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Chapter 4. ZEffect of sitagliptin, melatonin, and combination treatment on
pancreatic p-cell proliferation in Streptozotocin (S12) - induced TiD mouse model

4.1 Introduction

Type 1 Diabetes (T1D) is characterized by hyperglycemia due to pancreatic 3-cell apoptosis
and lack of B-cell regeneration. The most promising treatment for T1D is islet transplantation.
However, its application remains restricted due to lack of donors and lifelong dependence on
immunosuppressive drugs (Ricordi and Storm, 2004; Shapiro, 2012; Sharples et al., 2016).
Thus, it is crucial to explore novel therapies that would aid in B-cell regeneration either by
proliferation or neogenesis for T1D management. Monotherapies often fail in the long run
due to other diabetes related complications and patient’s lifestyle. Hence, combination

therapy is recommended for long-term glycemic control.

Incretin-based drugs are currently categorized as novel therapies for Type 2 Diabetes (T2D)
management. These include mainly two categories, GLP-1 receptor agonists (GLP-1RA) and
dipeptidyl peptidase-1V (DPP-1V) inhibitors (Gilbert et al., 2020). Both drugs have a low risk
of hypoglycemia and function differently to regulate glucose homeostasis. Sitagliptin, a DPP-
IV inhibitor, prevents the degradation of incretins (GLP-1 and GIP), elevates their levels and
thereby stimulate insulin secretion. Studies on T2D rodent model have shown that both the
classes of drugs promote p-cell proliferation. However, studies demonstrated nominal
beneficial effect of GLP-1RAs in the T1D model, possibly due to its limited
immunomodulatory effects (Gilbert et al., 2020). DPP-IV inhibitors with immunomodulatory
and glucoregulatory effects are considered as second line therapy for T2D management, but

recently are being studied in T1D models to assess B-cell function and mass.

Melatonin, a pineal hormone known as the “hormone of darkness” has antioxidant (Reiter et
al., 2016), anti-inflammatory and anti-apoptotic properties (Hardeland et al., 2019). It has
also been associated with glucose homeostasis (Peschke et al., 2000; Owino et al., 2019). We
have also shown that low levels of melatonin are implicated in the risk of T2D (Patel et al.,
2018). Melatonin levels also reduce with ageing, and it has been previously reported that
melatonin and insulin share antagonistic relationship (Peschke et al., 2011). In T1D,
melatonin production increases as observed in streptozotocin (STZ)-treated Wistar rats
(Peschke et al., 2008) and T1D patients (Kor et al., 2014), while B-cell loss decreases insulin
production, resulting in hyperglycemia (Mok et al., 2019). Moreover, it has been reported that
reduced antioxidant levels and simultaneous overproduction of free radicals were found in
T1D patients (Marra et al., 2002). In this context, melatonin has been shown to have a

protective role against STZ- induced T1D (Andersson and Sandler, 2001), including B-cell
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proliferation (Kanter et al., 2006). Furthermore, B-cell proliferation and its regenerative
capacity declines with age (Tschen et al., 2009) and so are the melatonin levels. Thus, it is
important to assess [-cell regeneration in both young and old T1D mice upon melatonin

administration.

Hence, we aimed to assess the therapeutic potential of melatonin and DPP-IV inhibitor on 3-
cell regeneration in STZ-induced young and old T1D mouse model.

4.2 Materials and Methods
4.2.1 Animals

Forty young (7-8 weeks old) and old (30 weeks old) BALB/c male mice, bred in our animal
vivarium, were used for the experiment. The animals were maintained on a 12hr light-dark
cycle starting at 7:00 AM. Food and water were provided ad libitum. All the experimental
procedures were performed in accordance with the Committee for the Purpose of Control and
Supervision of Experiments on Animals (CPCSEA) guidelines and were approved by
Institutional Animal Ethical Committee (IAEC) (MSU/BC/13/2017).

