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Abstract
This study was aimed to investigate the therapeutic potentials of plant-based bioactive compounds; lutein and resveratrol alone
and/or in combination with DPP-4 enzyme inhibitor; sitagliptin on the secretion and bioavailability of Glucagon like peptide-
1(GLP). For this, experimental rats were divided into seven groups. Group 1 was marked as control, while other six groups
received streptozotocin (60 mg/kg I.P.). Later, group 2 was kept disease-control.While group 3 received 10 mg/kg/day sitagliptin
(DDP-4i). Group 4 received 40 mg/kg/day lutein (LUT) and group 5 received 30 mg/kg/day resveratrol (RES).While group 6 and
7 were received combination of DPP-4i+LUT and DPP-4i+RES, respectively. Combined administration of DPP-4i+LUT or DPP-
4i+RES showed expected therapeutic effects by lowering the fasting blood glucose and maintaining the serum insulin con-
centrations with improved glucose sensitivity and reduced insulin resistance. Further, co-administration of LUT and RES with
DPP-4i revealed beneficial effects on measures of insulin resistance, circulating lipids, glycemic index, oxidative stress, and
inflammatory status along with restoration of histological morphology of pancreatic cells and enterocytes that seemed to
improve the level of GLP-1. Hence, substantial verdicts of this study showing therapeutic potentials of LUT and RES would
surely help to recognize the potential effects in combination with DPP-4i as stimulators of GLP-1 secretion.
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Introduction

Chronic increase in blood glucose level due to impairment in
insulin secretion or action leads to the development of met-
abolic disorders like obesity and diabetes mellitus.1 Glucagon
like peptide-1 (GLP-1) is a neuroendocrine hormone that is
considered as an important incretin hormone, which plays a
major role to maintain the level of blood glucose by promoting
the insulin secretion from β-cells of pancreatic islets and
blocking the glucagon secretion from α-cells of pancreatic
islets. GLP-1 also slows gastric emptying and promotes sa-
tiety. After taking a meal, the L-type enterocytes of small
intestine in gastrointestinal tract produces GLP-1 that is
considered responsible for the secretion of postprandial
insulin.2,3 Moreover, GLP-1 quickly degrades by an enzyme,

that is, dipeptidyl peptidase-4 (DPP-4). Though to overcome
this, few GLP-1 analogs and DPP-4 inhibitors have been
approved by FDA for the treatment of T2DM, there are some
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shortcomings with their treatment.4 DPP-4 inhibitor like si-
tagliptin inhibits GLP-1 degradation and thus prolongs its
effects.5 Sitagliptin does not directly contact with GLP-1
receptor but prevents the proteolytic breakdown of GLP-1
in blood via binding to DPP-4 and enhances endogenous
levels of GLP-1 by decreasing glucagon level in blood, thus
enhances the secretion of insulin from β-cell of pancreas.
Though, DPP-4 inhibitors prolong the bioavailability of GLP-
1 by inhibiting its metabolism, in previous years, it was
recognized that they have no effect against the oxidative stress
and/or inflammatory conditions. Interestingly, many recent
studies have investigated the antioxidant and anti-
inflammatory effects of these inhibitors.6-13

Further, many antioxidants, anti-inflammatory, and anti-
infective bioactive compounds have been studied to be ef-
fective biocontrols against animal and human diseases in-
cluding zoonotic conditions of intestine.3,14-18 Nevertheless,
antioxidants are mostly present in fruits and vegetable and
possess great potential against oxidative damage.19 Among
these natural antioxidants, few merely focused but potentially
effective are lutein and resveratrol.

Lutein (Tagetes erecta L.) is taken from the food like
spinach, turnip, and green leafy vegetables. Recent studies
on abilities of carotenoids20 and tagetes species have
highlighted the potential of lutein for lowering the blood
glucose level. Moreover, some studies have also suggested
that lutein can be beneficial not only as an anti-diabetic
agent but may also exhibit the protective role against
diabetes-associated complications like diabetic retinopa-
thy.21 Likewise, a potent antioxidant effect of lutein has
been observed during the ischemic retina injury and pro-
vided a precise protection of retinal neuronal cell from
oxidative stress.22

