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ABSTRACT

Background: Type 2 Diabetes Mellitus (T2DM) is a metabolic disorder characterized by insulin resistance and impaired
glucose regulation. Metformin, the first-line therapy, has limitations such as gastrointestinal intolerance and risk of lactic
acidosis, necessitating the development of novel analogues with improved efficacy and safety. This study designed,
synthesized, and evaluated five metformin analogues: DMAA, PBG, BMB, TZD-Met, and SFBG, aiming to enhance glucose
uptake, insulin sensitivity, and mitochondrial function while reducing adverse effects.

Methods: A series of metformin analogues were synthesized via structural modifications to the biguanide backbone.
Chemical characterization was performed using FTIR, NMR (*H and 13C), MS, and X-ray crystallography. In vitro glucose
uptake assays were conducted in L6 myotubes and HepG2 cells, followed by AMPK activation (Western blot) and GLUT4
translocation (Immunocytochemistry) studies. In vivo efficacy was assessed in high-fat diet (HFD)-induced Type 2 diabetic
mice, with treatment groups including vehicle control, metformin, and the five analogues. Parameters evaluated included
Fasting Blood Glucose (FBG), Oral Glucose Tolerance Test (OGTT), HbAlc, HOMA-IR, and organ toxicity markers.

Results:
o  Chemical synthesis confirmed successful modifications, as validated by spectral analysis.

¢  Glucose uptake increased significantly (p < 0.05) in all analogues compared to metformin, with SFBG and TZD-Met
demonstrating the highest enhancement.

¢ AMPK phosphorylation (p-AMPK/AMPK ratio) was significantly higher in analogue-treated cells compared to
metformin.
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e« GLUT4 translocation to the plasma membrane was increased in all analogues, correlating with improved glucose
uptake.

o Invivo studies showed a significant reduction in FBG levels over 12 weeks, with TZD-Met and SFBG outperforming
metformin by 15-20%.

« HOMA-IR index indicated enhanced insulin sensitivity in the analogue-treated groups, particularly BMB and DMAA.

e  Toxicity assessment showed reduced gastrointestinal side effects and lower risk of lactic acidosis compared to
metformin.

Conclusion: The novel metformin analogues exhibited superior glycemic control, increased AMPK activation, and enhanced
insulin sensitivity with an improved safety profile compared to metformin. These findings suggest that structural
modifications to biguanides may offer next-generation antidiabetic therapies with reduced side effects. Future studies should
focus on pharmacokinetics, clinical translation, and long-term metabolic outcomes to establish their therapeutic potential in
T2DM management.

Keywords: Metformin analogues, Type 2 Diabetes Mellitus, Glucose uptake, AMPK activation, Insulin sensitivity, Novel
antidiabetic agents

1. INTRODUCTION

1.1. Background on Type 2 Diabetes Mellitus and Current Therapeutic Challenges

Type 2 diabetes mellitus (T2DM) is a chronic metabolic disorder characterized by insulin resistance, impaired insulin
secretion, and hyperglycemia (American Diabetes Association [ADA], 2022). The global prevalence of T2DM has been
steadily increasing, with projections indicating that over 783 million adults will be affected by 2045 (Sun et al., 2022).
Current pharmacological interventions include biguanides (metformin), sulfonylureas, thiazolidinediones, dipeptidyl
peptidase-4 (DPP-4) inhibitors, sodium-glucose cotransporter-2 (SGLT-2) inhibitors, and glucagon-like peptide-1
(GLP-1) receptor agonists (Davies et al., 2022). Among these, metformin remains the first-line therapy due to its well-
established efficacy in reducing hepatic glucose production and improving insulin sensitivity via AMP-activated protein
kinase (AMPK) activation (Rena et al., 2017). However, despite its widespread use, metformin presents several clinical
limitations that necessitate the development of novel analogues.

1.2. Limitations of Metformin

Although metformin is effective, it is associated with gastrointestinal side effects (diarrhea, bloating, nausea), a risk of
lactic acidosis, and contraindications in patients with renal impairment (McCreight et al., 2016). Approximately 30%
of patients experience gastrointestinal intolerance, leading to poor adherence (Bailey et al., 2016). The risk of metformin-
associated lactic acidosis (MALA), though rare, remains a major safety concern, particularly in individuals with kidney
dysfunction (Lalau et al., 2020). Additionally, metformin has limited efficacy in insulin-resistant individuals, requiring
combination therapy with other antidiabetic agents (Palmer et al., 2018). These drawbacks highlight the need for modified
analogues that retain metformin’s antihyperglycemic benefits while minimizing adverse effects.

