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SUMMARY

Objective: To achieve glycemic control, a combination of drugs is eventually necessary, especially the dual therapy of SGLT2 inhib-
itors with metformin. Despite the value of combination therapy, understanding the pharmacokinetic properties is critical. There-
fore, this study aimed to conduct the combined and isolated administration of hypoglycemic drugs to understand their pharmaco-
kinetic properties.

Methodology: The study was performed by gavage in twenty-five rats that were divided into five groups: metformin alone (60 mg/
kg), canagliflozin alone 20 mg/kg, canagliflozin and metformin (20 mg/kg and 60 mg/kg, respectively), dapagliflozin alone 2 mg/kg,
and dapagliflozin and metformin (2 mg/kg and 60 mg/kg, respectively). Blood samples were collected between 0.25 and 36 hours
postdose and quantified by an HPLC-MS/MS method.

Results: The metformin pharmacokinetics showed values lower than those from literature, but the most relevant result was a
significant change in C__ (3400 ng/mL), AUC (872.4 ng.min/L) and CL/F (72 mL/min/kg) in the metformin with dapagliflozin group
compared to metformin alone C__ (523 ng/mL), AUC (106.8 ng.min/L) and CL/F (752 mL/min/kg). For canagliflozin, the C__ of 6116.7
ng/mL observed in our study was similar to that observed in literature, while the clearance (5.1 mL/min/kg) was higher than that of
literature, which was 3.5 mL/min/kg. Clearance of dapagliflozin CL/F was reported as 3.33 mL/min/kg, while our result was 4.6 mL/
min/kg. The same study also published dapagliflozin half-life and MRT, which were slightly lower than our findings. In general, the
parameters of canagliflozin and dapagliflozin were similar to the literature and did not change with simultaneous administration
with metformin.

Conclusion: Dapagliflozin significantly changed the pharmacokinetic disposition of metformin, while metformin coadministration
had no influence on the pharmacokinetics of SGLT2 inhibitors.
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1.0 Introduction

Diabetes mellitus (DM) type 2 is a metabolic disorder character-
ized by chronic hyperglycemia resulting from defects in insulin
action and/or secretion [1]. Since monotherapy may be insuffi-
cient to maintain glycemic control, patients may require com-
bined therapies. Among the combination treatments, metformin

has been used with a sodium/glucose cotransporter inhibitor 2
(SGLT2), such as canagliflozin and dapagliflozin [2-4]. The chemi-
cal structure of these drugs is shown in Figure 1.

Metformin acts primarily by reducing hepatic neoglycogenesis,
inhibiting intestinal glucose uptake and improving peripheral in-
sulin sensitivity [4-7]. Its usual oral dosage is 250 to 2550 mg/day
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Figure 1. Chemical structure of metformin and the SGLT2 inhibi-
tors canagliflozin and dapagliflozin.

for DM2 treatment, and in the absence of reduced renal function,
peak plasma levels of metformin do not exceed 15-20 pM, while
minimum values are between 1-5 pM [3, 4, 6].

Otherwise, SGLT2 inhibitors have as a mechanism of action the
decrease in glucose reabsorption in the proximal renal tubules
through the inhibition of sodium and glucose cotransport. The
kidneys filter 160 to 180 g of glucose daily, and the SGLT2 cocar-
rier reabsorbs 90% of this value. Thus, this class of antidiabetics
promotes glycosuria by altering the normal process of glucose
resorption, and consequently, there is a decrease in plasma glu-
cose. The usual daily dose varies by drug and is 5 mg to 10 mg for
dapagliflozin and 100 to 300 mg/day for canagliflozin [8, 9].
Metformin and SGLT2 inhibitors have different and complemen-
tary mechanisms of action in improving glycemic control. Combi-
nation therapy of SGLT2 inhibitors based on the noninsulin hy-
poglycemic mechanism contributes to metformin improving the
therapeutic outcome and reducing the incidence of hypoglycemia
risk [10-12]. However, a drug's effect is associated with its concen-
tration at the site of action, so monitoring this concentration is
critical. Previous studies have already shown that there are some
drugs that compromise the serum concentration of metformin
mainly due to competition with organic cation transporters, re-
sulting in a high risk of metformin-associated lactic acidosis [13].
Thus, the importance of carrying out pharmacokinetic studies
is highlighted, as they allow the correlation of drug concentra-
tions with pharmacological responses, allowing clinicians to apply
pharmacokinetic principles to patients’ real situations. Thus, it is
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possible to establish general and individual dosages and recog-
nize factors that may compromise the efficacy and safety of the
drug [14].

