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In vivo and computational
investigation of butin

against alloxan-induced diabetes
via biochemical, histopathological,
and molecular interactions
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Herbs have been used as medicines since antiquity, and it has been discovered that the human body
responds well to herbal remedies. Research on the effect of butin was conducted in the current study
in the alloxan-induced diabetic rat paradigm. A total of 30 Wistar rats were randomly assigned into
the following groups (n=6): I-Normal; II-Alloxan-induced (50 mg/kg); IlI-Alloxan + butin 25 mg/kg;
IV-Alloxan + butin 50 mg/kg; V-Butin per se 50 mg/kg. Various diabetic parameters (blood glucose,
insulin, HbA1c), lipid profile, inflammatory (TNF-a, IL-1B, IL-6 and NF-kB), antioxidant enzymes (CAT,
SOD and GSH), oxidative stress indicators (MDA), apoptosis marker (caspase-3), hepatic markers

(ALT and AST), and histopathological changes were assessed. Additionally, molecular docking and
dynamics were performed to evaluate the interaction of butin with target proteins. Butin treatment,
at both doses, significantly restored biochemical parameters and preserved pancreatic histopathology
in diabetic rats. It effectively modulated blood parameters, lipid profiles, inflammatory markers,
apoptosis, antioxidant enzyme activity, oxidative stress, and hepatic markers. Molecular docking
revealed that butin binds to proteins such as caspase-3 (1INME), NF-kB (1SVC), and serum insulin
(41BM) with binding affinities of - 7.4, - 6.5, and - 8.2 kcal/mol, respectively. Molecular dynamics
simulations further suggested that butin induces significant conformational changes in these proteins.
Butin exhibits potential effects against alloxan-induced diabetic rats by restoring biochemical balance,
reducing inflammation, and protecting pancreatic tissue. Its binding to key proteins involved in
apoptosis and inflammation highlights its therapeutic potential in diabetes management.
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Diabetes mainly causes persistent hyperglycemia, affecting millions of populations in the world'~. Diabetes
mellitus (DM) is characterized by a chronic endocrine dysfunction and sustained elevations in blood glucose
(hyperglycemia) consequent to impaired carbohydrate, protein, and lipid metabolism*¢. Alteration in these
metabolic activities can induce a state of oxidative stress characterized by an imbalance between reactive oxygen
species (ROS) production and antioxidant defenses. ROS, such as hydrogen peroxide and superoxide anions,
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can directly damage pancreatic f cells, leading to impaired insulin secretion and causing hyperglycemia”®.
Additionally, ROS can activate various cellular signaling pathways, including nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) and protein kinase C (PKC). This activation disrupts normal insulin
signaling cascades, ultimately resulting in the development of insulin resistance (IR)®.

Animal models are essential tools for understanding disease pathophysiology and optimizing therapeutic
strategies. They provide a safe and ethical alternative to human studies, allowing for the exploration of various
treatment options and potential complications. In this study, alloxan-induced diabetes in rats was utilized.
Alloxan impairs insulin-induced glucose secretion and damages insulin-producing { cells, making it a cost-
effective and accessible alternative to streptozotocin (STZ). The alloxan model is particularly valuable due to
its established efficacy in replicating key pathological features of insulin-dependent DM. Chemically known as
2,4,5,6(1H,3H)-pyrimidinetetrone, alloxan is a widely used diabetogenic agent in experimental animal studies,
inducing diabetes through the selective targeting and destruction of pancreatic f cells via a cascade of events
leading to apoptosis’. Mechanistically, alloxan functions as a cytotoxic glucose analog, closely resembling glucose
in structure and exhibiting toxicity towards pancreatic { cells'®. Additionally, alloxan inhibits insulin secretion
and promotes the generation of reactive oxygen species (ROS), which cause cellular damage. This cascade of
effects leads to the development of insulin-dependent diabetes mellitus (DM) in experimental animals'' 6.

Despite significant progress in diabetes management over the past three decades, current therapies like
insulin, pharmacotherapy, and dietary interventions often present limitations, including the development of
resistance, side effects, and potential toxicity'*!”. These treatments have some disadvantages like medicine
resistance, reduction in effectiveness, and side effects™'®'°. As a result of these side effects of allopathic drugs,
the public is shifting further toward natural sources of diabetes therapy’.

Major contents of natural or herbal drugs include carotenoids, flavonoids, terpenoids, alkaloids, glycosides,
and antioxidants that exhibit anti-diabetic effects. Flavonoid-containing plants have antioxidant properties.
Butin is a flavonoid present in various plants such as Vernonia anthelmintica, Acacia mearnsii, and Dalbergia
odorifera. It has strong antioxidant properties and can be used in diabetes. Previously butin was reported to have
a positive effect on STZ-induced memory loss, complete Freund’s adjuvant-induced arthritic, 3-nitropropionic
acid-induced Huntington’s disease, and brain edema in intracerebral hemorrhage in rats'>¢2?2 In this research,
the evidence points towards the influence of butin in an STZ-induced diabetes model. Still, no evidence indicates
the influence of butin against the alloxan-induced hypoglycemic activity in rat models with in silico molecular
docking and dynamic simulation (MDS) approaches. These approaches provide valuable insights into the binding
mechanisms between butin and its putative target proteins. By identifying specific target proteins, the research
aims to pave the way for developing targeted therapies for treating diabetes.

This study investigates the protective effects of butin in an alloxan-induced diabetic rat model and assesses
its molecular selectivity for caspase-3, NF-kB, and serum insulin through molecular docking and MDS.

Results and discussion

Diabetes is a growing global public health concern, with its prevalence expected to affect large populations in the
future. Despite the availability of various treatments and therapies, optimal disease control remains elusive#?*.,
In this study, diabetes was induced in rats using alloxan, which mimics insulin-dependent type 1 diabetes by
inhibiting insulin-induced glucose secretion and causing pancreatic cell destruction?. Alloxan-induced diabetes
can lead to damage in the pancreas and other organs. However, butin, with its anti-inflammatory and anti-
apoptotic properties, may offer protective effects on the pancreas and associated organs*>*°. The findings of
this study demonstrate that butin can enhance glucose metabolism, promote insulin secretion, and improve
antioxidant capacity, leading to increased glycogen storage in the liver and muscles. Additionally, in diabetic
rats, butin may protect the kidneys from hyperglycemia-induced oxidative stress, thereby preserving kidney
function”%.

Effect of butin on weight variation

On the 30th day of the study, both initial and final body weights were measured. The alloxan-induced diabetic
rats exhibited a significant decrease in body weight (P <0.05), while those treated with butin (25 and 50 mg/
kg) showed no significant changes in body weight. Furthermore, butin administration significantly mitigated
the weight loss observed in the alloxan-induced group (P <0.0001) (Fig. 1). The weight loss in the alloxan-
induced diabetic animals can be attributed to increased glucose utilization and the depletion of glycogen stores*.
Additionally, uncontrolled hyperglycemia can lead to dehydration and further weight reduction. These changes
in body weight may also result from alterations in food intake, physical activity, and energy expenditure®®*!.
However, diabetic rats treated with butin maintained their body weight, suggesting a protective effect against
the catabolic consequences of diabetes®*.