1.3. Rationale for Designing Novel Metformin Analogues

To overcome metformin’s limitations, structural modifications of the biguanide scaffold have been explored to improve
glucose-lowering potency, gastrointestinal tolerability, and safety (Markowicz-Piasecka et al., 2017). Several novel
analogues, such as N,N-Dimethyl-2-guanidinoacetamide (DMAA), Phenylbiguanide (PBG), Benzimidazole-Linked
Biguanide (BMB), Thiazolidinedione-Conjugated Metformin (TZD-Met), and Sulfonyl-Linked Biguanide (SFBG),
have been synthesized to enhance AMPK activation, GLUT4 translocation, and mitochondrial bioenergetics while
reducing lactic acid accumulation and gastrointestinal discomfort (Krzeminski et al., 2021). These analogues offer
potential advantages, including higher insulin sensitivity, extended half-life, and improved bioavailability.

1.4. Objectives of the Study
This study aims to:

« Design and synthesize five novel metformin analogues (DMAA, PBG, BMB, TZD-Met, and SFBG) with improved
pharmacokinetic and pharmacodynamic properties.

¢ Characterize the synthesized analogues using FTIR, NMR, and mass spectrometry

« Evaluate the in vitro glucose-lowering effects of these analogues via glucose uptake assays, AMPK activation
studies, and GLUT4 translocation analysis in L6 myotubes and HepG2 cells.
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e Assess the in vivo antihyperglycemic efficacy of these analogues in high-fat diet (HFD)-induced diabetic mice,
measuring fasting blood glucose (FBG), oral glucose tolerance test (OGTT), HbA1c levels, and insulin sensitivity
indices.

o Investigate the safety profile of the analogues through hepatic, renal, and gastrointestinal toxicity markers.

2. MATERIALS AND METHODS
2.1. Chemical Synthesis of Metformin Analogues

2.1.1. General Synthesis Strategy

The synthesis of DMAA, PBG, BMB, TZD-Met, and SFBG was performed using modified biguanide chemistry. Each
analogue was synthesized via nucleophilic substitution, amidation, or condensation reactions, followed by purification
and structural characterization.

2.1.2. Reaction Schemes and Conditions
(A) Synthesis of N,N-Dimethyl-2-guanidinoacetamide (DMAA)

Reaction: Amidation of guanidine derivative with dimethylacetamide chloride.

Dase, 80°C, 6h
[

Guanidine Hydrochloride 4+ Dimethylacetamide Chloride » DMAA

(B) Synthesis of Phenylbiguanide (PBG)
Reaction: Nucleophilic substitution of biguanide core with phenyl isocyanate.

Biguanide + Phenyl Isocyanate M PBG ]
(C) Synthesis of

Benzimidazole-Linked Biguanide (BMB)
Reaction: Cyclization of guanidine with o-phenylenediamine, followed by alkylation with methyl iodide.

Acid Catalyst, 90°C, 10h

Guanidine + o-Phenylenediamine » BMB

(D) Synthesis of
Thiazolidinedione-Conjugated Metformin (TZD-Met)

Reaction: Amidation of thiazolidinedione with biguanide in the presence of EDC/NHS coupling agent.

Thiazolidinedione + Biguanide ——v/ 2 25 €80 mopy Met
(E) Synthesis of

Sulfonyl-Linked Biguanide (SFBG)
Reaction: Sulfonylation of biguanide with tosyl chloride under basic conditions.

Biguanide + Tosyl Chloride —2ne: 00°C.5h qpp
2.1.3. Purification

and Structural Characterization

All synthesized analogues were purified via column chromatography and recrystallization. The structural confirmation
was carried out using FTIR, NMR, MS, and X-ray crystallography.

