospray ionization (ESI) source. The multiple reaction
monitoring (MRM) analysis in the positive ion ESI mode
was conducted by monitoring the ion transitions from 72/z
462.2 to 191.0 for canagliflozin, and 72/z 451.4 to 71.0 for
empagliflozin (internal standard, IS), with the declustering
potential set at 66.5 and 66 V, and collision energy at 35.1
and 20 eV, for canagliflozin and IS, respectively.

Animals

Male Sprague-Dawley rats (220+20 g) and male Kunming
mice (262 g) were purchased from the Experimental
Animal Center of Hebei Medical University (Shijiazhuang,
China). Animal were housed in an environmentally
controlled room (temperature: 25«2 °C, humidity:
55%+5%, 12-hour dark-light cycle), and given free access
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to water and food. The animals were fasted for 8 hours
prior to the experiments, with free access to drinking water
during the experiments. This study was approved by the
Hebei General Hospital Ethics Committee (N0.202103).
All processes were performed according to the Guidelines
for the Care and Use of Laboratory Animals of the Japanese
Pharmacological Society.

Drug administration and sample collection

In the pharmacokinetic studies, Sprague-Dawley rats
were randomly divided into four groups (each group
consisting of six replicates). Group A and B animals were
administered canagliflozin with and without telmisartan for
a single day, respectively. Animals in group C and D were
administered canagliflozin with and without telmisartan
for seven consecutive days, respectively. Compounds for
oral gavage were mixed in 0.5% sodium carboxymethyl
cellulose (CMC-Na) solution. The administered doses were
10 mg/kg for canagliflozin and 8 mg/kg for telmisartan.
Blood samples (0.2 mL) were collected via the orbital vein
in heparin-containing capillary tubes at 0, 1, 1.5, 2, 3, 4, 5,
6, 8, 10, 12, 24, and 48 hours after drug administration and
centrifuged at 3,500 rpm for 10 minutes. The supernatant
was transferred into a new tube and stored at -80 °C.

For the tissue distribution studies, the Kunming mice were
randomly separated into three groups. These groups were
given oral administration of 0.5% CMC-Na, canagliflozin
(15 mg/kg), or canagliflozin (15 mg/kg) plus telmisartan
(12 mg/kg) for seven consecutive days. The heart, liver,
spleen, lung, kidney, intestine, and brain tissues were
collected at 0, 2, 4, 6, 8, 10, and 24 hours (three replicates at
each time point). All tissues were washed with saline, dried
using filter paper, and stored at -80 °C.

Preparation of standards and quality control samples

Stock solutions of canagliflozin and IS were prepared in
methanol at 1 mg/mL. The canagliflozin and IS working
solutions were prepared by diluting the stock solutions with
methanol. Calibration standard samples were prepared
by spiking a working solution of canagliflozin and IS with
the plasma/tissue homogenates, followed by an extraction
process to yield calibration standards of 50, 200, 1,000,
5,000, 10,000, 15,000, 20,000, and 30,000 ng/mL. The low
(LQC), medium (MQC), and high (HQC) quality control
samples (10, 800, and 2,400 ng/mL, respectively) and lower
limit of quantification (LLOQ), 5 ng/mL) were considered
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as the standards.

Sample preparation

A liquid-liquid extraction (LLE) procedure was performed
to extract canagliflozin from plasma and tissue homogenates.
Plasma samples (50 pL.) were combined with 5 pL of IS and
200 pL of methyl tert-butyl ether, vortexed for 1 minute and
centrifuged for 10 minutes at 12,000 rpm. The supernatant
was transferred to a new centrifuge tube, and evaporated till
dry under a stream of nitrogen. The residue was reconstituted
in the initial mobile phase, centrifuged for 2 minutes at
12,000 rpm, and 50 pL of the solution was transferred into
sample vials.

Tissue samples weighing 100 mg (except for the spleen,
which in total weighed less than 100 mg) were homogenized
with saline (1:2 w/v for the spleen, and 1:1 w/v for all other
tissues) for 1 minute. The supernatant was transferred to a
new centrifuge tube and processed as described above for
the plasma samples.