4.2.2 T1D Mouse Model Development and Drug Treatment

T1D was induced in BALB/c mice by five consecutive intraperitoneal (i.p.) injections of
streptozotocin (STZ) (50 mg/kg body weight). STZ (MP Biomedicals, Santa Ana, CA, USA)
was freshly dissolved in 0.1 M cold sodium citrate buffer (pH 4.5). Control (n=8) and
diabetic mice (n=32) were fed with a normal chow diet. Diabetes was confirmed two weeks
later in mice having fasting blood glucose (FBG) >350mg/dL. FBG was measured in mice
after 6 hours fasting by tail snipping method using a Glucometer (TRUEresult, NIPRO
Diagnostics, Pune, MH, India). The diabetic mice were then randomly divided into four
groups: i. Diabetic Control (DC), ii. Sitagliptin (S) treated, iii. Melatonin (M) treated, and iv)
S+M treated. Melatonin (Sigma, St. Louis, MO, USA) was administered between 6 PM to 7
PM daily at a dose of 0.5 mg/kg BW i.p. in 0.9% saline. Sitagliptin (Januvia) (Merck & Co.,
Kenilworth, NJ, USA) was purchased in 100 mg tablets and was given at a dose of 5 g/kg
diet. The treatment was given for six weeks along with bromodeoxyuridine (BrdU) (MP
Biomedicals, Santa Ana, CA, USA) at a dose of 100 mg/kg BW (i.p.). FBG levels and BW

were monitored twice a week.
4.2.3 Intraperitoneal Glucose Tolerance Test
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Intraperitoneal glucose tolerance test (IPGTT) was performed post drug treatment (six weeks)
in mice fasted for 6 hours. Mice were injected with glucose (2 g/kg BW i.p.). Blood glucose
levels were measured immediately at 0, 15, 30, 90, and 120 minutes by tail snipping. The

total area under the curve (AUC) was calculated.
4.2.4 Plasma Insulin Levels

Before sacrificing mice, 1 ml blood was collected from the orbital sinus into Kz EDTA tubes
and was centrifuged at 6000 g for 5 minutes at 4 °C. Plasma was separated and stored at -
20°C for further analysis. Fasting plasma insulin levels were measured by a commercially
available mouse insulin ELISA kit (RayBiotech, GA, USA).

4.2.5 Immunohistochemistry-Immunofluorescence (IHC-IF)

After six weeks of drug treatment, mice were sacrificed, and the pancreas was harvested. The
pancreas was fixed in 10% neutral buffered formalin (NBF) for histological processing and
paraffin embedding. 5um sections were cut from the paraffin-embedded blocks.
Immunofluorescence  staining was carried out to study p-cell proliferation
[Insulin/Glucagon/BrdU], neogenesis [Insulin/ Neurogenin 3 (NGN3)/ Pancreatic and
duodenal homeobox 1 (PDX1)], a- to B-cell transdifferentiation [Insulin/ Aristaless related
homeobox (ARX)/ Paired box gene 4 (PAX4)], and B-cell apoptosis [Insulin/apoptosis
inducing factor (AIF) and terminal deoxynucleotidyl transferase-mediated dUTP nick-end
labeling (TUNEL) assay (Thermo Fisher Scientific, Cat# A23210)]. The sections were
deparaffinized in xylene and rehydrated in a series of graded ethanol. Antigen retrieval was
performed using 1IN HCL for 45 minutes at 37 °C. Sections were blocked in 5% normal
donkey serum (Jackson ImmunoResearch, Cat# 017-000-121) in PBST (PBS + 0.1% Tween
20) for 1 hour at room temperature and incubated with primary antibodies prepared in
blocking buffer at 37 °C in a humidified chamber for 2 hours [guinea pig anti-insulin
(DAKO, Cat# A0564; 1:200), rabbit anti-glucagon (Cell Signaling Technology, Cat# 2760;
1:200), rat anti-BrdU (Abcam, Cat# ab6325; 1:100), rabbit anti-NGN3 (Thermo Fisher
Scientific, Cat# PA5-11893; 1:50), goat anti-PDX1 (Abcam, Cat# ab47383; 1:1000), rabbit
anti-ARX (Sigma, Cat# AV36824; 1:500), goat anti-PAX4 (Sigma, Cat# SAB2501445;
1:500), and rabbit anti-AlF (Cayman chemicals, Cat# CAYM160773; 1:500)]. Sections were
washed with PBS and were incubated with secondary antibodies prepared in blocking buffer
at room temperature for 45 minutes in the dark [donkey anti-guinea pig Alexa Fluor 488

(Cat# 706-545-148; 1:500), donkey anti-rabbit Alexa Fluor 647 (Cat# 711-605-152; 1:500),
83|Page
Studies on Genotype-Phenotype Correlation in Type || Diabetics and Evaluation of Melatonin and DPP-1V Inhibitor
on Experimental Diabetic Models



