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ABSTRACT

Background: Type 2 diabetes is a heterogeneous disorder characterized by defective insulin se-
cretion and insulin sensitivity. Ca>* mobilization regulates pancreatic 8-cell synthesis, storage, and
release of insulin in response to variations in circulating metabolite levels and intracellular glucose
metabolism. Pineal gland melatonin synthesis regulates carbohydrate metabolism; melatonin is
referred to as the ““hormone of darkness," and sleep deprivation is one of the risk factors for di-
abetes. Methods: Melatonin receptor types 1A and 1B are two G-protein coupled receptors that
mediate melatonin's function. The effect of agomelatine (@ melatonin agonist) in combination with
thapsigargin and 2-Aminoethoxydiphenyl borate (2-APB) on MIN 6 cells was investigated through
dose-effect curves for each drug. The PLC/IP3 pathway via melatonin receptors on pancreatic f3-
cells was targeted. Results: The three drugs and their combination exposure treatments were
statistically analyzed for significant differences using one-way ANOVA. Dunnett's test was used to
compare the different treatment groups. Mean insulin secretion responses were found to not be
equal across groups, thus treatments had different effects on cells' insulin regulation. The method
of combination index (Cl) predicted synergism in agomelatine and 2-APB, which may have thera-
peutic implications for diabetes. Conclusion: As melatonin regulates circadian rhythm, incorpora-
tion of a melatonin agonist like agomelatine along with 2-APB may maintain both sleep/wake cycle
conditions and insulin secretion by pancreatic cells. This combination of drugs may be a promis-
ing agent in the treatment of symptoms of depression and anxiety and thus the improvement of

health-related behaviors in depressed patients with Type 2 diabetes.
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INTRODUCTION

Type 2 diabetes is a chronic disease that occurs when
the pancreas is either no longer able to synthesize in-
sulin, or the body cannot utilize the insulin that it
produces. The development of type 2 diabetes is in-
fluenced by a variety of factors. The most impor-
tant is the lifestyle choices that are often connected
with urbanization. Pineal gland melatonin secretion
regulates carbohydrate metabolism 2. The effects of
melatonin on glucose metabolism have been shown
in both humans? and rodents*, but the exact mecha-
nism is still unexplored. It is thought that melatonin
acts directly on pancreatic f3-cells, which are known
to contain melatonin-binding elements>. Some re-
searchers believe that melatonin’s effect on pancreatic
cells and insulin release is linked to a complex net-
work of intracellular signalling networks, including
the cAMP, cGMP, and IP3 signalling pathways”.

Diabetes is a human and economic burden as it causes
4.2 million deaths per year and accounts for 10 per-
cent of worldwide healthcare expenditures. In 2019,

India, China, and the United States of America had
the highest number of diabetic adults and this is esti-
mated to persist until 2030 (www.idf.org). Diabetic
patients have lower elevations in nighttime mela-
tonin levels, suggesting a possible relationship be-
tween melatonin and the hyperglycemic/diabetic con-
dition”. Diabetes mellitus has also been linked to
sleep deprivation®. In a study comparing the effects
of 4.5 and 8.5 hours of sleep (sleep deprivation and
normal sleep, respectively) in healthy adults, phos-
phorylated Akt and total Akt responses, which are im-
portant steps in the insulin signaling pathway, were
found to be lower after sleep deprivation®. The study
also found that sleep deprivation also resulted in in-
sulin resistance at the cell-signaling level. In healthy
normal-weight adolescent males, decreased insulin
sensitivity has been observed following acute sleep re-
striction, such as 4 hours for three nights in a row 10
Agomelatine is an analog of melatonin, and it has a
good binding affinity to MT1 and MT2 receptors. IP3
is a hydrophilic compound, but basically, it is derived
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from a lipid moiety; it can bind to IP3R present on
endoplasmic reticulum (ER), causing a rise in Ca?"
level. Calcium release-activated channel (CRAC) is
a specialized plasma membrane Ca?t ion channel.
When Ca?* is depleted in the ER (a major store of
Ca”) of pancreatic f3-cells, the CRAC channel is
activated to slowly replenish it. Sarco/endoplasmic
reticulum Ca?t ATPase (SERCA) is an intracellular
membrane-bound enzyme that utilizes the free en-
ergy of ATP to transport Ca?t against a concentration
gradient. The physiological role of SERCA is to se-
quester cytosolic Ca>* into membrane-bound intra-
cellular compartments. The drug thapsigargin (an an-
tagonist of SERCA) may be used to release this stored
Ca?" as a general messenger for cellular signaling?,
and will be used mainly for maintaining the concen-
tration of Ca>* in the cytoplasm via inhibition of
the incorporation of Ca?*t ions into ER. 2-APB is a
membrane-permeable modulator of intracellular in-
ositol triphosphate (IP3)-induced calcium release 12.
Even though a wide array of diabetes therapies are
available, adverse effects, limited efficacy, and cost
significantly limit their use!!. The presence of circa-
dian control over pancreatic function and low levels of
melatonin in type 2 diabetic patients proposes a new
approach for the development of diabetes therapeu-
tics.