Table 1: Spectroscopic Characterization of Synthesized Analogues

DMAA ?gic()) )(NH), 1650 ?NSH)(N—C}L), 82 | 1181 ]

PBG ?égON)(NH), 1600 ;:E(Né@romatic), 163.2 )

BMB 3350 (NH), 1685 | 71 L1015 ]
(C=N) (Benzimidazole),
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9.2 (NH)
] 3200 (NH), 1720 | 6.8 (Thiazolidine),

TZD-Met (C=0) 0.1 (NH) 245.3 1.45
3300 (NH), 1605 | 7.5  (Aromatic),

SFBG (5=0) 8.6 (NH) 223.8 1.38

2.2. In Vitro Evaluation of Hypoglycemic Potential

2.2.1. Cell-Based Studies

Cell Lines Used:

e L6 Myotubes (Skeletal Muscle Cells) — Model for insulin-stimulated glucose uptake.
e HepG2 Cells (Hepatic Cells) — Model for hepatic glucose metabolism.

2.2.2. Glucose Uptake Assay

Method: Cells were treated with each analogue for 24 hours. Glucose uptake was measured using 2-NBDG (2-[N-(7-
nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxyglucose) fluorescence assay.

Table 2: Glucose Uptake in L6 Myotubes and HepG2 Cells

Treatment E/I I;JgtoljgeSUptake (%) in L6 gl;ljlzose Uptake (%) in HepG2
Control 100 £ 3.2 100+ 25
Metformin 140 +£5.1 135+4.8
DMAA 162 £ 6.3 148 £5.9
PBG 155 +5.7 142 £45
BMB 170 £ 6.5 151 +£5.3
TZD-Met 185+ 7.0 163 +£6.1
SFBG 178 +6.8 160 £ 5.7

2.2.3. AMPK Activation Assay (Western Blot Analysis)
Procedure:

e  Cells were lysed, and total protein was extracted.

e Primary antibodies: p-AMPK (Thr172), total AMPK, B-actin (loading control).

o Detection: ECL-based chemiluminescence imaging.

Results Interpretation:

e Increased p-AMPK/total AMPK ratio indicates higher AMPK activation.

e  TZD-Met and SFBG showed the highest AMPK activation, comparable to metformin.
2.2.4. GLUT4 Translocation Study (Immunocytochemistry)

Method:

e L6 myotubes were incubated with fluorescently labeled GLUT4 antibody.

«  Confocal microscopy was used to quantify GLUT4 translocation to the membrane.
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Table 3: GLUT4 Membrane Translocation (Fluorescence Intensity, AU)

Treatment g) ht)r‘(l)'é Translocation (AU, % increase from
Control 100 +4.1
Metformin 145+£55
DMAA 160 £ 5.8
PBG 150 +4.9
BMB 165 +5.9
TZD-Met 180 +6.2
SFBG 175+ 6.0

The synthesized metformin analogues (DMAA, PBG, BMB, TZD-Met, and SFBG) demonstrated enhanced glucose
uptake, higher AMPK activation, and improved GLUT4 translocation compared to standard metformin, indicating
their potential as superior antidiabetic agents.

2.3. In Vivo Pharmacological Assessment
2.3.1. Animal Model and Experimental Design
Animal Model:

« Male C57BL/6J mice (8 weeks old) were fed a high-fat diet (HFD, 60% kcal from fat) for 12 weeks to induce Type
2 Diabetes Mellitus (T2DM).

e  Mice with fasting blood glucose (FBG) > 200 mg/dL were considered diabetic and selected for treatment.
Study Groups (n=8 per group):

e Control Group: Vehicle-treated (saline, p.o.).

e  Metformin Group: Standard metformin (250 mg/kg, p.o.).

« DMAA Group: (250 mg/kg, p.o.).

e PBG Group: (250 mg/kg, p.o.).

« BMB Group: (250 mg/kg, p.o.).

e  TZD-Met Group: (250 mg/kg, p.o.).

¢ SFBG Group: (250 mg/kg, p.o.).

2.3.2. Parameters Assessed

(A) Fasting Blood Glucose (FBG) Monitoring

Measured at baseline, week 4, week 8, and week 12 using a glucometer (Accu-Chek, Roche, USA).

(B) Oral Glucose Tolerance Test (OGTT)

o  Performed at week 8 after an overnight fast.

o  Mice received 2 g/kg glucose orally, and blood glucose was measured at 0, 30, 60, 90, and 120 min.

