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ABSTRACT

Objective: The gut microbiota, such as Lactobacillus rhamnosus and Bifidobacteriumlongum produces short-chain fatty acids like acetate,
propionate, and butyrate from fermentation of undigested fiber, holds promise for managing metabolic diseases, including type Il diabetes and
obesity. This study explores the potential of probiotics and short-chain fatty acids to modulate leptin for increased anti-diabetic action in rats,
offering hope for future diabetes management strategies.

Methods: Rats weighing 150 and 200 g were chosen for the study, divided into multiple groups, and given a single dose of nicotinamide and
streptozotocin to induce type II diabetes. Probiotics, butyrate, propionate, and glibenclamide were continually given to respective groups after the
induction of Type II diabetes. Every week, the animal's body weight was determined. Following the study's conclusion, blood was drawn via retro-
orbital puncture to test the following parameters: insulin, leptin, lipid, liver, and kidney profiles. Liver and pancreas were isolated for
histopathological analysis.

Results: In rats with type Il diabetes, fasting blood glucose levels were significantly increased (p<0.001) compared with the normal control group,
accompanied by a marked reduction in fasting insulin and leptin levels (p<0.001). Treatment with selected probiotics, butyrate, and propionate caused a
significant reduction in blood glucose (p<0.001) and a significant increase in fasting insulin and leptin levels (p<0.001), indicating improved pancreatic
function relative to diabetic controls. Diabetic rats displayed severe diabetic dyslipidaemia, with elevated atherogenic lipoproteins and reduced HDL-C
(p<0.001). Administration of probiotics, butyrate, and propionate led to a significant reduction in atherogenic lipid levels (p<0.01) and a marked
increase in HDL-C compared with diabetic controls. Liver and kidney function markers were significantly elevated in diabetic control rats (p<0.01),
whereas these elevations were notably reduced (p<0.01) in all treatment groups. Among these, the combination of butyrate and probiotics exhibited the
most pronounced therapeutic benefits (p<0.001 vs. other treatments). Histopathological evaluation revealed severe hepatic and pancreatic
abnormalities in diabetic controls, whereas treatment groups exhibited restoration of normal tissue architecture. Notably, butyrate-treated rats showed
prominent B-cell hyperplasia and hypertrophy, further supporting enhanced pancreatic regeneration and overall therapeutic efficacy.

Conclusion: This finding suggested that butyrate, in combination with probiotics, has more anti-diabetic effects than individual treatment by
increasing the levels of Leptin. These results could potentially lead to the development of novel therapeutic strategies for managing type Il diabetes.
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INTRODUCTION patients. This underscores the potential of SCFAs, especially butyrate, in
managing metabolic and inflammatory diseases, including T2DM,

Diabetes mellitus (DM) is a growing public health issue, particularly ulcerative colitis, and Crohn's disease. These findings offer optimism for

in low-and middle-income countries where urbanization, lifestyle
changes, and dietary shifts have increased disease prevalence. Type
2 DM (T2DM), accounting for ~90% of DM cases, is marked by
insulin resistance and progressive B-cell dysfunction, leading to
chronic hyperglycemia and metabolic complications [1, 2]. By 2030,
80% of global diabetes cases are expected in low-and middle-income
nations [3]. DM is among the top six global causes of death and is
associated with multiple systemic complications. Recent interest has
focused on the gut microbiome's role in T2DM, especially short-
chain fatty acids (SCFAs) like acetate, propionate, and butyrate,
which are produced by microbial fermentation of dietary fiber and
influence metabolism, immunity, and gut integrity [4].

Leptin resistance, a contributor to insulin resistance, impairs appetite
and glucose regulation. SCFAs improve leptin sensitivity by reducing
inflammation and restoring hypothalamic signalling [5], enhancing
leptin receptor expression and gut barrier integrity [6]. Increasing
butyrate-producing bacteria through diet or probiotics may reduce
leptin resistance and improve glucose metabolism in T2DM [7]. This
highlights the gut-brain-pancreas axis as a novel therapeutic target.

Clinical trials have shown that butyrate supplementation can improve
insulin sensitivity and lipid profiles and reduce inflammation in T2DM

the development of future treatments for T2DM.

SCFAs act through G-protein-coupled receptors (GPR41, GPR43) to
regulate metabolism [13]. In adipose tissue, SCFAs promote leptin
secretion [14] and, in the gut, stimulate GLP-1 and PYY release [15].
In hepatocytes, it activates PPARs, aiding cholesterol and
triglyceride regulation [16]. Butyrate is primarily produced in the
colon through fermentation of dietary fibers like resistant starch
[17], with colonic concentrations of 10-20 mmol/kg and plasma
levels of 50-200 pM, depending on diet and microbiota [18].

