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In the present study, a sensitive LC-MS/MS method was developed and validated to measure pioglitazone
(PGZ) concentrations in rat plasma and tissues. The chromatographic separation was achieved by using
a YMC Pro Cyg column (100 mm x 4.6 mm, 3u) with a mobile phase consisting of formic acid (0.1% v/v)
and acetonitrile (5: 95) at a flow rate of 0.7 mL min~! and injection volume of 10 uL (IS: rosiglitazone).
Mass spectrometric detection was done using triple quadrupole mass spectrometry using the ESI
interface operating in a positive ionization mode. The developed method was validated over a linearity
range of 1-500 ng mL™! with detection and a lower quantification limit of 0.5 ng mL™* and 1 ng mL™.
The method accuracy ranged from 95.89-98.78% (inter-day) & 93.39-97.68% (intra-day) with
a precision range of 6.09-8.12% for inter-day & 7.55-9.87% for intra-day, respectively. The PGZ shows
the highest Cyax of 495.03 ng mL~tin plasma and the lowest Cinax, 24.50 £ 2.71 ng mL~ in bone. The
maximum Tmax of 5.00 + 0.49 h was observed in bone and a minimum of 1.01 + 0.05 h in plasma. The
AUC(9_24 h and 0-) Values are highest in plasma (1056.58 + 65.78 & 1069.38 + 77.50 ng h™* mL™%) and
lowest in brain (166.93 + 15.70 §167.12 + 16.77 ng h™* mL™), and the Ty,» was highest in plasma (5.62 +
0.74 h) and lowest in kidney (2.78 + 0.19). The developed method was successfully used to measure the
PGZ pharmacokinetic and tissue distribution. Further, the developed method could be utilized for
validating target organ (adipose tissue) specific delivery of PGZ (nano-formulations) in addition to
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1 Introduction

Glitazones or thiazolidinediones are a class of insulin-
sensitizers used in the treatment of type-2 diabetes mellitus
(T2DM).* They improve insulin sensitivity (without promoting
insulin release from pancreatic B-cells) and increase peripheral
glucose utilization and reduce hepatic glucose production, and
as a result, they reduce both preload and afterload on B-cells.”
Unlike sulfonylureas, these agents do not associate with hypo-
glycaemic side effects.”* The above advantages, therefore, make
them as a preferred agent for the treatment of T2DM.
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Pioglitazone (PGZ) and rosiglitazone (RGZ) were approved in
the year 1999 by USFDA for the management of T2DM.*?
Although these drugs were found to be safe on the hepatic
system, later some serious side effects associated with RGZ
(weight gain; fluid retention, bone loss, and congestive heart
failure) and PGZ (bladder cancer, weight gain), were reported,
resulting in WHO restriction of RGZ and a label change for PGZ
for risk of bladder cancer.**** The above off-target side effects
associated with RGZ and PGZ are reported to be due to the
activation of PPAR-y (target receptor) in the non-adipose tissues
such as kidney, bone, brain, and heart."*” To overcome RGZ
and PGZ, off-target side effects, researches are employing nano-
drug delivery systems (such as solid lipid nanoparticles, den-
drimers, carbon nanomaterials, metallic nanoparticles, etc.) to
achieve target-specific delivery of these drugs to adipose
tissue.'® In this context, it becomes apparent to develop sensi-
tive analytical methods to measure the concentration of glita-
zones in different matrices including, blood, adipose, brain,
bone, heart, etc. to demonstrate the site-specific delivery of
novel drug delivery systems.'*'*?*> Further, the reported
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methods have their individual advantages such as short run
time, simple sample treatment technique, requiring low plasma
volume and improved method sensitivity."*>*** However, it is
significant to have individual methods with all the advantages.
Hence, in the present study, we have developed and validated
a sensitive liquid chromatography-tandem mass spectrometry
method (LC-MS/MS) for measuring PGZ concentration in rat
plasma and tissues (adipose, heart, brain, bone, and kidney).
Further, the method can be used for validating site-specific
delivery systems of PGZ in addition to conventional dosage
forms.

