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ABSTRACT

Background: Type 2 diabetes mellitus (T2DM) is a chronic metabolic disorder characterized by persistent hy-
perglycemia and an increased risk of cardiovascular and microvascular complications. Functional thiamine defi-
ciency and altered activity of thiamine-dependent enzymes have been implicated in the metabolic dysregulation 
associated with diabetes. Thiamine pyrophosphate (TPP), the biologically active form of vitamin B1, plays a 
central role in mitochondrial glucose metabolism and may contribute to improved metabolic control. 

Methods: A randomized, placebo-controlled pilot clinical trial was conducted to evaluate the effect of TPP as 
an adjunct treatment to metformin in patients with T2DM with inadequate glycaemic control. Twenty-seven 
participants receiving stable metformin therapy were randomly assigned to receive weekly intravenous TPP or 
placebo for 12 weeks. Anthropometric, hemodynamic, and biochemical variables were assessed, including gly-
cated haemoglobin (HbA1c), fasting glucose, and lipid profile. Inflammatory markers were also analysed. Both 
within-group and between-group statistical analyses were performed. 

Results: Twenty-seven patients were included in the final analysis. The intervention group showed a significant 
reduction in HbA1c (-7.4%, p = 0.003) and systolic blood pressure (-5.3%, p = 0.032). Other metabolic and 
inflammatory parameters showed favourable trends without reaching statistical significance. The intervention 
was well tolerated, and no serious adverse events were reported. 

Conclusion: Adjunctive therapy with thiamine pyrophosphate demonstrated promising effects on glycaemic 
control and hemodynamic parameters in patients with T2DM treated with metformin. These findings support 
the need for larger randomized clinical trials to confirm the potential therapeutic role of TPP in diabetes man-
agement. 

Trial Registration: ClinicalTrials.gov (NCT04053621).
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Introduction
Type 2 diabetes mellitus (T2DM) is one of the leading global pub-

lic health challenges and is characterized by chronic hyperglycemia 
resulting from insulin resistance and progressive pancreatic β-cell 
dysfunction [1]. The disease is associated with a substantially in-
creased risk of both cardiovascular and microvascular complications 
and represents a major burden on healthcare systems worldwide 
[2,3]. Metformin remains the first-line pharmacological treatment 
for T2DM because of its well-established glucose-lowering efficacy, 
favourable safety profile, and potential cardiovascular benefits. Its 
primary mechanism of action involves the suppression of hepatic 
gluconeogenesis, mediated in part through activation of AMP-acti-
vated protein kinase (AMPK), as well as improvement of peripheral 
insulin sensitivity [4,5]. Nevertheless, despite its widespread use, a 
considerable proportion of patients fail to achieve optimal glycaemic 
control with metformin monotherapy, highlighting the need for ad-
junctive therapeutic strategies targeting complementary metabolic 
pathways [6]. Thiamine pyrophosphate (TPP), the biologically active 
form of vitamin B1, is an essential coenzyme for key enzyme com-
plexes involved in glucose metabolism, including pyruvate dehydro-
genase and α-ketoglutarate dehydrogenase [7]. Through these path-
ways, TPP promotes mitochondrial glucose oxidation and supports 
efficient cellular energy production [8,9]. In addition, TPP serves as 
a cofactor for transketolase in the pentose phosphate pathway, facili-
tating the diversion of glycolytic intermediates away from pathogenic 
pathways and thereby reducing the formation of advanced glycation 
end products (AGEs), which contribute to the development of diabetic 
complications [10]. Patients with T2DM have been reported to exhib-
it reduced circulating thiamine concentrations, primarily as a conse-
quence of increased renal clearance [11]. This relative deficiency may 
contribute to oxidative stress, endothelial dysfunction, and metabolic 
dysregulation. Furthermore, adequate TPP availability enhances tran-
sketolase activity within the pentose phosphate pathway, reducing 
AGE formation and modulating mechanisms implicated in diabetic 
nephropathy and neuropathy [12]. Consequently, restoration of thia-
mine-dependent metabolic pathways has been proposed as a poten-
tial therapeutic strategy to improve metabolic efficiency and mitigate 
diabetes-related complications [13,14].