METHODS

Maintenance of cell culture

The MING cell line was procured from National Cen-
tre for Cell Science (NCCS), Pune. Cell lines were
maintained in Dulbecco’s Modified Eagle’s Medium
(Sigma-Aldrich Chemicals Private Limited). Cells
were passaged once weekly following detachment us-
ing trypsin/EDTA (Sigma-Aldrich Chemicals Private
Limited) 12, The cells were incubated at 37 °C until
confluent. Then, the cells were seeded at a concen-
tration of 3.5 x 10° cells/ml into a T125 cell culture
flask until the flask became fully confluent. The try-
pan blue dye exclusion test was used to determine the
number of viable cells present in cell suspension 3.
Cells treated with trypan blue were counted using a
Countess” Automated Cell Counter.

Induction of diabetes

Prior to the insulin release experiment, the cells
were administered streptozotocin (STZ) to induce di-
abetes. The cells were incubated with a low dose of
STZ (Sigma-Aldrich Chemicals Private Limited) (5
mM) for 1 hour™. The media used for incubation
with STZ contained 2% FBS (Sigma-Aldrich Chem-
icals Private Limited) and then discarded off. After
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that, cells were incubated with KRBB (Sigma-Aldrich
Chemicals Private Limited) for 1 hour, and the solu-
tion was discarded. STZ treatment was excluded from
the positive control experiment.

MING cells exposure experiment

Cell culture well plates were seeded with approxi-
mately 6.5 x 10* cells per well in a total volume
of 200 ul of media.
low two wells per treatment. The plates were in-
cubated at 37 °C under a 5% CO, atmosphere for
24 hours in DMEM media. The cells were treated
with different molar concentrations of agomelatine
(Sigma-Aldrich Chemicals Private Limited), thapsi-
gargin (Sigma-Aldrich Chemicals Private Limited),
and 2-APB (Sigma-Aldrich Chemicals Private Lim-
ited), singly as well as in combination, for 15 hours
at 37 °C. The treatments were categorized as follows:

The cells were seeded to al-

Blank: containing media but no cells

Vehicle control 1: Ethanol (Sigma-Aldrich Chemicals
Private Limited)

Vehicle control 2: DMSO (Sigma-Aldrich Chemicals
Private Limited)

Positive control: Cells without streptozotocin treat-
ment and cells with glipizide (Sigma-Aldrich Chemi-
cals Private Limited) treatment

Group 1: Agomelatine

Group 2: Thapsigargin

Group 3: 2-APB

Group 4: Agomelatine + Thapsigargin

Group 5: Agomelatine + 2-APB

Group 6: Thapsigargin + 2-APB

Group 7 : Agomelatine + Thapsigargin + 2-APB

Experimental design of drug combinations

The combination ratios were kept at an equipotency
ratio (i.e., EDsq ratio) to ensure that each drug’s con-
tribution to the combination was approximately equal
(Table 1) !5, We plotted dose-response curves with
the help of GraphPad Prism software®. EDsq val-
ues were determined through dose-effect curves for
each drug. The equipotent ratios were kept at 1:9 for
agomelatine and thapsigargin, 1:90 for thapsigargin
and 2-APB, 1:820 for agomelatine and 2-APB, and
0.9:9:82 for agomelatine, thapsigargin, and 2-APB to-
gether.

The MING cells were treated with serial dilutions of
each drug and drug combination described above.
The media used for drug preparation was low glucose
media with 2% FBS. Five dilutions (two-fold diluted)
of each drug and combination plus controls were
tested in two independent experiments with replicate
samples. Chou and Talalay proposed EDs ratios as

the basis for the experimental design 17-1819:20,
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Table 1: Design of an experiment to determine therapeutic interactions of
agomelatine, thapsigarginand 2-APB and their binary and ternary
combinations for insulin secretion

Single Drug

Drug Concentrations

Agomelatine (nM) 200 100 50 25 12.5
Thapsigargin (uM) 4 2 1 0.5 0.25
2-APB (uM) 200 100 50 25 12.5