Therefore, this study aimed to perform the combined and isolat-
ed administration of hypoglycemic drugs, followed by the evalua-
tion of their pharmacokinetic profiles to better understand their
kinetic disposition and any potential pharmacokinetic drug-drug
interaction.

2.0 Materials and Methods
2.1 Animals

Protocols for the animal studies were approved by the Research
Ethics Committee of the School of Pharmaceutical Sciences, UNE-
SP, Araraquara, Brazil (CEUA/FCF/Car 13/2017). For the preclinical
pharmacokinetic study, twenty-five rats weighing approximately
250 g were used. These were divided into the following groups
(each group consisted of 5 animals): metformin alone (60 mg/
kg), canagliflozin alone 20 mg/kg, canagliflozin and metformin (20
mg/kg and 60 mg/kg, respectively), dapagliflozin alone 2 mg/kg,
and dapagliflozin and metformin (2 mg/kg and 60 mg/kg, respec-
tively). Doses were calculated based on allometric scaling with an
ordinary dose of metformin and high doses of SGLT2 inhibitors.
During the experiment, they were kept under controlled condi-
tions of temperature (23 + 1°C), humidity (55 + 5%) and light (cycle
12/12 h, lights on at 07 h) and with balanced rations and water ad
libitum. The experiment was performed in the light phase. Four
hundred microliters of blood were collected at 0.25, 0.5, 1, 1.5,
2, 4,6, 8,12, 24, and 36 hours post-dose into tubes containing
heparin. The plasma was separated by centrifugation at 3000xg
for 10 min, and then, the samples were aliquoted at 200 pL and
stored at -40°C until analysis was carried out. For collection, the
animals were submitted to surgery to implant cannulas in the
femoral artery [15].

Sample preparation was executed based on the protein precip-
itation technique mentioned by Dias et al. [16]. Therefore, an
aliquot of 200 pL of blank plasma was spiked with 980 pL of ace-
tonitrile (containing 0.1% formic acid). Thus, the sample was mix
for 3 minutes and centrifuged (Eppendorf refrigerated centrifuge,
model 5810-R, Hamburg, Germany) for 15 minutes at 4°C and
14000 rpm. Then, 700 pL of the supernatant was separated and
subjected to complete drying (centrivap-Labconco, Kansas City,
USA). Thus, the sample was resuspended in 200 pL of acetoni-
trile-water (50:50, v/v) containing 1 mM ammonium formate and
0.1% formic acid, and was mixed in vortex for 10 minutes. Finally,
each samples was injected into the HPLC-MS/MS system.

2.2 HPLC-MS Analysis

The method developed and validated by Dias et al. was used for
the sample analysis [16]. The method was developed and validat-
ed on an Agilent 1200 HPLC System with a binary pump model
coupled to an Applied Biosystems API 3200 triple quadrupole MS/
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MS with electrospray ionization in positive ion mode. Chromato-
graphic separation was performed using an Xbridge C18 (10 x 2.1
mm, 5 pm) guard column and Xbridge C18 column (50 x 2.1 mm, 5
pMm) maintained at 35°C as stationary phases and water and ace-
tonitrile (both containing 1T mM ammonium and 0.1% formic acid)
in gradient mode as the mobile phase. The chromatographic sep-
aration is demonstrated in Figure 2. Quantification was conduct-
ed in multiple reaction monitoring mode using m/z 130.1—71.1
for metformin, m/z 462.0— 191.2 for canagliflozin, and m/z
426.1—167.1 for dapagliflozin. The method was validated accord-
ing to Anvisa and the FDA [17, 18]. During validation, the follow-
ing parameters were tested, with the following values achieved.
Lower limit of quantification (LLOQ) has shown adequate accu-
racy at 10 ng/mL for dapagliflozin and 25 ng/mL for canaglifloz-
in and metformin. Satisfactory recoveries (67.12-95.20%) were
achieved for all compounds. Also, the analytes were stable in
plasma (short-term temperature stability), post-preparative sta-
bility and the long-term stability test) and in solution (after 6 h at
25°C and for 72 h when stored at 4°C). It is important to highlight
that as there was a change in the sample matrix (from human
plasma to rat plasma), a partial validation of the previously pub-
lished method [16] was carried out, as suggested by the FDA and
ANVISA [17,18], testing the following analytical parameters in the
new matrix: selectivity, calibration curve, precision and accuracy.
In selectivity the noise values do not exceed 20% of the LLOQ con-
centration. Calibration curve of the method proved to be linear
(r>0.99) between 25-5000 ng/mL for canagliflozin and metformin
and 10-400 ng/mL for dapagliflozin for the new matrix. Accuracy
and precision resulted in standard deviation and relative error
both lower than 15% for quality control samples, also, there was
no matrix effect.

