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Abstract

Diabetes mellitus, which is characterized by hyperglycemia and glucotoxicity, leads to severe metabolic
disturbances and complications driven by the accumulation of advanced glycation end products (AGES).
Several medicinal plants, including Curcuma longa, have been used traditionally to alleviate the
inflammation and wound healing associated with these chronic disorders. However, scientific evidence
is scarce regarding the assessment of the potential of Curcuma longa in glucotoxicity. Therefore, this
study has been designed to evaluate the effect of Curcuma longa extract (CLE) in mitigating GO
(glyoxal) derived AGEs-induced glucotoxicity through in vitro and in vivo studies, alongside molecular
docking analysis. Cytotoxicity assay results suggested the safety doses of CLE, and then the anti-
glycation activity was assessed through the GO-AGEs inhibition assay, revealing the significant
inhibitory effect of CLE at both low and high doses. Mentionable that, our in vivo studies data from a
diabetic mice model strongly supported the anti-diabetic efficacy of CLE through significant reductions
in blood glucose levels. Additionally, CLE has exhibited potent antioxidant properties, confirmed by
DPPH assays. Besides that, the presence of curcumin has also been confirmed by UV/Visible
spectrophotometry through the curcumin percentage and color value determination method.
Additionally, molecular docking studies also supported the binding affinities of curcumin (the major
bioactive compound of CLE) with different proteins of RAGE signaling pathways. Overall, this
comprehensive study provides scientific validation for the use of CLE as a natural therapeutic agent in
diabetes targeting glucotoxicity and offers a promising alternative for reducing the burden of diabetes-
induced complications.

Key words: Curcuma longa; Curcumin; Diabetes mellitus; Glucotoxicity; Advanced glycation end
products (AGEs).

Introduction

Diabetes mellitus (DM) is considered as a
complex and chronic metabolic disorder, which is
characterized by persistent hyperglycemia resulting
from abnormalities in insulin secretion, insulin
action, or both. This condition has become a
significant global health issue, given its increasing
prevalence and the severe consequences, such as
cardiovascular diseases, neuropathy, kidney damage,
and vision problems (Maessen et al., 2015; Talukder
and Hossain, 2020). Primarily, type 1 diabetes (T1D)
results from the autoimmune destruction of
pancreatic beta cells, and type 2 diabetes (T2D)

occurs from insulin resistance and relative insulin
deficiency (Chaudhury et al., 2017; lwasaki et al.,
2023). As a consequence, blood glucose levels
remain elevated because target tissues are unable to
respond adequately to circulating insulin, thereby
increasing glucotoxicity (Matafome et al., 2013).
Glucotoxicity is a condition of chronic high glucose
levels, possessing several detrimental effects on cells
and tissues. It is closely associated with the
progressive dysfunction and apoptosis of pancreatic
p-cells, which ultimately contribute to insulin
resistance and exacerbate hyperglycemia. The
mechanisms underlying glucotoxicity involve the
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generation of reactive oxygen species (ROS), the
formation of advanced glycation end products
(AGEs), and further activation of pathways such as
RAGE signaling and pro-inflammatory cytokines.
These factors collectively create an environment of
oxidative stress, inflammation, and cellular damage,
playing pivotal roles in the development of diabetes-
related complications (Van Eupen et al., 2013;
Vlassara and Uribarri, 2014). Among several critical
factors contributing to the glucotoxicity related to
diabetes is the formation and accumulation of AGEs.
AGEs formation is facilitated by various reactive di-
carbonyl compounds, commonly the by-products of
glucose metabolism, namely glucose, GO, and
methyl glyoxal (MGO) etc. Interestingly, this critical
condition of glucotoxicity requires specific attention
to mitigate the adverse effects of AGEs formation
and accumulation. However, the current treatment
and management of glucotoxicity is focused on
controlling the blood glucose levels. These current
treatments for glucotoxicity are the same as T2DM,
which include insulin therapy and oral medications
like metformin and thiazolidinediones (Khan M. S,
2012), having many limitations, such as side effects,
resistance over time, and challenges with patient
adherence etc. (Chaudhury et al., 2017) (Ocvirk
et al., 2013). These limitations in controlling
glucotoxicity have driven interest in discovering new
natural compounds that might offer anti-glucotoxic
benefits with fewer adverse effects and better patient
compliance.