Effect of butin on hemoglobin Alc (Hb1Ac)

HblAc level in the alloxan-induced group was higher (P <0.01) in association with the normal group.
The treatment with butin (25 and 50 mg/kg) led to a significant decrease in Hb1Ac level (F (4, 25)=53.72,
(P<0.0001)). There was a significant effect of the butin per se group in association with the alloxan-induced
group (P<0.0001) (Fig. 2A).

HbAlc is a widely used marker for long-term glucose control in diabetic individuals. A glycated HbA1lc results
from the non-enzymatic attachment of glucose to hemoglobin’s N-terminal valine residue. Additionally, the
degree of glycation in a biosystem is related to blood glucose. In alloxan-induced diabetic rats, HbAlc levels are
elevated as a result of persistent hyperglycemia®. However, treatment with butin at both tested doses significantly
reduced these elevated HbA1c levels*.
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Fig. 1. Effect of butin on body weight. Values are expressed in mean (n=6).

Effect of butin on blood glucose
The fasting blood glucose level was observed to be elevated (P <0.01) in an alloxan-induced group compared to
the normal group. Butin at doses (25 and 50 mg/kg) showed substantial reductions in fasting blood glucose levels
(F (4, 100) =768.8, (P <0.0001)) in association with the alloxan-induced group at Day 10, 20 and 30. Butin per se
had a significant effect on blood glucose levels in the context of the alloxan-induced group (P <0.0001) (Fig. 2B).
Blood glucose level was significantly elevated in alloxan-induced diabetic rats due to the selective targeting
and destruction of pancreatic { cells by alloxan®, and the treatment with butin resulted in a reduction in glucose
levels in these diabetic rats.

Effect of butin on insulin levels and amylase
Alloxan-induced rats showed reduced serum insulin and increased amylase levels (P <0.05) in compared to
the normal group. Treatment with butin at doses of 25 and 50 mg/kg significantly restored serum insulin (F (4,
25)=15.50, (P <0.0001)) and amylase (F (4, 25)=155.7, (P <0.0001)). Butin per se had a significant effect on
serum insulin and amylase levels as associated with the alloxan- induced group (P <0.0001) (Fig. 2C,D).
Insulin and amylase are synthesized by pancreatic  cells, and the destruction of these cells leads to a decrease
in insulin levels, resulting in hyperglycemia. Butin, however, appears to exert protective effects on pancreatic §
cells, thereby maintaining insulin levels and inhibiting the elevation of amylase, which is crucial for carbohydrate
digestion®>¢,

Effect of butin on lipid profile

In comparison to the normal group, the alloxan-induced group exhibited a significant increase (P <0.05) in
serum lipid levels, specifically triglyceride (TG), total cholesterol (TC), and high-density lipoprotein cholesterol
(HDL) levels. Both doses of butin (25 and 50 mg/kg) significantly reduced TC (F (4, 25)=67.71, (P <0.0001))
and TG levels (F (4, 25) =46.77, (P <0.0001)) in diabetic animals. In addition, butin administration significantly
maintained HDL levels (F (4, 25) =10.48, (P <0.0001)) compared to the alloxan-induced group. Butin per se
exhibited a significant effect in context to the alloxan-induced group (P <0.0001) (Fig. 3A-C).

Lipid profile in alloxan-induced diabetic rats helps to understand the physiopathology of diabetic
dyslipidaemia, and it reflects on the diabetic complication mechanism and reveals possible therapeutic targets.
The lipid profile in alloxan-induced diabetic animals can provide valuable insights into the metabolic changes
associated with diabetes and the risk of cardiovascular complications®”**. In diabetic conditions, there is a
dysregulation of lipid metabolism, leading to alterations in lipid profiles. The lipid levels in alloxan-treated
diabetic rats were higher TC, TG and lower HDL levels. However, butin treatment effectively restored a more
favorable lipid profile, consistent with findings from studies®**’.

Effect of butin on liver enzymes
The levels of alanine transaminase (ALT) and aspartate transaminase (AST) were remarkably increased
(P <0.001) in the diabetic group compared to the normal group. Treatment with butin at doses of 25 and 50 mg/
kg has significantly reduced ALT (F (4, 25) =68.10, (P <0.0001)) and AST levels (F (4, 25) =166.5, (P <0.0001))
compared to the alloxan-induced group. There was a significant effect in the butin per se group compared to the
alloxan-induced group (P <0.0001) (Fig. 4A,B).

Elevated ALT and AST levels in the bloodstream can indicate tissue damage, particularly in the liver.
Previously reported that alloxan-induced diabetes showed an enhanced level of ALT and AST, indicating hepatic

Scientific Reports |

(2024) 14:20633 | https://doi.org/10.1038/s41598-024-71577-y nature portfolio



www.nature.com/scientificreports/

A - Day 0
15- Sl Day 10
= —- Day 20
“ = y
g 300 ¥ Day 30
—~ 10 *% =
© ok E
« 0 200
- 3
T 5 S
=
1]
£ 100
b
o
0 T T T T T
AY
p & -60\ é\fa .Q,%Q .«‘:Q 0 l T T T T
2 S
< N > & & .\<°\ N S S
&S 3 hy Q & & R & &
- A\
\\0’ & ‘?Q ¥ 4}(\ x%o x% D
hod \\0’ \\0' ; § : .)Q
w ¥ S M
C D S
s \4
1200
5
. 4
= 1100
g 4
E ok a8
2 3 * S 10007 R
E =
17 ) -
-E 2_. E 900 ‘
E ~ L
£ 800
5 17
»n
0 T T T T T 700-— T T T T
D > DS o"} 6°\ g S D
& ¥ o SRR
& N X < o QP
AR * & <
‘)\N Y X \0* Q> >
SR » & &
N & SIS
\\ v
o
Fig. 2. (A-D) Effect of butin on (A) Hb1Ac, (B) blood glucose level, (C) serum insulin level, (D) serum
amylase. Values are expressed in mean +S.E.M. (n=6). A one-way ANOVA followed applied to Tukey’s post
hoc test, “P <0.01 vs normal group; *P <0.05, **P <0.001, **P <0.0001 shows statistically significant results vs
alloxan control group.
damage resulting in leakage of these hepatic enzymes in the blood, but butin both doses reduced the levels of
these hepatic enzymes, providing protection against hepatic damage®.
Effect of butin on glycogen and creatinine levels
As shown in Fig. 4C shows that the concentration of liver glycogen was reduced significantly (P <0.05) in
the alloxan-induced group compared to the normal group. Treatment with butin at doses of 25 and 50 mg/
kg significantly increased the liver glycogen levels (F (4, 25) =10.82, (P <0.0001)) compared to the alloxan-
induced group. The butin per se group significantly affected the context of the alloxan-induced group (P <0.0001).
Furthermore, creatinine was observed to be increased in alloxan-induced rats (P <0.05) compared to the normal
group. The treatment with butin (25 and 50 mg/kg) has significantly reduced the concentration of creatinine
(F (4, 25)=18.53, (P <0.0001)). The butin per se group had a significant effect in association with the alloxan-
induced group (P <0.0001) (Fig. 4D).