2 Experimental

2.1 Chemicals and reagents

PGZ (purity 99.98%) and RGZ (purity 99.96%) (internal stan-
dard, IS) were obtained in the form of a gift sample from Wal-
lace Pharmaceutical Pvt. Ltd., Goa, India. LC-MS grade formic
acid and acetonitrile were procured from Sisco Research Lab
Pvt. Ltd., Mumbai, India. Other reagents were of analytical
grade from SD Fine Chemicals, Mumbai, India. The ultrapure
water was obtained using the Milli-Q RO system, Millipore,
India.

2.2 Preparation of standard samples for linearity and quality
control

For the linearity curve generation, the standard stock solution
of PGZ (1 mg mL ") was prepared in acetonitrile/plasma/tissue
homogenate (10% w/v). Working stock solution of PGZ (1, 5, 10,
25, 50, 100, 250, and 500 ng mL ') was prepared by diluting the
standard stock solution with acetonitrile/plasma/tissue homoge-
nate. For quality control, the PGZ was prepared at a concentration
of 450, 100, 15 and 1 ng mL™' in acetonitrile/plasma/tissue
homogenate to represent high-quality control (HQC), medium
quality control (MQC), low-quality control (LQC), and lower limit
quality control (LLQC) samples, respectively. In all these samples,
the concentration of IS was 100 ng mL ™.

2.3 Extraction of the drug from plasma and tissue samples

A simple protein precipitation method was adopted and opti-
mized for the extraction of PGZ from plasma and tissue
homogenate. To the plasma (200 pL)/tissue homogenate (10%
w/v, 200 pL) taken in 2 mL eppendorf tube a 100 pL of IS (1 pg
mL ") was added and the volume was made up to 2 mL with
acetonitrile. The tubes were vortexed for 30 seconds, followed by
centrifugation (Remi R8C, Mumbai) for 15 min at 5000 rpm.
After centrifugation, the upper supernatant acetonitrile layer
was separated for LC-MS/MS analysis.

2.4 Mass and chromatographic condition

The LC-MS/MS analysis of PGZ was performed using Shimadzu
8030 system with CTO - 20 AC column oven, LC - 20 AD pump,
CBM - 20 controllers, SPD - M 20 PDA detector, electrospray
ionization (ESI) interface, and SIL - 20 AC autosampler.

The separation of the PGZ and IS was performed on a YMC
Pro C;g column (100 mm x 4.6 mm, 3p) with a mobile phase
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consisting of formic acid (0.1% v/v) and acetonitrile (5 : 95, v/v)
at a flow rate of 0.7 mL min~" and injection volume of 10 pL.
Mass spectrometric detection was done on a triple quadrupole
mass spectrometry using the ESI interface operating in a posi-
tive ionization mode. The control of the instrument and
acquisition of data was carried using Lab solution software
(Shimadzu Ltd., Mumbai, India). The block temperature of
350 °C and desolvation temperature of 250 °C was maintained
with a detector voltage and CID gas set at 1.3 kV and 230 kPa,
respectively. For nebulization and collision, nitrogen (99.95%)
and argon gases (99.99%) were used. Multiple reaction moni-
toring (MRM) mode was used for the quantification of PGZ.
MRM transitions of m/z 357.95 — 135.15 and m/z — 94.05 with
the collision energy of —30 eV and —47 eV were chosen for
quantification of PGZ and IS, respectively (Fig. 1).

2.5 Method validation

The developed LC-MS/MS method was validated for specificity,
linearity, sensitivity, precision, accuracy, matrix effect, %
recovery, and stability as per the USFDA bio-analytical method
validation guidelines.**

2.6 Pharmacokinetic and tissue distribution studies in rat

Twelve male Wistar rats (200 + 20 g) were procured from the
in-house animal facility of JSS College of Pharmacy, Ooty. All
the rats were housed in standard laboratory conditions (22 +
2 °C; light/dark cycle of 12 : 12 h; relative humidity 30-70%)
with normal pellet diet (M/s Amrit feeds Ltd., Bengaluru,
India) and water ad libitum. The study protocol was prior

Inten. (x1,000,000)

60 ” ! (a)

501 0
HN

40 o

S

*
30 357,67
20

10 37590

00 —— - dllall
300.0 3250

Inten. (x10,000,000)

3750 mz

0.75-] HN

050 N
025

)

