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A reliable and sensitive ultra-performance liquid chromatography-tandem mass spectrometry-based

method has been developed for the estimation of 4-hydroxyisoleucine (4-HI), a potent insulinotropic

and hypolipidemic agent. The extraction of 4-HI from plasma was accomplished by the protein

precipitation technique using L-isoleucine as an internal standard. The separation of analytes was

achieved with a mobile phase consisting of acetonitrile and 0.1% formic acid in an isocratic flow system

on a BEH Shield RP-18 column (150 mm � 2.1 mm, 1.7 mm). 4-HI and L-isoleucine were detected using

an electrospray ionization (ESI) ion source, using multiple reaction monitoring (MRM) in positive ion

mode. The precursor to product ion transitions of 4-HI and L-isoleucine were found at m/z values of

148.19 > 74.02 and 132.17 > 69.04, respectively. As per the guidelines for bioanalytical methods, all

validation parameter results were within the acceptable range. The method exhibited a robust and

reproducible linearity range of 1–5000 ng mL�1 with a coefficient of regression of 0.9999. The method

was successfully applied for the estimation of pharmacokinetic parameters after oral administration of 4-

HI (10 mg kg�1) in Wistar rats, by using Thoth Pro (version: 4.3) software. Herein, the two-compartment

model was statistically fitted based on AIC and SBC values for evaluation of the pharmacokinetic

parameters of 4-HI. Pharmacodynamic studies were also performed by measuring the levels of

triglyceride and total cholesterol, and showed that the pharmacokinetic and pharmacodynamic data of

4-HI correlated with each other.
1. Introduction

Trigonella foenum-graecum (TFG) (Leguminosae) is a known
traditional plant that is frequently used in the management of
various diseases in Asian, Mediterranean and Middle Eastern
countries.1–3 The seeds of the TFG plant mainly contain dietary
ber (soluble ber and insoluble ber), essential oils, proteins,
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saponins, fatty acids, alkaloids (trigonelline, choline, etc.), and
free amino acids (4-hydroxyisoleucine, lysine), which have
proven therapeutic benets, including anti-diabetic, anti-
lipidemic, anti-hypocholesterolemic, hepatoprotective, antioxi-
dant, anti-inammatory, and anti-carcinogenic properties, in
rodents as well as in clinical trials.4–6

4-Hydroxyisoleucine (4-HI) is a natural compound, obtained
from TFG seeds and synthesized from isoleucine. It is one of the
main constituents responsible for the anti-hyperglycemic effect
of the TFG plant.7,8 4-HI plays a vital role in lowering glucose level
by regulating the secretion of pancreatic insulin, thereby inhib-
iting the activation of a-amylase and sucrase, and also regulating
the level of lipids.9 Hence, it shows signicant potential in the
treatment of insulin resistance and can possibly be used to treat
cardiovascular diseases.10 Hari et al. evaluated the insulinotropic
and anti-diabetic effects of 4-HI in animal models. They exam-
ined the effect of 4-HI on liver function and blood glucose in two
rat models of insulin resistance, the fructose-fed and
streptozotocin-induced rat models. From the study, they found
RSC Adv., 2020, 10, 5525–5532 | 5525
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that 4-HI can be used for the treatment of insulin resistance.11 T.
Narender et al. estimated the anti-dyslipidemic and anti-
hyperglycemic effects of 4-HI in hamsters. In this study, a high-
fat diet-fed dyslipidemia hamster model was developed, and
the authors found a signicant decrease in the plasma triglyc-
eride level, total cholesterol, and free fatty acids, which was
accompanied by an increase in the HDL/TC ratio aer the
administration of 4-HI.7 Moreover, Mohammed R. Haeri and co-
workers observed that 4-HI shows anti-diabetic activity and helps
in restoring the levels of lipids and uric acid in diabetic rats. They
concluded that 4-HI acts as an adjunct in the treatment of type 1
and type 2 diabetes.12 Therefore, these promising pharmacolog-
ical effects provoked us to investigate and evaluate the pharma-
cokinetic and pharmacodynamic prole of 4-HI. Herein, the
present study aimed to develop a rapid, precise and sensitive
ultra-performance liquid chromatography-tandem mass spec-
trometry (UPLC-MS/MS) method for the estimation of 4-HI in rat
plasma, and to the best of our knowledge, the pharmacokinetic
data for 4-HI inWistar rat plasma has been generated for the rst
time. The current investigation also explored possible compart-
mental pharmacokinetic and pharmacodynamic studies in Wis-
tar rats aer oral administration of 4-HI (10 mg kg�1). Evaluation
of the pharmacokinetic parameters was performed by non-
compartmental and compartmental analyses based on the data
obtained from the concentration–time prole using Thoth Pro™
4.3 soware. Whereas, the pharmacodynamic studies, especially
of the anti-dyslipidemic effect of 4-HI, were carried out by esti-
mating the levels of total cholesterol (TC) and triglycerides (TG).