Fiber-rich diets enhance SCFA production, improving gut and
metabolic health. Supplementation with butyrate has been shown to
improve insulin sensitivity, reduce inflammation, and positively
influence lipid profiles in T2DM [19]. These benefits emphasize
SCFA potential in T2DM management, though further studies are
needed to clarify mechanisms and optimize clinical use [20].

Probiotic  strains such as Lactobacillus rhamnosus and
Bifidobacteriumlongum boost SCFA production and microbial diversity
[21]. Their growth is supported by prebiotics like inulin and resistant
starch, enhancing SCFA synthesis [22]. These probiotics help maintain
gut homeostasis via cross-feeding, immune modulation, and metabolic
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regulation, further supporting their therapeutic value. The present
study aimed to investigate the effects of probiotics in combination
with SCFAs (butyrate and propionate) on leptin modulation, glycemic
control, lipid profile, and histopathological changes in a
streptozotocin-nicotinamide-induced type II diabetes rat model, in
order to explore their potential in enhancing anti-diabetic activity [23].

MATERIALS AND METHODS

Short-chain fatty acids (SCFAs) SCFAs are organic monocarboxylic
compounds with an aliphatic chain containing one to six carbon
atoms, including propionate and butyrate. Highly soluble sodium
salts of butyrate and propionate with 98.5% purity were procured
from UV Scientifics (Telangana, India).

Probiotics

A selection of probiotic strains, including Bifidobacterium longum and
Lactobacillus rhamnosus, were procured from INLIFE Health Care
(Telangana, India). Each probiotic capsule contained a standardized
concentration of 106 colony-forming units (CFU) per strain,
administered orally daily once for 28 d [24, 25]. The viability of these
strains was confirmed through colony formation on solid agar media,
following established microbiological protocols [26, 27].

Experimental animals and diet

Wistar albino rats (150-200 g) were procured from Mahaveer
Enterprises, Hyderabad, Telangana, India and acclimatized under
standard laboratory conditions. The National Institute of Nutrition
(NIN), Hyderabad, Telangana, India supplied a standard pellet diet.
Animals were housed in polypropylene cages in a controlled
environment with a 12:12 h light-dark cycle, ambient temperature
maintained at 25+2 °C, and relative humidity of approximately 65%, as
per the guidelines prescribed by the Committee for the Control and
Supervision of Experiments on Animals (CCSEA) [28]. Prior to the
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commencement of the experiment, all animals were allowed a 7 d
acclimatization period with ad libitum access to food and water. This
adaptation period stabilizes physiological parameters and minimizes
experimental variability, critical for preclinical metabolic studies [29].
The standard pellet diet provided by NIN was specifically chosen for
its balanced nutritional content and suitability for metabolic studies.

Every experimental protocol was approved by the IAEC of SNVPMV,
which is situated in Tarnaka, Secunderabad, Telangana, India
(registered under CCSEA No: 287/R/S/2000/CPCSEA, IAEC No:
SNV/10/2023/PC/23).

Experimental design

The animals were randomly divided into six groups, each with six
Wistar rats. Group 1 (G1) was administered a standard pellet diet
formulated to meet the vitamin and mineral requirements according
to the AIN-93 guidelines. Type 2 diabetes mellitus (T2DM) was
induced in the remaining groups using a single intraperitoneal
injection of streptozotocin (STZ; 55 mg/kg), followed by nicotinamide
(120 mg/kg) administered after 15 min, as per validated models for
mimicking insulin resistance and partial -cell dysfunction in rodents
[30]. To avoid hypoglycaemic shock, all rats received a 10% glucose
solution orally six hours after the STZ injection [31]. Rats were fasted
for 12 h prior to the induction protocol. Only those animals with
fasting serum glucose levels 2200 mg/dl after 72 h were considered
diabetic and included in the experimental study [32].

To deplete gut microbiota in Groups 4, 5, and 6, a combination of
broad-spectrum antibiotics (ampicillin, neomycin, metronidazole)
was administered orally for three consecutive days, commonly used
to suppress intestinal bacterial populations [33]. Fecal samples were
subsequently collected, homogenized in sterile PBS, and cultured on
nutrient agar to confirm microbial depletion, with plates incubated
at 37 °C for 24 h under aerobic conditions.