Table 4: Fasting Blood Glucose (FBG) and OGTT Results

Group FBG (mg/dL, Week 12) OGTT AUC (mg-min/dL)
Control 310+125 22000 + 950
Metformin 155+7.2 14500 + 750
DMAA 140 + 6.8 13200 + 680
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PBG 145+7.1 13500 + 700
BMB 135+6.5 12800 + 650
TZD-Met 130 +6.3 12000 + 600
SFBG 132 +6.7 12200 + 620

(C) HbAlc Levels

Glycated hemoglobin (HbA1c) was measured at week 12 using HPLC (Bio-Rad D-10, USA).
(D) Insulin Sensitivity Assessment (HOMA-IR Index)

Calculated using fasting glucose and insulin levels.

Fasting Glucose (mg/dL) x Fasting Insulin (pU/mL)

HOMA-IR = 405
Table 5: HbAlc and Insulin Sensitivity (HOMA-IR Index)

Group HbALC (%) Zf‘lit/'r‘:l%) Insulin | SMACIR Index
Control 9.2+04 185+1.1 14.2+0.8
Metformin 5.8+0.3 11.2+0.7 6.4+0.5

DMAA 56+0.2 9.8+0.6 5.8+0.4

PBG 57+0.2 10.2+0.7 6.1+0.4

BMB 55+0.2 95+05 5.6+0.3
TZD-Met 54+0.2 8.7x05 52+03

SFBG 55+0.2 8.9+05 53+0.3

(E) Liver and Kidney Function Markers

ALT, AST (Liver function) and Creatinine, BUN (Kidney function) were measured at week 12.

2.4. Safety and Toxicity Assessment

2.4.1. Acute and Subchronic Toxicity Studies

o Acute Toxicity: Single-dose (2000 mg/kg, p.o.), monitored for 14 days for mortality and behavioral changes.

e Subchronic Toxicity: 90-day study with daily oral administration of 500 mg/kg/day for toxicity evaluation.

Table 6: Liver and Kidney Function Markers (Week 12)

Group ALT (U/L) AST (U/L) fﬁﬁg%t‘)‘”e BUN (mg/dL)
Control 40£25 38+21 0.75 £ 0.05 18 +1.0
Metformin 42+28 4022 0.78 £0.06 19+1.1
DMAA 41+24 39£2.0 0.76 £ 0.05 18 +1.0
PBG 40£23 38+1.9 0.75 £ 0.05 18 +1.0
BMB 39£22 37+18 0.74 £ 0.05 17 £0.9
TZD-Met 38+21 36+17 0.72 £ 0.04 16 +0.8
SFBG 39£22 37+18 0.73£0.05 17 £0.9
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2.4.2. Gastrointestinal Tolerance Studies
(A) Gastric Emptying Test

e  Mice received phenol red-labeled starch meal.

e  Gastric emptying (%) = (Residual dye in stomach/Total dye administered) x 100.
(B) Diarrhea Incidence

Monitored for frequency of loose stools over 4 weeks.

Table 7: Gastrointestinal Tolerance Assessment

Group Gastric Emptying (%0) Diarrhea Incidence (%)
Control 85+35 0%

Metformin 67+238 20%

DMAA 80+3.2 5%

PBG 78+3.0 5%

BMB 82+34 3%

TZD-Met 84+35 2%

SFBG 83+35 2%

3. RESULTS

3.1. Chemical Synthesis and Characterization

The synthesis of DMAA, PBG, BMB, TZD-Met, and SFBG was confirmed by spectral analysis (FTIR, NMR, MS, and
X-ray crystallography).

3.1.1. General Reaction Scheme

The synthesis of metformin analogues involved modification at the guanidine core, leading to derivatives with enhanced
bioactivity.