Recently, resveratrol has also been evaluated for its role in
DM and obesity linked with insulin resistance.23 Ahangarpour
et al. have reviewed the antidiabetic potential of resveratrol
assessed by many researchers using different experimental
techniques.24 As far as the combination treatment for DM is
concerned, a previous study has showed a beneficial antidi-
abetic effect of co-treatment with quercetin and resveratrol in
streptozotocin–induced diabetic rats.25 correspondingly, both
antioxidant and anti-inflammatory effects of resveratrol have
been reported through numerous studies.26-30 Resveratrol has
shown its therapeutic potential as anticancer, anti-
inflammatory, antioxidant, and cardioprotective,31

whereas latest studies have also found its therapeutic po-
tential for treating metabolic disorders such as hypergly-
cemia and obesity.32 In addition to this, resveratrol has been
observed to improve pancreatic -cell mass and insulin se-
cretion, thereby exerting antidiabetic action on body be-
sides its antioxidant and anti-inflammatory potentials.23

Studies have also supported that an understanding of gut
development provides strategic approach to improve the
diagnosis and management of pathological processes in a
biological system.33

Correspondingly, the current work was designed to eval-
uate the antioxidant and anti-inflammatory effects of lutein
and resveratrol alone and/or with dipeptidyl peptidase-4
(DPP-4) enzyme inhibitor; sitagliptin. It was supposed that
this combination would not only help to prolong the bio-
availability of GLP-1 but also contribute for controlling the
oxidative stress and inflammatory conditions.

Material and Methods

Chemicals and Assay Kits

Colorimetric assay kits for glucose (Cat # E-BC-K234,
Elabscience Biotechnology Inc.), alkaline phosphatase ac-
tivity assay kit (Cat # E-BC-K091, Elabscience Biotechnology
Inc.), and alanine aminotransferase activity assay kit (Cat #
E-BC-K235, Elabscience Biotechnology Inc.); ELISA kits for
rat insulin (Cat # E-EL-R3034, Elabscience Biotechnology
Inc.), rat IL-6 (Cat # E-EL-R0015, Elabscience Biotechnology
Inc.), and TNF alpha (Cat # E-EL-R0019, Elabscience Bio-
technology Inc.). Creatinine (Cr) colorimetric assay kit (Cat #
E-BC-K188-M, Elabscience Biotechnology Inc.), high-
density lipoprotein cholesterol (HDL-C) colorimetric assay
kit (Cat # E-BC-K222-S, Elabscience Biotechnology Inc.),
and triglycerides colorimetric assay kit (Cat # E-BC-K261-M,
Elabscience Biotechnology Inc.). GLP-1 assay kit (Cat #
E-EL-R3007, Elabscience Biotechnology Inc.). Readings for
ELISA kits were taken using Microplate ELISA Reader
(BIOBASE-EL 10A).

Experimental Animal Model

A total number of 42 Wistar albino rats with an average body
weight of 180–250 g were purchased and kept at 25 ± 4°C in
an animal house at University of Agriculture, Faisalabad,
Pakistan. Throughout the study period, standard diet was
given to all rats with water ad Libitum. All experimental
procedures were carried out in accordance with permitted
laboratory animal handling procedures. All Biosafety/
Bioethics protocol of Institutional Biosafety committee
(IBC) and Bioethics committee and research board were
followed (No 9354/ORIC). According to study protocol, other
than normal control group which was marked as control (n =
6), the other six groups (n = 6) received streptozotocin (60 mg/
kg I.P.). Later, these groups were designated according to the
treatment they received. Group 2 was marked as disease-
control group (STZ) in which after exposure to streptozotocin,
no treatment was given throughout the study time. Group 3
was marked as DDP-4i treated group, receiving sitagliptin as
10 mg/kg/day for whole study period. Groups 4 and 5 were
designated as LUT and RES group, respectively, as they re-
ceived lutein 40 mg/kg34 and resveratrol 30 mg/kg,35 re-
spectively, for the same study period. While groups 6 and 7
received combination treatment of DPP-4i + LUT (10 mg/kg/
day +40 mg/kg) and DPP-4i + RES (10 mg/kg/day +30 mg/
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kg), respectively, for the defined study period. Briefly, after
overnight fasting, 60 mg/kg intraperitoneal injection of freshly
prepared streptozotocin was given to all rats except the control
group. The fasting blood glucose level of rats were evaluated
till 10 days post streptozotocin injection. The blood glucose
level >270 mg/dL indicated that the STZ-exposed rats were
diabetic. After that, treatment was given with lutein, resver-
atrol, sitagliptin either alone, or in combination considering
this day as “day 1” and continued till day 30. The vehicle used
was normal saline for control group. In agreement with
previous studies, the dose of sitagliptin (10 mg/kg) was
designated as the literature suggested dose as this dose is
suitable for detecting the potential synergistic effect.36-39