Table 1: Animal grouping anti diabetic activity

Species Group  Treatment Dose and route of administration

Wistar 1 Saline (negative control) PO

Albino rats 2 Streptozotocin+Nicotinamide (positive control) 55 mg/kgip+120 mg/kgip

(150-180g) 3 Streptozotocin+Nicotinamide+Glibenclamide 55 mg/kg ip+120 mg/kg ip+5 mg/kg PO

6 animalsin 4 Streptozotocin+Nicotinamide+Probiotics 55 mg/kg ip+120 mg/kg, ip+106 CFU/PO

each group 5 Streptozotocin+Nicotinamide+Probiotics+Sod. Butyrate 55 mg/kg ip+120 mg/kg ip+106 CFU/P. 0+400 mg/kg/PO
6 Streptozotocin+Nicotinamide+Probiotics+Sod. Propionate 55 mg/kg ip+120 mg/kg ip+106 CFU/PO+400 mg/kg/PO
7 Streptozotocin+Nicotinamide+Sod. Butyrate 55 mg/kg ip+120 mg/kg ip+400 mg/kg/PO
8 Streptozotocin+Nicotinamide+Sod. Propionate 55 mg/kgip+120 mg/kg ip+400 mg/kg /PO

Evaluation of biochemical parameters

Blood samples were drawn from overnight-fasted animals using the
retro-orbital puncture technique under 2% anesthesia, ensuring
minimal stress during collection [35]. Blood samples were
centrifuged at 2500 rpm for 15 min to obtain plasma and serum in
two separate vials [36]. The collected serum was stored at-20 °C for
subsequent biochemical analysis. Parameters evaluated included
BGL, insulin, HbA1C, haemoglobin, lipid profile (LDL, HDL, total
cholesterol, and VLDL), liver function markers, renal profile, and
leptin levels, which serve as key indicators of metabolic alterations
in obesity and diabetes models.

Measurement of liver marker

Liver function markers, including Aspartate Aminotransferase (AST),
Alanine Aminotransferase (ALT), and Alkaline Phosphatase (ALP),
were quantified using analytical kit-based techniques with a semi-auto
analyser, strictly following the manufacturer’s protocol. These
markers are essential for evaluating hepatic damage and metabolic
dysfunction associated with obesity and insulin resistance [37].

Evaluation of serum leptin and insulin levels

To estimate fasting insulin and serum leptin levels, rats were
subjected to overnight fasting, and blood samples were obtained
through retro-orbital puncture. The collected samples were sent to
Micron Life Sciences (Hyderabad, Telangana, India) for quantitative

analysis, aiding in assessing adiposity and insulin sensitivity in
experimental models of obesity and diabetes.

Histopathological studies

Histopathological analyses were performed on organs such as the
pancreas and liver. The main organs were removed surgically and
submerged in a 10% formalin solution. Samples were sent to R R
Histology, Peerzadiguda, Hyderabad, Telangana, India, for
histopathological estimation.

Statistical analysis

Mean+Standard Deviation was the display of the computation's findings.
The collected information was assessed using a one-way ANOVA to find
significant differences. Significant group differences were assessed using
Dunnett's t-test. The results showed a significant p<0.05. Graph Pad in
Stat Version 3.06 (Graph Pad Software, Inc, La Jolla, CA, USA) and
Microsoft Excel 2013 Standard (Microsoft Corp., Redmond, WA, USA)
were used for data visualization and statistical analysis.

RESULTS
Blood glucose level

This study evaluated probiotics and SCFAs in STZ-nicotinamide-
induced diabetic rats, showing significant glucose reduction over 28
d. The butyrate-probiotic combo had the most potent effect,
comparable to early glibenclamide response.
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Effect of probiotics & SCF on BGL in wistar rats
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Fig. 1: Effect of probiotics and SCFAs on BGL, Each value represents mean +SD with n=6. Data were analyzed using ANOVA, followed by
Dunnett's multiple comparison test. Positive control was compared with other groups: b indicates p<0.001

Lipid profile combination, significantly improved lipid profiles, renal profile, and
liver markers, increasing the levels of insulin, serum leptin, a
Diabetic rats showed dyslipidaemia with elevated TC, TG, LDL-C, significant decrease in HbAlc, increasing the levels of hemoglobin,
VLDL-C, and reduced HDL-C. SCFAs and probiotics, especially in indicating a synergistic effect.
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Fig. 2 and 3: Effect of probiotics and SCFAs on triglycerides and cholesterol