In alloxan-induced diabetes in rats, there were notable alterations in glycogen metabolism and creatinine
levels, which are crucial for glucose regulation and kidney function, respectively. The alloxan-induced rats
exhibited a decrease in glycogen levels and increased creatinine levels, leading to impaired glucose regulation
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Fig. 3. (A-C) Effect of butin on (A) TG, (B) TC, (C) HDL-C. Values are expressed in mean+S.E.M. (n=6).
A one-way ANOVA followed applied to Tukey’s post hoc test, “P <0.01 vs normal group; *P <0.05, **P <0.001,
***P <0.0001 shows statistically significant results vs alloxan control group.

and kidney damage. Butin treatment substantially restored glycogen and creatinine levels, suggesting its potential
to maintain glucose homeostasis and protect against protection against kidney damage*.

Effect of butin on antioxidant enzymes

In Fig. 5A-D, alloxan-induced rats, showed a significant decrease in the levels of superoxide dismutase (SOD),
glutathione (GSH), and catalase (CAT), along with a significant increase in malondialdehyde (MDA) levels
compared to the normal group (P <0.05). Butin-treated groups were substantially elevated in the activities of
these enzymes i.e., SOD (F (4, 25)=119.4, (P<0.0001)), GSH (F (4, 25)=69.58, (P <0.0001)), and CAT (F (4,
25)=49.44, (P <0.0001)) and reduced the MDA level (F (4, 25)=92.91, (P <0.0001)) as compared to alloxan-
induced group. The butin per se group also demonstrated a significant effect relative to the alloxan-induced
group (P <0.0001).

Alloxan-induced diabetes is characterized by increased oxidative stress, driven by the generation of ROS and
impaired antioxidant defence mechanisms*'. Consequently, alterations in antioxidant markers are commonly
observed in animals. In alloxan-induced rats, SOD, GSH, and CAT levels were markedly reduced, while MDA
levels were significantly elevated compared to the normal group. Treatment with butin significantly enhanced
SOD, GSH, and CAT levels and reduced MDA levels, indicating its potential to mitigate oxidative stress'®.

Estimation of pro-inflammatory cytokines

Alloxan-induced diabetes resulted in a significant increase in pro-inflammatory parameters, including
tumor necrosis factor-a (TNF-a), interleukin-1p (IL-1pB), IL-6, and NF-kB, as assessed by one-way ANOVA.
Figure 6A-D shows that alloxan treatment markedly elevated the production of pro-inflammatory markers—
TNF-a, IL-1f, IL-6, and NFkB compared to the normal group (P <0.05). However, treatment with butin at doses
of 25 and 50 mg/kg significantly restored the levels of these inflammatory mediators- TNF-a (F (4, 25)=28.67,
(P<0.0001)), IL-1B (F (4, 25) =44.66, (P <0.0001)), IL-6 (F (4, 25) =22.00, (P <0.0001)) and NFkB (F (4,
25)=59.24, (P <0.0001)) compared to the alloxan-induced group. The butin per se group also demonstrated a
significant effect relative to the alloxan-induced group (P <0.0001).

Alloxan-induced diabetes in rats is known to cause alterations in the immune system, leading to increased
levels of pro-inflammatory cytokines. These inflammatory mediators, including cytokines and chemokines, can
exacerbate the destruction of pancreatic f cells*2. A significant elevation in inflammation and pro-inflammatory
cytokines was observed in alloxan-induced rats**. NF-kB plays a crucial role in regulating immune responses and
inflammation, and its levels are elevated in the pancreas and other organs following alloxan administration***.
In this study, butin effectively restored TNF-a, IL-1p, IL-6, and NF-«B levels in alloxan-induced rats, suggesting
that its anti-inflammatory effects may contribute to mitigating diabetes-related complications.

Effect of butin on caspase-3 activity

Caspase-3 activity was significantly upregulated in the alloxan-induced groups (P < 0.05); however, following
30 days of butin administration, caspase-3 activity showed a marked downregulation (F(4, 25) =106.9, P <0.0001)
compared to the alloxan-induced rats. The butin per se group also demonstrated a significant effect in contrast
to the alloxan-induced group (P <0.0001) (Fig. 7). Caspase-3 is a cysteine protease that regulates apoptosis
(programmed cell death) in the cell. In alloxan-induced diabetic rats, elevated glucose levels have been shown to
induce oxidative stress, which in turn increases caspase-3 activity, leading to the apoptosis of pancreatic { cells.
Previous studies have revealed that high glucose concentrations, as induced by alloxan, contribute to oxidative
stress, further damaging P cells and upregulating caspase-3 activity as a marker of apoptosis**#¢. This study
suggests that butin treatment effectively reduces caspase-3 activity in alloxan-induced diabetic rats, indicating
its potential to protect pancreatic p cells from apoptosis®’.
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Fig. 4. (A-D) Effect of butin on (A) AST, (B) ALT, (C) liver glycogen level, (D) serum creatinine level. Values

are expressed in mean+S.E.M. (n=6). A one-way ANOVA followed applied to Tukey’s post hoc test, P <0.01 vs
normal group; *P <0.05, **P <0.001, ***P <0.0001 shows statistically significant results vs alloxan control group.

Histopathological changes in the pancreas

Pancreatic tissues were stained with H&E to evaluate the effects of butin on alloxan-induced pancreatic damage
in diabetic rats. The pancreas from the normal and butin 50 mg/kg groups exhibited a normal appearance of
the islets of Langerhans and interlobular ducts (Fig. 8A-E). In contrast, pancreas sections from alloxan control
animals showed structural abnormalities in the islets of Langerhans and hyperplasia of islet cells (Fig. 8B). Rats
treated with butin at 25 and 50 mg/kg for 30 days following alloxan injection demonstrated improvements in the

histopathological architecture of the Langerhans islets and interlobular ducts (Fig. 8C,D).

Histopathological analysis of diabetic rats revealed severe necrosis and distortion of pancreatic tissue®.
However, administration of butin to alloxan-induced diabetic rats resulted in the normalization of the Langerhans
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Fig. 5. (A-D) Effect of butin on (A) MDA, (B) SOD, (C) GSH, (D) CAT. Values are expressed in mean+S.E.M.
(n=6). A one-way ANOVA followed applied to Tukey’s post hoc test, P <0.01 vs normal group; *P <0.05,
**P <0.001, ***P <0.0001 shows statistically significant results vs alloxan control group.

islets. These observations collectively suggest that butin offers protective effects on pancreatic tissues, reducing
the extent of damage in alloxan-induced diabetic rats®.

Molecular docking and dynamic simulation

In the in-silico study, three proteins, i.e., caspase-3, serum insulin, and NF-«B, were selected based on empirical
evidence from our in vivo studies, which demonstrated significant biological interactions between butin and
these targets. To further elucidate the molecular mechanisms underlying these interactions, in silico analyses
were conducted. This computational approach allowed us to explore the molecular-level interactions between
butin and these specific targets, providing a deeper understanding of their binding interactions and potential
therapeutic implications.