Assessment of Body Weight and Food Intake

The food intake was measured on daily basis through the study
period according to the method as described previously.40

Briefly, the energy consumption of each rat was estimated by
multiplying the average food intake (g) of rat per day with total
energy of laboratory chow diet. Similarly, for body weight,
after 3 to 4 h of fasting, body weight was measured after every
7 days in whole study period.

Biochemical Analysis

Blood and Tissue Sampling. For biochemical analysis of pre-
defined biomarkers, about 1.5 ml blood samples were taken
from the tail vein method from each rat at the end of treatment.
The blood samples were centrifuged for 20 minutes at 3000
RPM for serum separation and stored at �20°C until further
analysis. Pancreatic and intestinal tissues from ileum part were
collected for the preparation of homogenate. 0.1 M phosphate
buffered saline (PBS) was taken in falcon tubes and relevant
collected tissue samples were placed in falcon tubes and
homogenized via tissue homogenizer at the speed of 3000
RPM for the analysis of GLP-1, IL-6, and TNF-α levels in
tissues.

Estimation of Glycemic Biomarkers

The effect of LUTand RES alone or in combination with DPP-
4i treatments were assessed for their effects on insulin sen-
sitivity, glycemia, and serum level of insulin. To estimate the
effect of treatment on glycemic levels, blood glucose level was
recorded with the help of glucometer at 1st, 7th, 14th, 21st, and
28th day of experimental study. To assess the trend of glucose
tolerance in experimental animals, oral glucose tolerance test
(OGTT) was performed after an overnight fasting. By oral
gavage, about 2 g/kg of glucose solution was given to all
experimental animals followed by the assessment of blood
glucose levels at 30, 60, 90, and 120 min. We also calculated
the AUC during the OGTT using GraphPad Prism 6.0 soft-
ware (La Jolla, CA, USA). To analyze the effect of lutein,
resveratrol, and sitagliptin on insulin sensitivity, we also

estimated the insulin resistance using homeostasis model
assessment for insulin resistance (HOMA-IR) by utilizing the
fasting values of insulin and glucose as follows:
HOME� IR ¼ InsulinðµUÞ x Glucoseðmmol=LÞ=22:5.
We measured the fasting levels of insulin and glucose prior to
the administration of glucose during OGTT.

Assessment of GLP-1 Level in Serum and Intestine

Levels of GLP-1 in serum and intestinal tissue homogenates
were measured in all treated groups to assess the effect of
treatment of LUT and RES alone or in combination with DPP-
4i on experimental animals.

Estimation of Lipid Peroxidation and Inflammation

To estimate the effect of LUT and RES alone or in combi-
nation with DPP-4i on oxidative stress and inflammation, we
measured the serum levels of MDA and IL-6 and TNF-α as
biomarkers of lipid peroxidation and inflammation, respec-
tively, using their corresponding assay kits.

Assessment of Lipid Biomarkers

To investigate the effects of LUT and RES alone or in
combination with DPP-4i on dyslipidemia after streptozotocin
exposure, we estimated the serum levels of cholesterol, TGs,
LDL, and HDL-C during and at the end of treatment period
using their corresponding assay kits.

Estimation of Kidney and Liver Function Biomarkers

Liver function biomarkers including ALT (alanine amino-
transferase) and AST (aspartate aminotransferase) and renal
function biomarkers including creatinine and uric acid were
assessed to evaluate the effectiveness of LUT and RES alone
or in combination with DPP-4i using their corresponding
assay kits.