Chapter 4. ZEffect of sitagliptin, melatonin, and combination treatment on
pancreatic p-cell proliferation in Streptozotocin (S12) - induced TiD mouse model

donkey anti-goat Rhodamine Red X (Cat# 705-295-003; 1:200), donkey anti-rat Rhodamine
Red X (Cat# 712-295-150; 1:200), donkey anti-guinea pig Alexa Fluor 594 (Cat# 706-586-
148; 1:500) (Jackson ImmunoResearch Laboratories, USA)]. Sections were washed with PBS
and distilled water and were mounted with Slowfade® Gold Antifade mountant with DAPI
(Thermo Fisher Scientific, USA), and the coverslip was sealed with nail varnish. Stained
sections were observed under a confocal laser scanning microscope (Olympus FV10i, Tokyo,
Japan). Image analysis was carried out in Image J software. Observations were made from

three pancreatic sections per group from five different areas.
4.2.6 Statistical Analyses

Statistical comparisons of data were performed by one-way analysis of variance (ANOVA)
and multiple group comparisons by Tukey’s post hoc test in Prism 5 (GraphPad Sofware, San
Diego, CA, USA). The significance level was set as p<0.05. Results are expressed as
mean+SEM.

4.3 Results

4.3.1 Assessment of Body Weight, Fasting Blood Glucose, and Glucose Tolerance in
Young T1D Mice

Metabolic phenotyping in young T1D mice suggests that DC group showed significant
increase in FBG levels (p<0.001) with a reduction in plasma insulin levels (p<0.01) and
glucose tolerance (p<0.001) as compared to control group. The six-week timeline showed
reduction in BW in DC group as compared to control group. In addition, the monotherapies
and the combination therapy significantly reduced FBG levels (S, p<0.05; M, p<0.01; S+M,
p<0.01) by increasing insulin levels (M, p<0.05; S+M, p<0.001) with a concomitant increase
in glucose tolerance (S, p<0.05; M; p<0.05; S+M, p<0.01) as compared to DC group.
Furthermore, final FBG levels in the drug-treated groups were also significantly reduced as
compared to their initial levels (S, p<0.05; M, p<0.05; S+M, p<0.001), however, sitagliptin

group did not show significant increase in the plasma insulin levels (p>0.05) (Fig. 4.1A-E).
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Figure 4.1 Assessment of body weight, blood glucose levels, and glucose tolerance in young mice:
A. Body weight. Body weight was reduced in DC group as compared to control group over a period
of six-weeks whereas no change in body weight was observed in M and S groups as compared to DC
group while it remained constant in S group. B. Fasting blood glucose levels. A significant increase
in FBG levels was observed in DC group as compared to control group while a significant decrease in
FBG levels was observed in all the drug-treated groups as compared to their respective initial levels.
Also, there was significant reduction in the FBG levels in the final drug-treated groups as compared to
final DC group. C. Plasma insulin levels. A significant decrease in random plasma insulin levels was
observed in DC group as compared to control group whereas the levels were significantly increased in
M and S+M treated groups as compared to DC group. D. Glucose tolerance test. A significant
decrease in glucose clearance was observed in DC group as compared to control group at all the time
points. Increased glucose clearance was observed in all the drug-treated groups as compared to DC
group at 60-, 90-, and 120-min. E. Blood glucose AUC0-120. A significant decrease in glucose
tolerance was observed in DC group as compared to control group while all the drug-treated groups
showed a significant increase in glucose tolerance as compared to DC. (*p<0.05, **p<0.01,
***n<0.001 vs. Control; @p<0.05, ®@p<0.01 vs. Diabetic Control; 4p<0.05 vs. Sitagliptin) (n=4-
6/group).

4.3.2 Assessment of B-Cell Proliferation in Young T1D Mice

IHC analysis revealed that there was no change in B-cell proliferation in DC group as
compared to control group as shown by BrdU" insulin® cells, however, S+M treated group
showed significant increase in B-cell proliferation (S+M, p<0.001) as compared to DC group.
Intriguingly, sitagliptin and melatonin groups did not show significant increase in -cell