Method validation

The analytical method for evaluating canagliflozin in the
plasma and tissue homogenate samples using UPLC-
MS/MS was validated for selectivity, sensitivity, linearity,
accuracy, precision, extraction recovery, matrix effect, and
stability based on the Bioanalytical Method Validation
guidelines published by the United States Food and Drug
Administration (USFDA) (16,17). The method was fully
validated for plasma and liver homogenates (representative
of tissue homogenates), but was only validated for
selectivity, linearity, accuracy, and precision for all other
tissue homogenates.

Selectivity was evaluated by comparing the chromatograms
of six different batches of blank samples with the
corresponding spiked biological samples. The signal-to-
noise (S/N) ratios of the LLOQ should be no less than 10:1.
Biological samples were quantified using the peak area ratios
of canagliflozin to IS. A standard curve in the form of y= ax+
b was used, where x represents canagliflozin concentration
in the sample and y represents the ratio of canagliflozin
peak area to that of IS. A linear least square regression
analysis was performed to determine the slopes, intercepts,
and coefficients (r’), and demonstrate the linearity of this
method. The calibration curves were analyzed on three
consecutive days.

The intra-day accuracy and precision were confirmed by
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six replicates of four concentrations of the quality control
(QC) samples, while the inter-day accuracy and precision
were validated by six replicates of four levels of QC samples
on three consecutive days. The accuracy was expressed by
[(mean observed concentration)/(spiked concentration)] x
100%. The precision was calculated by relative standard
deviation (RSD). Variation was acceptable up to £15%, and
the LLOQ up to £20%.

Quantitative assessment of the matrix effect was performed
by post extraction spiking. The peak area (A) of the
standard analyte in spiked blank plasma/liver homogenates
was compared with the corresponding peak area (B)
obtained by adding the standard analyte in the initial mobile
phase at concentrations of 10, 800, and 2,400 ng/mL for
canagliflozin in six replicates. The peak area ratio of A/B
was shown as a quantitative measure of the matrix effect.
Extraction recoveries were calculated by comparing the
mean peak area of spiked plasma/liver homogenates to those
of analytes in the matrix by spiking extracted analyte-free
plasma/liver homogenates prior to chromatography in six
replicates of three levels of QC samples. The matrix effect
and extraction recovery of the IS were calculated using a
single concentration (200 ng/mL) and the same procedure
as that for canagliflozin.

The stability of plasma/liver homogenates under
different storage conditions was evaluated at the levels of
LQC, MQC, and HQC samples (n=6). Short-term stability
was determined in an autosampler at 4 °C for 24 hours
and at room temperature (25 °C) for 24 hours. Long-term
stability was determined in the samples after storage at
-80 °C for 30 days. The QC samples at -80 °C were kept at
room temperature, and repeatedly thawed in three cycles to
determine the freeze-thaw stability of the analytes.

Data analysis

The acquisition software used were Analyst TF 1.7.1
software and Analyst software (AB Sciex, Redwood city,
CA, USA). The pharmacokinetic and tissue homogenate
parameters were processed by non-compartmental analysis
using DAS 2.1.1 software (Mathematical Pharmacology
Professional Committee of China, Shanghai, China). Data
were presented as mean * standard deviation (SD), no data
was excluded in pharmacokinetic and tissue distribution
studies. Statistical differences were analyzed by Student’s
t-test and nonparametric rank-sum test with a P value <0.05
indicating a statistically significant difference (SPSS 25.0
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software, SPSS Inc., Chicago, IL, USA).

Results
Method validation

The selectivity was determined by comparing the typical
MRM chromatograms of blank plasma/liver homogenates,
blank plasma/liver homogenates spiked with canagliflozin
and IS, and plasma/liver homogenates after the oral
administration of canagliflozin (Figure I). Empagliflozin was
used as the IS. Empagliflozin and canagliflozin were detected
at 2.14 and 3.52 minutes, respectively. No endogenous
interference was observed in the plasma/liver homogenates.
Regression equations and correlation of coefficients for
canagliflozin in plasma and tissue homogenates are shown in
Table 1. The calibration curves of the correlation coefficients
(r’) values were more than 0.99, the linear range was 5—
3,000 ng/mL, and the LLOQ for canagliflozin was 5 ng/mL.