0.00 . . — S— S— — .
200.0 250 250.0 2750 300.0 3250 350.0 3750 mz

Fig.1 Mass and MRM spectra (image inside the box) of (a) PGZ and (b)
IS (RSZ) in positive detection mode.
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Table 1 The optimized LC-MS/MS detection conditions for PGZ and RGZ (IS)

Molecular weight Precursor ion Dwell time Q1 pre bias Q3 pre bias Collision energy Retention time
Analyte (g mol ™) Ion mode Production (m/2) (ms™) V) V) (eV) (min)
PGZ 356.44 Positive 135.15 357.95 100 —28 —28 —-30 2.45
RGZ (IS) 357.42 Positive 94.05 358.00 100 —28 —20 —47 2.46

Table 2 Linearity range, equation, correlation coefficient, the limit of detection, and quantification limit results for PGZ in rat plasma and tissues

Correlation coefficient

Biological Samples Linearity range (ng mL ") Equation” (R%) LOD (ng mL™ ") LLOQ (ng mL™")
Plasma y = 0.0068x + 0.5923 0.999

Adipose tissue y = 0.0019x + 0.0057 0.998

Heart 1-500 y = 0.0018x + 0.0102 0.995 0.5 1.0

Kidney = 0.002x + 0.0107 0.997

Brain y = 0.0003x + 0.0028 0.992

Bone y = 0.0021x + 0.0043 0.998

% X = concentration; Y = response factor.

approved by the Institutional Animal Ethics Committee
(IAEC) (approval number JSSCP/OT/IAEC/13/2019-20). The
overnight fasted animals (8-10 h) were orally administered
with PGZ (10 mg kg™ '), and the blood sample (~1 mL) was
collected from retro-orbital plexus under mild isoflurane
anesthesia at 0, 0.5, 1, 3, 5, 7 and 24 h in a time staggered
manner as shown in Table SI.f After blood collection, for

each time point, one animal was culled using isoflurane
anesthesia. The adipose tissue, brain, bone, heart, and
kidney were harvested, washed with PBS (0.1 mM, pH-7.4),
blotted with tissue paper, and weighed. A 10% w/v tissue
homogenate was prepared in PBS (0.1 mM, pH-7.4) and
stored at —70 °C until further analysis.”® The pharmacoki-
netic data were analyzed using PK solver software.

Table 3 Percentage recovery, absolute matrix effect, intra, and inter-day accuracy and precision analysis of PGZ in rat plasma and tissues

Intra-day Inter-day
Analyte Absolute
Biological concentration Mean concentration found (ng % matrix Accuracy  Precision (%  Accuracy Precision
samples (ng mL™) mL1)* recovery effect (%) RSD) (%) (% RSD)
Plasma 1 0.96 £ 0.07 96.00 0.93 95.89 8.12 93.29 9.87
15 14.65 £ 1.12 97.67 0.94 98.05 7.95 95.27 8.09
90 88.70 £ 5.66 98.56 0.97 98.55 6.67 97.68 8.11
450 445.25 £ 25.75 98.94 1.15 98.78 6.09 97.06 7.55
Adipose tissue 1 0.94 £ 0.06 94.00 0.94 93.71 6.49 91.99 8.09
15 14.39 £ 0.98 95.93 0.96 95.80 7.05 96.08 7.65
90 86.45 £ 4.56 96.06 0.99 97.46 5.74 95.78 6.69
450 440.01 + 20.74 97.78 1.12 98.34 5.24 97.65 6.07
Heart 1 0.90 + 0.05 90.06 0.91 89.97 6.17 88.11 7.89
15 13.57 £ 1.09 90.47 0.94 88.89 8.28 87.75 8.97
90 81.60 £ 5.01 90.67 0.97 91.27 6.15 89.89 6.88
450 420.21 £ 30.75 93.38 1.09 92.88 7.09 90.93 7.34
Kidney 1 0.95 + 0.08 95.70 0.93 96.49 8.45 95.00 10.15
15 14.38 £ 0.97 95.87 0.95 95.00 6.77 94.96 8.74
90 87.01 £ 6.01 96.68 0.98 96.68 7.90 96.00 9.09
450 435.87 £ 30.01 96.86 1.06 96.86 6.81 95.78 7.47
Brain 1 0.94 £ 0.08 94.50 0.90 93.49 8.51 91.77 10.14
15 14.24 £ 1.05 94.93 0.92 95.19 7.29 93.78 9.75
90 85.50 &= 5.24 95.00 0.97 94.79 6.64 95.00 7.69
450 428.09 + 30.00 95.13 1.10 95.61 7.00 94.91 7.97
Bone 1 0.89 £ 0.09 89.90 0.91 90.00 10.11 88.06 11.65
15 13.58 £ 1.21 90.53 0.92 89.97 8.90 87.61 10.46
90 81.72 £ 6.99 90.80 0.94 91.00 8.50 90.09 10.09
450 406.33 £ 25.40 90.30 1.01 90.64 6.20 89.99 9.55