proliferation as compared to DC group (p>0.05) (Fig. 4.2).
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Figure 4.2 Immunohistochemical analysis for pancreatic p-cell proliferation in young T1D mice
as shown by BrdU* insulin™ cells. There was no significant change in B-cell proliferation in DC
group as compared to control group. S+M treated group showed a significant increase in [B-cell
proliferation as compared to DC group. Sitagliptin and melatonin groups did not show significant
increase in [-cell proliferation as compared to DC group. Scale: 50um, Magnification: 60X.
(**p<0.01, ***p<0.001 vs. Control; @@@p<0.001 vs. Diabetic Control; %p<0.05, #%p<0.01 vs.
Sitagliptin; ##p<0.001 vs. Melatonin) (n=3/group).
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4.3.3 Assessment of B-Cell Neogenesis in Young T1D Mice
IHC analysis revealed that there was no p-cell neogenesis in young T1D mice as NGN3 was
found negative. However, PDX1" insulin® cells were found in all the groups. Interestingly,

nucleo-cytoplasmic translocation of PDX1 was observed in DC, sitagliptin and melatonin

groups, while nuclear PDX1 was observed only in the control and S+M groups (Fig. 4.3).
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Figure 4.3 Immunohistochemical analysis for pancreatic -cell neogenesis in young T1D mice as
shown by PDX1* NGN3* cells. NGN3* cells were not detected in DC as well as in all the drug-
treated groups. However, PDX1* cells were detected in all the groups while a nucleo-cytoplasmic
translocation of PDX1 was observed in DC, sitagliptin and melatonin groups. Scale: 50um,

Magnification: 60X. (n=3/group).
4.3.4 Assessment of a- to g-Cell Transdifferentiation in Young T1D Mice
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IHC analysis revealed that a- to B-cell transdifferentiation was detected in DC and all the
drug-treated groups as shown by PAX4" ARX" insulin® cells, while it was significantly
increased in all the drug-treated groups as compared to DC group (S, p<0.05; M, p<001,
S+M, p<0.001). Moreover, a nucleo-cytoplasmic translocation of PAX4 was also observed in

control, and all the drug-treated groups (Fig. 4.4).
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Figure 4.4 Immunohistochemical analysis for pancreatic a- to p-cell transdifferentiation in
young T1D mice as shown by PAX" ARX" insulin* cells. o- to B-cell transdifferentiation was
observed in DC and all the drug-treated groups, while it was significantly increased in all the drug-
treated groups as compared to DC group. Moreover, a nucleo-cytoplasmic translocation of PAX4 was
also observed in control, and all the drug-treated groups. Scale: 50um, Magnification: 60X. (*p<0.05,
***p<0.001 vs. Control; @p<0.05, @@@p<0.001 vs. Diabetic Control; %%p<0.01, 44¢p<0.001 vs.
Sitagliptin; #p<0.05 vs. Melatonin) (n=3/ group).

4.3.5 Assessment of g-Cell Apoptosis in Young T1D Mice

IHC analysis revealed that caspase independent B-cell apoptosis was observed in DC and
S+M groups as shown by AIF" insulin® cells, whereas it was not detected in control,
sitagliptin and melatonin groups. AIF translocation in the nucleus was significantly reduced
in S+M group as compared to DC group (p<0.01) (Fig. 4.5).

Furthermore, B-cell apoptosis as shown by TUNEL™ insulin® cells was significantly increased
in DC group as compared to control group (p<0.001), while it was significantly reduced in
S+M group as compared to DC group (p<0.001). However, no significant reduction in the

monotherapy groups (p>0.05) was seen as compared to DC group (Fig. 4.6).
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Figure 4.5 Immunohistochemical analysis for pancreatic caspase-independent p-cell apoptosis in
young T1D mice as shown by AIF* insulin* cells. B-cell apoptosis was observed in DC and S+M
groups as shown by AIF* insulin® cells, whereas it was not detected in control, sitagliptin and
melatonin groups. AIF translocation in the nucleus was significantly reduced in S+M group as
compared to DC group. Scale: 50um, Magnification: 60X. (*p<0.05, ***p<0.001 vs. Control;
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Figure 4.6 Immunohistochemical analysis for pancreatic B-cell apoptosis as shown by TUNEL"
insulin* cells in young T1D mice. B-cell apoptosis was significantly increased in DC group as
compared to control group while it was significantly reduced in S+M group as compared to DC
group. No significant reduction in apoptosis was observed in monotherapy groups as compared to DC
group. Scale: 50pum, Magnification: 60X. (***p<0.001 vs. Control; @2@p<0.001 vs. Diabetic Control;
4p<0.05, #%p<0.01 vs. Sitagliptin; *#p<0.001 vs. Melatonin) (n=3/group).