The intra-day and inter-day accuracy and precision
values in plasma and liver homogenates are shown in
Table 2. These results demonstrated that this method was
an accurate and reproducible technique for detecting
canagliflozin in plasma and liver homogenates.

The results for the matrix effect and extraction recovery
values in plasma and liver homogenates are shown in
Tuble 3. The matrix effect varied from 90.18% to 98.64%,
indicating that there were no endogenous substances or
any interference with canagliflozin determination in plasma
and liver homogenates. The extraction recovery in different
matrices ranged from 91.73% to 107.61%.

The results of the stability studies in plasma and liver
homogenates under different conditions are summarized in
Table 4. The RSD values were less than 15% for all analytes.
These results indicated that canagliflozin was stable in
plasma and liver homogenates that were stored at -80 °C for
30 days and further subjected to three freeze-thaw cycles
(each at -80 °C for 24 hours). In addition, the processed
plasma and liver homogenate samples were stable in the
autosampler at 4 °C for 24 hours, and at room temperature
for 24 hours.

Pharmacokinetic studies

The validated method was successfully applied to
examine the concentration of canagliflozin in rat plasma
after administration by oral gavage. The mean plasma
concentration-time curves of canagliflozin after single-
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Figure 1 Chromatograms of internal standard (IS) and canagliflozin in plasma and liver homogenates. (A) Blank plasma, (B) blank plasma

spiked with IS and canagliflozin, (C) rat plasma at 1 hour after oral administration canagliflozin spiked with IS, (D) blank liver homogenates,

(E) blank liver homogenates spiked with IS and canagliflozin, (F) mice liver homogenates at 2 hours after oral administration of canagliflozin

spiked with IS.

and seven-day administration are shown in Figure 2. The
primary pharmacokinetic parameters were determined
with the DAS 2.1.1 software using the non-compartmental
model and the results are listed in Table 5.

Compared with animals treated with canagliflozin alone,
animals co-administered telmisartan and canagliflozin had
slightly higher concentrations of canagliflozin in the plasma
after a single-day administration, however, this was not
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statistically significant. The area under the curve of 0 to
48 hours (AUC,_4) and the area under the curve of 0 to
infinity (AUC,_,) of canagliflozin in the combined treatment
group were significantly increased by 57.7% and 56.6%,
respectively, while the apparent volume of distribution divided
by the absorption fraction (V,/F) and the clearance divided
by the absorption fraction (CL,/F) significantly decreased
by 41.7% and 31.1%, respectively. The half time (t,,,)
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Table 1 The calibration curves, coefficient, range, and LLOQ of canagliflozin in different matrices

Matrix Calibration curve Coefficient Range (ng/mL) LLOQ (ng/mL)
Plasma (rats) y=0.00814x+0.0157 0.9945 5-3,000 5
Heart y=0.00518x+0.0044 0.9945 5-3,000 5
Liver y=0.00587x+0.0165 0.9990 5-3,000 5
Spleen y=0.00638x+0.0383 0.9978 5-3,000 5
Lung y=0.00603x+0.0163 0.9962 5-3,000 5
Kidney y=0.00637x+0.0752 0.9974 5-3,000 5
Intestine y=0.00739x+0.0171 0.9988 5-3,000 5
Brain y=0.00745x+0.0202 0.9946 5-3,000 5

LLOQ, lower limit of quantification.