The molecular docking study revealed that butin exhibits significant binding interactions with INME
(caspase-3), 1SVC (NF-«B), and 4IBM (serum insulin), with binding affinities of — 7.4, - 6.5, and — 8.2 kcal/mol,
respectively (Fig. 9). These findings suggest that butin may be a promising therapeutic agent capable of targeting
caspase-3, NF-«B, and serum insulin in alloxan-induced diabetes, offering potential benefits in the management
of the disease®**%,
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Fig. 6. (A-D) Effect of butin on, (A) IL-1B, (B) IL-6, (C) TNF-q, (D) NF-kB. Values are expressed in
mean+S.E.M. (n=6). A one-way ANOVA followed applied to Tukey’s post hoc test, *P <0.01 vs normal group;
*P <0.05, **P <0.001, **P <0.0001 shows statistically significant results vs alloxan control group.

The stability and convergence of the Apo-4IBM and 4IBM + Butin complexes were investigated using
molecular dynamics simulation (MDS). When comparing the root mean square deviation (RMSD) data, a
simulation of 200 ns revealed stable conformation. The average RMSD of the Ca-backbone of Apo-4I1BM
exhibited 2.58 A and a deviation of 0.36686 A, which is relatively small. Moreover, the RMSD average is below 3 A
(Fig. 10A(i)). RMSD clustering matrix analysis with frequency 10 of trajectory clusters exhibited 12 distributed
clusters with few overlapping sampling. 4IBM + Butin complex, on the other hand, exhibited an average RMSD
of Ca-backbone from the triplicate of 2.60 A (Fig. 10B(i)) having a standard deviation of 0.38 A (Table 1). The
best two clusters with high conformations are analyzed by superimposing their conformational structures. The
best two clusters where RMS deviation was observed to be 0.81 A (Table 1) with a small change in conformation
at the extended loop region (marked arrow Fig. 10C(i)).
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Fig. 7. Effect of butin on caspase-3 activity. Values are expressed in mean+S.E.M. (n=6).

The conformational deviation from RMSD cluster analysis of best cluster conformation from 4IBM + Butin
and Apo-4IBM exhibited a RMS Deviation of 1.9 A (Fig. 10D(i)). No significant conformational deviation occurs
at the ligand butin binding cavity, while the extended loop of the side chain exhibited a small conformational
deviation (Fig. 10D(i)), arrow marked). Therefore, from the clustering analysis, RMS deviations are observed to
be less, exhibiting less conformational deviation and converged structures during simulation. The average RMSD
of the Ca-backbone of Apo-1NME exhibited 2.004 A and a deviation of 0.575385 A, which is relatively small.
Moreover, the RMSD average is below 3 A (Fig. 10A(ii)). RMSD clustering matrix analysis with frequency 10 of
trajectory clusters exhibited 10 distributed clusters with few overlapping sampling. The best two clusters with
high conformations are analyzed by superimposing their conformational structures. Figure 10B(ii) shows the
RMSD average of INME bound with butin. Figure 10C(ii) exhibited the best two clusters where RMS Deviation
was observed to be 0.55 A (Table 1). It was observed that the terminal residues Ser29, Gly30, Ile31, Ser32 and
Leu33 are oriented in opposite directions to achieve the structures’ convergence. Whereas INME bound to
Butin has exhibited an average RMSD of 2.009 A and a deviation of 0.240691 A. The overall deviation has been
reduced as compared to apo form in ligand bound state. Clustering analysis of the conformers exhibited 17
distributed clusters, and the best cluster having the highest conformers was superimposed with the best cluster
of apo for exhibiting the loop formation improving flexibility (Fig. 10D(ii)) in Butin bound state where the apo
form conforms a helical turn. Thus, the ligand-bound structure exhibited more flexible conformation in order
to accommodate the ligand.

The average RMSD of the Ca-backbone of Apo-1SVC3 exhibited 4.01 A and a deviation of 1.430185 A,
which is relatively small (Fig. 10A(iii)). RMSD clustering matrix analysis with frequency 10 of trajectory clusters
exhibited 12 distributed clusters with few overlapping sampling. The best two clusters with high conformations
are analyzed by superimposing their conformational structures (Fig. 10B(iii)). There are no marked differences
observed among the best two cluster conformers (Fig. 10C(iii)), while the butin bound 1SVC3 exhibited similarly
as displayed for Apo bound state 4.01 A and a deviation 1.430185 A (Table 1). RMSD clustering exhibited a
deviation of the loop orientation at the binding pocket of butin where the pocket was much straighter in apo form
while in the ligand-bound state, more pulled toward the ligand for better accommodation of butin (Fig. 10D(iii)).

The root mean square fluctuations (RMSF) plots provide insight into the flexibility of residues within a protein
structure. In the case of the Apo-4IBM complex, the RMSF plot reveals notable fluctuations at specific residue
positions, particularly at positions 40, and in the ranges of 110-125 and 170-190, where the fluctuation exceeds
3 A (Fig. 10E(i)). These fluctuations suggest a degree of flexibility in the side chain residues at these positions,
indicating potential regions of conformational variability within the protein structure. To quantify the overall
fluctuation across the entire trajectory of the Apo-4IBM simulation, the average RMSF is computed. The average
RMSF over the entire trajectory from triplicate runs is calculated to be 1.54 A, with a standard deviation of
0.117 A (Table 1). This value provides a measure of the typical fluctuation observed throughout the simulation,
indicating the overall dynamic behavior of the protein. Upon binding of the ligand to the 4IBM complex, changes
in RMSF patterns can be observed. The average RMSF in the ligand-bound 4IBM complex is recorded to be
1.28 A, indicating a reduction in overall fluctuation compared to the Apo state. Specific residue positions exhibit
higher fluctuations in the ligand-bound state, notably at positions 40 and in the range of 115-125 (Fig. 10F).
However, the fluctuations observed in the range of positions 170-190, which were prominent in the Apo state,
diminish in the ligand-bound state. This suggests that the binding of the ligand induces structural stabilization in
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Fig. 8. (A-E) In the photomicrographs, the pancreatic tissue sections are stained with H & E at a magnification
ofx 100 as compared to various experimental groups. (A) The appearance of normal islets of Langerhans

(green arrow) and normal intralobular duct (yellow arrow) in normal control rats. (B) Abnormal structure

of islet of Langerhans (orange arrow), and disorganized degenerative changes in the nuclei of the acini (black
curved arrow) in alloxan control rats. (C) Mild hyperplasia of the islet cells (green arrow) and interlobular duct
(black curved arrow) in alloxan + butin-25. (D) Histopathological architecture improved (green arrow) and
reorganized interlobular duct (black curved arrow) in alloxan + butin-50. (E) Normal islets of Langerhans (green
arrow) and exocrine acini (yellow arrow) exhibited in butin-50.