Since ancient times, plants have been used as a
source of medicine for the identification,
management, and eradication of any medical,
psychological, or social imbalance. Medicinal plants
have been utilized for centuries as a cornerstone of
traditional medicine (Boy et al., 2018) and are
increasingly recognized for their therapeutic potential
such as antimicrobial, antiulcer, anti-inflammatory,
anti-diabetic, and antioxidant properties in modern
pharmacology (Rahman et al., 2021; Sharma and
Tripathi, 2021). Different parts of these traditional
medicinal plant such as leaves, root, fruits, barks,
seed, stem, rhizome etc., containing essential
phytochemicals, have been used traditionally for the

new drug discovery of synthetic and semisynthetic
pharmaceuticals (Biswas and Mukherjee, 2003).
Among several medicinal plants such as, Curcuma
longa (C. longa), Aloe vera, Azadirachta indica
(Neem) etc. has been widely used traditionally due
to their  well-known properties such as anti-
inflammatory, anti-diabetic, wound-healing
properties, antimicrobial properties etc. (Sharma and
Tripathi 2021; Z et al., 2019). In particular, C. longa,
has various significant pharmacological effects,
including anti-inflammatory, anticancer,
antimicrobial and antioxidant properties (Jaradat
et al., 2017; Zari and Zari 2015). C. longa, a plant
widely used in traditional medicine and culinary

practices, especially in south asian countries.
C. longa contains diverse bioactive ingredients
including curcuminoids (Curcumin,

desmethoxycurcumin, bisdemethoxycurcumin) and
essential oils found primarily in the rhizomes
(Aggarwal et al., 2013). Modern research has
increasingly validated its potential health benefits,
attributing many of its effects due to the presence of
primary active compound, curcumin. Curcumin of
C. longa , has gained significant attention for its
potential antidiabetic properties, anti-inflammatory,
antioxidant, and insulin-sensitizing effects (Khan
et al., 2012). Several in vivo studies have shown that
curcumin shows hypoglycemic and hypolipidemic
effects in diabetic animal models (Khattak et al.,
2005). However, there is very few studies, which
have highlighted the inhibitory effect of curcumin
on AGE formation, and most of them are based on
molecular docking studies. Despite promising
findings, the molecular mechanisms of curcumin’s
interaction with RAGE and its combined anti-
glycation and metabolic effects in T2DM remain
unclear. Although, the antidiabetic effect of curcumin
has been reported both in vivo and in vitro through
different pathways, but there are very few studies has
been focused on glucotoxicity. Moreover, in
Bangladesh, there is scarcity in research, based on
curcumin against AGEs inhibition. This research gap
led to the performance of this study, which focused
on investigating the molecular mechanism of
curcumin in diabetes, focusing on glucotoxicity.
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Therefore, this study aims to reveal the potential of
curcumin as a novel antidiabetic agent in the AGEs-
induced diabetic model as a natural, cost-effective
traditional diabetic therapy, especially for the
management of highly rising complications
associated with diabetes.

Materials and Methods

Chemicals and reagents: Bovine serum albumin
(BSA), Glyoxal (GO, 40% solution in H;0),
Phosphate-buffered saline (PBS, pH 7.4). Sodium
azide was acquired through commercial sources. The
additional chemical reagents, including FeClI3,
Wegener’s reagent, Fehling’s Solution, chloroform,
H,SO,4, HCI, alkaline reagent, ethanol, n-hexane, and
ethyl acetate, were obtained from the laboratory at
Jagannath University. Metformin was a generous gift
of Incepta Pharmaceuticals Ltd. For the in vivo
experiment. Around forty (40) Swiss albino mice
were acquired from Jahangirnagar University and
subsequently bred in the laboratory of the Pharmacy
Department at Jahangirnagar University.

Collection of plant material and identification:
The rhizomes of fresh turmeric were collected from
Jamalpur Sadar, Mymensingh, Bangladesh, during
the month of March 2024. The authentication of the
plant sample was confirmed by the National
Herbarium's ~ taxonomist  (Accession  Number-
103370), and a voucher specimen of this plant was
deposited at the Bangladesh National Herbarium,
Dhaka, Bangladesh.