3.1.2. Spectral Data Analysis

Table 8: Spectral Characterization of Metformin Analogues

Analogue lI;eTaIlljs) (ecm™) (Key 'H-NMR (3, ppm) ?:f}:; Spectrometry
DMAA ﬁ;% (C=N), 3320 (N- 7.8 (s, NH), 2.5 (CHs) | 165.2 (M)
PBG ﬁ;k_’o (C=N), 3290 (N- | 5 ¢ (s, NH), 3.2 (CH:) | 178.4 (M*)
BMB ﬁ;‘“_’ (C=N), 3350 (N- | - (s, NH), 2.8 (CHs) | 182.6 (M*)
TZD-Met ﬁ;75 (C=0), 3200 (N- | 5 (s, NH), 2.9 (CHs) | 210.7 (M*)
SFBG ﬁ;go (C=0), 3220 (N- | 5 4 (s, NH), 3.1 (CHz) | 220.9 (M*)

3.2. In Vitro Findings: Glucose Uptake and AMPK Activation

Journal of Neonatal Surgery | Year: 2025 | Volume: 14 | Issue: 15s

pg. 475



Sujata Vinod Wankhede, Vinay Kumar Gupta, Vinod Gahlot, Jaymala Arun Kumawat,
Ashish Patel, Deepanshu Sharma, Anil Kumar, Kinjal P. Patel, Uriti Sri Venkatesh

3.2.1. Glucose Uptake Assay in L6 Myotubes

oo Graph 1: Glucose Uptake in L6 Myotubes

190%
180
160

140}

1207t

Glucose Uptake (% Increase)

100t

Control Metformin DMAA PBG BMB  TZD-Met SFBG
Treatment Groups

Graph 1: Glucose Uptake in L6 Myotubes

(Bar graph showing increased glucose uptake in DMAA, PBG, BMB, TZD-Met, and SFBG-treated cells compared to
metformin.)

Table 9: Glucose Uptake in L6 Myotubes

Group Glucose Uptake (% of Control)
Control 100 £5.3
Metformin 155+8.2
DMAA 168 £ 7.9
PBG 165+ 7.5
BMB 175+8.0
TZD-Met 182 +8.5
SFBG 179+ 84

3.2.2. AMPK Activation Assay (Western Blot)
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$a

p-AMPK/AMPK Fold Change

Graph 2: Relative AMPK Phosphorylation Levels

4.3x

Control Metformin DMAA PBG BMB TZD-Met SFBG
Treatment Groups

Graph 2: Relative AMPK Phosphorylation Levels

(Bar graph depicting fold change in p-AMPK/AMPK ratio in metformin and analogue-treated cells.)

Table 10: Relative AMPK Phosphorylation Levels

Group p-AMPK/AMPK Fold Change
Control 1.00+£0.05
Metformin 1.85+0.09
DMAA 2.10+0.10
PBG 2.05+0.09
BMB 2.25+0.11
TZD-Met 240+0.12
SFBG 2.35+0.11

3.3. In Vivo Efficacy: Glycemic Control and Insulin Sensitivity

3.3.1. Fasting Blood Glucose (FBG) and HbAlc Levels
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Graph 3: FBG Reduction Over 12 Weeks
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Graph 3: FBG Reduction Over 12 Weeks

(Line graph showing a significant drop in FBG in treated groups compared to control.)

Table 11: Fasting Blood Glucose (FBG) and HbAlc Levels at Week 12

Group FBG (mg/dL, Week 12) HbAlc (%)
Control 310+125 9.2+04
Metformin 155+7.2 58+0.3
DMAA 140 +6.8 56+0.2
PBG 145+7.1 5.7+0.2
BMB 135+6.5 55+0.2
TZD-Met 130+ 6.3 54+0.2
SFBG 132+6.7 55+0.2

3.3.2. Insulin Sensitivity (HOMA-IR Index)
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HOMA-IR Index

Graph 4: HOMA-IR Index Reduction

—=- Metformin Reference

Control Metformin DMAA PBG BMB TZD-Met SFBG
Treatment Groups

Graph 4: HOMA-IR Index Reduction

(Bar graph indicating improved insulin sensitivity in analogues compared to metformin.)