the protein, leading to reduced flexibility overall, except for a few specific flexible regions influenced by the ligand
binding. RMSF plot of INME-Apo and butin exhibiting the high fluctuating peak at residues between 140 and 150
and the rest residues are less fluctuating (Fig. 10E(ii),E(iii)). This indicates the flexible residues between 140 and
150 positions might be involved in forming the loops, and the rest of the protein is rigid in both ligand-bound
and unbound states. RMSF analyses of 1SVC3-apo and 1SVC3-butin complexes exhibited a series of fluctuating
residues. In 1SVC3-apo, major fluctuations are observed from 21-40, 140-155, 245-257, 259-276, and 277-290
residues (Fig. 10E(iii)) while butin bound complex exhibited the lowering of the fluctuating residues as compared
to the apo form (Fig. 10F(iii)). This indicates that the flexibility of the residues in the apo form might be due to
loop arrangements, which perhaps conformed in other secondary structures at ligand-bound state. In summary,
the RMSF analysis provides valuable insights into the dynamic behavior of the protein structure in both the Apo
and ligand-bound states. The observed fluctuations indicate regions of flexibility and rigidity within the protein,
with changes in RMSF patterns upon ligand binding reflecting alterations in protein dynamics and stability. The
radius of gyration (RoG) serves as a crucial metric for assessing the compactness of a protein structure. A lower
RoG value indicates a more compact orientation of the protein, suggesting tighter packing of its constituent
residues. In the context of this study, the RoG analysis provides insights into the structural dynamics of the
Apo-4IBM and butin-bound 4IBM complexes. For the Apo-4IBM complex, the triplicate runs of trajectories
spanning 200 ns demonstrate a stable RoG profile (Fig. 10G(i)). This stability indicates that the protein structure
has reached a converged state and is properly folded, as evidenced by the consistent RoG values observed
throughout the simulation. The average RoG value for the Apo-4IBM complex is recorded to be 20.01 A, with a
standard deviation of 0.244 A (Table 1). This value represents the typical compactness exhibited by the protein in
its unbound state. In contrast, the butin-bound 4IBM complex displays a similarly stable RoG profile across all
triplicate sets (Fig. 10H(i)). The RoG values for the butin-bound complex are consistently lower compared to the
Apo state, indicating a higher level of compactness induced by the binding of the ligand. The average RoG for the
butin-bound 4IBM complex is calculated to be 19.61 A, with a smaller standard deviation of 0.077 A (Table 1).
This tighter packing of the protein structure in the presence of the ligand suggests a more compact conformation
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BUTIN

BUTIN

Fig. 9. Molecular docking 2D and 3D images of the butin with proteins Caspase-3(1NME), NFKf (1SVC) and
Serum Insulin (4IBM).

adopted upon ligand binding. In the case of INME-apo, the RoG plot exhibited the lowering pattern in the 1st
run, while the couple of runs of the triplicate exhibited the stable pattern (Fig. 10G(ii)). The average RoG value
is calculated from the triplicate runs 17.84 A with a standard deviation 0.042575 A (Table 1). In comparison,
INME complexed with butin exhibited small lowering patterns of all the 3 replicates (Fig. 10H(ii)). The average
RoG value is calculated from the triplicate runs 17.98 A with a standard deviation 0.056028 A (Table 1). On
the other hand, 1SVC3-Apo and butin bound structures exhibited lowering pattern (Fig. 10H(iii)) in both
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Fig. 10. Plots of triplicate run displaying RMSD for Ca-backbone of (A(i)) 4IBM_Apo, (B(i)) 4IBM bound
with Butin, (A(ii)) INME_apo, (B(ii)) INME bound with Butin, (A(iii)) 1SVC_Apo, (B(iii)) 1SVC bound with
Butin, superimposed two best clusters (C(i)) 4IBM_apo, (C(ii)) INME_apo, (C(iii)) 1SVC_apo displaying the
residues of the positions for which RMS deviation occur. Superimposed best RMSD cluster of Apo and Butin
bound to (D(i)) 4IBM, (D(ii)) INME (displaying the loop arrangement during simulation), (D(iii)) orientation
of binding cavity of best apo cluster and Butin bound cluster of 1SVC. RMSF plots of Ca-backbone of triplicate
run for (E(i)) 4IBM_apo, (F(i)) 4IBM bound to butin, (E(ii)) INME_apo, (F(ii)) INME bound with butin,
(E(iii)) 1SVC apo and (F(iii)) 1SVC bound to butin. Radius of gyration plots of Ca-backbone of triplicate run
for (G(i)) 4IBM_apo, (H(i)) 4IBM bound to butin, (G(ii)) INME_apo, (H(ii)) INME bound with butin, (G(iii))
1SVC apo and (H(iii)) 1SVC bound to butin. Average hydrogen bonds from triplicate simulation run for (I(i))
4IBM, (I(ii)) INME and (I(iii)) 1SVC.
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Fig. 10. (continued)

cases and average RoG is calculated as 23.78 A with a standard deviation 0.741294 A (Table 1). Comparing the
RoG values between the Apo and butin-bound structures provides valuable insights into the structural changes
induced by ligand binding. The significantly lower RoG values observed in the butin-bound complex indicate a
more compact orientation of the protein compared to its unbound state. This finding underscores the stabilizing
effect of ligand binding on the protein structure, leading to a tighter and more compact conformation. Overall,
the RoG analysis highlights the structural alterations accompanying ligand binding and provides quantitative
evidence of the resulting changes in protein compactness. The number of hydrogen bonds between protein and
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ligand suggests the significant interaction and stability of the complex. Butin bound to 4IBM, INME and 1SVC
exhibited an average of 1.14, 1.54, and 1.59 hydrogen bonds respectively signifying butin shows stable interaction
between them (Fig. 10I(i)). However, INME and 1SVC bound state exhibited good hydrogen bond interaction

as compared to 4IBM (Fig. 10I(ii),I(iii)).

Molecular mechanics generalized born surface area (MM-GBSA) calculations

Utilizing the MD simulation trajectory, the binding free energy along with other contributing energy in form of
MM-GBSA were determined for 4IBM with Butin complex. The results (Table 1) suggested that the maximum
contribution to AGbind in the stability of the simulated complex were due to AGbindCoulomb, AGbindvdW and
AGbindLipo, while, AGbindCovalent and AGbind SolvGB contributed to the instability of the 4IBM with Butin
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Fig. 10. (continued)

complex complex and the average binding energy from the triplicate run is calculated as —37.5067 + 4.89 kcal/
mol (Table 2). However, significant contribution exhibited by AGbindCovalent and AGbindSolv imparts negative
effect on butin binding with the protein (Table 2). Therefore, MMGBSA calculation supported the potential of
butin ligand having high affinity of binding to the protein as well as efficiency in binding to the selected protein
and the ability to form stable protein-ligand complex.