4.3.6 Assessment of Body Weight, Fasting Blood Glucose, and Glucose Tolerance in Old
T1D Mice

Metabolic phenotyping in old T1D mice suggests that DC group showed significant increase
in FBG levels (p<0.001) with a reduction in plasma insulin levels (p<0.01) and glucose
tolerance (p<0.001) as compared to control group. The six-week timeline showed reduction
in BW in DC group as compared to control group. In addition, the monotherapies and the
combination therapy significantly reduced FBG levels (S, M, S+M, p<0.01) by increasing
insulin levels (S+M, p<0.01) with a concomitant increase in glucose tolerance (S, p<0.01,;
S+M, p<0.01) as compared to DC group. Furthermore, final FBG levels in all the drug-
treated groups were also significantly reduced as compared to their initial levels (S, p<0.01;
S+M, p<0.01), however, sitagliptin and melatonin groups did not show significant increase in
plasma insulin levels (p>0.05). Intriguingly, melatonin group neither showed reduction in
FBG levels nor an increase in plasma insulin or glucose tolerance as compared to DC group
(p>0.05). BW of S+M group was similar to control group while it was reduced in melatonin

group similar to DC group in a period of six-weeks (Fig. 4.7A-E).
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Figure 4.7 Assessment of body weight, blood glucose levels, and glucose tolerance in old mice: A.
Body weight. A reduction in BW was observed in DC group as compared to control group while
S+M group showed no reduction as compared to DC and monotherapy groups. B. Fasting blood
glucose levels. FBG levels were significantly increased in DC as compared to control group while a
significant decrease was observed in the final S and S+M groups as compared to their respective
initial levels and DC. Melatonin group did not show a significant reduction in final FBG levels as
compared to their initial levels, but it was significantly reduced as compared to DC group. C. Plasma
insulin levels. Random plasma insulin levels were significantly reduced in DC group as compared to
control group whereas it was significantly increased in S+M group as compared to DC and melatonin
groups. D. Glucose tolerance test. Decreased glucose clearance was observed in DC group as
compared to control group whereas increased glucose clearance was observed in the sitagliptin and
S+M groups as compared to DC group at 30-, 60-, 90- and 120-min. E. Blood glucose AUC0-120.
DC group showed significant reduction in glucose tolerance as compared to control group whereas S
and S+M groups showed a significant increase in glucose tolerance as compared to DC. No
significant difference was observed in glucose tolerance in melatonin group as compared to DC group
(***p<0.001 vs. Control; @@p<0.01, ©®@@p<0.001 vs. Diabetic Control; #p<0.05 vs. Sitagliptin;
#n<0.01, #¥p<0.001 vs. Melatonin) (n=4-6/group).

4.3.7 Assessment of g-Cell Proliferation in Old T1D Mice

IHC analysis revealed that there was no significant change in -cell proliferation in DC group
as compared to control group as shown by BrdU™ insulin® cells, however, sitagliptin and S+M
treated groups showed significant increase in B-cell proliferation (S, S+M, p<0.001) as
compared to DC group. Intriguingly, melatonin group did not show a significant increase as
compared to DC group (p>0.05) (Fig. 4.8).
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Figure 4.8 Immunohistochemical analysis for pancreatic B-cell proliferation in old T1D mice as
shown by BrdU" insulin® cells. No significant change in (-cell proliferation was observed in DC
group as compared to control group. Sitagliptin and S+M groups showed a significant increase in -
cell proliferation as compared to DC group while there was no significant change in melatonin group
as compared to DC group. Scale: 50pm, Magnification: 60X. (***p<0.001 vs. Control; @@@p<0.001
vs. Diabetic Control; 4%p<0.01, 444p<0.001 vs. Sitagliptin; #*p<0.001 vs. Melatonin) (n=3/group).