Histopathological Examination

For the purpose of histopathological analysis of samples
collected from each group, the sections were taken from
collected tissues of pancreas and ileum part of intestine.
Followed by fixing them in 10% buffered formalin. These
tissues were then washed using alcohol and later were de-
hydrated. Afterward, xylene was applied to these tissues. The
clear tissue was infiltrated with melted paraffin for 2 h and
embedded in paraffin wax. This was followed by slicing of
tissues into thin sections (5 µm) via microtome. Sections
were mounted directly on the slides. Lastly, the Hematoxylin
and Eosin (H & E) stains ere used to stain the mounted
sections and slides were covered with glass cover slip. Slides
were observed for histopathological analysis at 40X and
100X.
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Statistical Analysis

The values for all biochemical parameters were presented as
mean ± SD. The association among the biochemical markers
was investigated by non-linear regression through GraphPad
Prism 5. The probability value (P < .05) was considered as
statistically significant and the two-way ANOVA along with
Bonferroni post-test was applied for comparison among the
treated groups.

Results

Effect of Treatment on Body Weight and Food Intake

Among different treated groups of rats, no significant dif-
ference was observed for the intake of food when compared to
the untreated diabetic group. Moreover, it was noted that the
lutein or resveratrol, alone or in combination with DPP-4i did
not alter the body weight of experimental animals.

Effect of Treatment on Glycemia and Insulin Sensitivity

It was observed that streptozotocin increased the levels of
blood glucose before the start of treatment in all study groups
(Figure 1A) as compared to normal control, moreover, this rise
remained constant even at 15th and last day of study in STZ-
group when compared to control group (Figure 1A). However,
after the start of treatment, at 15th day, we found that treatment

lutein or resveratrol alone and/or with DPP-4i significantly
decreased the levels of glucose when compared with that of
non–treated STZ disease group. Similar pattern for the re-
duction of glucose level was also observed for combination
groups receiving DPP-4i with lutein and DPP-4i with re-
sveratrol, respectively. However, at the end of treatment pe-
riod, both combination groups besides showing a significant
decline (P < .05) in the glucose levels as compared to STZ-
group, also showed a better (P < .05) glucose reducing ability
when compared to that of DPP-4i group (Figure 1A).

Similarly, to evaluate the effect of treatments on insulin
levels (Figure 1B), it was observed that STZ decreased the
serum level of insulin before the start of treatment in all study
groups (P < .05) as compared to that of normal control.
Moreover, this reduction in the serum level of insulin re-
mained constant even at 15th and last day of study in STZ-
group (P < .05) when compared with control group (Figure
1B). Nevertheless, similar pattern for insulin level was ob-
served for combination groups receiving lutein with DPP-4i
and resveratrol with DPP-4i with greater improvement (P <
.05) as compared to STZ-group (Figure 1B).

Correspondingly, to observe the effects of treatments on
glucose tolerance, we also performed the OGTT (Figure 1C).
STZ-induced diabetic rats had maximum level of glucose (P <
.05) at 30 minutes and remained persistently high at all-time
points when compared with that of control-group. Conversely,
a significant decline in the level of blood glucose was observed

Figure 1. Effect of treatment on (A) glucose, (B) insulin, (C) OGTT, and (D) AUC. To estimate the effect of treatment on glycemia, we
measured the serum level of glucose and insulin at 1st, 15th, and 30th day of the treatment period (n = 6 rats in each group). The level of
significant difference was estimated by Bonferroni post-test using two-way ANOVA and the level of significance was set at P < .05. a
represents when compared with Control-group. b represents when compared with STZ-group. c represents when compared with DPP-4i
alone treated group. Abbreviations| CON: control group, STZ: streptozotocin group, DPP-4i: sitagliptin, LUT: lutein, and RES: resveratrol.
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with the passage of time in experimental groups that were
either receiving DPP-4i, lutein and resveratrol or combination
of DPP-4i with lutein or DPP-4i with resveratrol (P < .05)
when compared with that of STZ-group (Figure 1C). Addi-
tionally, we also used the changes in the values of OGTT to
calculate the AUC. STZ significantly increased the AUCwhen
compared with that of control group but surprisingly, treat-
ment groups significantly reduced the value of AUC when
compared with that of STZ-group (Figure 1D).