“ The data represents mean + SD, n = 6.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 4 The stability study results of PGZ in rat plasma and tissues
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Freeze-thaw (3 cycles at —70

Short term (25 °C for 24 Stock solution (25 °C for

+2°C) h) 24 h)
Analyte concentration Precision Accuracy Precision Accuracy Precision
Biological samples (ng mL™) Accuracy (%) (% RSD) (%) (% RSD) (%) (% RSD)
Plasma 1 96.00 7.14 94.46 10.97 98.30 5.61
15 97.87 6.68 95.38 9.12 98.67 3.54
90 98.44 6.04 96.22 8.92 98.94 3.86
450 98.89 6.09 96.89 8.54 99.29 2.89
Adipose tissue 1 92.55 6.11 89.97 9.89 97.42 4.21
15 93.90 6.05 95.45 9.75 97.88 3.74
90 95.60 5.47 95.01 8.09 98.34 2.37
450 97.21 5.04 96.59 7.87 98.69 1.97
Heart 1 88.05 6.85 86.87 9.78 97.80 3.91
15 89.19 7.08 86.97 8.17 98.21 3.05
90 90.37 6.87 88.87 7.35 98.83 2.69
450 92.88 7.09 89.95 7.69 99.09 2.07
Kidney 1 94.00 7.25 94.39 10.29 95.61 6.91
15 94.67 6.07 94.54 9.14 97.91 5.61
90 94.96 5.95 95.30 8.98 98.49 5.35
450 95.32 6.02 95.67 8.34 98.87 3.31
Brain 1 92.09 6.22 89.82 11.94 96.84 3.95
15 93.54 5.69 90.36 10.05 97.67 2.82
90 93.89 5.13 92.41 9.39 97.97 2.36
450 94.65 5.49 92.96 8.47 98.66 1.47
Bone 1 88.04 6.20 86.26 10.64 90.36 5.99
15 88.47 5.90 87.89 9.56 93.49 4.88
90 89.32 5.45 89.09 9.39 95.66 4.19
450 90.16 5.15 89.97 8.26 96.19 3.78

3 Results
3.1 Optimization of LC-MS/MS conditions

The various mobile phase compositions used for LC-MS/MS
method development are given in Table SIL.f Among the
mobile phases employed acetonitrile: formic acid (0.1% v/v) at the
ratio of 95 : 5 show a good peak when compared to others. Further,
the detection conditions for PGZ and RGZ were optimized by
varying the ionization mode (+ve and —ve), dwell time (50-200 ms),
Q1 pre-bias (5-30 V), Q3 pre-bias (5-30 V) and collision energy (1-
50 eV). The optimized LC-MS/MS conditions employed for the
detection of PGZ and RGZ (IS) were given in Table 1.

3.2 Method validation

The method validation results are given in Tables 2-4. The
developed method shows a linearity range of 1-500 ng mL ™" in

both plasma and tissue samples with a correlation coefficient
(R?) ranging from 0.992-0.999. Further, the % CV, LOD, and
LLOQ for this method in all the biological samples was found to
be <2%, 0.5, and 1.0 ng mL ™", respectively (Table 2). The results
of percentage recovery, absolute matrix effect, intra-, and
inter-day accuracy and precision determined at four QC levels
(1, 15, 90, 450 ng mL ') in six replicates were found to be
within limits (Table 3), indicating that the present method
was accurate and reproducible. Further, the stability test
results of PGZ carried out in plasma and tissue homogenate
under different storage conditions at four QC levels (1, 15, 90,
450 ng mL™") in six replicates show that the PGZ is stable
after 3-freeze-thaw cycles at —70 + 2 °C (% RSD —5.04 to
7.25%) and at 25 °C for 24 h in both tissue matrix (% RSD
—7.35 t0 11.94%) and stock solution (% RSD —1.47 to 6.91%)
(Table 4). The obtained results were found to be within the