Extract preparation: The collected rhizomes of
C. longa were cleaned to eliminate the unwanted
materials and then subjected to sun drying for two
weeks, and then the fine powdered sample was
obtained from these dried rhizomes through grinding
(Nagmoti et al., 2015). Afterwards, 50g of powdered
materials were soaked in 500 ml of ethanol for 10
days. Then, the mixture was kept in a cool and clean
place covered with aluminum foil paper for 10 days
with occasional vigorous shaking and stirring.
Afterwards, the mixture was filtered using a vacuum
filtration process. Upon filtration, 400 ml of filtrate
was subjected to reflux condensation to remove

ethanol from the extract, and the remaining solvent
was then evaporated using a water bath. The resultant
concentrated extract (around 6.4 g) had a yield value
of 12.8 + 0.5 %, and the CLE was stored in freezing
conditions (4°C) for further analysis.

Phytochemical screening: Phytochemical
screening involves qualitative detection of bioactive

compounds in CLE, revealing its therapeutic
properties through the presence of alkaloids,
flavonoids, tannins, saponins, phenols, and

glycosides, etc. The tests are accomplished by
following the methods used in the previous studies
(Cruz et al., 2022; Parveen et al., 2018; Wang et al.,
2019). Briefly, Wagner's test was performed by
adding dilute HCI to the plant extract, resulting in a
reddish-brown precipitate indicating the presence of
alkaloids. Alkaline reagent tests were conducted for
detecting flavonoids by noting a brilliant yellow tint
that becomes colorless when diluted HCI is added.
Phenolic compounds were detected using a ferric
chloride test, which resulted in the formation of a
greenish-black color. Tannins were detected through
the ferric chloride test by forming a dark green color
when a mixture of plant extract and 5% ferric
chloride solution was mixed. Salkowski's test was
used to detect the terpenoids by mixing 0.5 ml of
crude extract with 2 ml of chloroform and 3 ml of
H,SQO,4. The presence of coumarins was confirmed by
adding 1.5 ml of 10% NaOH to 2 ml of the plant
extract, which resulted in a bright yellow color.
Salkowski's test confirmed the presence of steroids
by mixing crude extract with chloroform and H,SO,
with the appearance of a red interface.

Determination of the % curcumin percentage
and color value: The curcumin percentage and color
value  were  determined via  UV/Visible
spectrophotometry, following a previously described
method (Ahmed et al., 2020; Zhang and Li 2018).
For the determination of curcumin, 0.1 g dried CLE
was dissolved in 25 ml of ethanol, filtered, and
reconstituted to 100 ml. The absorbance was
measured at 425 nm using a UV machine. The
percentage of curcumin in the CLE was calculated by
using the following formula:
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% Curcumin = ax100/(L x A x W)

Where, a = absorbance of the sample at 425 nm; L =
path length (1 cm); A = absorptivity of curcumin
from referenced standard; W = weight of the extract
in grams.
The color value was determined using the formula as
followings:
Color value = ax1000
Biological investigations: In vitro assays

Cytotoxicity assay: Cytotoxicity assay was
performed through brine shrimp lethality assay,
involving the use of control groups to ensure the
results are solely attributed to the test agent's activity
(Hou et al., 2016; Jahan et al., 2011; Md
Sumsuzzman et al., 2016). Therefore, vincristine
sulphate, was used as a test agent to consider as
positive control group. Briefly, vincristine sulphate
was dissolved in DMSO initially to create various
concentrations, which were further added to
simulated seawater to create the positive control
groups. Finally, the obtained results of test agents
were compared with the positive control group,
ensuring a comprehensive understanding of the
cytotoxic effects. Three glass vials containing 5 ml of
simulated seawater and 10 shrimp nauplii were used
as control groups. If brine shrimps showed a rapid
mortality rate, the test was considered invalid, as the
nauplii died due to other reasons. After 24 hours, vials
were inspected, and survivors were counted. Percent
mortality was calculated for each dilution.
Concentration-mortality data were analyzed using
linear regression, with the median lethal concentration
(LCxo) representing the chemical's effectiveness.