Two Drugs Combinations
Drug Combination 1 ~ 0.5 (ECsp) 1(ECsg) 2 (ECsg) 3(ECsp) 4 (ECs)
Agomelatine (nM) 22 43 87 130 173
Thapsigargin (uM) 0.2 0.4 0.8 1.2 1.5
Drug Combination 2
Thapsigargin (uM) 0.2 0.4 0.8 1.2 1.5
2-APB 18 37 74 111 148
Drug Combination 3
Agomelatine (nM) 22 43 87 130 173
2-APB 18 37 74 111 148
Three Drugs Combinations

Drug Combination4 0.5 (ECsp) 1 (ECsg) 2(ECsp) 3(ECsg) 4 (ECsp)
Agomelatine (nM) 22 43 87 130 173
Thapsigargin (M) 0.2 0.4 0.8 1.2 1.5
2-APB (uM) 18 37 74 111 148

Measurement of insulin levels

The different formulations of varying molarities of
drugs and their combinations were administered, the
cells incubated for 15 hours, and then the supernatant
was collected for insulin quantification. The quantity
of insulin was assessed by Rat/Mouse Insulin ELISA
kit (Sigma-Aldrich Chemicals Private Limited), a
Sandwich ELISA method. The activity of horseradish
peroxidase in the presence of the substrate 3,335,5-
tetramethylbenzidine was used to quantify immobi-
lized antibody-enzyme conjugates. After acidifica-
tion of products, enzyme activity was evaluated spec-
trophotometrically by the increased absorbency at
450 nm, corrected from the absorbency at 590 nm.

Statistical analysis

The three-drug combination was carried out!”, and
data were analyzed using the CompuSyn computer
software package. The drugs and their combined data
were analyzed to determine whether there were sig-
nificant difference sbetween treatments using analy-

sis of variance (ANOVA). Post hoc analysis was done
using Dunnett’s test to compare the treatment groups
with controls, in order to identify the treatments with
the strongest effects. One-way ANOVA and Dunnett’s
test was carried out using Minitab.

RESULTS

Measurement of insulin levels in the pres-
ence of single and combined drugs

In the presence of single drugs

Standard curves for insulin absorbance were con-
structed using calibration samples of known concen-
tration, and the R-squared values of the curves were
used as a data analysis tool to correlate insulin level
and absorbance. The cells were exposed to ethanol at
200 uM and DMSO at 4 uM as vehicle controls to
check for any effect of these on insulin excretion from
the cells. These solutions were found to have no ef-
fect on insulin secretion. DMSO containing the com-
pound of interest at a known concentration was di-
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Table 2: Insulin level on exposure to agomelatine, thapsigargin and 2-APB

S.No Exposure Group Concentrations
and insulin level

1 Agomelatine (nM) 200 100 50 25 12.5
Insulin level 28.857 29.704 28.914 28.920 28.879
(ng/mL)

2 Thapsigargin (uM) 4 2 1 0.5 0.25
Insulin level 27.868 28.339 27.829 26.432 25.525
(ng/mL)

3 2-APB (uM) 200 100 50 25 12.5
Insulin level 25.761 26.691 26.113 26.167 25.821

(ng/mL)

Table 3: Drug dose and Combination index (Cl) values of agomelatine, thapsigargin and 2-APB with MIN 6 in

binary and ternary combinations

S.No. Drugs combinations (£ M) CI values
1. Agomelatine + Thapsigargin

) 1.673 0.08704
(ii) 1.33 0.04140
(iii) 0.887 0.03978
(iv) 0.443 0.01943
(v) 0.222 0.00974
2. Thapsigargin + 2-APB

) 149.5 0.05615
(ii) 112.2 0.17927
(i) 74.8 0.10518
(iv) 37.4 0.20425
(v) 18.2 0.02882
3. Agomelatine + 2-APB

) 148.173 2.57705
(ii) 111.13 0.04467
(1if) 74.087 0.05587
(iv) 37.043 7.02E-5
W) 18.022 3.83E-5
4. Agomelatine + Thapsigargin + 2-APB

(1) 149.673 1.20476
(i) 112.33 3.73327
(1if) 74.887 6.62564
(iv) 37.443 0.67536
) 18.222 0.64944
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luted with media and added to wells. After 15 hours,
the media was collected for insulin content analysis.

Agomelatine

For agomelatine exposure, DMSO was added to 2
control wells. The duplicate cells were exposed to
agomelatine at 200 nM, 100 nM, 50 nM, 25 nM and
12.5 nM (Table 2). This exposure also contained two
wells that did not contain any treatment. The concen-
tration of agomelatine that produced a half-maximal
response, EDsq, was estimated to be 43.36 nM.

Thapsigargin

The cells were exposed to thapsigargin at 4 uM, 2 uM,
1 uM, 0.5 uM and 0.25 M (Table 2). The EDs of
thapsigargin was estimated to be 0.3845 uM.