2.3 Pharmacokinetic Analysis
Pharmacokinetic parameters were calculated by logarithmic
curves of plasma concentration x time. Each animal resulted in
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Figure 2. Chromatogram of canagliflozin, dapagliflozin and met-
formin rat plasma standard sample.
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Figure 3. Plasma concentration versus time profile of metformin
following a single dose of 60 mg/kg by gavage, alone and in com-
bination with canagliflozin (20 mg/kg) or dapagliflozin (2 mg/kg).

a complete pharmacokinetic profile. Compartmental analysis
was performed using Pkanalix from Monolix Suite 2021R2 (Lix-
oft®, Batiment D, Antony, France). A one-compartment model
with first-order absorption best fit the data and resulted in the
elimination (k) and absorption (k,) constants of the model. The
elimination half-life (t,) and absorption half-life were calculated
by the formula 0.693/k,, or k_. The area under the curve from zero
to the last concentration using the trapezoidal linear up log down
rule was also calculated using Pkanalix. The area under the curve
from zero to infinity (AUC, ) was calculated by the formula AUC_,
plus the last concentration divided by k . The area under the mo-
ment curve (AUMC) was calculated by the statistical moments
method and used to determine the mean residence time (MRT)
as MRT=AUMC,_/AUC_ . The clearance (CI/F) and the volume of
distribution (V,/F) were determined by the equations CI/F = dose/
AUCO__ and V/F = Cl/k,. The maximum plasma drug concentra-
tion (C__) was obtained directly from the experimental data, as
was the time of the occurrence of C__ (t

max

max)

max)'

2.4 Statistical Analysis

Pharmacokinetic parameters are presented as the mean and
standard deviation. Pharmacokinetic parameters were compared
to identify the influence of the association on the pharmacokinet-
ic profile of each drug administered alone. All comparisons were
made considering a=0.05. The comparison for the metformin
pharmacokinetic parameters was made by the Kruskal-Wallis test
followed by Dunn’s test with the metformin alone group as a con-
trol. The Mann-Whitney test was used to compare the pharma-
cokinetic parameters of canagliflozin alone or dapagliflozin alone
against their respective metformin concomitant administration
groups. GraphPad Prism software (Version 7, GraphPad Soft-
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Table 1. Pharmacokinetic parameters of metformin following a single dose of 60 mg/kg by gavage, alone and in combination with

canagliflozin (20 mg/kg) or dapagliflozin (2 mg/kg)

Parameters Metformin
C,,..x (Ng/mL) 523 +(281.6)
t__ (min) 77.1 £ (23.6)
k, (1/min) 0.0092 + (0.0033)
t,, (min) 84.6 +(31.1)
k,(1/min) 0.022 +(0.01)
t,.(min) 39.3+(20.5)
Vz/F (L/kg) 83.6 +(48.5)
AUC,, (ng.min/L) 99.8 + (48.8)

AUC, (ng.min/L) 106.8 +(50.1)

MRT (min) 176.8 £ (34.8)

CL/F (mL/min/kg) 752 +(515.2)

Metformin-canagliflozin Metformin-dapagliflozin

2197 £ (1579.7) 3400 + (522.6)*
67.5+(37.7) 72 +(34.2)
0.0061 +(0.0018) 0.0062 + (0.0004)
121.4 £ (32.6) 111.8 £(7.8)
0.055 #(0.042) 0.033 +(0.01)
20.5+(15.4) 22.7 £(7.1)
31.7 £(24.6) 11.7£(3)*
544.7 + (399.4) 853.5 £(231.3)*
559.4 + (406.4) 872.4 £ (236.8)*
230.2 +(57.8) 254.8 +(134.2)
214.8 +(230.5) 72 + (15)*

C,... maximum plasma concentration; tmax time to achieve maximum plasma concentration; k,: rate constant of elimination; t,: elimination half-life;

max”

k.: rate constant of absorption; t, : absorption half-life; Vz/F apparent volume of distribution; AUC_,: area under curve from zero to last concentration;
AUC_ : area under curve from zero to infinite; MRT mean residence time; CL/F systemic clearance. * indicates a significant difference compared to

metformin alone.

ware®, San Diego, CA, USA) was used for the statistical analysis.