2. Materials and methods
2.1 Chemicals

4-HI and L-isoleucine standards were procured from Sigma
Aldrich (St. Louis, MO, USA). Themembrane lter (0.22 mm) was
purchased from Merck Limited (Mumbai, India). LC-MS grade
solvents like methanol, acetonitrile, and formic acid were ob-
tained from Sigma Aldrich (St. Louis, MO, USA). Syringe lters
(13 mm � 0.22 mm) were procured from Chromatopak Pvt. Ltd.
(Mumbai, India). Deionized ultra-pure water was obtained from
a Millipore Milli-Q Plus system (Millipore Bedford Corp., Bed-
ford, MA, USA). Commercial kits for the determination of TG
and TC were purchased from Coral Clinical Systems.

2.2 Experimental animals

Wistar rats (male, 200–220 g) were procured from the Central
Animal Facility of Birla Institute of Technology & Science, Pilani,
India. Rats were kept in polyacrylic cages and housed under
a maintained 12 h/12 h light/dark cycle at ambient temperature
Table 1 Ion transitions and other optimized parameters for 4-hydroxyis

Compound name Ion transition
Con
(eV)

4-Hydroxyisoleucine 148.19 > 74.02 24
L-Isoleucine 132.17 > 69.04 24

5526 | RSC Adv., 2020, 10, 5525–5532
(22 � 3 �C) with 65% relative humidity. All experimental
procedures were performed as per institutional guidelines,
which are in compliance with the Institutional Animal Ethics
Committee of BITS-Pilani and an approved protocol (IAEC/RES/
23/10). Both food and water were provided ad libitum
throughout the study period.
2.3 Instrumental and analytical conditions

Liquid chromatographic analysis was performed using an Acq-
uity UPLC H Class system equipped with a quaternary solvent
manager, an auto-sampler, a column oven, and a degasser.
Chromatographic separation was achieved using an Acquity
UPLC® BEH Shield RP 18 column (150 mm � 2.1 mm, 1.7 mm;
Waters, USA) in isocratic mode using acetonitrile and 0.1% for-
mic acid in a ratio of 20 : 80 with a ow rate of 0.4 mLmin�1. The
column oven and autosampler temperature were maintained at
30 �C and 10 �C, respectively, and the total run time was set for
1.2 min. Data acquisition and control of hardware were executed
by using Mass Lynx soware version 4.1.

Mass spectrometric detection was accomplished using
a Waters Xevo® Triple Quadrupole mass spectrometer (MS/MS)
equipped with an electrospray ionization (ESI) source. The
following setup was used for analysis: ion spray voltage, 4500 V;
capillary voltage, 3 kV; cone voltage, 60 V; source temperature,
140 �C; dwell time, 0.025 s; the desolvation gas ow rate and
temperature were 650 L h�1 and 350 �C respectively. The
detection and quantication of analytes were performed using
the multiple reaction monitoring (MRM) mode, and the
precursor to product ion transitions of 4-HI and L-isoleucine
were found at m/z values of 148.19 > 74.02 and 132.17 > 69.04,
respectively, as shown in Table 1.
2.4 Preparation of standard stock solutions and quality
control samples