Although pharmacological therapy remains the cornerstone of 
T2DM management, metformin continues to be the first-line treat-
ment owing to its established efficacy, favourable safety profile, and 
well-documented metabolic benefits [15]. Its primary mechanism of 
action involves reducing hepatic glucose production through inhibi-
tion of gluconeogenesis and activation of AMP-activated protein ki-
nase (AMPK), while also improving peripheral insulin sensitivity [16]. 
Nevertheless, despite its widespread use, a substantial proportion of 
patients fail to achieve optimal glycaemic control with metformin 
monotherapy, suggesting that metabolic abnormalities beyond ex-
cessive hepatic glucose production may contribute to persistent 
metabolic dysregulation and an increased risk of cardiovascular com-

plications [17]. In this context, increasing recognition of thiamine de-
ficiency and impairment of thiamine-dependent metabolic pathways 
in patients with T2DM [18] has generated growing interest in thera-
peutic strategies aimed at restoring cellular metabolic homeostasis. 
Consequently, thiamine pyrophosphate (TPP) has emerged as a met-
abolically relevant molecule because it serves as an essential coen-
zyme for key enzymes involved in mitochondrial glucose oxidation 
and the pentose phosphate pathway [19]. Supplementation with thi-
amine or its active derivatives has been shown to improve biochemi-
cal parameters, including urinary albumin excretion during the early 
stages of diabetic nephropathy [9], and to modulate metabolic distur-
bances associated with oxidative stress [19]. These findings suggest 
that optimizing TPP availability may promote more efficient glucose 
utilization and contribute to improved overall metabolic control in 
patients with T2DM. Beyond conventional measures of glycaemic 
control, a comprehensive evaluation of T2DM should also encompass 
cardiometabolic parameters, inflammatory biomarkers, and indica-
tors of energy metabolism. Accordingly, the present randomized pilot 
clinical trial aimed to evaluate the effects of thiamine pyrophosphate 
as an adjunct to metformin therapy on metabolic control, inflammato-
ry biomarkers, and clinical outcomes in patients with T2DM.

Materials and Methods
Study Design and Trial Registration

This study was designed as a randomized, placebo-controlled 
pilot clinical trial to evaluate the effects of thiamine pyrophosphate 
(TPP) as an adjunct to metformin therapy in patients with T2DM. 
Participants were randomly assigned to one of two treatment groups: 
metformin plus TPP or metformin plus placebo. All participants con-
tinued their baseline metformin regimen throughout the study peri-
od. The intervention lasted 12 weeks, during which scheduled study 
visits were conducted for clinical, anthropometric, hemodynamic, and 
biochemical assessments. The trial was retrospectively registered at 
ClinicalTrials.gov (Identifier: NCT04053621) in accordance with the 
recommendations of the International Committee of Medical Journal 
Editors (ICMJE) and the International Council for Harmonization Good 
Clinical Practice (ICH E6) guidelines. The clinical study was reviewed 
and authorized by COFEPRIS (Identifier: 21330041040008/2021). 
The study protocol (No. 105-CEI-07-18) was reviewed and approved 
by the Research Ethics Committee (Comite de Etica en Investigacion, 
CEI) and the Research Committee (Comite´ de Investigacion, CI).

Study Population

Patients with a diagnosis of T2DM were recruited from the Spe-
cialized Center for Diabetes, Obesity, and Cardiovascular Disease 
Prevention (CEDOPEC). All eligible participants received detailed 
information about the study and provided written informed consent 
before enrollment. Baseline clinical evaluation included a compre-
hensive medical history, anthropometric measurements, vital signs, 
and documentation of concomitant medications.
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Treatment

Participants were randomly assigned to one of the following 
treatment groups:

Experimental Group: Metformin plus weekly intravenous thia-
mine pyrophosphate (TPP). Treatment consisted of an intravenous 
infusion of 250 mL of 0.9% isotonic saline containing one ampoule 
(25 mL) of thiamine pyrophosphate, equivalent to 1 g of TPP, admin-
istered at an infusion rate of 60–80 drops/min for 12 weeks.

Control Group: Metformin plus intravenous placebo consisting 
of 0.9% isotonic saline administered according to the same infusion 
schedule. All participants continued their baseline metformin therapy 
without dose modification throughout the study period.

Study Variables

Anthropometric variables included body weight, body mass index 
(BMI), and waist circumference. Hemodynamic variables included 
systolic and diastolic blood pressure. Biochemical variables includ-
ed glycated hemoglobin (HbA1c), fasting plasma glucose, and lipid 
profile (total cholesterol, LDL-cholesterol, HDL-cholesterol, and tri-
glycerides). Inflammatory and metabolic biomarkers included C-re-
active protein (CRP), interleukin-6 (IL-6), tumor necrosis factor alpha 
(TNF-α), free fatty acids, superoxide dismutase (SOD), catalase, and 
serum lactate. Functional variables included arterial elasticity and 
heart rate variability.