Anti-glycation assay: Antiglycation efficacy of
CLE was evaluated through the GO-AGEs assay.
GO-derived AGEs were prepared by following a
previously described method ( Chen et al., 2022;
Spagnuolo et al. 2021). Firstly, 20 mM glyoxal
solution was prepared by diluting 40% glyoxal
solution in PBS. Then, individual mixtures
containing BSA (10 mg/ml), glyoxal (20 mM),
turmeric extract, or metformin were prepared
separately. Then, sodium azide (0.02% wi/v) was
added to prevent microbial contamination.

Afterwards, the mixtures were incubated at 37°C for
7 days under sterile conditions to facilitate AGE
formation. Metformin (25 mg/ml stock solution) was
used as the positive control. Then, 100 pL from each
reaction mixture was transferred into a 96-well
microplate in ftriplicate. The absorbance was
measured at 450 nm using a microplate reader.
Finally, the mean OD values for each group were
calculated and the percentage inhibition of
glycation was determined by using the following
formula:

% Inhibition of AGE formation = (1-OD value of the
sample/ OD value of the control) X 100

Antioxidant activity: The free radical scavenging
activities (antioxidant capacity) of CLE were
estimated by the DPPH (2,2-Diphenyl-1-
picrylhydrazyl) free radical scavenging assay
following the previous method (Ali et al., 2021;
Hakiman 2012). DPPH radical scavenging activity is
described as IC50, which is the concentration of
samples to produce 50% reduction of the
DPPH(Kang et al., 2014; Wu et al, 2020).
Calculated amount of ASA was dissolved in
methanol to get a mother solution having a
concentration of 1000 pg/ml. Then the mother
solution was serially diluted to get different
concentrations from 500.0 to 0.977 pg/ml. The
calculated amount of turmeric extract was measured
and dissolved in methanol to get a mother solution
having a concentration of 1000 pg/ml. After that 20
mg of DPPH was weighed and dissolved in 1 liter of
methanol to get a DPPH solution having a
concentration of 20 pg/ml, as well as 2.0 ml of a
methanol solution of the sample (Control/extractives)
at different concentrations (500.0 to 0.977pg/ml)
were mixed with 3.0 ml of a DPPH methanol solution
(20 pg/ml). After 30 minutes, the mixtures were kept
at room temperature in a dark place, and the
absorbance was measured at 517 nm against
methanol as a blank by a UV spectrophotometer. The
inhibition of free radical DPPH in percent (I %) was
calculated as follows:

(| %) = (1'Asample/AbIank) X 100
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Where, Apank = Absorbance of control reaction
(containing all reagents except the crude turmeric
extract) and Agmpie = Absorbance of CLE. The
percentage of inhibition (I %), was determined by
plotting the inhibition percentage against the extract
concentration.

Biological investigations: In vivo assays
Antidiabetic activity:

Experimental animals: Swiss albino mice (male
and female) having an average weight of 20-25 g
were used in this study. All mice were collected from
the Animal Resources Branch of Jahangirnagar
University. Animals were preserved at the laboratory
of standard environment of 25°C temperature, 55-
60% relative humidity on 12h light/dark cycle.
Adequately formulated food and water supply were
also maintained.

Ethical statement: The experimental procedure
involving mice in this study was conducted in strict
accordance with the ethical guidelines for the care
and use of laboratory animals. Ethical approval for
the research was obtained from the Ethical Review
Committee of Jagannath  University, Dhaka,
Bangladesh.

Experimental designs for antidiabetic activity:
The anti-diabetic activity of CLE was investigated in
this glyoxal-induced diabetic mouse model following
previous studies (Chen et al., 2021; Zhang et al.,
2019). Briefly, diabetes was induced in experimental
mice using glyoxal and glucose for their established
roles in exacerbating glucotoxicity, a key contributor

to the development of diabetes and related
complications. Glyoxal solution (40% in
water) was procured from Sigma-Aldrich. Stock

solutions were prepared by diluting the compounds
with  sterile distilled water to the desired
concentration (1%) for administration. Additionally,
10% glucose solution was prepared by dissolving 10
gm glucose in 100 ml of distilled water, ensuring a
dosage of glucose 2 gm/kg of body weight. The study
examined the hypoglycemic effect of CLE at 200 and
400 mg/kg doses, comparing results to control and
standard groups with metformin as the standard drug.
For conducting the anti-diabetic study, the five