Table 5 Pharmacokinetic and tissue distribution of PGZ in the various biological matrices of rat

Biological matrix*

Parameters Plasma Adipose tissue Heart Kidney Brain Bone
Cmax (Ng mLfl) 495.03 £ 0.74 247.40 + 18.75 125.60 + 16.52 95.00 £ 9.87 39.66 + 5.69 24.50 £+ 2.71
Timax (h) 1.01 + 0.05 1.03 + 0.04 3.01 £ 0.35 3.10 £ 0.29 3.15+£0.24 5.00 + 0.49

1056.58 £ 65.78
1069.38 £+ 77.50
5.62 + 0.74

666.26 + 35.49
670.49 + 36.74
4.38 £ 0.51

AUC(g 4 1) (ng h™' mL™)
AUC(o_e) (ng h™' mL™")
Ty (h)

“ The data represents mean + SD, n = 3.
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780.52 + 48.71
818.20 + 56.60

396.81 + 33.19
397.37 £ 30.05
2.78 £0.19

166.93 £+ 15.70
167.12 & 16.77
2.75 £ 0.31

194.55 £+ 21.29
200.36 £ 26.80

5.16 + 0.66 4.37 £ 0.55

© 2021 The Author(s). Published by the Royal Society of Chemistry
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permissible limits (+20% RSD), confirming that the PGZ was
stable in all three testing conditions.

3.3 Pharmacokinetic and tissue distribution studies in rat

The pharmacokinetic data of PGZ is given in Table 5, Fig. 2 and 3.
The non-compartmental analysis was used to calculate the phar-
macokinetics and tissue distribution of PGZ. The PGZ shows the
highest Cpy,ax (in plasma), Tinax (in bone), AUC( 24 1y (in plasma),
AUCo_y) (in plasma), and T, (in plasma) values of 495.03 + 0.74
ng mL ", 5.00 + 0.49 h, 1056.58 + 65.78 ng h™" mL ", 1069.38 +
77.50 ng h™' mL™" and 5.62 + 0.74 h, respectively, and the lowest
Crmax (in bone), Trax (in adipose), AUC(g_24 1y (in brain), AUC(,_ (in
brain), and T}, (in kidney) values of 24.50 4 2.71 ng mL™ ", 1.03 +
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Fig.2 LC-MS chromatogram of PGZ (450 ng mL™) and IS (RSZ 100 ng
mL~%) in various biological matrices. (a) Plasma, (b) adipose tissue, (c)
heart, (d) kidney, (e) brain, and (f) bone.
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Fig. 3 Pharmacokinetic profile of PGZ in various biological matrices
after oral administration (10 mg kg™?) in rats.

0.04 h, 166.93 + 15.70 ngh ' mL™", 167.12 £ 16.77ngh ' mL™"
and 2.78 £ 0.19 h, respectively. These pharmacokinetic variations
indicate the non-specific tissue distribution of PGZ.

4 Discussion

Adipose tissue-specific delivery of PGZ using various delivery
systems is an important strategy to overcome off-target side effects.
In this regard, the development of a sensitive analytical method to
accurately detect the PGZ concentrations in various tissue becomes
essential for demonstrating the adipose tissue specificity of PGZ
delivery systems. In the present study, we have developed and
validated a sensitive LC-MS/MS method for measuring PGZ
concentration in rat plasma and tissues. The mass conditions were
optimized with the corresponding standard solution to obtain
a high response of the analytes. ESI technique was adopted to
determine their ionization modes with the mobile phase. PGZ and
IS (RSZ) had a more efficient intense mass resolution in positive
mode with a protonated molecular ion [M + H]" of m/z 357.95 for
PGZ and 358.00 for IS (Fig. 1). Moreover, the behavior of the analyte
and the sensitivity of detection was also dependent on the CE. The
CE of —30 eV and —47 eV was optimal for PGZ and IS, respectively.
The precursor — product ion transitions (MRM) of PGZ and IS was
mfz 357.95 — 135.15 and m/z 358.00 — 94.05, respectively, which
were in agreement with the previous reports.>*>