The average binding energy from the triplicate run is calculated as —15.3867 + 8.65 kcal/mol (Table 3).
However, the significant contribution exhibited by AGbindCovalent and AGbindSolv negatively affects butin
binding with the protein (Table 3). Therefore, from MMGBSA calculation supported the potential of butin ligand
having high affinity of binding to the protein as well as efficiency in binding to the selected protein and the
ability to form stable protein-ligand complex. The average binding energy from the triplicate run is calculated
as—13.5633 £2.85 kcal/mol (Table 4). However, the significant contribution exhibited by AGbindCovalent
and AGbindSolv imparts a negative effect on butin binding with the protein (Table 4). Therefore, MMGBSA
calculation supported the potential of the butin ligand having a high affinity of binding to the protein as well as
efficiency in binding to the selected protein and the ability to form a stable protein-ligand complex.
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Fig. 10. (continued)

Figures 11 and 12 represent ligand interactions with residues of INME (Top), 1SVC (Middle), and 4IBM
(Bottom) over the period of simulation and ligand atoms’ interaction with residues of proteins INME (Top),
1SVC (Middle), and 4IBM (Bottom) occurs more than 10% of the simulation time 200 ns. Investigation of the
simulation study of butin presented water bridge, H-bonding hydrophobic interactions within stable regions of
proteins. Butin interacted with INME at residue Ser104, Glul06, Asp107, Asp146, and Ser150 through water
bridge and hydrogen bonding, while with residues Lys106, Arg147, and Argl147 through water bridge, hydrogen
bonding, and hydrophobic interactions. Butin interacted with IMNE at residue Glu106, Ser150, and Asp146
at 18%, 27%, and 17%, respectively, through hydrogen bonds, while with Argl47 at 10% through hydrophobic
interactions.

With protein 1SVC, butin interacted at residue Glul55, Glul52, Arg284, Glu288, Gly293, and Glu296
through water bridges and H-bonding, while with Phel51 through hydrophobic interaction. Butin exhibits
25% interaction with Gly293, 34% interaction with Glu288, 73% interaction with Glul55 through hydrogen
bonding, 26% interaction with Arg284 through water bridges, and 10% interaction with Phel51 through pi-pi
stacking with protein 1SVC.

Butin interacted with protein 4IBM at residues Leul002 through hydrophobic and water bridges, with
Ala1028 and Met1139 through hydrophobic interaction, while with Glu1077, Met1079, Ala1080, and Asp1083
through water bridge and H-bonds. Butin exhibits 62% interaction with Met1079 through hydrogen bonding,
54% interaction with Asp1083, 150% interaction with Glu1077 through water bridges and hydrogen bonding,
22% interaction with Lys1030, and 26% interaction with Ala1080 through water bridges with 4IBM.

The mentioned amino acids that interact with ligands have a significant role in the active site and play an
important role in the stability of butin with selected targets. The study suggests that butin interacts with all targets
through a hydrogen bonds-water bridge network with significant frequencies. In addition, the figure shows that
butin interacted better with 1SVC and 4IBM than INME, as concluded from the percentage interactions found
between ligands and residues. This suggests that butin binds with INME and 1SVC mostly through hydrogen
bonding, while with 4IBM through the water bridges-h-Bond network.

The comparison between the protein-ligand contacts during the course of simulation and initial docking
studies of INME with butin and 1SVC with butin reveals a notable disparity in interaction persistence and type
of interaction (Fig. 13). Trajectory analysis shows diverse and dynamic interaction profiles across the simulation
period with a significant number of interactions. This dynamic nature shows the ability of the simulation study
to capture transient and stable interactions that are relevant over the simulation period. However, docking

Scientific Reports|  (2024) 14:20633 | https://doi.org/10.1038/s41598-024-71577-y nature portfolio



www.nature.com/scientificreports/

‘ Replicate 1 | Replicate 2 | Replicate 3 | Std deviation
4IBM-Apo
RMSD (A) 2.305385 3.000602 2.449859 0.36686
RMSF (A) 1.553264 1.661025 1.428202 0.116519
Radius of gyration (A) 19.7299 20.1789 20.12426 0.244982
4IBM-butin
RMSD (A) 2.631995 2.200847 2.976539 0.388651
RMSF (A) 1.243319 1.089697 1.515357 0.215558
Radius of gyration (A) 19.53517 19.62901 19.68836 0.07724
INME-Apo
RMSD (A) 2.491949 1.369895 2.152171 0.575385
RMSF (A) 0.990143 0.803769 0.931853 0.09534
Radius of gyration (A) 17.82484 17.82685 17.89957 0.042575
INME-butin
RMSD (A) 2.215868 1.74522 2.068084 0.240691
RMSF (A) 1.287487 1.328394 1.252579 0.037947
Radius of gyration (A) 18.04611 17.93427 17.98418 0.056028
1SVC-Apo
RMSD (A) 4.444679 5.189421 2.425333 1.430185
RMSF (A) 2.772402 2.208932 1.951047 0.420045
Radius of gyration (A) | 24.54131 23.06011 23.7452 0.741294
1SVC-butin
RMSD (A) 4.444679 5.189421 2.425333 1.430185
RMSF (A) 2.772402 2.208932 1.951047 0.420045
Radius of gyration (A) 24.54131 23.06011 23.7452 0.741294

Table 1. Comparative statement triplicate run for trajectory analysis for apo and butin bound to 41BM, INME
and 1SVC where INME_Apo_1, INME_Apo_2, INME_Apo_3 represent first replicate, second replicate and
third replicate of protein in apo state respectively for 200 ns each, while INME_butin_1, INME_butin_2,
INME_butin_3 represent first replicate, second replicate and third replicate of protein complexed with butin

respectively for 200 ns each.

Energies (kcal/mol) | 4IBM_butin | 4IBM_butin2 | 4IBM_butin3 | Average

AGying —41.69 -38.70 -32.13 —37.5067 +4.89
AGyinacoulomb -16.60 —-16.56 -13.94 -15.7+1.52
AGyindcovalent 1.50 1.17 1.46 1.376667 £0.18
AGyindtbond -0.89 —-0.88 -1.02 -0.93£0.07
AGying Lipo -10.32 -10.42 -7.23 -9.32333+1.81
AGyindsolvGs 20.23 19.82 15.55 18.53333+2.59
AGyindvaw —-35.60 -31.85 —26.93 -31.46+4.34

Table 2. Binding free energy components for the 4IBM with butin complex calculated by MM-GBSA.

Energies (kcal/mol) INME_butin | INME_butin2 | INME_butin3 | Average

AGying -36.5 -1.13 -8.53 —15.3867 £8.65
AGyindcoulomb -12.08 -0.96 -1.83 -4.95667 £2.18
AGindcovalent 0.33 0.04 0.11 0.16+0.15
AGyindtbond -0.86 -0.05 -0.17 -0.36+0.43
AGyingLipo -12.85 -0.33 —-2.66 —-5.28+0.66
AGyingsolvas 11.21 1.35 4.14 5.566667 +0.69
AGpindvaw -19.27 -1.18 -7.94 -9.46333+3.14

Table 3. Binding free energy components for the INME with butin complex calculated by MM-GBSA.
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Energies (kcal/mol) 1SVC_butin | 1SVC_butin2 | 1SVC_butin3 | Average

AGying ~15.12 ~25.57 0.00 ~13.5633+2.85
AGyindcouomb -10.03 -6.17 -0.02 —5.40667 +0.54
AGyindCovalent 0.91 1.16 0.00 0.69+0.06
AGyinarbond -0.70 -1.06 0.00 —0.58667+0.05
AGuindipo -3.63 ~7.04 0.00 —3.55667+2.3
AGyindsos 12.26 9.29 0.03 7.193333+6.3
AGyindvaw ~13.86 -19.61 —0.01 ~11.16+1.2

Table 4. Binding free energy components for the 1SVC with butin complex calculated by MM-GBSA.

studies demonstrate a more constrained interaction landscape, initially dominated by few interactions, which
shows that docking provides initial insight into potential binding modes®®. When we compare the MD study
protein-ligand interaction of the 4IBM_butin complex with its initial docking study, it has been found that
the docking study provides a foundational propensity for hydrogen bonding and hydrophobic interactions,
often underrepresented statically®'. However, in the MD simulations, a more nuanced interaction landscape
emerges, characterized by an enhanced prevalence of hydrophobic interactions and the critical role of water
bridges in stabilizing the complex™. This not only supports the transient nature of molecular interactions but
also highlights the importance of considering solvent effects and dynamic changes over the period of simulation
time. Such findings support the integration of MD simulations to achieve a more comprehensive understanding
of protein-ligand interaction®.