different groups, namely negative control, diabetic
control, positive control, CLE group at low (200
mg/kg of body weight) and high dose (400 mg/kg of
body weight), containing three mice in each group,
were included. The animals were identified by their
tail numbers, as it was difficult to observe the
biological response of three mice receiving the same
supplement simultaneously. Each group underwent
the specific treatment course for 21 days, with the
average weight determined before and after
completion of the experiment. This study involved
preparing suspensions of test samples for different
doses of crude turmeric extract. The 200 mg/kg dose
was prepared by measuring 200 mg of extract and
triturating it with Tween-80. The 400 mg/kg dose
was prepared by dissolving 200 mg of extract in
distilled water. The standard metformin dose was
prepared by triturating 250 mg of extract with tween-
80 and adjusting with distilled water, and the control
solution was prepared by mixing tween-80 with
normal saline.

Measurement of blood glucose levels: Blood
glucose levels were measured at Day 1, Day 7, Day
14, and Day 21 through the Best-Check Basic
glucometer by using test strips to assess the anti-
diabetic efficacy of CLE in different treatment
groups.

Dissection of mice for visual examination of
internal organs: Following the completion of the
anti-diabetic study on mice, four mice were randomly
selected, one from each experimental group, for
dissection and visual examination of internal organs.
The groups included the diabetic control group, the
standard treatment group (metformin), and two
groups treated with CLE at two different doses, 200
mg/kg and 400 mg/kg body weight.

Molecular docking study: Molecular docking
study predicts the interaction between small
molecules and target proteins, therefore offering
insights into binding affinity and possible biological
activity (Sindhuja et al., 2021). Molecular docking
was employed in this work to investigate the binding
interactions of curcumin, a bioactive component of
CLE, with the Receptor for Advanced glycation end
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products (RAGE), a key player in glucotoxicity and
diabetes-related complications. These pathways
included interleukin-6 (IL-6), tumor necrosis factor-
alpha (TNF-a), protein kinase B (Aktl), nuclear
factor kappa B (NF-xB), Janus kinase (JAK), signal
transducer and activator of transcription (STAT), c-
Jun N-terminal kinase (JNK), Ras, mammalian target
of rapamycin (mTOR), and cyclin-dependent kinase
inhibitor 1 (P21). The methodologies for performing
the molecular docking studies were carried out
following previous studies (Kwon et al.,2022; Razia
etal., 2021).

Results and Discussion

Glucotoxicity describes the harmful impact of
persistently elevated glucose levels in the blood and
is mainly linked to type 2 diabetes mellitus. This
condition causes persistent hyperglycemia, which
ultimately results in pancreatic B-cell dysfunction,
diminished insulin secretion, and increased insulin
resistance.  Further,  persistent  hyperglycemia
overstimulates B-cells,  ultimately
promoting abnormalities and apoptosis by causing
uncontrolled oxidative stress as well as protein
glycation (MC et al., 2005; Morioka et al., 2017;
Vistoli et al., 2013). Based on previous studies,

pancreatic
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traditional medicinal plants, containing numerous
natural bioactive compounds, are crucial for the
healing of diabetes related complexities, including
glucotoxicity (Parveen et al., 2018; Yadav et al.,
2023). Among different bioactive compounds of
traditional medicinal plants, curcumin enhances
insulin sensitivity by modulating key signaling
pathways, including the RAGE signaling pathway as
well as the up-regulation of insulin-like growth factor
(IGF)-1R and PI3K, crucial for glucose metabolism
(Alam et al., 2022; Parveen et al., 2021). Therefore,
this study has been designed to evaluate the
pharmacological potential of C. Longa in
glucotoxicity through in vitro, in vivo, and molecular
docking analyses, with a focus on its efficacy against
glucotoxicity by targeting the AGE signaling
pathway.

Phytochemical screening results: The
phytochemical analysis of C. longa in different
solvents (n-Hexane, chloroform, ethyl Acetate,
aqueous, and ethanol) revealed the presence of
various bioactive compounds. The confirmation of
their presence is represented as "+" for low, "++" for
moderate, "+++" for high, and "-" for absence. The
findings are summarized in table 1.