The separation of PGZ and IS was performed on a YMC Pro
Cig column (100 mm x 4.6 mm, 3u) with the mobile phase
consists of 0.1% formic acid and acetonitrile (5 : 95, v/v) at the
flow rate of 0.7 mL min~". The retention time of PGZ and IS
were found to be 2.45 and 2.46 min, respectively, with a total
run time of 4.00 min (Fig. 2). The optimized chromatographic
condition provided a high peak area compared to previously
developed methods, and the analytes were unaffected by
endogenous interferences from rat plasma/tissue homogenate.
From the literature, few LC-MS/MS reported methods were
previously developed and reported for the determination of PGZ
in plasma of rat/human/dog.>**¢?%31-3% The reported methods
have their individual advantages such as short run time, simple
sample preparation technique, requiring low plasma volume

RSC Adv, 2021, 11, 11437-11443 | 11441
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and with improved method sensitivity. Further, the previously
reported methods were developed for the simultaneous esti-
mation of the pharmacokinetics of PGZ along with other drugs
in conventional dosage forms such as tablets. None of these
methods, however, can be adapted for the validation of adipose
tissue-specific delivery systems of PGZ by measuring its concen-
tration in the target (adipose tissue) and off-target tissues (bone,
brain, heart, and kidney). Table SIIIt summarizes and compares
the various reported methods for the estimation of PGZ in bio-
logical matrices. In this study, we have successfully developed an
LC-MS/MS method with short runtime (4.0 min), simple sample
preparation technique requiring small sample volume (200 pL)
with recoveries ranging from 89.00 to 98.94%. Further, the devel-
oped method was highly sensitive with LOD and LLOQ of 0.5 ng
mL " and 1.0 ng mL ™", respectively for accurate determination of
PGZ in plasma and tissues so that the method can be used for
validating adipose tissue-specific delivery systems of PGZ in addi-
tion to conventional dosage forms.

5 Conclusion

A rapid and sensitive LC-MS/MS method has been developed and
validated for the determination of PGZ in different biological
matrices. Compared with the previous methods, the present
method has significant advantages and can estimate PGZ in
various tissues. The present method can be adopted for validating
adipose tissue specific delivery systems of PGZ such as solid lipid
nanoparticles, dendrimers, carbon nanomaterials, metallic nano-
particles, etc., in addition to the conventional dosage form of PGZ.
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ESI Electro-spray ionization

MRM Multiple reaction monitoring

TIAEC Institutional animal ethics committee

Funding

The present work was funded by DST-Nanomission (DST/NM/
NB/2018/227 (G), and (C)), Govt. of India, New Delhi.

Author contributions

Ms Kusuma Kumari conceptualized, analyzed, and majorly
contributed in writing manuscript. Dr Praveen supervised,

1442 | RSC Adv, 2021, 1, T1437-11443

View Article Online

Paper

proof-read the manuscript. Mr Ravi Kiran contributed in
research work and proof-read. Dr Narenderan helped in
analytical work and interpretation of the data. Dr Vishwanath,
Dr Babu & Dr Krishnaveni provided valuable insights and proof-
read the manuscript.

Conflicts of interest

The authors reported no potential conflict of interest.

Acknowledgements

This research work was supported by grants from the DST-
Nanomission (DST/NM/NB/2018/227 (G), and (C)), Govt. of
India, New Delhi, and DST FIST (SR/FST/LSI-574/2013), Govt. of
India, New Delhi.

References

1 H. Yki-Jarvinen, N. Engl. J. Med., 2004, 351, 1106-1118.

2 F. Lalloyer and B. Staels, Arterioscler., Thromb., Vasc. Biol.,
2010, 30, 894-899.

3 J. M. Olefsky, J. Clin. Invest., 2000, 106, 467-472.

4 J. Woodcock, J. M. Sharfstein and M. Hamburg, N. Engl. J.
Med., 2010, 363, 1489-1491.

5 G. Singh and R. Correa, in StatPearls, Treasure Island (FL),
2020.

6 C.J. Rosen, N. Engl. J. Med., 2010, 363, 803-806.

7 E. Ripamonti, L. Azoulay, M. Abrahamowicz, R. W. Platt and
S. Suissa, Diabetic Med., 2020, 37, 898-899.

8 C. E. Leonard, C. M. Brensinger, G. K. Dawwas, R. Deo,
W. B. Bilker, S. E. Soprano, N. Dhopeshwarkar, J. H. Flory,
Z. T. Bloomgarden, J. J. Gagne, C. L. Aquilante,
S. E. Kimmel and S. Hennessy, Cardiovasc. Diabetol., 2020,
19, 25.