Table 2 The accuracy and precision values for the analysis of canagliflozin in plasma and liver homogenates

Matrix Analyte Intra-day Inter-day
(ng/mL) Mean = SD (ng/mL) RSD (%) Mean = SD (ng/mL) RSD (%)
Plasma 5 5.1+0.29 5.7 4.8+0.40 8.4
10 10.1+0.52 5.1 10.5+1.1 10.2
800 845.3+47.6 5.6 772.8+51.2 6.6
2,400 2,175.0+134.1 6.2 2,080.0+17.3 8.3
Liver 5 5.1+0.39 7.6 5.3+0.42 7.7
homogenates 10 9.2+0.37 41 9.120.41 45
800 806.7+27.4 3.4 779.2+42.4 5.4
2,400 2,422 5+41 1 1.7 2,388.0+85.0 3.6

SD, standard deviation; RSD, relative standard deviation.

Table 3 The matrix effects and extraction recoveries of canagliflozin and the IS in plasma and liver homogenates

] Analyte Matrix effects Extraction recoveries
Matrix
(ng/mL) Mean + SD (%) RSD (%) Mean + SD (%) RSD (%)

Plasma IS 90.2+2.5 2.8 107.6+4.1 3.8

10 96.2+6.1 6.3 96.7+8.8 9.1

800 95.4+3.1 3.2 93.624.1 4.4

2,400 97.7+3.1 32 94.5+6.6 7.0

Liver IS 93.6+1.8 1.9 105.8+3.8 3.6

homogenates 10 93.0+3.9 4.1 95.6:4.0 4.2

800 90.3+3.3 3.6 95.1+7.8 8.2

2,400 98.6+8.3 8.4 91.7+8.8 9.6

IS, internal standard; SD, standard deviation; RSD, relative standard deviation.

© Annals of Palliative Medicine. All rights reserved. Ann Palliat Med 2021;10(3):3086-3096 | http://dx.doi.org/10.21037/apm-21-65



3092 Wang et al. The effects of telmisartan on canagliflozin pharmacokinetics

Table 4 The stability of canagliflozin in plasma and liver homogenates

Matrix Storage conditions Analyte (ng/mL) Mean + SD RSD (%)
Plasma 10 9.9+0.36 3.6
Autosampler temperature (4 °C) for 24 h 800 789.3+24.0 3.1
2,400 2,234.0+68.8 3.1
10 9.5+0.4 4.1
Room temperature (25 °C) for 24 h 800 763.0+30.1 4.0
2,400 2,137.5+63.0 3.0
10 9.8+0.46 4.8
—80 °C temperature for 30 days 800 749.5+46.0 6.2
2,400 2,252.5+91.8 4.1
10 9.6+0.30 3.2
Three freeze thaw cycles (each at —80 °C for 24 h) 800 819.4+24.9 3.1
2,400 2,176.7+90.7 4.2
Liver 10 9.8+0.17 1.7
homogenates Autosampler temperature (4 °C) for 24 h 800 782.2+18.5 2.4
2,400 2,255.0+58.1 2.6
10 9.6+0.36 3.7
Room temperature (25 °C) for 24 h 800 777.8+25.0 3.2
2,400 2,153.3+66.6 3.1
10 9.9+0.38 3.8
—80 °C temperature for 30 days 800 771.5+39.9 5.2
2,400 2,286.7+75.1 3.3
10 9.7+0.25 2.6
Three freeze thaw cycles (each at —80 °C for 24 h) 800 804.3+19.6 2.4
2,400 2,212.5+92.5 4.2

SD, standard deviation; RSD, relative standard deviation.

A Single-day B Seven-day
~ 1500 ~ 1500 -
% g’ —— canagliflozin
< 1000 < 1000 —=— canagliflozin + telmisartan
15 s
8 8
S 500 S 500
[0} [0}
o o
c c
<} <}
© o © 0
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (h) Time (h)

Figure 2 The mean plasma concentration-time curves for canagliflozin with or without telmisartan. (A) After single-day administration; (B)

after seven-day administration. Data are expressed as mean = standard deviation, n=6.
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Table 5 The effects of telmisartan on the pharmacokinetic parameters of canagliflozin in rat plasma
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Parameters (unit)

Single-day administration

Seven-day administration

Canagliflozin

Canagliflozin + telmisartan

Canagliflozin

Canagliflozin + telmisartan

AUC, (ng/Lxh)