3.0 Results and Discussion

Many times, diabetes management with reduction of glycemic
levels may not be properly addressed with a drug alone, such
as metformin, inevitably requiring multiple anti-diabetic agents
to achieve glycemic control. Therefore, the selective and revers-
ible inhibition of the SLGT2 transporter can be used to reduce
glycemic levels by limiting glucose reabsorption in the kidneys.
Moreover, the mechanism of SGLT2 inhibitors is not dependent
on insulin, and they have no interreference with beta pancreatic
cell function or the degree of insulin resistance [11, 12, 19, 20].

3.1 Metformin Pharmacokinetics

This work evaluated the potential pharmacokinetic drug-drug in-
teraction between SGLT2 inhibitors (canagliflozin and dapaglifloz-
in) and metformin. The results showed that canagliflozin and da-
pagliflozin, when administered in combination with metformin,
increased metformin concentrations (Figure 3). As typical for
pharmacokinetic drug-drug interactions, these have to be related
to one of the pharmacokinetic processes: absorption, distribu-
tion, metabolism and excretion [21].

In humans, the absorption of metformin is incomplete (F: 55 +
16%) with a peak concentration at 3 hours. The maximum con-
centration was approximately 1 mg/L after the 500 mg dose and
3 mg/L after the 1.5 g dose, indicating a proportional change in

concentration after changes in dose. Its elimination half-life is
approximately 20 hours [22]. Choi and coauthors [23] evaluated
the pharmacokinetics of metformin in rats, and the bioavailabil-
ity of metformin was approximately 30% in the dose range of
20-200 mg/kg. Our values of C__, AUC and elimination half-life
of the metformin alone group (Table 1) were low compared to
their values. It should be noted that there is great interindividual
variability in the pharmacokinetics of metformin, as measured by
differences in the minimum plasma concentration of metformin
at steady state, ranging from 54 to 4133 ng/mL [24].

Metformin exposition parameters, such as C_. and AUC, were
significantly higher after concomitant administration of dapagli-
flozin. Once this difference also appeared for CL/F, only with oral
administration, we cannot be sure if it happens due to higher
absorption or less elimination. However, considering an average
bioavailability of 30% in rats, as aforementioned, the 5-fold higher
value in the canagliflozin group and the 8-fold higher value in the
dapagliflozin group for AUC surpass the increase that could be
explained by absorption, suggesting some level of interference
in the elimination mechanisms. Dose-independent parameters,
such as tmax, half-lives, and MRT, did not show any difference.
For the group treated with metformin combined with canagli-
flozin, an increase in the numbers was also observed; however,
a significant difference was not observed (p>0.05). The study of
Devineni and coauthors [25] investigated the effect of canaglifloz-
in in metformin in volunteers and did not find differences, but
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the dose of canagliflozin was the regular 300 mg. Metformin is a
highly hydrophilic drug primarily eliminated by the kidneys with
no biotransformation, and clinically significant drug-drug interac-
tions involving metformin are not common [13]. Based on our
results, the combination of metformin and SGLT2 inhibitors in
clinical situations where higher than usual doses of SGLT2 inhib-
itors are needed must be closely monitored for the side effects
of metformin. This finding is crucial since maximal increases in
urinary glucose excretion were seen at dapagliflozin doses high-
er than 20 mg/day in patients with T2DM [26]. More studies by
intravenous routes or in other animal models may provide more
evidence confirming or expanding our findings.

3.2 Canagliflozin and Dapagliflozin Pharmacokinetics

The canagliflozin pharmacokinetics in humans show an average
bioavailability of 65%. Studies have shown dose proportional C__
and AUC until 300 mg dose. Its elimination half-life is approxi-
mately 10-16 hours. Canagliflozin clearance after intravenous ad-
ministration was 12.2 L/h, and its volume of distribution was 83.5
L [25, 27]. The pharmacokinetics of dapagliflozin in humans have
shown dose-proportional systemic exposure over a wide range
between 0.1-500 mg, even though its regular dose is only 10 mg.
Its oral bioavailability is 78%, and the volume of distribution is
approximately 118 L. The half-life after oral administration is in
the range of 10 and 20 h, and the observed oral plasma clearance
is 4.9 mL/min/kg [26, 28].
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Figure 4. Plasma concentration versus time profile of canaglifloz-
in (20 mg/kg) and dapagliflozin (2 mg/kg) after a single dose by
gavage, alone and in combination with metformin (60 mg/kg).