9 J. M. Kim, S. S. Kim, J. H. Kim, M. K. Kim, T. N. Kim,
S. H. Lee, C. W. Lee, J. Y. Park, E. S. Kim, K. J. Lee,
Y. S. Choi, D. K. Kim and 1. J. Kim, J. Diabetes Metab., 2020,
44, 67-77.

10 M. Bodmer, C. Meier, M. E. Kraenzlin and C. R. Meier, Drug
Saf., 2009, 32, 539-547.

11 P. R. Devchand, Curr. Opin. Endocrinol., Diabetes Obes., 2008,
15, 188-192.

12 J. R. Jones, C. Barrick, K. A. Kim, J. Lindner, B. Blondeau,
Y. Fujimoto, M. Shiota, R. A. Kesterson, B. B. Kahn and
M. A. Magnuson, Proc. Natl. Acad. Sci. U. S. A., 2005, 102,
6207-6212.

13 V. Zoete, A. Grosdidier and O. Michielin, Biochim. Biophys.
Acta, 2007, 1771, 915-925.

14 K. C. Choi, O. H. Ryu, K. W. Lee, H. Y. Kim, J. A. Seo,
S. G. Kim, N. H. Kim, D. S. Choi, S. H. Baik and
K. M. Choi, Biochem. Biophys. Res. Commun., 2005, 336,
747-753.

15 P. Kesharwani, B. Gorain, S. Y. Low, S. A. Tan, E. C. S. Ling,
Y. K. Lim, C. M. Chin, P. Y. Lee, C. M. Lee, C. H. Ooi,
H. Choudhury and M. Pandey, Diabetes Res. Clin. Pract.,
2018, 136, 52-77.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra01126j

Open Access Article. Published on 18 March 2021. Downloaded on 1/22/2026 1:46:51 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

16 A. Hammarstedt, C. X. Andersson, V. Rotter Sopasakis and
U. Smith, Prostaglandins, Leukotrienes Essent. Fatty Acids,
2005, 73, 65-75.

17 M. Lindberg and A. Astrup, Obes. Rev., 2007, 8, 381-384.

18 P. Shah and S. Mudaliar, Expert Opin. Drug Saf., 2010, 9, 347~
354.

19 S. Aronoff, S. Rosenblatt, S. Braithwaite, J. W. Egan,
A. L. Mathisen and R. L. Schneider, Diabetes Care, 2000,
23, 1605-1611.

20 H. J. Woo, J. S. Kim, K. M. Huh, K. J. Cho and Y. K. Lee,
Polymer, 2010, 34, 527-533.

21 S. Kalra and R. Shukla, Indian J. Endocrinol. Metab., 2011,
15(4), 294-297.

22 R. Gopinath, S. T. Narenderan, M. Kumar and B. Babu, J.
Anal. Sci. Technol., 2019, 10, 33.

23 C. Hess, F. Musshoff and B. Madea, Anal. Bioanal. Chem.,
2011, 400, 33-41.

24 Bioanalytical Method Validation Guidance for Industry, 2018,
p- 44.

25 B. Roy, A. Das, U. Bhaumik, A. K. Sarkar, A. Bose,
J. Mukharjee, U. S. Chakrabarty, A. K. Das and T. K. Pal, J.
Pharm. Biomed. Anal., 2010, 52, 216-226.

26 V. Kumari Karra, N. Rao Pilli, J. Kumar Inamadugu and
J. V. L. N. Seshagiri Rao, J. Pharm. Anal., 2012, 2, 167-173.

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

27 S. Gananadhamu, V. Laxmikanth, S. Shantikumar,
V. Sridhar, C. Geetha and C. Sandhya, Am. J. Anal. Chem.,
2012, 03, 849-858.

28 M. S. Elgawish, S. Nasser, 1. Salama, A. M. Abbas and
S. M. Mostafa, J. Chromatogr. B: Anal. Technol. Biomed. Life
Sci., 2019, 1124, 47-57.