2-APB

The cells were treated with 2-APB at 200 uM, 100 uM,
50 uM, 25 uM and 12.5 uM (Table 2). The EDs( of
2-APB was estimated to be 36.98 uM.

In the presence of the combination of drugs

In order to determine synergism or antagonism be-
tween drugs, it is essential to know the “potency” and
the “shape” of the dose-effect curve for each drug.
The EDs( of each medication was calculated in the
previous sections, and the constant combination ra-
tio experiment was conducted at an equipotency ratio
le.g. EDsq!/EDs? ratio] to ensure that the contribu-
tions of each drug’s effects to the combination were
nearly equal. The dose limits were defined from the
single drug test to encompass concentrations below
and above the EDs values of each compound.

Therapeutic interaction of agomelatine, thapsigar-
gin, and 2-APB with MIN 6 in binary and ternary
combinations

The fa-ClI plots of binary and ternary combinations
for insulin ELISA are shown in Figure 1. The CI value
versus fa (fraction of insulin secretion with respect
to the control) is shown as fa-CI plot. The CI val-
ues for the different drugs at different dose levels are
also shown in Table 3. Agomelatine and thapsigar-
gin showed synergism across nearly the whole range
of dose levels. However, in terms of insulin secretion,
thapsigargin and 2-APB showed a stronger synergism
than the above group. The combination of agomela-
tine and 2-APB at a high dose of 148.173 uM con-
centration showed antagonism, while at a low dose,
it appeared to be synergistic. The ternary combina-
tion also induced dual antagonistic and synergistic ef-
fects, being antagonistic at 149.673 uM, 112.33 uM,

and 74.887 uM, but synergistic at dose levels below 37
UM.

The interaction of two and three medication combi-
nations through quantitative values of CI at f, = 0.9
shows that agomelatine and 2-APB yielded synergis-
tic effects, but agomelatine + thapsigargin and thapsi-
gargin +2-APB were particularly antagonistic to one
another in regards to insulin secretion by MING cells.
The concept of the polygonogram comes not from
mathematical derivations but rather from its practical
utility 1. To some extent, the polygonogram can also
be used to project (or predict) the outcomes of drug
combinations even when the tests have not yet been
completed 2! (Figure 2).

Analysis of results

One-way ANOVA tests of the various drug treatments
were performed (Figure 3). We sought to identify
any differences in the efficacies of the drugs, alone
or in combination, and discovered that mean insulin
responses were not equal; thus, treatments did have
different effects on the insulin responses of the cells.
Dunnett’s test was used as a post hoc analysis tool for
multiple comparison procedures to compare each dif-
ferent treatment group with a single control. It estab-
lished confidence intervals for the differences between
the means of each treatment and the mean of a control
group; intervals that contained zero was not signifi-
cantly different from the control. Based on Dunnett’s
test, we concluded that while thapsigargin and 2-APB
inhibited insulin secretion when alone, when in com-
bination, they stimulated insulin secretion.

DISCUSSION

Clinical trials of combination therapies for type 2 di-
abetes are routinely undertaken experimentally. Ex-
tensive pharmacologic and efficacy research is always
conducted prior to phase I clinical trials for single
medicines. In most circumstances, pharmacological
combinations produce unpredictable consequences;
in a sense, combining two medications creates a third
drug, with unique characteristics beyond the sum of
its parts.

We believe that some supporting data should be pro-
vided when clinical studies invite research into medi-
cation combinations. The goal of the current research
was to undertake in vitro drug combination inves-
tigations before putting them into clinical trials, es-
pecially for novel medications, using a quantitative
study of synergism or antagonism at various medi-
cation dosages and effect levels. Prospective in vitro

4846



Biomedical Research and Therapy, 2022; 9(1):4842-4850

2r ) AgoTha
[0 ThazAP
Ago2AP
%7 AgThAp
cl }

0 0.5
Fa

Figure 1: The fa-Cl plot (Combination index plot) for binary and ternary combination of agomelatine, thap-
sigargin and 2-APB with MIN 6 for the insulin ELISA test. Computer simulation (CompuSyn) plots Cl values as a
function of the fractional insulin secretion (fa) from 0.10 to 0.95. Cl < 1 indicates synergism, Cl = 1 indicate additive

effect, and and CI > 1 imply antagonism.