The results of this study suggest that butin treatment may influence additional pathways to control blood
glucose and modulate diabetes pathogenesis in rats (Fig. 14). However, further research is required to establish
whether butin is a viable therapeutic agent for diabetes and to elucidate its effects on insulin and glucose
regulation in alloxan-induced diabetic rats.

The study also has several limitations that could affect the interpretation and reliability of the findings. These
include constraints related to the use of small animal models, variability in Western blot results, and challenges
associated with immunohistochemistry.

Conclusion

This research suggests that flavonoids containing active constituents, such as butin, hold significant potential in
the treatment of diabetes. In alloxan-induced diabetic rats, butin demonstrated favorable effects in managing
diabetes and its associated complications. This indicates that butin may be a promising candidate for developing
new formulations, offering valuable opportunities for researchers and potentially expanding the scope of diabetes
treatment options available to the public.

Materials and methods

Chemicals

Alloxan (Sigma-Aldrich, USA) was used in the study. Butin (>97% purity), serum insulin (MSWO07), ALT (ALT-
MSW-01), AST (AST-MSW-02), creatinine (Cr-MSW-01), MDA (MSW-MDA), SOD (MSW-SOD), GSH (MSW-
GSH), CAT (MSW-CAT) were obtained from MSW Pharma M.S., India. The enzyme-linked immunosorbent
assay (ELISA) kit for rats was utilized to determine NF-kB (MSW-NF-kB), TNF-a (MSW-TNF-a), IL-1B (MSW-
IL-1PB), IL-6 (MSW-IL-6), caspase-3 activity (MSW-Cap-3) (MSW Pharma, M.S., India).

Animals

Healthy male Wistar rats (Males 9-10 weeks old) were included in the study. The weight of animals between
180+ 20 g and maintained in an animal house under standard conditions 12:12 h light: dark cycle module with
24 °C of temperature and 50-60% controlled humidity. Diet and water were given to rats ad libitum. Rats were
acclimated to standard laboratory conditions over a period of 7 days. The Institutional Animal Ethical Committee
approved (TRS/PT/023/039) study protocol and research conducted as per the ARRIVE (Animal Research:
Reporting in Vivo Experiments) guidelines®.

Induction of diabetes in experimental animals

A 50 mg/kg dose of alloxan monohydrate was injected into overnight fasted rats, followed by 5% glucose solution
bottles in their cages to prevent hypoglycemia®. After 72 h, the glucose level was measured to evaluate diabetes
progression, followed by 30 days of treatment®>*°.

Study protocol
A total of 30 rats were divided at randomly as follows (n=6)
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Blood glucose levels were measured 72 h after alloxan administration. Rats with blood glucose levels exceeding
250 mg/dL were classified as diabetic and selected for the study. All animals underwent weight measurements
before and after treatment. On the final day of the study, the rats were anesthetized with ketamine (75 mg/kg,
i.p.) and xylazine (10 mg/kg, i.p.). Biochemical analyses were performed using ~ 4-6 mL of blood collected from
each rat via orbital sampling on day 30°'. Histopathological examination was conducted prior to the separation

of tissue for biochemical analysis.
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Fig. 14. Proposed mechanism of butin against alloxan-induced diabetic rats.

Estimation of Hb1Ac (glycated hemoglobin)

The blood was withdrawn (~0.5-0.8 mL of blood withdrawn) from the retroorbital plexus and mixed with
10 mL of a saline solution containing 0.2% disodium EDTA. It was centrifuged at 1500 x g for 20 min. at 40 °C.
High-performance liquid chromatography was used to evaluate Hb1Ac levels®>%.

Estimation of blood glucose

Blood samples were obtained from rats by tail vein puncture on a single-timed glucose strip. The glucose level
was measured by ACCU-CHECK glucometer (Roche Products Pvt. Ltd., India) periodically at Day 0, 10th, 20th
and 30th®.

Measurement of insulin levels

We used a commercial Rat ELISA insulin kit (sensitivity: 23.5 pg/mL) as per the standard reported in the assay
protocol (~0.2-0.5 mL of blood withdrawn). We were directed by the manufacturer’s instructions to determine
the insulin concentration.
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Glycogen estimation

Homogenate of the liver was prepared using 1 mL of 5% potassium hydroxide, and 5 mL of ethyl alcohol was
poured to precipitate glycogen followed by centrifugation. The supernatant was isolated and anthrone reagent
was added to produce a green color at a wavelength of 620 nm®.

Estimation of creatinine

The estimation of creatinine(~ 0.5 mL of blood withdrawn from each rat) was performed by using modified
Jaffe’s method the basis of the evaluation was a colored compound produced by the reaction of creatinine with
picric acid (for safety precaution, a diluted solution of picric acid was used), measured at 520 nm in mg/dL as
the color intensity®.

Estimation of lipid profile, AST and ALT
A sample of blood was withdrawn (~ 1 mL) from each rat for lipid profile analysis and was taken and subjected
to centrifugation at 2000xg for 20 min. The investigation was conducted using separated supernatants. HDL,
TG, and TC (Modern Lab, M.S., India) were assessed.

ALT and AST (~0.3-0.5 mL of blood withdrawn from each rat) were used as biomarkers for liver function
tests assayed by using standard kits. These enzymes act as an indication of hepatic damage. The manufacturer’s
protocol was followed during the procedure (Modern Lab, M.S., India).

Estimation of biochemical parameters
The liver was isolated, rinsed with ice-cold saline, and homogenized in a buffer containing 0.1 M Tris-HCI at
pH 7.4 to measure antioxidant enzyme activity.

Assay of antioxidant enzymes
The activities of antioxidant enzymes, SOD, GSH and CAT were measured in all experimental sets by using
following the method.

SOD

After centrifuging the sample containing 0.5 mL of the previously prepared homogenate sample as mentioned in
2.12, 2 mL of ethanol, and 1 mL of chloroform, additional ingredients were added. These included 1 mL of sodium
pyrophosphate buffer, 0.1 mL of N-methyl dibenzo pyrazine methyl sulphate, 0.3 mL of nitobluetetrazonium,
and 0.2 mL of reduced nicotinamide adenine dinucleotide. A spectroscopic approach was used to measure the
chromogen at 560 nm. The amount of NBT reduction that is inhibited by 50% in a minute is referred to as an
enzyme unit. The enzyme’s estimated activity was U/g®.