4.3.8 Assessment of p-Cell Neogenesis in Old T1D Mice
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IHC analysis revealed that there was no B-cell neogenesis in old T1D mice as NGN3 was
found negative. However, PDX1" insulin® cells were found in all the drug-treated groups.
Interestingly, nucleo-cytoplasmic translocation of PDX1 was observed in sitagliptin and
melatonin groups. Nuclear PDX1 was negative in the control and DC groups unlike in young
T1D mice (Fig. 4.9).
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Figure 4.9 Immunohistochemical analysis for pancreatic B-cell neogenesis in old T1D mice as
shown by PDX1* NGN3* cells. NGN3* cells were not detected in DC as well as in the drug-treated
groups. However, PDX1* cells were detected in all the drug-treated groups while a nucleo-
cytoplasmic translocation of PDX1 was observed in sitagliptin and melatonin groups. Scale: 50um,
Magnification: 60X. (n=3/group).
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4.3.9 Assessment of a- to B-Cell Transdifferentiation in Old T1D Mice

IHC analysis revealed that a- to -cell transdifferentiation was detected in DC, melatonin,
and S+M groups as shown by PAX4" ARX" insulin® cells. It was significantly increased in
melatonin and S+M groups as compared to DC group (M, p<001, S+M, p<0.01). (Fig. 4.10).
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Figure 4.10 Immunohistochemical analysis for pancreatic a- to p-cell transdifferentiation in old
T1D mice as shown by PAX" ARX" insulin® cells. a- to B-cell transdifferentiation was observed in
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DC, melatonin, and S+M groups. It was significantly increased in melatonin and S+M groups as
compared to DC group. Scale: 50um, Magnification: 60X. (*p<0.05, ***p<0.001 vs. Control;
@p<0.05, @@p<0.01, @@@p<0.001 vs. Diabetic Control; #%%p<0.001 vs. Sitagliptin; #p<0.05 vs.
Melatonin) (n=3/ group).

4.3.10 Assessment of p-Cell Apoptosis in Old T1D Mice

IHC analysis revealed that caspase independent B-cell apoptosis was not observed in any of
the groups as shown by negative AIF translocation into the nucleus of insulin® cells (Fig.
4.11).

Furthermore, B-cell apoptosis as shown by TUNEL™ insulin®™ cells was detected in all the
groups. However, a significant increase in TUNEL" cells were observed in melatonin group
as compared to DC group (p<0.001) while it was significantly reduced in S+M group as

compared to melatonin group (p<0.001). (Fig. 4.12).
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Figure 4.11 Immunohistochemical analysis for pancreatic caspase-independent p-cell apoptosis
in old mice as shown by AIF* insulin® cells. None of the groups showed AIF translocation to the
nucleus in insulin® cells. Scale: 50pum, Magnification: 60X. (n=3/group).
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Figure 4.12 Immunohistochemical analysis for pancreatic -cell apoptosis as shown by TUNEL"*
insulin® cells in old T1D mice. B-cell apoptosis was significantly increased in melatonin group as
compared to DC group while it was significantly reduced in S+M group as compared to DC group.
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Scale: 50um, Magnification: 60X. (***p<0.001 vs. Control; ©@@p<0.001 vs. Diabetic Control;
&&&n<(.001 vs. Sitagliptin; ##p<0.001 vs. Melatonin) (n=3/group).

4.4 Discussion

T1D is a chronic metabolic disorder characterized by B-cell apoptosis mainly due to
autoimmunity and oxidative stress. There is no potential drug therapy other than insulin
replacement therapy to achieve glycemic control in T1D. Hence, the present study
investigated the therapeutic potential of sitagliptin and melatonin on B-cell regeneration in
STZ-induced T1D young and old mouse models. We found greater therapeutic effects of
sitagliptin and melatonin combination in inducing B-cell regeneration and reducing p-cell
apoptosis, increasing insulin levels, lowering FBG, and improving impaired glucose
tolerance. Our findings show BrdU*, PDX1*, PAX4" B-cells, and reduced TUNEL" and AIF*
B-cells in both monotherapy and combination therapy which revealed increased B-cell mass

and reduced B-cell apoptosis.