experiments were carried out, as shown in this pa-
per, and they provide most of the necessary infor-
mation for rational protocol design. The three drugs
that we used in our study are agomelatine, thapsi-
gargin, and 2-APB, none of which are directly linked
with the mechanism of insulin secretion. Agomela-
tine is a melatonin (MT1/MT2) agonist22, thapsigar-
gin is the most widely used inhibitor of the ubiquitous
SERCA proteins in mammalian cells??23, while 2-
APB transiently activates ORAI1-mediated Ca’>* en-
try23. In this work, for the first time, we described the
therapeutic interactions of three drugs in stimulat-
ing insulin release by cultured pancreatic cells. How-
ever, other melatonergic agonists >4 and melatonin it-
self have been analyzed for diabetic complications un-
der the influence of these agents?2232%26_ Thapsi-
gargin and 2-APB have the lowest mean insulin re-
lease, but showed synergistic behavior in combina-
tion with each other and the third drug when com-
pared through ANOVA. Dunnett’s test was applied to
identify which drugs and/or combinations favor in-
sulin secretion as in normal and healthy cells. The
cells treated with streptozotocin to induce diabetes of
course had a lower level of insulin secretion than un-
treated cells.

27 a method fre-

The combination index theorem
quently used to analyze drug interactions in pharma-
cology, was utilized to investigate the nature of com-

bined drug interactions (synergism, additive impact,
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or antagonism) on insulin secretion. For drug in-
teractions, this method may be regarded as a frac-
tional analysis tool 229 which is independent of the
mechanism of action and includes both the potency
(EDsg, Dm) and the shape (m) of each drug’s dose-
effect curve. For a combination of n medications, this
approach can predict synergism/antagonism at all ef-
fect levels (fa). We determined the type of interac-
tions in MING6 cells using this method over a wide
range of effect levels for each single drug and com-
bination. The Polygonogram depicted the synergistic
effect of agomealtine and 2-APB (Figure 3). Further-
more, there have been very few findings on possible
targets of the PLC/IP3 pathway via melatonin recep-
tors for diabetes therapy.

The determination of synergism or antagonism was
based on the principle of mass action and its re-
lated equations; this determination is independent of
mechanisms of action. Thus, dose-independent be-
havior of drugs towards insulin secretion might be
attributed to the secondary effect of the drug. This
could be an interaction between the biological path-
ways, or cell proliferation due to Ca?* acting as a sec-
ondary messenger. In many drug combinations, each
drug may have more than one mode of action, and
synergism may be due to reasons other than a partic-
ular mechanism of action. The present study empha-
sizes the quantitative effects of the various drug treat-
ments on insulin secretion, and does not explore the
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2-APB

Figure 2: Polygonogram showing the therapeutic interactions of agomelatine, thapsigargin and 2-APB

with MIN 6 for the level of insulin secreted by the cells.

specific mechanisms of the synergistic or antagonistic
interactions identified.

CONCLUSIONS

When individual drugs were tested, thapsigargin and
2-APB showed a lowered level of insulin secretion
which could be considered a suppressive effects on
cells. The CI method predicted synergism in agome-
latine and 2-APB, which may have therapeutic impli-
cations for diabetes. In this study we present the first
example of three distinct medications being examined
with the quantitative CI approach for insulin stimu-
lation in MING cells. Among the three drugs selected
for the study, agomelatine, thapsigargin, and 2-APB
each have demonstrated utility other than insulin se-
cretion. Application of agomelatine and 2-APB to-
gether may be a novel therapeutic avenue for type 2
diabetes.

ABBREVIATIONS

2-APB: 2-Aminoethoxydiphenyl borate;
Cyclic adenosine monophosphate; IP3:

cCAMP:
Inositol

trisphosphate; MIN6: Mouse INsulinoma 6; PLC:
Phospholipase C
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Figure 3: Interval plot displaying the mean and confidence interval of each group.

AVAILABILITY OF DATA AND
MATERIALS

Data and materials used and/or analyzed during the
current study are available from the corresponding
author on reasonable request.

ETHICS APPROVAL AND CONSENT
TO PARTICIPATE

Not applicable.

CONSENT FOR PUBLICATION
Not applicable.

COMPETING INTERESTS

The authors declare that they have no competing in-
terests.

REFERENCES

1. Lima FB, Machado UF, Bartol |, Seraphim PM, Sumida DH,
Moraes SM. Pinealectomy causes glucose intolerance and
decreases adipose cell responsiveness to insulin in rats. The
American Journal of Physiology. 1998;275(6):934-41. PMID:
9843734,

. Peschke E, Bahr I, Mihlbauer E.  Melatonin and pancre-
atic islets: interrelationships between melatonin, insulin and
glucagon. International Journal of Molecular Sciences.
2013;14(4):6981-7015. PMID: 23535335. Available from:
10.3390/ijms14046981.

. Cauter EV. Putative roles of melatonin in glucose regulation.