A standard solution of 4-HI (1 mg mL�1) was prepared in
acetonitrile. Further, a series of dilutions of 4-HI were prepared
in acetonitrile and water (50 : 50) with concentrations ranging
from 0.025–125 mg mL�1. The quality control samples for 4-HI
were prepared with concentrations of 0.025, 0.05, 37.5 and 100
mg mL�1 and stored at 4 �C. The calibration standards were
developed by spiking 2 mL of the respective working solutions
into 48 mL of blank plasma. The nal concentrations of 4-HI in
the plasma samples were in the range of 1–5000 ng mL�1, and
quality control (QC) samples with concentrations of 1, 2, 1500
and 4000 ng mL�1 were prepared individually in replicates,
independent of the calibration standards.
oleucine and L-isoleucine

e voltage Collision energy
(eV)

Acquisition
time (min)

12 0.92
12 0.96

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra08121f


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Fe

br
ua

ry
 2

02
0.

 D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

9:
46

:1
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
2.5 Sample preparation

A simple protein precipitation method was used for the
extraction of 4-HI from plasma. 300 mL of acetonitrile was added
to the plasma sample, vortexed for 30 s and centrifuged for
10 min at 15 000 rpm. The obtained supernatant was ltered
through a syringe lter (0.22 mm) into amber colored HPLC vials
and analyzed using the UPLC-MS/MS method (Table S1†).
2.6 Method validation

The validation of the bioanalytical method was achieved in
terms of various parameters such as sensitivity, selectivity,
linearity, accuracy, precision, recovery, matrix effect and
stability studies in accordance with the US Food and Drug
Administration (US FDA) and European Medical Agency (EMA)
guidelines.13–16 System suitability was assessed by injecting the
same concentration of the sample six times to check the effi-
ciency of the column, reproducibility and resolution. The
system suitability test was performed to conrm the function
of the chromatography system on a day-to-day basis, and the
selectivity was measured to test its ability to differentiate
between the analyte and other components such as impurities
and endogenous substances. For the selectivity test, blank
plasma samples were collected randomly and analyzed by
spiking with an internal standard (IS) (zero blank) or without
an IS, and the method was considered selective when the
extraction ion chromatogram peak intensity was less than 5
times larger than the peak intensity of the lower limit of
quantication (LLOQ) and less than 20 times larger than the
peak intensity of the IS. Linearity and calibration curves were
obtained by using a least squares method, typically the ordi-
nary least squares method (OLS). OLS is a simple process and
usually involves the assumption of an initial point for the
selection of an adequate calibration curve, but with OLS
assessing the homoscedasticity.17 However, in the bio-
analytical method the observed value of variance remains
unequal, which suggests heteroscedasticity and leads to an
inadequate t of the OLS linear regression. Thus, an alterna-
tive approach, weighted least squares (WLS) linear regression,
is used for the calculation of the standard curve (Fig. S2 and
Table S4†).18,19 Calibration standards of 4-HI (1–5000 ng mL�1)
were used to prepare the calibration curve for the plasma
samples by plotting nominal plasma concentrations on the x-
axis versus peak area ratios (drug/IS) on the y-axis. To obtain
the error of accuracy and coefficient of variation, the validation
criteria (CV) should be�15% for all calibrations, except for the
LLOQ (�20%).20 The limit of detection (LOD) and limit of
quantication (LOQ) were measured as signal to noise ratios.
Accuracy, and intra-day and inter-day assay precision were
estimated by analyzing six replicate samples at three different
quality control (QC) levels, i.e., lower quality control (LQC),
medium quality control (MQC), and high quality control
(HQC). The accuracy, and intra-day and inter-day assay preci-
sion were determined over a day or over three consecutive
days. The acceptance criteria for intra and inter-day precision
were limited to#15% (RSD, %) and accuracy was within�15%
except for the LLOQ, where it should not exceed �20% for
This journal is © The Royal Society of Chemistry 2020
precision and accuracy. Recovery was estimated using the ratio
of the compound concentration (relative) or peak area of
extraction ion chromatogram (absolute) in plasma.21 The
recoveries of 4-HI and the IS were determined through the
protein precipitation extraction procedure and estimated by
comparing the standard solution with equivalent concentra-
tions. For the stability studies of 4-HI in plasma matrix, six
replicates at the different QC levels (LQC, MQC, HQC) and
LLOQ were estimated under the following conditions: (1) in
the autosampler at 4 �C for 24 h; (2) bench top (at ambient
temperature (25 � 3 �C)) for 9 h; (3) over three freeze–thaw
cycles at �80 �C. Stability studies were carried out by
comparing the stability samples with freshly spiked samples.
Stability samples were considered to be stable if the assay
values were within the adequate limits of accuracy (i.e., �15%
bias) and precision (i.e., 15% RSD), except for the LLOQ (i.e.,
20% of CV).22