Figure 4 and Table 2 demonstrate the plasma concentration
versus time profiles and the pharmacokinetic parameters, re-
spectively, of canagliflozin and dapagliflozin after gavage admin-
istration in rats, alone and in combination with metformin. For
canagliflozin, the C__ of 6116.7 ng/mL observed in our study was

Table 2. Pharmacokinetic parameters of canagliflozin (20 mg/kg) and dapagliflozin (2 mg/kg) after a single dose by gavage, alone and
in combination with metformin (60 mg/kg)

Parameters Canagliflozin alone Canagliflozin-metformin Dapagliflozin alone Dapagliflozin-metformin
C,..x (Ng/mL) 6116.7 £(1226.9) 4418.5 + (2640) 699.8 + (265.8) 984 + (295.5)

£, (MiN) 285 +(153.9) 352.5 +(302.4) 66 t (25.1) 72 £ (34.2)

k,, (1/min) 0.0018 £ (0.0006) 0.0023 £ (0.0017) 0.0022 £ (0.001) 0.0021 £(0.0011)

t,, (min) 409.5 +(114.7) 432.4 +(257) 404.5 +(271.1) 429.7 +(262.2)

k_ (1/min) 0.026 +(0.027) 0.022 £ (0.016) 0.032 +(0.01) 0.116 +(0.139)

t,,. (min) 80.8 +(92) 281.4 £ (512.5) 242 +(11) 19.5£(19)

Vz/F (L/kg) 2.9+ (0.6) 2.9+ (0.6) 2.6 £(1.6) 2.3+(0.8)

AUC,, (ng.min/L) 3749.5 £ (368.8) 4166.5 £ (2604.1) 414.3 £ (75.1) 398.9 = (104)

AUC,, (ng.min/L) 3965 * (452.5) 4686.2 + (3279.5) 446.8 £ (77.4) 511.4 +(165.1)
MRT (min) 664.1 +(127.6) 827.1 £(240.2) 624.6 = (395) 647.6 +(378.8)
CL/F (mL/min/kg) 5.1+(0.6) 6.8 £(5.7) 4.6 +(0.8) 4.2 +(1.3)

C,.. maximum plasma concentration; tmax time to achieve maximum plasma concentration; k,: rate constant of elimination; t,: elimination half-life;
k,: rate constant of absorption; t,: absorption half-life; Vz/F apparent volume of distribution; AUC_: area under curve from zero to last concentration;
AUC_ . area under curve from zero to infinite; MRT mean residence time; CL/F systemic clearance. * indicates a significant difference compared to
metformin alone.
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similar to that observed by Cui and coauthors [29] after dose cor-
rection, since they have administered 10 mg/kg. The half-life and
volume of distribution were also similar, but the clearance of our
study (5.1 mL/min/kg) was higher than that of Cui and coauthors,
which was 3.5 mL/min/kg.

Despite small differences, our results were consistent with those
in the literature. The study of Obermeier and coauthors [28] by
the oral route in rats presented a C_, of 600 ng/mL after 1 mg/
kg, which is double our C__ of 699.8 ng/mL, since our dose was
2 mg/kg. He and coauthors [30] reported that dapagliflozin CL/F
was 3.33 mL/min/kg, while our result was 4.6 mL/min/kg. They
also published dapagliflozin half-life and MRT, which were slightly
lower than our findings [30].

The plasma concentrations of the SGLT2 inhibitors (canagliflozin
or dapagliflozin) alone and in combination with metformin in rats
resulted in similar profiles (Figure 4), and no significant differ-
ence was observed after parameter comparison between groups
alone and metformin (Table 1). Previous studies have shown that
SGTL2i drugs are extensively absorbed by the gastrointestinal
tract, and their maximum concentrations are observed after 1
or 2 hours in fasted conditions in humans. These drugs undergo
hepatic metabolism, mainly by glucuronidation, dealkylation, and
oxidation, but they may also be eliminated by excretion in bile or
urine [26, 31]. A previous study showed that metformin had no
compromising effect on the pharmacokinetic properties of SGLT2
inhibitors drugs [32, 33], which was also observed in our results
in a rat model.

4.0 Conclusions

Metformin pharmacokinetics in rats were performed alone and
in combination with SGLT2 inhibitors. The overall exposure to
metformin was high in the coadministration groups. Canagli-
flozin and dapagliflozin, two new antihyperglycemic agents from
the class of sodium glucose cotransporter 2 inhibitors, had their
pharmacokinetics evaluated alone and in the presence of met-
formin. Both drug pharmacokinetics were not susceptible to
changes in the coadministration of metformin.
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