Therapie. 1998;53(5):467-72. PMID: 9921039.
. Bailey CJ, Atkins TW, Matty AJ. Melatonin inhibition of in-

sulin secretion in the rat and mouse. Hormone Research.

4849

. Stumpf |, Muhlbauer E, Peschke E.

1974;5(1):21-8.
000178615.

PMID: 4589560. Available from: 10.1159/

. Peschke E, Fauteck JD, Musshoff U, Schmidt F, Beckmann A,

Peschke D. Evidence for a melatonin receptor within pan-
creatic islets of neonate rats: functional, autoradiographic,
and molecular investigations. Journal of Pineal Research.
2000;28(3):156-64. PMID: 10739302. Available from: 10.1034/
j.1600-079X.2001.280305.x.

Involvement of the
cGMP pathway in mediating the insulin-inhibitory effect of
melatonin in pancreatic -cells. Journal of Pineal Research.
2008;45(3):318-27. PMID: 18363673. Available from: 10.1111/
j.1600-079X.2008.00593.x.

. ERTFEC, DP etal. Diabetic Goto Kakizaki rats as well as type

2 diabetic patients show a decreased diurnal serum mela-
tonin level and an increased pancreatic melatonin-receptor
status. Journal of pineal research. 2006;40(2):135-143. PMID:
16441550. Available from: 10.1111/j.1600-079X.2005.00287.x.

. Peschke E, Miihlbauer E, Musshoff U, Csernus VJ, Chankiewitz

E, Peschke D. Receptor (MT(1)) mediated influence of
melatonin on cAMP concentration and insulin secretion of
rat insulinoma cells INS-1.  Journal of Pineal Research.
2002;33(2):63-71. PMID: 12153439. Available from: 10.1034/j.
1600-079X.2002.02919.x.

. Broussard JL, Ehrmann DA, Cauter EV, Tasali E, Brady MJ. Im-

paired insulin signaling in human adipocytes after experimen-
tal sleep restriction: a randomized, crossover study. Annals
of Internal Medicine. 2012;157(8):549-57. PMID: 23070488.
Available from: 10.7326/0003-4819-157-8-201210160-00005.

. Klingenberg L, Chaput JP, Holmbéck U, Visby T, Jennum P,

Nikolic M. Acute sleep restriction reduces insulin sensitivity in
adolescent boys. Sleep. 2013;36(7):1085-90. PMID: 23814346.
Available from: 10.5665/sleep.2816.

. Rochester CD, Akiyode O. Novel and emerging diabetes melli-

tus drug therapies for the type 2 diabetes patient. World Jour-
nal of Diabetes. 2014;5(3):305-15. PMID: 24936252. Available
from: 10.4239/wjd.v5.13.305.


https://www.ncbi.nlm.nih.gov/pubmed/9843734
https://www.ncbi.nlm.nih.gov/pubmed/23535335
10.3390/ijms14046981
https://www.ncbi.nlm.nih.gov/pubmed/9921039
https://www.ncbi.nlm.nih.gov/pubmed/4589560
10.1159/000178615
10.1159/000178615
https://www.ncbi.nlm.nih.gov/pubmed/10739302
10.1034/j.1600-079X.2001.280305.x
10.1034/j.1600-079X.2001.280305.x
https://www.ncbi.nlm.nih.gov/pubmed/18363673
10.1111/j.1600-079X.2008.00593.x
10.1111/j.1600-079X.2008.00593.x
https://www.ncbi.nlm.nih.gov/pubmed/16441550
10.1111/j.1600-079X.2005.00287.x
https://www.ncbi.nlm.nih.gov/pubmed/12153439
10.1034/j.1600-079X.2002.02919.x
10.1034/j.1600-079X.2002.02919.x
https://www.ncbi.nlm.nih.gov/pubmed/23070488
10.7326/0003-4819-157-8-201210160-00005
https://www.ncbi.nlm.nih.gov/pubmed/23814346
10.5665/sleep.2816
https://www.ncbi.nlm.nih.gov/pubmed/24936252
10.4239/wjd.v5.i3.305

Biomedical Research and Therapy, 2022; 9(1):4842-4850

12.

20.

21.

Nakashima K, Kanda Y, Hirokawa Y, Kawasaki F, Matsuki M,
Kaku K. MING is not a pure beta cell line but a mixed cell
line with other pancreatic endocrine hormones. Endocrine
Journal. 2009;56(1):45-53. PMID: 18845907. Available from:
10.1507/endocrj.KO8E-172.

. Freshney RI. Culture of specific cell types. Culture of animal

cells: a manual of basic technique. John Wiley & Sons; 2005.
Available from: 10.1002/0471747599.cac023.