GSH estimation

The Ellman method was used for this study; 1 mL of homogenate and 2 mL of trichloro acetic acid were
centrifuged, and the supernatant was isolated. 1 mL of Ellman’s reagent was added to the supernatant, followed
by the addition of 4 mL disodium hydrogen phosphate. This mixture was mixed properly, and the intensity was
measured at 412 nm using a UV spectrophotometer. The concentration of GSH was estimated as U/g and one
unit of GSH (U/g) = enzyme unit per gram of initial solid substrate (w/w)®"%,

CAT measurement

A 0.5 mL sample solution was mixed with potassium phosphate (50 mM) and 0.1 mL of hydrogen peroxide
(H,0,) in phosphate buffer. The degradation of H,0O, was analyzed at 240 nm at 15-s intervals. The basis of the
assay was the degradation of hydrogen peroxide by catalase enzyme, which was measured as U/g tissue and one
unit of CAT (U/g) = enzyme unit per gram of initial solid substrate (w/w)®.

MDA estimation

The supernatant obtained in the above process was added with 0.2 mL of sodium lauryl sulphate (SLS), 1.5 mL
acetic acid, and 1 mL thiobarbituric acid (TBAR) followed by heating up to 1 h. The mixture was cooled, followed
by the addition of 5 mL n-butanol and pyridine. The mixture was centrifuged at 4000 rpm for 15 min, the
organic phase was separated and measured at 532 nm by spectrophotometer. The MDA was expressed as nmol/L
tissue”®7!,

Pro-inflammatory cytokine determination

The ELISA kit uses the sandwich-ELISA method, which involves a microwell plate and a pre-coated antibody.
Spectrophotometric analysis was used to measure the optical density. By using an immunoassay kit, the amounts
of NF-kB (sensitivity: <0.119 ng/mL), IL-6 (sensitivity: < 3.3 pg/mL), IL-1B (sensitivity: <5.4 pg/mL), and
TNF-a (sensitivity: < 1 pg/mL) in serum (~ 1 mL blood sample of each rat) were calculated’?. The standards
were prepared by the manufacturer of the ELISA kit and provided with the kit. In order to determine optical
density (OD), the ELISA Reader (Meril Pvt. Ltd. India) was used at a wavelength of 450 nm. In this experiment,
the OD value was proportional to the concentration of rat cytokine. OD was used to compare samples with
the standard curve to calculate rat cytokine concentration. The marker concentrations were determined using
standard curves, and IL-1B, TNF-q, and IL-6 levels were expressed in picograms per millilitre. NFxB level was
expressed as nanograms per millilitre.
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Estimation of caspase-3
Caspase-3 activity in rat serum samples was measured utilizing a biochemical test in accordance with the ELISA
kit (sensitivity: Up to 0.5 ng/mL)”*. Caspase-3 concentration was calculated in ng/mL.

Histopathological study

At the end of the experiment, the animals were sacrificed. The pancreatic tissues were immediately immobilized in
a 10% buffered neutral formalin solution. Cover the tissues with plastic moulds after gently dipping them in hot
paraffin using metallic blocks. The fixed tissues were divided into 5 mm-thick transverse sections. To analyse the
pancreas microscopically, these sections were stained with hematoxylin and eosin at a magnification of x 100.
The histological expert did not know the therapy allocation or biochemical outcome.

Docking study

Utilizing proprietary Bash scripts built on AUTODOCKTools 1.5.6, the structures of ligands and proteins were
transformed to the pdbqt format. We used AutoDock Vina 1.2.5 for docking investigations, with grid points
spaced 0.375 A apart. The grid box was centred on the active site of the target. NF-KB 1SVC (34.401, 9.319, 37.650
and 20, 20, 20), Serum Insulin 4IBM (4.31,-9.36, 6.92 and 20, 20, 20), and Caspase-3 INME (42.09, 96.34, 24.13
and 30, 30, 30) were the grid parameters that were followed. To enable 2D and 3D images, the corresponding
protein-ligand complexes were exposed to Biovia Discovery Studio Visualizer, LigPlot v1.4.5, and Maestro 12.7
following the completion of the docking operations. Using the PLIP server, detailed interactions between the
protein and ligand were found. The table contains details.

MDS

MDS was conducted using the Desmond software Vs 2020.1 from Schrodinger, focusing on apo and docked
complex involving 4IBM, INME and 1SVC with butin. Triplicate sampling was carried out under identical
conditions for each MD run to enhance result reliability. The simulations utilized the OPLS-2005 force field’*”
and an explicit solvent model with simple point charger (SPC) water molecules. Sodium ions (Na+) were
introduced to neutralize the charge, while a NaCl solution (0.15 M) was employed to mimic physiological
conditions. The system underwent equilibration using the NVT ensemble for 200 ps, followed by a 12 ps
equilibration and minimization run using the NPT ensemble, constructed using the Nose-Hoover chain
coupling method’®. All simulations were conducted at a temperature of 27 °C, with a relaxation time of 1.0 ps
and a pressure of 1 bar, utilizing a time step of 2 fs. Pressure regulation employed the Martyna-Tuckerman
Klein chain coupling scheme with a relaxation duration of 2 ps. The particle mesh Ewald method was utilized
for determining long-range electrostatic interaction, with a Coulomb interaction radius set at 9 cm. Bonded
forces were estimated using the RESPA integrator with a time step of 2 fs. The stability of MD simulations was
assessed through parameters including root mean square deviation (RMSD), radius of gyration (Rg), root mean
square fluctuation (RMSF), solvent accessible surface area (SASA), and hydrogen bond count. Clustering analysis
was performed on RMSD trajectories spanning 200 ns for Apo-4IBM and 4IBM + Butin complex using the
Desmond trajectory clustering module, with a frequency of 20 and 10 possible clusters considered in the RMSD
matrix construction. The most populated clusters from the apo, butin-bound, proteins (4IBM) were compared
to investigate conformational changes, followed by a comparison of the top two most populated clusters to assess
conformational variations at the ligand binding cavities’”>7”.

Binding free energy analysis

The molecular mechanics combined with generalized Born surface area (MM-GBSA) approach was used to
compute the binding free energies of the ligand-protein complexes. The MM-GBSA binding free energy was
calculated using the Python script thermal mmgbsa.py in the simulation trajectory with the VSGB solvation
model and the OPLS5 force field over last 50 frames with a 1 step sampling size. The binding free energy of
MM-GBSA (kcal/mol) was estimated using the principle of additivity, in which individual energy modules such
as columbic, covalent, hydrogen bond, van der Waals, self-contact, lipophilic and solvation of ligand and protein
were collectively added. The equation used to calculate AGy;,q is the following””:

AGyping = AGyym + AGsor, — AGsy,

where AGy;,4 designates the binding free energy, AGyy designates difference between the free energies of
ligand-protein complexes and the total energies of protein and ligand in isolated form, AGg,, designates
difference in the GSA solvation energies of the ligand-receptor complex and the sum of the solvation energies
of the receptor and the ligand in the unbound state, AGg, designates the difference in the surface area energies
for the protein and the ligand.

Statistical analysis
One-way ANOVA was used for data analysis, followed by Tukey’s post hoc test with significance set at P <0.05.
Graph pad prism version 8.0.2 was used for statistical analysis.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.
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