10,579.5+£2,834.9

16,685.2+6,215.0*

14,979.1+3,401.7

9,289.5+3,762.7*

AUG,_.. (ng/Lxh) 10,814.6+2,925.3 16,937.8+6,357.1* 15,322.3+3,567.3 9,786.0+3,561.3
MRT (h) 12.4+1.0 11.9+2.9 13.2+1.8 13.1+4.8

t,s, () 8.4+1.1 7.2+1.8" 8.4+0.81 8.5+3.1

Toa (H) 3.3+1.6 2.9+1.5 6.1+3.3 3.00.63*
V,/F (Ukg) 11,755.7+2,933.9 6,856.5+2,677.0 8,278.3+1,964.2 13,655.3+5,940.3
CL/F (L/h/kg) 979.2+244.7 674.6+271.5* 684.4+163.1 1113.9+318.1*
Conax (NG/L) 749.8+190.0 1,109.3+377.7 993.1+235.5 679.2+410.4

Data are shown in mean + standard deviation, n=6, *P<0.05 compared with the corresponding canagliflozin group. AUC,,, area under the
curve of 0 to t; AUC,_.., area under the curve of 0 to infinity; MRT, mean residence time of 0 to infinity; t;,.,, half time; Tmax, peak time; Vz/F,
apparent volume of distribution divided by absorption fraction; CLz/F, clearance divided by absorption fraction; Cmax, peak concentration.

significantly reduced by 14.3%. In contrast, after a seven-day
drug administration, the plasma concentrations of canagliflozin
were slightly, but not significantly, decreased in the combined
treatment group. The AUC, s and AUC,_, of canagliflozin
significantly decreased by 38% and 36.1%, respectively, while
the CL/F significantly increased by 62.9%.

Tissue distribution study

The validated method was also successfully applied to
examine the concentration of canagliflozin in mice tissues
after oral gavage administration. The tissue distribution
of canagliflozin was detected at 0, 2, 4, 6, 8, 10, and
24 hours after a seven-day administration in the presence or
absence of telmisartan. Canagliflozin was widely distributed
in all collected tissues, as shown in Figure 3. After a
seven-day administration, the highest concentrations of
canagliflozin were detected in the kidneys, followed by
the intestine, liver, lung, heart, spleen, and brain, for both
groups. In the canagliflozin group, the concentration of
canagliflozin showed an obvious double-peak phenomenon,
at approximately 4 and 8 hours. However, in the combined
treatment group, the concentration of canagliflozin showed
a peak at 2 hours. Furthermore, the concentrations of
canagliflozin in the heart, liver, lung, and kidney tissues at
2 hours were significantly higher in the combined treatment
group compared to the group treated with canagliflozin
alone. Moreover, the concentration of canagliflozin in all
collected tissues at 10 and 24 hours were slightly higher
in the combined treatment group compared to the group
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treated with canagliflozin alone.

Discussion

The UPLC-MS/MS method was successfully applied to
study the influence of telmisartan on the pharmacokinetics
and tissue distribution of canagliflozin. This LLE approach
was used to process the biological samples due to its higher
extraction recovery compared to that of previous LLE
approaches and protein precipitation methods (18-20).
Different LLE solvents, including ethyl acetate, dichloromethane,
and methyl tert-butyl ether, were explored. Finally, methyl
tert-butyl ether was chosen as the solvent as it provided
higher extraction recovery and was only required in low
volumes (20-22).

In the pharmacokinetics studies, compared with the group
treated with canagliflozin alone, the AUC, 4 and AUC,_, of
canagliflozin in the combined treatment group significantly
increased by 57.7%, and 56.6%, respectively, while, the
ti,, V./E and CL/F significantly decreased, after single-
day administration. However, the plasma concentrations of
canagliflozin were slightly, but not significantly, decreased
in the combined treatment group after the seven-day
administration, thereby implying a higher concentration of
canagliflozin in tissues with rich blood supply compared to
plasma. The AUC, 4 and AUC,_, significantly decreased
by 38% and 36.1%, respectively, while CL/F significantly
increased by 62.9% after the seven-day administration.
Telmisartan has low water-solubility and is mainly absorbed
through the intestines (23). The decreased plasma
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Figure 3 The mean concentrations of canagliflozin in different matrices at different time points after seven-day administration of

canagliflozin with or without telmisartan. (A) Heart, (B) liver, (C) spleen, (D) lung, (E) kidneys, (F) intestine, (G) brain. *P<0.05, compared

with the corresponding canagliflozin group, data are expressed as mean + standard deviation, n=3.