. Saini K, Thompson C, Winterford C, Walker N, Cameron D.

Streptozotocin at low doses induces apoptosis and at high
doses causes necrosis in a murine pancreatic beta cell line,
INS-1.  IUBMB Life. 1996;39(6):1229-1236. PMID: 8876977.
Available from: 10.1080/15216549600201422.

. ChouTC. Theoretical basis, experimental design, and comput-

erized simulation of synergism and antagonism in drug com-
bination studies. Pharmacological Reviews. 2006;58(3):621-
81. PMID: 16968952. Available from: 10.1124/pr.58.3.10.

. Prism G. GraphPad Prism Version 4.00 for Windows. San Diego,

CA, USA: GraphPad Software; 2003.

. Chou T.C, Martin N., CompuSyn for Windows, Multiple-Drug

Dose-Effect Analyzer and Manual. https://combosyn.com/uat
/pdf/CompuSyn_users_guide.pdf.

. Chou TC, Talalay P. Quantitative analysis of dose-effect rela-

tionships: the combined effects of multiple drugs or enzyme
inhibitors. Advances in Enzyme Regulation. 1984;22:27-55.
PMID: 6382953. Available from: 10.1016/0065-2571(84)90007-
4

. Chou TC, Motzer RJ, Tong Y, Bosl GJ. Computerized quanti-

tation of synergism and antagonism of taxol, topotecan, and
cisplatin against human teratocarcinoma cell growth: a ratio-
nal approach to clinical protocol design. Journal of the Na-
tional Cancer Institute. 1994,86(20):1517-24. PMID: 7932806.
Available from: 10.1093/jnci/86.20.1517.

Chou TC. Theoretical basis, experimental design, and comput-
erized simulation of synergism and antagonism in drug com-
bination studies. Pharmacological Reviews. 2006;58(3):621-
81. PMID: 16968952. Available from: 10.1124/pr.58.3.10.
Carney RM, Shelton RC. Agomelatine for the treatment of
major depressive disorder. Expert Opinion on Pharmacother-
apy. 2011;12(15):2411-9. PMID: 21916789. Available from:

22.

23.

24,

25.

26.

27.

28.

29.

10.1517/14656566.2011.607812.

Treiman M, Caspersen C, Christensen SB. A tool coming of
age: thapsigargin as an inhibitor of sarco-endoplasmic retic-
ulum Ca(2+)-ATPases. Trends in Pharmacological Sciences.
1998;19(4):131-5. PMID: 9612087. Available from: 10.1016/
S0165-6147(98)01184-5.

Putney JW. Pharmacology of store-operated calcium chan-
nels. Molecular Interventions. 2010;10(4):209-18. PMID:
20729487. Available from: 10.1124/mi.10.4.4.

Nishiyama K, Hirai K. The melatonin agonist ramelteon in-
duces duration-dependent clock gene expression through
cAMP signaling in pancreatic INS-1 f-cells. ~ PLoS One.
2014;9(7):e102073. PMID: 25013953. Available from: 10.1371/
journal.pone.0102073.

Agil A, Rosado |, Ruiz R, Figueroa A, Zen N, Fernandez-Vazquez
G. Melatonin improves glucose homeostasis in young Zucker
diabetic fatty rats. Journal of Pineal Research. 2012;52(2):203-
10. PMID: 21883445. Available from: 10.1111/j.1600-079X.
2011.00928 x.

Vejrazkova D, Lukasova P, Vankova M, Vcelak J, Bradnova
O, Cirmanova V, et al. MTNR1B genetic variability is asso-
ciated with gestational diabetes in Czech women. Interna-
tional Journal of Endocrinology. 2014;2014:508923. PMID:
25132852. Available from: 10.1155/2014/508923.

Lima FB, Machado UF, Bartol |, Seraphim PM, Sumida DH,
Moraes SM, et al. Pinealectomy causes glucose intolerance
and decreases adipose cell responsiveness to insulin in rats.
The American journal of physiology. 1998;275(6 Pt 1):E934-
E941. PMID: 9843734. Available from: 10.1152/ajpendo.1998.
275.6.E934.

Béhr I, Mihlbauer E, Schucht H, Peschke E. Melatonin stim-
ulates glucagon secretion in vitro and in vivo. Journal of
Pineal Research. 2011;50(3):336-44. PMID: 21244480. Avail-
able from: 10.1111/j.1600-079X.2010.00848.x.
Acuna-Castroviejo D, Reiter RJ, Menéndez-Peldez A, Pablos M,
Burgos A. Characterization of high-affinity melatonin binding
sites in purified cell nuclei of rat liver. Journal of Pineal Re-
search. 1994;16(2):100-12. PMID: 8014823. Available from:
10.1111/§.1600-079X.1994.tb00089.x.