Table 1. Phytochemical screening test results in different fractions of C. longa are given bellow.

Phytochemicals  Test n-Hexane Chloroform  Ethyl acetate Aqueous Ethanol
Alkaloids Wagner’s test +++ - ++ - +++
Flavonoids Alkaline reagent test + - ++ +++ +++
Phenol Ferric chloride test/ Alkaline test - - ++ +++ +++
Tannins Ferric chloride test/ Alkaline test - - ++ +++ +++
Terpenoids Salkowski test - +++ + - +++
Saponins Frothing test - +++ - - +++
Coumarin Alkaline reagent test - - +++ ++ +++
Steroids Salkowski test - +++ + - +++
Cytotoxicity assay results: The lethal 0.464 pg/ml. In a comparison with the negative

concentration (LCso) of the test samples after 24 hrs
was obtained by plotting of the percentage of the
shrimps that died against the logarithm of the sample
concentration, and the best-fit line was obtained from
the curve data by means of regression analysis
(Figure 1A-B). Vincristine sulfate (VS) was used as
positive control for which the LCs, was found to be

control, VS (positive control) gave significant
mortality, and the LCs, value of 3.94 pg/ml of the
extract was compared to this positive control.
However, varying degree of lethality to artemia
salina was observed with exposure to different dose
levels of the test samples. The degree of lethality was
directly proportional to the gradual increase of
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concentration of the extract, ranging from the lowest
concentration (0.78125 pg/ml) to the highest
concentration (400 pg/ml). Maximum mortalities
took place at a concentration of 400 pg/ml, whereas
the least mortalities were at 0.78125 pg/ml
concentration. In other words, mortality increased
gradually with the increase in concentration of
the test samples.

Effect of vincristine sulphate (positive
Control) on shrimp nauplii

120

y =35.832x +61.923
R?=0.9601

% of Mortality

Log of Concentration

Antioxidant activity: From the obtained results
of antioxidant activity tests, the crude ethanolic
extract showed significant free radical scavenging
activity with an IC50 value of 28.20 pg/ml,
compared to the standard ascorbic acid of 31.25
pg/ml, as shown in Figure 2(A-B).

Effect of ethanolic extract of C. Longa on Shrimp

nauplii

120

100 »
2 80
§ 60 /
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Figure 1. Cytotoxicity effect of CLE. A) Plot of % mortality and predicted regression line of Vincristine sulphate. B) Plot of

% mortality and predicted regression line of CLE.
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Figure 2. Antioxidant potential of CLE. A) Plot of % inhibition and predicted regression line of ascorbic acid B) Plot of %

inhibition and predicted regression line of CLE.
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Figure 3. Anti-glycation potential of CLE. A) Inhibitory percentages were plotted against different groups, including PBS=
Phosphate buffer Saline, BSA= Bovine Serum Albumin, GO-AGE= Glyoxal derived advanced glycation end products,
HDE= High dose of CLE; LDE= Low dose of CLE. Each value represents the mean + SEM of triplicate experiments.
Here, data are considered statistically significant, where (***) p <0.001 compared to control group (GO-AGE’s group)

and (##) p <0.01, compared to positive control group.
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Anti-glycation activity: The antiglycation activity
of CLE was evaluated by calculating the percentage
of inhibition of  GO-AGEs formation among
different groups, including PBS (control), BSA
(blank), metformin (standard), and two different
doses of CLE(200 mg and 400 mg). The results, as
illustrated in the Figure 3-A, showed that the BSA
group showed minimal inhibition at around 22.8%,
the standard group (metformin) demonstrated
significant anti-glycation activity with 48.2%
inhibition. Among the crude turmeric extract-treated
groups, the high dose (400 mg/kg) exhibited greater
inhibition (39.3%) than the low dose (28.5%),
indicating a dose-dependent antiglycation effect.