29 P. Sengupta, B. Chatterjee, U. K. Mandal, B. Gorain and
T. K. Pal, J. Pharm. Anal., 2017, 7, 381-387.

30 K. M. Kelani, M. R. Rezk, O. M. Badran and
M. R. Elghobashy, J. Chromatogr. B: Anal. Technol. Biomed.
Life Sci., 2019, 1132.

31 R. Chinnalalaiah, R. Pigili and S. R. Avanapu, Ann. Pharm.
Fr., 2017, 75, 105-111.

32 M. F. Abdel-Ghany, M. F. Ayad and M. M. Tadros, J.
Chromatogr. B: Anal. Technol. Biomed. Life Sci., 2017, 1058,
93-101.

33 B. Jagadeesh, D. V. Bharathi, C. Pankaj, V. S. Narayana and
V. Venkateswarulu, J. Chromatogr. B: Anal. Technol. Biomed.
Life Sci., 2013, 930, 136-145.

34 X. Zhang, Y. Peng, P. Wan, L. Yin, G. Wang and J. Sun, J.
Chromatogr. Sci., 2013, 52, 52-58.

35 S. Sengottuvelan, R. Uppal and S. Vuppu, J. Chromatogr. B:
Anal. Technol. Biomed. Life Sci., 2019, 1121, 18-27.

RSC Adv, 2021, 11, 11437-11443 | 11443


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra01126j

	Development and validation of a sensitive LC-MS/MS method for pioglitazone: application towards pharmacokinetic and tissue distribution study in ratsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01126j
	Development and validation of a sensitive LC-MS/MS method for pioglitazone: application towards pharmacokinetic and tissue distribution study in ratsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01126j
	Development and validation of a sensitive LC-MS/MS method for pioglitazone: application towards pharmacokinetic and tissue distribution study in ratsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01126j
	Development and validation of a sensitive LC-MS/MS method for pioglitazone: application towards pharmacokinetic and tissue distribution study in ratsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01126j
	Development and validation of a sensitive LC-MS/MS method for pioglitazone: application towards pharmacokinetic and tissue distribution study in ratsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01126j
	Development and validation of a sensitive LC-MS/MS method for pioglitazone: application towards pharmacokinetic and tissue distribution study in ratsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01126j
	Development and validation of a sensitive LC-MS/MS method for pioglitazone: application towards pharmacokinetic and tissue distribution study in ratsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01126j
	Development and validation of a sensitive LC-MS/MS method for pioglitazone: application towards pharmacokinetic and tissue distribution study in ratsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01126j
	Development and validation of a sensitive LC-MS/MS method for pioglitazone: application towards pharmacokinetic and tissue distribution study in ratsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01126j

	Development and validation of a sensitive LC-MS/MS method for pioglitazone: application towards pharmacokinetic and tissue distribution study in ratsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01126j
	Development and validation of a sensitive LC-MS/MS method for pioglitazone: application towards pharmacokinetic and tissue distribution study in ratsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01126j
	Development and validation of a sensitive LC-MS/MS method for pioglitazone: application towards pharmacokinetic and tissue distribution study in ratsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01126j
	Development and validation of a sensitive LC-MS/MS method for pioglitazone: application towards pharmacokinetic and tissue distribution study in ratsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01126j

	Development and validation of a sensitive LC-MS/MS method for pioglitazone: application towards pharmacokinetic and tissue distribution study in ratsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01126j
	Development and validation of a sensitive LC-MS/MS method for pioglitazone: application towards pharmacokinetic and tissue distribution study in ratsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01126j
	Development and validation of a sensitive LC-MS/MS method for pioglitazone: application towards pharmacokinetic and tissue distribution study in ratsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01126j
	Development and validation of a sensitive LC-MS/MS method for pioglitazone: application towards pharmacokinetic and tissue distribution study in ratsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01126j
	Development and validation of a sensitive LC-MS/MS method for pioglitazone: application towards pharmacokinetic and tissue distribution study in ratsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01126j
	Development and validation of a sensitive LC-MS/MS method for pioglitazone: application towards pharmacokinetic and tissue distribution study in ratsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01126j
	Development and validation of a sensitive LC-MS/MS method for pioglitazone: application towards pharmacokinetic and tissue distribution study in ratsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra01126j