Statistical Analysis

Based on the results of normality and homoscedasticity tests, 
data were analysed using a mixed-design repeated-measures analysis 
of variance (two-way ANOVA), with one within-subject factor and one 
between-subject factor, in order to evaluate:

a.	 The effect of time (pre- vs. post-treatment) within subjects.

b.	 The effect of group (experimental vs. control) between sub-
jects.

c.	 The group × time interaction, which determines whether 
temporal changes differ between groups.

This approach was considered appropriate given the longitudinal 
design with two repeated measurements per subject and two inde-
pendent groups. The model was specified as:

 
( ) ( )Yigt g t gt si g igtµ α β αβ ε= + + + + +

where Yigt   represents the outcome measured in participant 𝑖, 

treatment group 𝑔, and time 𝑡; 𝜇 is the grand mean; gα   represents 

the group effect; tβ   represents the time effect; ( )gtαβ   represents 

the group-by-time interaction;  ( )si g  represents between-partic-
ipant variability within group; and    represents the residual error. 
The primary between-group treatment effect was assessed through 
the group × time interaction, testing whether the change from base-
line to final differed between the TPP and placebo groups. Statistical 
significance was defined as a p value <0.05. In addition, effect sizes 
were calculated to estimate the magnitude of observed changes be-
tween treatment groups. Partial eta squared 𝜂2 was reported as the 
effect-size measure for the ANOVA effects as:

 

2
p

SSeffect
SSeffect SSerror

η −
+

Results
A total of 48 participants were assessed for eligibility, of whom 

10 were excluded (9 due to screening failure and 1 who declined to 
participate). The remaining 38 participants were randomized to the 
medication group (n=20) or placebo group (n=18). During follow-up, 
11 participants discontinued the study: 5 in the medication group 
and 6 in the placebo group. Consequently, 27 participants completed 
the study and were included in the final analysis (15 medication and 
12 placebo). The participant flow, including eligibility assessment, 
randomization, allocation, follow-up, and analysis, is summarized in 
Figure 1. The baseline demographic and clinical characteristics of 
the study groups are presented in Table 1. The experimental group 
(n=15) and control group (n=12) were comparable with respect to 
age, sex distribution, body weight, and BMI, with no statistically sig-
nificant differences observed between groups (all p > 0.05). The mean 
age was 57.5 ± 11.5 years in the experimental group and 57.0 ± 7.4 
years in the control group, while mean body weight was 79.3 ± 17.3 
kg and 73.1 ± 11.9 kg, respectively. The distribution of BMI catego-
ries was also similar between groups (p = 0.73). The assumptions 
underlying the statistical analyses were assessed using Shapiro–Wilk 
tests for normality, Levene’s tests for homogeneity of variances, and 
Box’s M test for equality of covariance matrices. The corresponding 
numerical results are presented in Supplementary Tables S1-S3, with 
a summary of the overall assumption assessment provided in Supple-
mentary Table S4. 
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Figure 1: Flow chart of the study.

Table 1: Baseline demographic and clinical characteristics of the study groups.

Parameter TPP Group (n=15) Control Group (n=12) p value

Age (years, mean ± SD) 57.5 ±11.5 57 ±7.4

Sex, n (%) 0.8

Male 8 (53.3%) 7 (58.3%)

Female 7 (46.7%) 5 (41.7%)

Body weight (kg, mean ± SD) 79.3 ±17.3 73.1 ±11.9 0.84

Body Mass Index (BMI), n (%) 0.73

Normal weight (18.5-25) 3 (20.0%) 1 (8.3%)

Overweight (25-29.9) 6 (40.0%) 7 (58.3%)

Obesity (≥30) 6 (40.0%) 4 (33.3%)
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Supplementary Table S1: Tests of normality.