2.7 Pharmacokinetic study in Wistar rats

The established method was efficiently executed for the phar-
macokinetic study of 4-HI aer its administration p.o. at a dose
of 10 mg kg�1 in healthy Wistar rats (n¼ 4). Blood samples were
collected in polypropylene centrifuge tubes at intervals of 0.25,
0.5, 1, 2, 4, 6, 8, 12 and 24 h. For the extraction of the plasma,
blood samples were centrifuged at 7000 rpm for 10 min and
stores at�80� 10 �C until analysis. The plasma concentration–
time prole of 4-HI was plotted to generate various pharmaco-
kinetic parameters using Thoth Pro 4.3 soware with non-
compartmental modeling. Further, the estimation of the phar-
macokinetic models (one, two or multi-compartment) was done
based on Akaike’s information criterion (AIC), Schwarz
Bayesian Criteria (SBC) and the linear regression coefficient (R2)
value. Lower AIC and SBC values were preferred for the esti-
mation of a perfect pharmacokinetic model.23–25

2.8 Pharmacodynamic study

TC and TG are the commonly used biological markers for the
estimation of lipid levels. The pharmacodynamic effect of 4-HI
on TC and TG was explored in Wistar rats (n ¼ 4). The TC and
TG levels in plasma were estimated by using commercial
kits.26,27

3. Results and discussion
3.1 Optimization of liquid chromatographic conditions and
mass spectrometry conditions

A methodological approach was followed for optimizing the
method for identication of the analyte in the shortest time
using the simplest possible chromatographic conditions with
symmetrical peaks, and high resolution and recovery. For
this, the liquid chromatographic conditions such as choice of
the mobile phase, pH of buffer, composition of the mobile
phase, column selection, ow rate, column oven temperature,
and injection volume were optimized. For the MS/MS condi-
tions, the electrospray ionization (ESI) source was operated in
different modes, and the m/z values of the analyte and the IS
RSC Adv., 2020, 10, 5525–5532 | 5527
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Fig. 1 Product ion scan mass spectra of 4-hydroxyisoleucine and L-isoleucine.
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were determined. The compound and instrument dependent
parameters were also established to improve the sensitivity
towards the analyte. Aer continuous optimization of 4-HI,
the mobile phase consisted of acetonitrile and 0.1% formic
acid in a ratio of 20 : 80 with a ow rate of 0.4 mL min�1. No
carryover was detected in a blank sample aer injecting the
calibration standard with the highest concentration.28 The
positive ESI mode was selected for estimation of m/z values
(Table S2†). The MRM scan was used to improve the specicity
and selectivity of the analysis, and the product ions with the
highest abundance were chosen as the transitions for each
analyte (Fig. 1 and S1 and Table S3†).29,30 The proposed frag-
mentation pathways, MS/MS transitions and the compound
dependent parameters for 4-HI and the IS are summarized in
Table 1.