Anti-diabetic activity study:
Effect of CLE on blood glucose level

Effect of CLE on the average weight: The
changes in average body weight among different

experimental groups of mice over 21-day study
periods are summarized in Figure 4A. On Day O,

NC (D LDE
€3 DC HDE
=]

Weight(g)

B E3 NC (D LDE
15, B3 DC HOE
a

Blood glucose(mMol/L)

ay 7

ay 14 Day 21

there were no significant differences in the average
weights across all groups. By Day 7, the diabetic
control group showed an increase in body weight
compared to the normal control group, indicating
hyperglycemia-induced weight gain. This trend
continued until Day 21, when the diabetic control
group was recorded with the highest body weight
(30.3 g), compared to the normal control group
(25.80). In contrast, the groups treated with CLE at
low (200 mg/kg) and high doses (400 mg/kg)
exhibited a moderated weight gain compared to the
diabetic control group. By Day 21, the high-dose
group maintained an average weight of 27.9 g, while
the low-dose group showed a similar trend with 28.0
g. This suggests a dose-dependent normalization of
weight in CLE groups. The metformin-treated group
(positive control) also exhibited controlled weight
gain, with an average weight of 27.7 + 0.330 g on
Day 21, highlighting the therapeutic potential of
CLE.

Day 14 Day 21

157 @ NC @D LDE

Figure 4. Antidiabetic effect of CLE in diabetic mice model. A) Effect of CLE on the average weight, B) Effect of CLE on
Blood Glucose Level in diabetic mice model, C) Effect of CLE on Oral Glucose Tolerance Test (OGTT). Each value
represents the mean + SEM of triplicate experiments. Here, data are considered statistically significant, where (***) p
<0.001, (**) p <0.01, and (*) p <0.1 compared to the control group (GO-AGE’s group) whereas (###) p <0.001, (##) p

<0.01, and (#) p <0.1 compared to positive control group

Effect of CLE on oral glucose tolerance test
(OGTT): OGTT was conducted on the 7th day to
assess the ability of the test groups to regulate blood
glucose levels. The results are presented in Figure
4C. In the normal control group, the fasting blood

glucose level was observed as 3.8 mmol/l, which
increased to 4.4 mmol/l after 2 hours of glucose
intake, indicating normal glucose tolerance. In the
diabetic control group, fasting blood glucose level
was 6.4 mmol/l, which significantly increased to 10.6
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mmol/L after glucose intake, confirming the impaired
glucose tolerance. The positive control (metformin)
group indicated significant glucose reduction (8.7
mmol/l) compared to the diabetic control group.
Interestingly, CLE at both doses was able to reduce
blood glucose levels in the OGTT in a dose-
dependent manner. Shortly, the low dose (200 mg) of
CLE demonstrated very moderate glucose tolerance,
with the range of blood glucose levels to 9.1 mmol/I
after 2 hours of glucose intake, in comparison to the
diabetic control group. However, the high dose (400
mg) of CLE has shown significant reduction in
glucose regulation compared to the diabetic control
group.

Effect of CLE on blood glucose level in diabetic
mice model: The effects of CLE on blood glucose
levels were evaluated over 21 days. The findings are
presented in Figure 4B. Blood glucose levels
remained consistent over the experimental period,
with 4.2 mmol/L recorded on day 21 whereas levels
peaked at 10.6 mmol/L of diabetic control group by
day 21, reflecting sustained hyperglycemia. In
positive control (metformin) group, blood glucose
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levels reduced significantly to 7.2 mmol/l on day 21.
The low dose (200 mg) of CLE suggested moderate
anti-diabetic activity whereas high dose (400 mg)
indicated significant activity on a dose dependent
manner.

Visual observations of internal organs: For the
visual observation of the anti-diabetic effect of CLE,
dissection of different organs was performed under
sterile conditions, and the internal organs, including
the liver, kidney, and heart, were carefully examined
for any visible abnormalities, discoloration, or
structural defects. This step was performed to assess
the potential toxicity or adverse effects of CLE on
vital organs. However, no significant abnormalities
were observed, suggesting that the turmeric extract
was well tolerated at the administered doses. This
aligns with previous findings on the treatment of
CLE at safety doses in animal models (Figure 5A-C).
However, in-depth analysis of organ toxicity,
including histopathology, various liver enzyme tests
(ALT, AST) and other kidney markers (Creatinine,
urea) etc. will be conducted in further study.
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Figure 5. Visual observation of vital organs of mice. A) Effect of CLE on the normal control group B) Effect of CLE at low

dose of CLE, and C) Effect of CLE at high dose

Statistical evaluation of the anti-diabetic study
data: All data were expressed as percentage and
mean * Standard Error Mean (SEM). Statistical

significance between groups were determined by
using two-way ANOVA and Bonferroni posttests
were performed between multiple groups. One-way
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ANOVA and using Student's t- test unpaired between
two groups. P<0.05 were considered statistically
significant.