Outcome Time Group n SW statistic p-value

Body weight Baseline Placebo 12 0.967761 0.885989

Body weight Baseline TPP 15 0.911414 0.14234

Body weight Final Placebo 12 0.953569 0.689599

Body weight Final TPP 15 0.925237 0.231372

BMI Baseline Placebo 12 0.879994 0.08763

BMI Baseline TPP 15 0.927998 0.254661

BMI Final Placebo 12 0.923526 0.316487

BMI Final TPP 15 0.901021 0.098655

Waist circumference Baseline Placebo 12 0.966752 0.873982

Waist circumference Baseline TPP 15 0.920814 0.19822

Waist circumference Final Placebo 12 0.913574 0.237027

Waist circumference Final TPP 15 0.958881 0.672953

Systolic blood pressure Baseline Placebo 12 0.950422 0.64317

Systolic blood pressure Baseline TPP 15 0.969831 0.855552

Systolic blood pressure Final Placebo 12 0.956106 0.727147

Systolic blood pressure Final TPP 15 0.921625 0.203938

Diastolic blood pressure Baseline Placebo 12 0.912207 0.227689

Diastolic blood pressure Baseline TPP 15 0.931519 0.287488

Diastolic blood pressure Final Placebo 12 0.907027 0.195394

Diastolic blood pressure Final TPP 15 0.98145 0.978433

C-reactive protein Baseline Placebo 6 0.522434 0.000047

C-reactive protein Baseline TPP 12 0.429484 0.000006

C-reactive protein Final Placebo 10 0.649173 0.000214

C-reactive protein Final TPP 11 0.488188 0.000001

TNF-α Baseline Placebo 9 0.944674 0.631869

TNF-α Baseline TPP 11 0.759009 0.002725

TNF-α Final Placebo 12 0.821176 0.016477

TNF-α Final TPP 10 0.879513 0.128823

Lactate Baseline Placebo 10 0.906246 0.256188

Lactate Baseline TPP 12 0.883127 0.096127

Lactate Final Placebo 12 0.918073 0.270357

Lactate Final TPP 14 0.985262 0.994731

IL-6 Baseline Placebo 10 0.786619 0.009967

IL-6 Baseline TPP 10 0.978894 0.958974

IL-6 Final Placebo 12 0.887223 0.108519

IL-6 Final TPP 10 0.877819 0.123167
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Free fatty acids Baseline Placebo 10 0.956954 0.750657

Free fatty acids Baseline TPP 13 0.93539 0.400036

Free fatty acids Final Placebo 12 0.90973 0.211656

Free fatty acids Final TPP 13 0.966837 0.85389

HbA1c Baseline Placebo 12 0.91394 0.239582

HbA1c Baseline TPP 15 0.9148 0.160407

HbA1c Final Placebo 12 0.960661 0.793227

HbA1c Final TPP 15 0.944031 0.43577

Fasting glucose Baseline Placebo 12 0.851897 0.03875

Fasting glucose Baseline TPP 15 0.850002 0.017367

Fasting glucose Final Placebo 12 0.816721 0.014607

Fasting glucose Final TPP 15 0.860591 0.024612

HDL cholesterol Baseline Placebo 12 0.869812 0.064992

HDL cholesterol Baseline TPP 15 0.942918 0.420483

HDL cholesterol Final Placebo 12 0.807103 0.011296

HDL cholesterol Final TPP 15 0.956503 0.631896

LDL cholesterol Baseline Placebo 12 0.90424 0.179904

LDL cholesterol Baseline TPP 15 0.954173 0.59239

LDL cholesterol Final Placebo 12 0.942574 0.532126

LDL cholesterol Final TPP 15 0.940535 0.389141

Triglycerides Baseline Placebo 12 0.953494 0.688479

Triglycerides Baseline TPP 15 0.792769 0.002974

Triglycerides Final Placebo 12 0.859322 0.04794

Triglycerides Final TPP 15 0.944415 0.441137

Total cholesterol Baseline Placebo 12 0.92827 0.362136

Total cholesterol Baseline TPP 15 0.955614 0.616725

Total cholesterol Final Placebo 12 0.96137 0.803202

Total cholesterol Final TPP 15 0.921779 0.205037

Large-artery elasticity Baseline Placebo 12 0.959952 0.783145

Large-artery elasticity Baseline TPP 14 0.985301 0.99481

Large-artery elasticity Final Placebo 12 0.916317 0.256854

Large-artery elasticity Final TPP 14 0.960174 0.72596

Small-artery elasticity Baseline Placebo 12 0.929011 0.369752

Small-artery elasticity Baseline TPP 14 0.916038 0.192774

Small-artery elasticity Final Placebo 12 0.943408 0.543439

Small-artery elasticity Final TPP 14 0.925549 0.264012

Note: Shapiro–Wilk test results by outcome, assessment time, and treatment group.
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Supplementary Table S2: Levene’s tests (Based on Mean).
Outcome Time Levene F df1 df2 p-value