Likewise, an improvement in insulin sensitivity was also
observed with combination treatments of either DPP-4i with
lutein or DPP-4i with resveratrol (P < .001) when compared to
DPP-4i or lutein or resveratrol alone treated groups as cal-
culated with the help of HOMA-IR (Figure 2).

Effect of Treatment on GLP-1 Level

We investigated the therapeutic potential of lutein and re-
sveratrol alone and/or in combination with DPP-4i to increase
the bioavailability of GLP-1 in serum and intestine by
blocking the DPP-4 enzyme that is responsible for rapid
metabolism of GLP-1. Before the start of treatment, STZ
significantly decreased (P < .05) the level of GLP-1 in serum
(Figure 3A) and in tissue homogenate of intestine (Figure 3B),
when compared with that of control group. However, the level
of GLP-1 was significantly improved (P < .05) after DPP-4i,
lutein and resveratrol treatment as compared to STZ-treated
group. Interestingly, combination of lutein and resveratrol
with DPP-4i further improved the levels of GLP-1 in serum
and intestinal tissues (P<0.05) when compared with that of
DPP-4i treated group (Figure 3A and B).

Effect of Treatments on Lipid Peroxidation
and Inflammation

To estimate the influence of treatment on lipid peroxidation
and inflammatory responses, we measured the levels of MDA
(Figure 4), IL-6 (Figure 5A and B), and TNF-α (Figure 5C and
D) in the serum and tissue homogenates of intestine. Before
the start of treatment, STZ significantly increased (P < .05) the
serum levels of MDA (Figure 4A), IL-6 (Figure 5A), and
TNF-α (Figure 5C) as compared to that of normal group.
However, after the start of treatment, at 15th day, we found that
treatment with DPP-4i or lutein or resveratrol alone signifi-
cantly decreased (P < .05) the levels of MDA, IL-6, and TNF-
αwhen compared with that of STZ-group. Amore pronounced
decline in the levels of MDA, IL-6, and TNF-α was observed

Figure 2. Effect of treatment on HOMA-IR. The level of significant
difference was estimated by Bonferroni post-test using two-way
ANOVA and the level of significance was set at P < .05. a represents
when compared with Control-group. b represents when compared
with STZ-group. c represents when compared with DPP-4i alone
treated group. Abbreviations| STZ: streptozotocin group, DPP-4i:
sitagliptin, LUT: lutein, and RES: resveratrol.

Figure 3. Effect of treatment on (A) GLP-1 in serum and (B) GLP-1
in intestinal tissue. To estimate and measure the effect of treatment
on GLP-1 level in serum at 1st, 15th, and 30th day of the treatment
period (n = 6 rats in each group). The level of significant difference was
estimated by Bonferroni post-test using two-way ANOVA and the
level of significance was set at P < .05. a represents when compared
with Control-group. b represents when compared with STZ-group. c
represents when compared with DPP-4i alone treated group.
Abbreviations| CON: control group, STZ: streptozotocin group,
DPP-4i: sitagliptin, LUT: lutein, and RES: resveratrol.
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in combination groups receiving DPP-4i with lutein or DPP-4i
with resveratrol as compared to that of DPP-4i treated group
(P < .05).

Effect of Treatments on Lipid Profile

We also assessed the therapeutic effects of DPP-4i, lutein,
resveratrol alone and as well as the combination of DPP-4i
with lutein, or resveratrol on lipidemia by measuring the
serum levels of cholesterol, TGs, LDL, and HDL (Figure 6).
STZ caused a significant disturbance (P < .05) in the levels of
lipid profile biomarkers as compared to that of control group
(Figure 6). Nevertheless, improvement in STZ mediated al-
tered levels of cholesterol, TGs, HDL, and LDL was observed
via significantly increased serum level of HDL (Figure 6C)
and decreased levels of cholesterol (Figure 6A), TGs (Figure

6B) and LDL (Figure 6D) when treated with either DPP-4i,
lutein, or resveratrol and/or in combination.

Effect of Treatments on Liver and Kidney Functions

We observed that STZ significantly elevated the serum levels
of liver (Figure 7) and kidney (Figure 8) function biomarkers
when compared with that of control group. A decline in the
serum levels of AST (Figure 7A), ALT (Figure 7B), creatinine
(Figure 8A), and urea (Figure 8B) were observed when ex-
perimental rats treated with DPP-4i, lutein or resveratrol either
alone and/or in combination of DPP-4i with lutein and/or
resveratrol.