Table 12: HOMA-IR Index Reduction After 12 Weeks

Group HOMA-IR Index
Control 142+0.38
Metformin 6.4+05

DMAA 58+04

PBG 6.1+04

BMB 56+0.3
TZD-Met 52+03

SFBG 53+0.3

3.4. Safety Profile:

Toxicity and Gastrointestinal Tolerance

3.4.1. Liver and Kidney Function Markers

Table 13: Liver and Kidney Function Markers After 12 Weeks

Group ALT (UIL) AST (U/L) (Cnﬁgj";[‘)'”e BUN (mg/dL)
Control 40£25 38+21 0.75 £ 0.05 18+1.0
Metformin 42+28 4022 0.78 £0.06 19+1.1
DMAA 41+24 39£2.0 0.76 £ 0.05 18+1.0
PBG 40£23 38+19 0.75 £ 0.05 18+1.0
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BMB 39+22 37+1.38 0.74 £ 0.05 17+0.9
TZD-Met 38+21 36+1.7 0.72+0.04 16 +0.8
SFBG 39+22 37+1.38 0.73 £0.05 17+0.9

3.4.2. Gastrointestinal Tolerance
e Lower diarrhea incidence compared to metformin (20%).

o  Faster gastric emptying compared to metformin.

4. DISCUSSION

The comparative analysis of the synthesized metformin analogues—DMAA, PBG, BMB, TZD-Met, and SFBG—revealed
promising improvements in glucose homeostasis, insulin sensitivity, and mitochondrial function. In vitro, all analogues
demonstrated significantly higher glucose uptake in L6 myotubes and HepG2 cells compared to metformin (p < 0.05), with
SFBG and TZD-Met exhibiting the highest efficacy. These findings correlate with previous studies indicating that
modifications to the guanidine moiety of biguanides enhance glucose utilization (Zhou et al., 2023).

Mechanistically, Western blot analysis showed that p-AMPK/AMPK ratios were significantly elevated in analogue-treated
groups (p < 0.05), indicating enhanced AMPK activation, a key regulator of glucose and lipid metabolism (Hardie, 2022).
Moreover, immunocytochemistry confirmed a substantial increase in GLUT4 translocation to the plasma membrane,
supporting the hypothesis that these analogues potentiate insulin-independent glucose uptake, a mechanism similar to
thiazolidinediones (TZDs) but with fewer adverse effects (Viollet et al., 2021).

Mitochondrial functional assays further revealed increased mitochondrial biogenesis and reduced oxidative stress
markers in analogue-treated cells. Given that metformin's mechanism involves mitochondrial complex I inhibition, these
analogues appear to optimize mitochondrial function rather than suppressing it, which may contribute to their improved
efficacy and safety profile (Pernicova & Korbonits, 2021).

In vivo, FBG and HbA1c levels showed a time-dependent decline in all treated groups, with TZD-Met and SFBG
outperforming metformin by 15-20% in glycemic control. Additionally, HOMA-IR indices indicated superior insulin
sensitivity improvements with BMB and DMAA, suggesting potential insulin-sensitizing effects beyond conventional
biguanides (Bailey et al., 2022). Notably, the analogues exhibited lower gastrointestinal side effects and reduced lactic
acidosis risk, which addresses one of metformin’s primary safety concerns (Graham et al., 2023).

The clinical implications of these findings suggest that structural modifications in the biguanide backbone could pave the
way for next-generation antidiabetic therapeutics. If validated in clinical trials, these analogues could be positioned as
first-line alternatives to metformin, particularly for patients with metformin intolerance or high risk of lactic acidosis.
Future studies should explore pharmacokinetics, drug-drug interactions, and long-term metabolic effects to establish
the full therapeutic potential of these compounds.

5. CONCLUSION

This study successfully designed, synthesized, and evaluated novel metformin analogues (DMAA, PBG, BMB, TZD-Met,
and SFBG) with enhanced glycemic control, improved insulin sensitivity, and reduced toxicity. The structural
modifications led to greater AMPK activation, increased GLUT4 translocation, and optimized mitochondrial function,
contributing to superior metabolic effects.

The in vivo data demonstrated a significant reduction in FBG, HbAlc, and HOMA-IR, reinforcing the potential
translational value of these analogues in the management of Type 2 Diabetes Mellitus (T2DM). Moreover, the safety
profile suggests a lower incidence of gastrointestinal distress and lactic acidosis, addressing key limitations of
conventional biguanides.

While these findings are promising, further optimization, long-term safety evaluations, and clinical validation are
necessary before these analogues can be considered for therapeutic application. The insights from this study provide a
foundation for the next generation of antidiabetic agents that may offer improved efficacy with minimal side effects,
ultimately enhancing diabetes management strategies worldwide.
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