Melatonin is a neurohormone mainly secreted from the pineal gland having anti-
inflammatory, anti-apoptotic and anti-oxidative properties. Melatonin exerts its effects in the
pancreas via two receptors, melatonin receptor 1A (MTNR1A) and melatonin receptor 1B
(MTNR1B) (Nagorny et al., 2011). Melatonin has both inhibitory and stimulatory effects on
insulin secretion. In a rodent cell line, it was established that melatonin reduces insulin
secretion by activating Gi-coupled MTNRs in B-cells, further reducing PKA and cAMP
levels (Peschke et al., 2000). It has also been reported to reduce intracellular Ca?* levels in -
cells (Stumpf et al., 2009; Stumpf et al., 2008). However, by binding to Gq coupled MT2
receptors, melatonin stimulates the activity of PLC and IP3, leading to insulin secretion
(Brydon et al., 1999). In addition, administration of melatonin in vitro protects -cells from
glucotoxicity, increases its survival and reduces oxidative stress in both human islets from
T2D patients and rodent INS-1832/13 B-cells (Park et al., 2014; Costes et al., 2015).
Melatonin showed protective role against STZ induced DNA damage and poly (ADP-ribose)
polymerase (PARP) activation (Andersson and Sandler, 2001). Further, melatonin
administration (10 mg/kg BW) to STZ induced rat T1D model partially restored -cell mass
(Kanter et al., 2006). Insulin also boosts melatonin secretion, insulin and melatonin are
inversely related (Lynch et al., 1973). Studies on diabetic rodent models support the
functional relationship between melatonin, insulin, and glycemic control (Peschke, 2008).
Champney et al., (1983) reported that chemically induced diabetes abolishes melatonin

secretion at nighttime apart from causing p-cell apoptosis. Exogenous treatment with
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melatonin in pinealectomized rats improves glucose tolerance (Diaz and Blazquez, 1986).
Moreover, melatonin administration (10 mg/100 ml) in drinking water normalized blood
glucose levels in STZ induced rat T1D model (Hidayat et al., 2015). Yavuz et al., (2003) also
reported that administration of melatonin (200 pg/kg i.p.) before diabetes induction could
decrease oxidative stress and preserve B-cell integrity without affecting hyperglycemia. Later,
it was reported that melatonin (10 mg/kg i.p.) administered for 6 and 8 weeks showed
increased insulin secretion, -cell proliferation (Kanter et al., 2006), reduced apoptosis and
neogenesis from the ductal epithelium and centroacinar cells (Simsek et al., 2012). In human
pancreatic islets, melatonin treatment increases insulin secretion and promotes B-cell survival
via decreased c-JUN N-terminal kinase (JNK) activation (Chan et al., 2002). Lin et al.,
(2009) have reported that melatonin supresses autoimmune recurrence in NOD mice by
inhibiting proliferation of Thl cells, and melatonin signalling promotes B-cell survival
function (Costes et al., 2015). It is known that with ageing, there is a decline in B-cell
regenerative capacity and melatonin secretion. Our results on the old T1D mouse model
suggest that exogenous treatment showed B-cell regeneration and reduced apoptosis without
lowering hyperglycemia or improving glucose tolerance, despite increased plasma insulin
levels. However, melatonin combined with sitagliptin showed similar results for B-cell
regeneration in both young and old T1D mouse models. We assume that the dose
administered, i.e., 0.5 mg/kg BW was insufficient to lower hyperglycemia, reduce apoptosis
and induce proliferation in aged mice, unlike young mice. To our knowledge, there are no
studies on the effect of melatonin in the T1D old mouse model. Thus, our findings support

previous reports on the effect of melatonin on B-cell regeneration and insulin secretion.

Sitagliptin, a DPP-1V inhibitor, is an approved drug for T2D therapy. It inhibits more than
80% of its activity. However, it is a secondary line therapy and usually used in combination
with metformin or other anti-diabetic drugs. Its action is to increase incretin hormones by 2 to
3- fold (Tian and Jin, 2016). It is shown to effectively reduce HbAlc and postprandial
glucose levels in mono- and combination therapy. It stimulates insulin secretion from the
pancreas (van Genugten et al., 2012). Several pre-clinical and clinical studies have been
carried out in T1D and T2D models to assess its role in increasing HbAlc levels, B-cell mass,
and lipid profile. The islets of sitagliptin treated animals showed increased insulin secretion
than sulfonylureas-treated animals (Mu et al., 2006). The effect of DPP-1V inhibitors on f3-
cells is mediated by GLP-1 (Matveyenko et al., 2009). Further, GLP-1 treatment on INS-1