Effect of Treatment on Histopathology of Pancreas
and Intestine

The morphological and histopathological analysis of control
group showed usual percentage and construction of islets of
Langerhans with typical histological manner. The acinar cells
were finely organized with noticeable nuclei. Nevertheless,
the rats exposed to STZ, presented the destructive effects to
pancreatic β-cells counting the islets and acini with the
presence of vacuoles. The treatment with DPP-4i, lutein, or
resveratrol alone and/or the combination of DPP-4i either with
lutein or resveratrol reduced the injury in β-cell with or
without fractional repair (Figure 9A-G).

At the end of treatment period, we also inspected the
histology of intestine. In control group, the intestinal cells
were found in typical state, however, the rats exposed to STZ,
presented the destructive effects on intestinal cells in relation
to histological design and arrangement. The treatment with
DPP-4i or lutein or resveratrol and/or the combination of DPP-
4i either with lutein or resveratrol, reduced the disruptions in
villi epithelium and increased the blood vessels which showed
the improvement in morphology and histology of intestine as
compared to that of streptozotocin exposed group (Figure 9H-N).

Discussion

The inhibitors of DPP-4 enzymes can avert the prompt
cleavage of GLP-1 and consequently intensify the action of
GLP-1 by increasing its active levels; subsequently there
occurs an increase in the insulin secretion with a decline in
glucagon secretion. This not only reduces the glucose level,
but may also decrease the percentage of glycosylated he-
moglobin.41 Many DPP-4 inhibitors like linagliptin has also
shown beneficial role in improving GLP-1 and glycemic
profile alone and/or in combination with other approved an-
tidiabetics like metformin and/or thiazolidinediones.42 As far
as the therapeutic effects of these inhibitors are concerned, it is
not only related to blockade of GLP-1 metabolism through
DPP-4 inhibition but has also been suggested to have an
important role in potentiating the intestinal secretion of GLP-1

Figure 4. Effect of treatment on (A) MDA in serum and (B) MDA in
intestinal tissue. To estimate and measure the effect of treatment
on MDA level in serum at 1st, 15th, and 30th day of the treatment
period (n = 6 rats in each group). The level of significant difference
was estimated by Bonferroni post-test using two-way ANOVA and
the level of significance was set at P < .05. a represents when
compared with Control-group. b represents when compared with
STZ-group. Abbreviations| CON: control group, STZ:
streptozotocin group, DPP-4i: sitagliptin, LUT: lutein, and RES:
resveratrol.
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Figure 6. Effect of treatment on (A) cholesterol, (B) triglyceride, (C) HDL, and (C) LDL. To estimate the effect of treatment on lipid profile,
we measured the serum level of cholesterol, triglyceride, HDL and LDL at 1st, 15th, and 30th day of the treatment period (n = 6 rats in each
group). The level of significant difference was estimated by Bonferroni post-test using two-way ANOVA and the level of significance was set at P <
.05. a representwhen comparedwithControl-group. b representswhen comparedwith STZ-group. c representswhen comparedwithDPP-4i alone
treated group. Abbreviations| CON: control group, STZ: streptozotocin group, DPP-4i: sitagliptin, LUT: lutein, RES: resveratrol.

Figure 5. Effect of treatment on (A) IL-6 in serum, (B) IL-6 in intestinal tissue, (C) TNF-α in serum and (D) TNF-α in intestinal tissue. To estimate
andmeasure the effect of treatment on IL-6 and TNF-α level in serum at 1st, 15th, and 30th day of the treatment period (n = 6 rats in each group).
The level of significant differencewas estimated by Bonferroni post-test using two-way ANOVA and the level of significance was set at P < 0.05. a
represents when compared with Control-group. b represents when compared with STZ-group. c represents when compared with DPP-4i alone
treated group. Abbreviations| CON: control group, STZ: streptozotocin group, DPP-4i: sitagliptin, LUT: lutein, and RES: resveratrol.
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which helps to increase its plasma bioavailability and
concentration.