3.2 Method validation

Selectivity studies of the developed LC-MS/MS method were
carried out by comparing and analyzing the chromatograms of
4-HI with blank and zero blank chromatograms. Representa-
tive chromatograms of blank, zero blank (IS only), LLOQ and
standard samples of 4-HI are shown in Fig. 2. The current
conditions showed no signicant plasma matrix and no
interfering peaks at the retention times of the analytes. The
calibration curve was obtained using the least squares
regression technique, which is used for modeling and
analyzing the relation between dependent variables and
5528 | RSC Adv., 2020, 10, 5525–5532
independent variables. Primary regression with the least
squares method is used for tting calibration curves in LC-MS/
MS assays,31 although the evaluation of the t of the model
was completed by an alternative approach of assessing the
homoscedasticity or heteroscedasticity using the F-test and
a residual plot (Fig. S2†). The observed results show hetero-
scedasticity of the errors, so a modied least squares method,
WLS, was used, which assigns an appropriate weight at each
concentration level and reects the different measurement
uncertainties at different levels (Table S4†).18 Herein, a cali-
bration curve was constructed for a calibration standard of 4-
HI in plasma samples using the WLS method, and it shows
linearity and reproducibility in the range of 1–5000 ng mL�1.
The accuracy, and intra-day and inter-day assay precision data
obtained from the QC (LQC, MQC, HQC) and LLOQ samples of
4-HI are listed in Table 2, and all the obtained values were
within the range of recommended guidelines. The intra-day
and inter-day assay precision for the QC samples did not
exceed 7.116%, and for the LLOQ they did not exceed 11.660%.
Thus, the analysis offers excellent extraction procedure,
repeatability, and reproducibility for the study of 4-HI in
plasma. The extraction recovery of 4-HI (at QC levels and
LLOQ) was measured by comparing neat standards versus
plasma-extracted standards. The obtained recovery values for
the plasma samples are listed in Table 3, and the mean
absolute recovery of 4-HI was found to be 41.56 � 1.85, which
indicates that the method was reliable, rapid and
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Representative MRM chromatograms of 4-HI: (a) blank; (b) IS; (c) LLOQ; (d) sample.

Table 2 Precision and accuracy of the analysis of 4-hydroxyisoleucine in rat plasma

Level
Nominal concentration
(ng mL�1)

Inter-day Intra-day

Measured concentration
(mean � SD, ng mL�1)

Precision
(% CV)

Accuracy
(% bias)

Measured concentration
(mean � SD, ng mL�1) Precision (% CV)

Accuracy
(% bias)

LLOQ 1 1.00 � 0.12 11.660 0.263 0.98 � 0.10 9.876 �1.733
LQC 2 2.02 � 0.14 7.116 0.808 1.94 � 0.13 6.768 �2.798
MQC 1500 1370.29 � 46.64 3.406 �8.647 1325.51 � 37.23 2.809 �11.633
HQC 4000 3716.68 � 171.74 4.621 �7.083 3755.09 � 138.91 3.699 �6.123

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Fe

br
ua

ry
 2

02
0.

 D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

9:
46

:1
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
reproducible. Stability studies of 4-HI in plasma matrix were
carried out to cover all possible conditions that would be
encountered during sample processing. For the stability
studies, different conditions were tested, such as freeze–thaw
stability, autosampler stability and bench top stability, and
Table 3 Recovery (%) of 4-hydroxyisoleucine in rat plasma at different
QC levels

Level
Nominal concentration
(ng mL�1)

% Recovery

Mean � SD % CV

LLOQ 1 41.35 � 2.69 6.515
LQC 2 40.32 � 0.89 2.213
MQC 1500 41.99 � 1.35 3.204
HQC 4000 42.55 � 2.46 5.791

This journal is © The Royal Society of Chemistry 2020
the results indicated that 4-HI was stable and exhibited no
signicant degradation under these storage conditions as
described in Table 4.
3.3 Pharmacokinetic study in Wistar rats