cells showed reduced STZ-induced apoptosis. In vivo studies suggest increased GLP-1
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concentrations and improved B-cell mass and function, glucose-stimulated insulin secretion
(GSIS), and islet neogenesis upon DPP-1V inhibitor administration in STZ induced rat T1D
model (Pospisilik et al., 2003; Morita et al., 2016). Previous studies have shown that GLP-1
increases B-cell proliferation and reduces apoptosis by binding to its receptor (De Leon et al.,
2003) via activation of P13K/Akt and CREB-IRS2 signalling pathways (Wang and Brubaker,
2002; Wang et al., 2004; Whalley et al., 2011). However, there is currently no clear evidence
that incretin-based therapies can increase -cell mass in humans. This discrepancy might be
due to several differences between humans and rodents, including intrinsic species
differences, differences in B-cell turnover, different responses to regenerative stimuli, and
differences in the amount of drug administered and the duration of treatment (Levine et al.,
2008; Parnaud at el., 2008). The effect of DPP-IV inhibitors on B-cell mass is yet to be
evaluated in clinical studies. However, the effect of sitagliptin was evaluated in T1D patients
who underwent HSCs transplantation, and in NOD mice with islet graft survival. Both these
studies showed increased C-peptide levels, and the T1D patients were also not in need of
insulin therapy for six months, confirming sitagliptins immunoregulatory role in T1D.
However, there was no beneficial effect on hyperglycemic state (Couri et al., 2009; Kim et
al., 2009). One of the DPP-1V inhibitors, Linagliptin, exerts a protective effect on B-cell
turnover and function under diabetic conditions (gluco-, lipo-, and cytokine toxicity) via an

anti-inflammatory/antioxidant pathway and the stabilization of GLP-1 (Shah et al., 2013).

B-cell development is dependent on a number of transcription factors (Gittes, 2009). The
most important is PDX1 which is a pancreatic progenitor marker (Ohlsson et al., 1991).
Following PDX1 expression, NGN3, an endocrine progenitor marker is expressed
(Schwitzgebel et al, 2000). Amongst several transcription factors which differentiate
endocrine precursor cells into B-cells and a-cells, PAX4 and ARX lie downstream of NGN3
differentiate endocrine precursor cells into B-cells and a-cells, respectively (Liew et al.,
2008). Our results suggest that B-cell neogenesis is absent in all the drug-treated groups as the
B-cells were NGN3 in both young and old T1D mice. However, PDX1 was observed in all
groups in young mice whereas PDX1 was found only in drug-treated old mice. Moreover, a
nucleo-cytoplasmic translocation of PDX1 was observed in DC and monotherapy groups in
young T1D mice, and only in monotherapy groups in old mice but was absent in combination
therapy group. Kawamori et al., (2003) reported the nucleo-cytoplasmic translocation of
PDX1, which was induced by oxidative stress via activation of JNK. This implies that

oxidative stress was significantly reduced in combination therapy group as compared to other
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groups. Moreover, B-cell function and identity is also maintained by PDX1 (Gao et al., 2014).
It was also reported that NGN3 did not co-localize with insulin as its expression was
quenched upon differentiating into insulin expressed B-cell (Rukstalis and Habener, 2009).
Further, PAX4" ARX" co-positive cells were observed in all drug-treated groups in young
T1D mice, whereas only in melatonin and combination therapy groups in old T1D mice,
indicating the presence of a- to B-cell transdifferentiation in these groups. Moreover, PAX4
also defines proliferating -cell population (Brun et al., 2004; Lorenzo et al., 2015) which
was clearly increased in all drug-treated groups. To our knowledge, there are no reports on a-
to B-cell transdifferentiation upon exogenous treatment of sitagliptin or melatonin treatment
in T1D mice. However, lineage tracing experiments are required to substantiate our results on
B-cell transdifferentiation. Furthermore, our results suggest that B-cell proliferation was
significantly increased in combination therapy group in young T1D mice, and in sitagliptin
and combination therapy group in old T1D mice, whereas apoptosis was significantly

reduced only in combination therapy group in young as well as old T1D mice.

Overall, our findings reinforce that sitagliptin and melatonin combination therapy has greater
therapeutic benefits as compared to monotherapies in reducing hyperglycemia, improving
glucose tolerance, and stimulating B-cell regeneration in the experimental T1D mouse model
(Fig. 4.13). However, further studies are warranted to understand mechanisms underlying the
action of sitagliptin and melatonin. Further, to explore the therapeutic potential of melatonin
in combination with sitagliptin in clinical studies, it is essential to consider melatonin dosage

(acute or chronic) and the relative timing of its intake with respect to glycemic challenge.
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Figure 4.13 Effect of sitagliptin, melatonin and combination therapy on T1D manifestations in
Streptozotocin (STZ)-induced T1D young and old mouse models. Combination therapy showed
greater therapeutic benefits than monotherapies on B-cell regeneration and achieving glucose
homeostasis in T1D young and old mouse models.
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