We found that the levels of GLP-1 improved in serum as
well as in intestinal tissues after exposure to DPP-4i; sita-
gliptin and a more pronounced increase in GLP-1 level was
also observed when sitagliptin was used in combination with
lutein or resveratrol. This was all accompanied with a posi-
tively amended glycemic profile controlling blood glucose
levels along with better secretion of insulin and improved
insulin sensitivity. Previously, many of the trace elements,43

plant-oriented bioactive compounds, and essential oils44 have
also been reported to show the protective effects against many
diseased conditions in animal studies45 including intestinal

health.46 Where resveratrol has been reported to reverse the
hyperglycemic status and improves the insulin sensitivity.47,48

Moreover, resveratrol has been observed to improve the
pancreatic-cell mass and insulin secretion.23 Similarly lutein
has proven to act against the disturbed glucose homeostasis in
STZ-induced hyperglycemic experimental model.49

Correspondingly, treatment with lutein and/or resveratrol
alone or in combination with sitagliptin increased the plasma
and tissue concentration of GLP-1 indicating that besides
having their well-known antioxidant and anti-inflammatory
therapeutic profile, lutein, and resveratrol can improve GLP-1
in STZ-induced diabetic rats. Previously, lutein has not been
focused to show any direct effect on enterocyte improving
secretion of GLP-1; however, it may be considered from

Figure 7. Effect of treatment on (A) AST and (B) ALT. To estimate
the effect of treatment on liver function biomarkers, we measured
the serum level of AST and ALT at 1st, 15th, and 30th day of the
treatment period (n = 6 rats in each group). The level of significant
difference was estimated by Bonferroni post-test using two-way
ANOVA and the level of significance was set at P < .05. a represents
when compared with Control-group. b represents when compared
with STZ-group. c represents when compared with DPP-4i alone
treated group. Abbreviations| CON: control group, STZ:
streptozotocin group, DPP-4i: sitagliptin, LUT: lutein, RES:
resveratrol.

Figure 8. Effect of treatment on (A) creatinine and (B) uric acid. To
estimate the effect of treatment on kidney function biomarkers, we
measured the serum level of urea and creatinine at 1st, 15th, and 30th

day of the treatment period (n = 6 rats in each group). The level of
significant difference was estimated by Bonferroni post-test using
two-way ANOVA and the level of significance was set at P < .05. a
represents when compared with Control-group. b represents when
compared with STZ-group. c represents when compared with
DPP-4i alone treated group. Abbreviations| CON: control group,
STZ: streptozotocin group, DPP-4i: sitagliptin, LUT: lutein, RES:
resveratrol.
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current results that the anti-inflammatory and/or antioxidant
ability may have contributed for helping to maintain the serum
levels of GLP-1. Nevertheless, some other naturally occurring
flavones have shown to promote cell mass and function via
GLP-1 stimulation.2 Similarly, resveratrol has also shown its
effect for improving GLP-1 secretion and showed anti-
hyperglycemic effects in experimental animal model of dia-
betes.50 Moreover, resveratrol has been shown to be effective
in type 1 diabetes and/or in vitro or in vivo studies as sum-
marized by Arumugam et al.51 But in our current work, we
have seen that both lutein and resveratrol when combined with
sitagliptin had better therapeutic effects for controlling gly-
cemic profile and GLP-1 levels in serum and intestine. Cor-
respondingly, a recent study has suggested that lutein can
spontaneously interact with active side of GLP-1 protein that
can contribute for its effects to improve insulin secretion.52

This in part shows the improved levels of GLP-1 observed by
lutein and sitagliptin in present work where sitagliptin blocked
the effect of DPP-4 that further enhanced the potential of
lutein. This combinatorial effect of lutein and resveratrol with
DPP-4 inhibitor was not only effective in regulating glycemic
profile, improving insulin resistance and GLP-1 levels, but
providentially the finest of these combinatorial groups were
also seen in modulating oxidative stress and inflammatory
response by controlling the elevated levels of MDA, IL-6, and
TNFα in serum and intestinal tissues. Previous studies also
reported the similar effects for lutein supplementation that
controlled the production of inflammatory cytokine and an-
tioxidant status in experimental animals.53-56 Recently, lutein
has shown protective effect on hyperglycemia-mediated al-
teration in oxidative stress along with antioxidant capacity in
vitro.57 Further, lutein treatment significantly inhibited the
high glucose-triggered production of reactive oxygen

species.58 Further, this goes in agreement with previously
published reports documenting the potential of resveratrol
against oxidative stress and inflammatory responses during
stressed and diseased conditions.59,60 Whereas, grape seed
extract, a great source of resveratrol has been also declared to
possess the antioxidant and anti-inflammatory effects.61