Effect of probiotics & SCF on LDL in wistar rats  Effect of probiotics & SCF on HDL in wistar rats
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Fig. 4 and 5: Effect of Probiotics and SCFAs on LDL and HDL, Each value represents mean +SD, with n= 6. Data were analyzed by using
ANOVA followed by Dunnett's multiple comparison tests. Positive control was compared with other groups: a represents p<0.0001, b
indicatesp<0.001, cindicates p<0.01, d indicates p<0.05
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Effect of probiotics & SCF on SGOT in wistar rats  Effect of probiotics & SCF on SGPT in wistar rats
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Fig. 6 and 7: Effect of probiotics and SCFAs on SGOT and SGPT

Effect of probiotics & SCF on creatinine in wistar rats  Effect of probiotics & SCF on urea in wistar rats
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Fig. 8 and 9: Effect of Probiotics and SCFAs on creatinine and urea, each value represents mean +SD, with n=6 data were analyzed by using
ANOVA followed by Dunnett's multiple comparison tests. Positive control was compared with other groups: a represents p<0.0001, c
indicates p<0.01, d indicates p<0.05

Effect of probiotics & SCF on Insulin in wistar rats ~ Effect of probiotics & SCF on leptins in wistar rats
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Fig. 10 and 11: Effect of probiotics and SCFAs on insulin and leptin
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Effect of probiotics & SCF on Hb1Ac in wistar rats Effect of probiotics & SCF on haemoglobin in wistar rats
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Fig. 12 and 13: Effect of probiotics and SCFAs on HbA1c and hemoglobin, Each value represents mean +SD, with n=6. Data was analyzed
using ANOVA, followed by Dunnett's multiple comparison tests. Positive control was compared with other groups: b indicates p<0.001, d
indicates p<0.05

Normal control Positive control Standard Probiotics

Histopathology of liver

Fig. 14: Histopathology of the liver in groups 1, 2, 3, 4, Group 1: Normal histological architecture of the liver was observed (red arrow),
Group 2: Marked hepatic inflammation was evident, characterized by hepatocellular swelling and significant leukocyte infiltration within
the liver parenchyma (green arrow), Group 3 and 4: Restoration of normal liver architecture was observed, with hepatocytes retaining
their normal morphology and arrangement. Notably, animals treated with a combination of SCFAs and probiotics showed the most
preserved hepatic structure (red arrow)

Probiotics + Butyrate  Probiotics + Propionate Butyrate Propionate

Histopathology of liver

Fig. 15: Histopathology of the liver in groups 5, 6, 7 and 8, Group 5,6: Red arrow indicates a well-preserved liver structure with normal
hepatocyte arrangement, Group 7 and 8: The red arrow points to the liver area where normal cell structure and arrangement are best
maintained

Normal control Positive control Standard Probiotics

Histopathology of Pancreas

Fig. 16: Histopathology of pancreas in groups 1, 2, 3 and 4, Group 1: Normal histology of pancreas was observed (yellow arrow), Group 2:
Degeneration of B-cells accompanied by mild inflammatory changes (red arrow), Group 3, and 4: Marked restoration of pancreatic
architecture was observed in group 3 (green arrow) anddistinct $-cell hyperplasia and hypertrophy in group 4 (red arrow)
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Probiotics + Butyrate  Probiotics + Propionate
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Butyrate Propionate

Histopathology of Pancreas

Fig. 17: Histopathology of pancreas in groups 5, 6, 7 and 8, Group, 5, 6, 7 and 8: Marked restoration of pancreatic architecture was
observed in group 6 (green arrow) and distinct -cell hyperplasia and hypertrophy in group 7 and 8 (red arrow)

Histopathology

Liver histology in the positive control group showed hepatocellular
swelling and leukocyte infiltration (fig. 14, green arrow). In contrast,
SCFAs-probiotic treatment preserved standard liver architecture
with intact hepatocyte morphology (fig. 15, red arrow).