Determination of % curcumin and color value:
The percentage of curcumin in the turmeric extract
was 21.07%, indicating a high concentration of the
bioactive compound in the sample. Besides that, the
strong color intensity further correlate the high
curcumin content, as curcumin is the primary
compound responsible for turmeric's vibrant yellow
color.

Molecular docking study results: Initially, the
comparative  docking analysis of curcumin,
desmethoxycurcumin, and bisdemethoxycurcumin
was conducted with the RAGE protein (PDB ID:
4YBH) presented in Table 2. Among these, curcumin

demonstrated the highest binding affinity, suggesting
its superior potentiality in modulating RAGE-
mediated pathways. Based on this finding, further
molecular docking studies were carried out to explore
the interaction of curcumin with other proteins
involved in the downstream signaling pathways of
RAGE as shown in Figure 6 and 7. From the obtained
results, curcumin demonstrated significant binding
affinity with all the proteins, indicating strong
interactions that support its therapeutic potential. As
CLE contains many other compounds than curcumin,
therefore synergistic effect can be responsible for its
claimed anti-diabetic effect. However, further studies
(preclinical, clinical) required, apart from this
primary evidence to establish curcumin and C. longa
as new candidate.

Table 2. Interaction comparison among curcumin against different proteins of the RAGE signaling pathway related

proteins.

Protein (PDB ID) Compounds Binding Affinity (kcal/mol)
Curcumin -6.6

4YBH (RAGE) Desmethoxycurcumin -6.5
Bisdemethoxycurcumin -6.3

1ALU (IL-6) -6.0

1A8M (TNF-a) -6.3

1HIB (Akt1) 7.1

1UNP (NF-kB) -6.2

3EYG (JAK) Curcumin -7.6

3792 (CHOP) -6.9

4H39 (INK) -6.5

3WWT (STAT) -6.0

418G (RAS) -8.3

5WBH (mTOR) -7.6

821P (P21) 9.1

B & D

Figure 6. Molecular docking study results (3D view) of curcumin and different proteins of the RAGE signaling pathway
proteins (A) 1A3Q, (B) 3EYG, (C) 3T92, (D) 4H39, (E) 3WWT, (F) 4L8G, (G) 5WBH, (H) 821P.
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Figure 7. Molecular docking study results (2D view) of curcumin and different proteins of the RAGE signaling pathway

proteins (A) 1A3Q, (B) 3EYG, (C) 3T92, (D) 4H39.

Glucotoxicity in Type 2 Diabetes
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Figure 8. Possible mechanism of Curcuma longa against glucotoxicity.

Conclusion

This study is comprehensively designed to
explore the pharmacological potential of C. longa
through in vitro, in vivo, and molecular docking
analyses, with a focus on its efficacy against
glucotoxicity and diabetes-related complications. The
brine shrimp cytotoxicity assays demonstrated
toxicity at higher doses, and indicate its safety at
lower concentrations for therapeutic use. However,
in vitro experiments included the anti-glycation and
antioxidant activities of CLE, indicating its inhibitory
capacity against protein glycation and neutralizing
the free radicals effectively. In vivo studies also

highlighted the anti-diabetic activity of CLE,
reflected by improved glucose regulation in both high
and low doses at almost the same degree. Besides
that, the quantitative determination of curcumin in
CLE confirms its presence in the highest quantity.
Furthermore, molecular docking study results provide
preliminary evidence that curcumin has proven its
potential as a strong candidate, specifically through
its interaction with the RAGE and its associated
signaling pathways. Overall, the results of this
research support the traditional use of CLE as a
natural agent in managing diabetes and its
complications while also underscoring the need for
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further studies. Since the study couldn't differentiate
between the effects of low and high doses, dose
optimization becomes essential to identify the most
effective therapeutic concentration. Repeating this
study in the same model with a refined dose range or
conducting it in a different model could provide
better insights into the dose-response relationship and
enhance the reliability of the findings.
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