This evidently relates the fact that how these natural
compounds can help to ameliorate the metabolic impairment
which are the key factors associated with prevalence and
worsening of metabolic disorders.62 Additionally, the out-
comes of histological inspection of pancreas and intestine in
our study were found to be in accordance with biochemical
effects observed during the study period. STZ made a no-
ticeable deterioration of pancreatic islets and acinar cells as
depicted by the histological study, whereas lutein and re-
sveratrol both succeeded in protecting and restoring the islets
cells from the damaging effects of streptozotocin. Likewise,
protective response was observed on intestinal L-enterocytes.

In short, the substantial verdicts of this study would surely
help to recognize the therapeutic potential of lutein and re-
sveratrol in combination with DPP-4i as stimulators of GLP-1
secretion via downregulating inflammatory responses and
protecting/restoring the damaged pancreatic and intestinal
morphology. This study may provide a substantial recom-
mendation for impending the drug designing of such types of
combinatorial therapeutic approach.

Conclusion

Combined administration of DPP-4i+LUT or DPP-4i+RES
showed the expected therapeutic effects, lowering blood
glucose, and maintaining the serum insulin concentrations
with improved glucose sensitivity and reduced insulin

Figure 9. Effect of treatment of histopathology of pancreas and intestine: In the histopathology of pancreas (A–G), Control group has regular
β-islet cells (IC) and acinar cells (AC) with normal presentation and staining. STZ-group; presence of IC is irregular with deformed
morphology. DPP-4i-group; AC have irregular appearance with congestion at few areas. LUT- and RES-alone groups; IC and AC have regular
appearance with normal distribution. LUT- and RES- + DPP4-i-group; IC and AC have better appearance and numbers as compared to other
groups except control group (see text for detail). The histopathological examination of intestine (H–N), Control group; the villi epithelium
(VE) and enterocytes (EC) have normal appearance having integral epithelium. STZ-group; the morphology of enterocytes (EC) seems
disrupted with insignificant length of villi representing short apical villi (AV). DPP-4i-group; EC are regular, but villi epithelium (VE) seems to be
disrupted with regular length (AV). LUT- and RES-alone group; apical villi have regular length (AV) with good condition of EC having intact
epithelium (IE). LUT- and RES- + DPP4-i-group; enterocytes (EC) are normal, and villi are full in length (AV) and have intact epithelium.
Abbreviations| STZ: streptozotocin group, DPP-4i: sitagliptin, LUT: lutein, RES: resveratrol.
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resistance. Whereas delivery of either DPP-4i, LUT, or RES
alone had low therapeutic effects while the co-administration
of LUT and RES with DPP-4i revealed the potential bene-
ficial effects on insulin resistance, circulating lipids, gly-
cemic index, oxidative stress, and inflammatory status along
with restoration of histological morphology of pancreatic
cells and enterocytes that seemed to facilitate GLP-1 level in
serum and intestine. This depicts that lutein and resveratrol
alone and/or in combination with DPP-4i reduced the STZ–
induced oxidative stress and inflammation in enter-
oendocrine L Cells restoring histopathology that resulted in
fractional restoration of GLP-1 expression and associated
insulin sensitivity.

Study Limitations

It would be worth mentioning that our study has some lim-
itations as we did not opt for in vitro and/or in silico studies,
and hence, we could not explore the particular protein or
receptor interaction and binding affinity and/or energy of
lutein and resveratrol. Moreover, immunohistochemistry
(IHC) of insulin antibody within the pancreas to explore the
degeneration of pancreatic-cells and GLP-1 antibody in in-
testinal tissues could not be carried out. In addition, we also
suggest future work on pharmacokinetic parameters of lutein
and resveratrol.
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