The validated method was successfully applied in estimating
the pharmacokinetic behavior of 4-HI at a dose of 10 mg kg�1

p.o. in Wistar rats (n ¼ 4). The plasma concentration–time
prole curve of 4-HI in rat plasma is depicted in Fig. 3. The
plasma concentration increased rapidly and reached the
maximum level at 0.5 h aer administration of 4-HI. The esti-
mated model independent and non-compartmental pharma-
cokinetic parameters are listed in Table 5. A maximum
concentration (Cmax) of 8140.37� 623.48 ngmL�1 was achieved,
and the areas under the curve (AUC0�t and AUC0�a) were found
to be 39 034.76 � 1345.06 and 45 892.54 � 702.92 ng h mL�1,
respectively. The plasma elimination half-life (t1/2) obtained for
RSC Adv., 2020, 10, 5525–5532 | 5529
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Table 4 Stability of 4-hydroxyisoleucine in rat plasma under different storage conditions and at different QC levels

Stability

Nominal
concentration
(ng mL�1)

Measured
concentration
(ng mL�1 � SD)

Precision
(% CV)

Accuracy
(% bias)

Autosampler (24 h) 1 1.02 � 0.06 5.588 1.892
2 1.96 � 0.17 8.627 �1.951
1500 1499.41 � 14.62 0.975 �0.040
4000 3902.95 � 187.10 4.794 �2.426

Bench top (9 h) 1 1.09 � 0.11 9.908 8.838
2 1.96 � 0.13 6.814 �2.003
1500 1502.65 � 31.68 2.108 0.176
4000 3894.00 � 227.47 5.842 �2.650

Freeze–thaw (�80 �C) 1 1.05 � 0.13 12.674 5.271
2 2.01 � 0.18 9.133 0.497
1500 1417.04 � 40.97 2.891 �5.531
4000 3751.70 � 138.34 3.873 �10.707

Fig. 3 Plasma concentration–time profile of 4-HI after oral adminis-
tration (10 mg kg�1, p.o.).

Table 5 Non-compartmental and compartmental pharmacokinetic para
kg�1 p.o. in rats

Parameters

4-Hydroxyisoleucine (

Non-compartmental

Cmax ng mL�1 8140.37 � 623.48
AUC0�t ng h mL�1 39 034.76 � 1345.06
AUC0�a ng h mL�1 45 892.54 � 702.92
Ke h�1 0.06 � 0.01
tmax h 0.5 � 0.00
t1/2a h —
t1/2b h —
t1/2 h 10.83 � 1.96
CL mL h�1 kg�1 204.95 � 23.97
Vd mL kg�1 3123.59 � 355.86
V1 mL kg�1 —
V2 mL kg�1 —
K10 h�1 —
K12 h�1 —
K21 h�1 —
R2 — —
AIC — —
SBC — —

5530 | RSC Adv., 2020, 10, 5525–5532
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4-HI was 10.83 � 1.96 h, and the analyte could be detected in
plasma for up to 24 h.

The selection of a suitable compartmental model, either one-
or two-compartmental, was mainly based upon the AIC and SBC
values. Smaller AIC and SBC values indicate an appropriate
prole for the concentration–time curve.25 The mean AIC and
SBC values for the one-compartmental model were 162.93� 2.37
and 164.14 � 2.37, respectively, and for the two-compartmental
model they were 156.62 � 2.5 and 158.34 � 2.5, respectively.
According to the data, the two-compartmental model was the
best model to describe the plasma concentration–time prole of
4-HI aer oral administration (Fig. 4). The generated data also
suggests that there are fast and slow disposition phases, which
are presented in the generated graph (Fig. 5). The equation for
the extravascular two-compartmental model is Cp(t) ¼ Ne�Ket +
Le�at + Me�bt. The pharmacokinetic parameters Ke, a and b are
meters of 4-hydroxyisoleucine after administration at a dose of 10 mg

10 mg kg�1; p.o.)