concentrations of canagliflozin may result from a direct
inhibition of canagliflozin absorption from the gastrointestinal
tract mediated by the long-term use of telmisartan.

For the tissue distribution studies, in accordance with the
USFDA guidelines, at least three time points were examined
to determine the drug distribution in the absorption phase,
equilibrium phase, and elimination phase. Similar to the previous
rat plasma concentration-time curves in the pharmacokinetic
studies, mice were sacrificed at 0, 2, 4, 6, 8, 10, and 24 hours
after the seven-day administration of canagliflozin.

After administration of canagliflozin for seven days, the
highest concentrations of the drug were detected in the
kidneys, followed by the intestine, liver, lung, heart, spleen,
and brain tissues, which was consistent with a previous tissue
distribution study in mice after intragastric administration
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of canagliflozin (24,25). The concentration of canagliflozin
in the kidneys and liver tissues were higher than that in
other collected tissues at the corresponding time points.
This suggested that metabolism and excretion were mainly
facilitated by the liver and kidneys. High concentrations of
canagliflozin were observed in the intestinal tissues, however,
its metabolites were not detected, suggesting little metabolism
of canagliflozin in the gastrointestinal tract (26). Additionally,
canagliflozin was poorly absorbed in the brain, suggesting
that it cannot effectively cross the blood-brain barrier.
Furthermore, except for the kidneys, canagliflozin was cleared
from all the tissues at 24 hours, and no accumulation was
observed in the collected tissues. These results implied that the
kidneys were the target organ for canagliflozin.

The concentrations of canagliflozin in the heart, liver,
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lung, and kidney tissues at 2 hours in the combined treatment
group were significantly higher than that in the group treated
with canagliflozin alone. The concentrations of canagliflozin
in all the collected tissues at the elimination phase in the
combined treatment group were slightly higher compared to
animals treated with canagliflozin alone, and no significant
adverse effect was observed. While ABC transporters have
been shown to play an important role in the pharmacokinetics
of drugs in vitro, its impact in vivo is yet to be explored. There
is clear evidence that iz vivo telmisartan is a substrate and
potent inhibitor of P-gp/ABCBI, and a moderate inhibitor
of MRP2/ABCC2 and BCRP/ABCGQG?2. Similarly, in vitro
data indicated that canagliflozin is also a substrate of all three
efflux transporters. It is possible that telmisartan, being a
drug of long-term use, may alter the expression of these
efflux transports, and thereby influence the pharmacokinetics
of canagliflozin in vive. However, the detailed mechanisms
are yet to be fully elucidated.

There are no related reports of canagliflozin and telmisartan
binding as new compounds iz vive. Glucuronic acid binding
is the mainly metabolic form of telmisartan (27); M5 and M7
were the O-glucuronide metabolite of canagliflozin, which
were two main inactive metabolites (21,28).

In this report, a UPLC-MS/MS method was successfully
validated for determining the concentrations of canagliflozin
in plasma and tissue homogenates. Telmisartan increased
the AUC of canagliflozin in rat plasma after a single-day
administration, but decreased the AUC of canagliflozin
in rat plasma after a seven-day administration regimen.
Canagliflozin was widely distributed in all tissues collected,
while telmisartan significantly increased the concentration
of canagliflozin in the heart, liver, lung, and kidney tissues
at 2 hours after the seven-day administration. These results
suggested that a pharmacokinetic drug-drug interaction
between telmisartan and canagliflozin might occur when
they are co-administered in rats and mice, animals and
humans do have species differences, the result we get need
to be validated in humans.
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