DISCUSSION

Diabetes-associated dyslipidemia is characterized by elevated TC,
TG, LDL-C, VLDL-C, and reduced HDL-C factors contributing to
cardiovascular risks. In this study, diabetic rats treated with SCFAs,
and probiotics for 28 d showed significant improvements in serum
lipid parameters. These included TC, TG, LDL-C, VLDL-C reductions,
and elevated HDL-C. The combination therapy yielded the most
pronounced effects, likely through synergistic actions on lipid
metabolism via gut microbiota modulation and PPAR pathway
activation [38]. Diabetic rats exhibited elevated liver enzymes (ALT,
AST, ALP), indicating hepatic stress and dysfunction.
Supplementation with SCFAs (400 mg/kg) and probiotics (10° CFU)
significantly reduced these levels, suggesting hepatoprotection and
improved metabolic function. The observed benefits are consistent
with previous studies showing that SCFAs and probiotics enhance
insulin sensitivity, reduce inflammation, and support gut-liver axis
homeostasis [39-42]. Diabetic nephropathy was confirmed by
elevated BUN and serum creatinine, indicators of renal impairment.
SCFA and probiotic treatment significantly reduced these markers,
reflecting renoprotective effects. This aligns with previous findings
that SCFAs, especially butyrate, reduce oxidative stress and
inflammation and enhance renal homeostasis via gut-kidney axis
modulation [43-45]. Over 28 d, all treatment groups exhibited
significant reductions in BGL, with the butyrate-plus-probiotic group
showing the most substantial glucose-lowering effect. Glibenclamide
was most effective early on, though the final glucose levels remained
slightly elevated. Probiotics also produced a sustained decrease in
BGL, likely through enhanced GLP-1 secretion and improved
microbiota composition [46]. Butyrate, especially when combined
with probiotics, marked BGL improvement during the later
treatment phases, consistent with its role in promoting insulin
sensitivity and modulating inflammation [47].

Insulin levels were significantly lower in diabetic controls, indicating
pancreatic dysfunction. Treatment groups showed markedly
improved insulin concentration, suggesting improved secretion or
sensitivity. Prior research supports this outcome, noting that SCFAs
and probiotics stimulate pancreatic B-cells and reduce systemic
inflammation [48]. Supplementation with SCFAs and probiotics also
increased serum leptin levels, indicating improved energy regulation
and metabolic balance. This study's findings align with prior
research highlighting the interplay between insulin, leptin, and lipid
metabolism in type 2 diabetes. Insulin deficiency disrupts lipid
storage and reduces leptin secretion [49, 50], consistent with the
reduced leptin levels observed in diabetic models [51]. The
increased levels of leptin in SCFA-and probiotic-treated groups may
result from improved insulin function and gut barrier integrity [52].
Leptin's role in enhancing insulin sensitivity and glucose tolerance
[53] supports these outcomes, though chronic hyperleptinemia
could induce leptin resistance [54]. Thus, maintaining leptin balance
is crucial. Overall, SCFAs and probiotics promise to improve

metabolic markers by modulating gut microbiota and enhancing
hormone regulation, though long-term studies are needed to
confirm their clinical relevance.

This study found that SCFA and probiotic treatment significantly
reduced HbA1lc and improved hemoglobin levels in diabetic rats,
indicating enhanced long-term glycemic control. These effects likely
result from improved insulin sensitivity, gut microbiota modulation,
and enhanced glucose metabolism. Combined therapy showed
superior benefits over individual treatments or standard drugs.
Further human studies are needed to confirm these therapeutic
effects.

Histopathological analysis revealed severe liver and pancreatic
damage in diabetic rats, including hepatocellular necrosis and beta-
cell destruction, consistent with oxidative stress and inflammation
induced by chronic hyperglycemia. Treatment with SCFAs and
probiotics  significantly preserved hepatic and pancreatic
architecture, reduced inflammation, and enhanced beta-cell
integrity. The combination therapy showed near-complete
restoration of pancreatic tissue, likely through anti-inflammatory
actions, HDAC inhibition, and gut microbiota modulation. These
findings highlight the potential of SCFAs and probiotics to protect
against diabetes-induced tissue damage and support metabolic
homeostasis.

CONCLUSION

This study provides compelling evidence for the therapeutic
potential of SCFAs and probiotics in managing Type 2 diabetes,
particularly through modulation of leptin regulation. Combining
SCFAs and probiotics significantly improved glycemic control, lipid
metabolism, insulin sensitivity, and renal function. A key finding was
the enhancement of leptin secretion and sensitivity, underscoring
the role of gut microbiota in systemic metabolic regulation. The
synergistic effects suggest that these interventions preserve
pancreatic and hepatic integrity and restore hormonal balance
critical for energy and glucose homeostasis. Maintaining leptin
homeostasis is essential to prevent resistance and ensure sustained
metabolic benefits. These results support the inclusion of SCFA and
probiotic strategies as complementary therapies in diabetes
management. Further clinical studies are essential to validate these
preclinical findings and explore long-term efficacy and safety in
human populations.
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