One-compartmental Two-compartmental

4101.04 � 540.10 8042.97 � 279.16
39 495.34 � 1290.42 40 016.39 � 1547.58
46 353.11 � 788.01 47 050.02 � 1223.01
0.06 � 0.01 0.06 � 0.01
— —
— 17.470 � 12.73
— 0.021 � 0.010
— —
32.372 � 6.88 17.412 � 7.71
— —
679.546 � 20.22 309.492 � 162.89
— 569.144 � 82.93
0.0483 � 0.01 0.149 � 0.01
— 0.08 � 0.05
— 0.12 � 0.00
0.947 � 0.04 0.997 � 0.00
162.99 � 2.37 156.52 � 2.50
164.14 � 2.37 158.34 � 2.50

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Schematic representation of the two-compartmental model
for 4-HI. Where Ke: 4-HI absorption in the gastrointestinal tract; K12: 4-
HI disposition from the central compartment to the peripheral
compartment; K21: reabsorption from the peripheral compartment to
the central compartment; K10: 4-HI elimination from the central
compartment.

Fig. 5 Plasma concentration–time profile of 4-HI obtained using the
two-compartment model after oral administration (10 mg kg�1).

Fig. 7 Change in total cholesterol level after the administration of 4-
HI in normal Wistar rats. Values are expressed as mean � SEM.
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the absorption, distribution and elimination exponents, whereas
the N, L and M values are the intercepts for absorption, distri-
bution and elimination phases, respectively.32 Moreover, all the
pharmacokinetic parameters of 4-HI are presented in Table 5.
3.4 Pharmacodynamic study

Hyperlipidemia plays a crucial part in the pathogenesis of
type 2 diabetes, which is triggered due to the storage of fats in
Fig. 6 Change in triglyceride level after the administration of 4-HI in
normal Wistar rats. Values are expressed as mean � SEM.

This journal is © The Royal Society of Chemistry 2020
tissues, and it also leads to increased incidence of cardio-
vascular diseases.33 According to Hannan et al., the TFG plant
effectively reduces the postprandial rise of glucose in rats and
also hinders fat and carbohydrate absorption in the gut due
to the presence of bioactive constituents.34 Whereas,
Nerander et al. observed that the amino acid (4-HI) present in
the TFG plant causes a signicant decrease in the levels of TC,
TG and fatty acids in the dyslipidemic hamster model.7

Similarly, a report by Singh et al. also conrmed the anti-
dyslipidemic effect of 4-HI in db/db mice by measuring the
levels of TG, TC, low-density lipoprotein and high-density
lipoprotein.35 In the present study, we have observed the
decrement of TG and TC levels aer the administration of 4-
HI in normal rats, as presented in Fig. 6 and 7, respectively.
The decrement in the levels of TG and TC was in agreement
with the pharmacokinetic prole. Moreover, the maximum
inhibitor effect of 4-HI was observed at 2 h; aer that, an
increment in the levels of TG and TC was observed in the
concentration–time proles.
4. Conclusion

The present study aimed to develop a bioanalytical assay
method for the quantication of 4-HI in plasma matrix and also
to explore the non-compartmental as well as compartmental
pharmacokinetic parameters of 4-HI. The developed UPLC-MS/
MS method is simple, sensitive, and high throughput, with an
eco-friendly mobile phase composition. The validated method
was applied in the estimation of pharmacokinetic parameters.
The plasma concentration data showed fast and slow disposi-
tion phases as tted by the two-compartmental model. More-
over, the pharmacodynamic prole also indicated the anti-
hyperlipidemic effect of 4-HI, and a good correlation was
observed with the pharmacokinetic prole. To the best of our
knowledge, this method is the rst of its kind to be applied in
the evaluation of pharmacokinetic as well as pharmacodynamic
parameters of 4-HI in rat plasma. Our constructive ndings
offer complete information regarding the compartmental
pharmacokinetics of 4-HI. These pre-clinical pharmacokinetic
and pharmacodynamic studies and the relationship between
them could play a signicant role in the development of new
RSC Adv., 2020, 10, 5525–5532 | 5531
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dosage forms of 4-HI which may be helpful in the management
of various diseases.

Abbreviations
4-HI
5532 | RSC A
4-Hydroxyisoleucine
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 Trigonella foenum-graecum
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Ultra-performance liquid chromatography-
tandem mass spectrometry based
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 Total cholesterol

TG
 Triglycerides

ESI
 Electrospray ionization

MRM
 Multiple reaction monitoring
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