4850


https://www.ncbi.nlm.nih.gov/pubmed/18845907
10.1507/endocrj.K08E-172
10.1002/0471747599.cac023
https://www.ncbi.nlm.nih.gov/pubmed/8876977
10.1080/15216549600201422
https://www.ncbi.nlm.nih.gov/pubmed/16968952
10.1124/pr.58.3.10
https://www.ncbi.nlm.nih.gov/pubmed/6382953
10.1016/0065-2571(84)90007-4
10.1016/0065-2571(84)90007-4
https://www.ncbi.nlm.nih.gov/pubmed/7932806
10.1093/jnci/86.20.1517
https://www.ncbi.nlm.nih.gov/pubmed/16968952
10.1124/pr.58.3.10
https://www.ncbi.nlm.nih.gov/pubmed/21916789
10.1517/14656566.2011.607812
https://www.ncbi.nlm.nih.gov/pubmed/9612087
10.1016/S0165-6147(98)01184-5
10.1016/S0165-6147(98)01184-5
https://www.ncbi.nlm.nih.gov/pubmed/20729487
10.1124/mi.10.4.4
https://www.ncbi.nlm.nih.gov/pubmed/25013953
10.1371/journal.pone.0102073
10.1371/journal.pone.0102073
https://www.ncbi.nlm.nih.gov/pubmed/21883445
10.1111/j.1600-079X.2011.00928.x
10.1111/j.1600-079X.2011.00928.x
https://www.ncbi.nlm.nih.gov/pubmed/25132852
10.1155/2014/508923
https://www.ncbi.nlm.nih.gov/pubmed/9843734
10.1152/ajpendo.1998.275.6.E934
10.1152/ajpendo.1998.275.6.E934
https://www.ncbi.nlm.nih.gov/pubmed/21244480
10.1111/j.1600-079X.2010.00848.x
https://www.ncbi.nlm.nih.gov/pubmed/8014823
10.1111/j.1600-079X.1994.tb00089.x

BioMedPress

| The Open Access Publisher

Open Access Journdals without publication fees

Ready to submit your manuscript? Choose Biomedpress and benefit from:

- Fast, convenient online submission

- Through peer-review by experienced researchers
- Rapid publication on acceptance

- Free of charge (without publication fees)

Learn more http://www.biomedpress.org/journals/

Biomedical Research and Therapy
ISSN: 2198-4093

Indexed: Web of Science (ESCI), Embase, Google

et BIOMEDICA| Schol

L 23 ’ I‘t RESEARCH AND THERAPY cholar

#J iy ) Journal Citation Indicator (2020): 0.16
! .1 Acceptance Rate (2020): 54.32%

Article Publishing Charge: Free
Submission to first editorial decision: 27 days

Progress in Stem Cell
7 ISSN: 2199-4633
Progress in Indexed: Embase, Google Scholar
STEM CELL Acceptance Rate (2020): 78.19%
? - Article Publishing Charge: Free
%éﬂ Submission to first editorial decision: 19 days
@

Asian Journal of Health Sciences

ISSN: 2347-5218

Indexed: Google Scholar

Acceptance Rate (2020): 72.89%

Article Publishing Charge: Free

Submission to first editorial decision: 16.5 days

ISSN 2395-6763

Biotechnological Research
ISSN: 2395-6763

Biotechnological\ s Indexed: Google Scholar
oS et bt Acceptance Rate (2020): 67.02%
Article Publishing Charge: Free

Submission to first editorial decision: 28.5 days



http://www.biomedpress.org/journals/
http://www.bmrat.org/index.php/BMRAT
http://www.cellstemcell.org/index.php/PSC
http://ajhs.biomedpress.org/index.php/ajhs
http://br.biomedpress.org/index.php/br

	An in vitro evaluation of the efficacy of Agomelatine in combination with Thapsigargin and 2-Aminoethoxydiphenyl borate for the treatment of type 2 diabetes
	Introduction
	Methods
	Maintenance of cell culture
	Induction of diabetes
	MIN6 cells exposure experiment
	Experimental design of drug combinations
	Measurement of insulin levels
	Statistical analysis 

	Results
	Measurement of insulin levels in the presence of single and combined drugs
	In the presence of single drugs
	Agomelatine
	Thapsigargin
	2-APB

	In the presence of the combination of drugs
	Therapeutic interaction of agomelatine, thapsigargin, and 2-APB with MIN 6 in binary and ternary combinations


	Analysis of results 

	Discussion
	Conclusions
	Abbreviations
	Acknowledgments 
	Author's contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References