Body weight Baseline 2.054319 1 25 0.164164

Body weight Final 1.336389 1 22 0.26022

BMI Baseline 1.157116 1 25 0.292337

BMI Final 1.242085 1 24 0.276195

Waist circumference Baseline 2.736406 1 25 0.110588

Waist circumference Final 2.632724 1 24 0.118

Systolic blood pressure Baseline 0.568429 1 25 0.457927

Systolic blood pressure Final 0.467951 1 21 0.501248

Diastolic blood pressure Baseline 0.453302 1 25 0.506948

Diastolic blood pressure Final 0.437063 1 25 0.514591

C-reactive protein Baseline 9.555049 1 11 0.010265

C-reactive protein Final 1.478166 1 4 0.288525

TNF-α Baseline 0.933743 1 17 0.347439

TNF-α Final 0.97644 1 17 0.337288

Lactate Baseline 0.394236 1 20 0.537185

Lactate Final 0.38704 1 20 0.540927

IL-6 Baseline 2.142856 1 17 0.161481

IL-6 Final 1.002839 1 12 0.336454

Free fatty acids Baseline 1.402456 1 21 0.249544

Free fatty acids Final 1.301857 1 21 0.266935

HbA1c Baseline 0.0047 1 25 0.945891

HbA1c Final 0.01392 1 24 0.907068

Fasting glucose Baseline 0.003372 1 25 0.954154

Fasting glucose Final 0.000139 1 24 0.990692

HDL cholesterol Baseline 5.421617 1 25 0.028272

HDL cholesterol Final 4.007424 1 15 0.06414

LDL cholesterol Baseline 0.000203 1 25 0.988732

LDL cholesterol Final 0.002536 1 25 0.960246

Triglycerides Baseline 1.512238 1 25 0.230246

Triglycerides Final 0.702717 1 16 0.413865

Total cholesterol Baseline 0.034778 1 25 0.853567

Total cholesterol Final 0.055205 1 25 0.816158

Large-artery elasticity Baseline 2.234336 1 24 0.148008

Large-artery elasticity Final 1.598677 1 18 0.222373

Small-artery elasticity Baseline 2.055148 1 24 0.164593

Small-artery elasticity Final 1.970481 1 19 0.176854

Note: Levene’s test for homogeneity of error variances. The standard “Based on Mean” result is presented for each outcome and assessment time.
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Copyright@ :  Melchor Alpízar Salazar | Biomed J Sci & Tech Res | BJSTR.MS.ID.010455.

Volume 67- Issue 2 DOI: 10.26717/BJSTR.2026.67.010455

59601

Supplementary Table S3: Box’s test of equality of covariance matrices.
Outcome Box’s M Approx. F df1 df2 p-value

Body weight 3.799597 1.154599 3 132508.1 0.325492

BMI 3.68068 1.118464 3 132508.1 0.340011

Waist circumference 7.02985 2.136189 3 132508.1 0.093344

Systolic blood pressure 2.342104 0.711705 3 132508.1 0.544843

Diastolic blood pressure 2.996061 0.910426 3 132508.1 0.434941

C-reactive protein 48.00375 12.49062 3 2266.161 0

TNF-α 0.743383 0.216059 3 92265.54 0.88532

Lactate 1.72241 0.511094 3 262277.4 0.674611

IL-6 4.054729 1.178475 3 92265.54 0.316203

Free fatty acids 6.888276 2.05247 3 48185.7 0.104213

HbA1c 2.153252 0.654317 3 132508.1 0.580133

Fasting glucose 3.239922 0.984529 3 132508.1 0.39884

HDL cholesterol 12.60663 3.830828 3 132508.1 0.009342

LDL cholesterol 0.331601 0.100765 3 132508.1 0.959596

Triglycerides 15.43818 4.691265 3 132508.1 0.002807

Total cholesterol 2.04156 0.620377 3 132508.1 0.601724

Large-artery elasticity 5.654519 1.713087 3 867926.8 0.16188

Small-artery elasticity 4.470111 1.35426 3 867926.8 0.254765

Supplementary Table S4: Summary of assumption assessment.
Outcome Shapiro–Wilk p < 0.05 Levene p < 0.05 Box’s M p- value Overall assessment

Body weight 0/4 0/2 0.325492 No test flagged a potential violation

BMI 0/4 0/2 0.340011 No test flagged a potential violation

Waist circumference 0/4 0/2 0.093344 No test flagged a potential violation

Systolic blood pressure 0/4 0/2 0.544843 No test flagged a potential violation

Diastolic blood pressure 0/4 0/2 0.434941 No test flagged a potential violation

C-reactive protein 4/4 1/2 0.000000 At least one diagnostic test flagged a potential 
violation

TNF-α 2/4 0/2 0.885320 At least one diagnostic test flagged a potential 
violation

Lactate 0/4 0/2 0.674611 No test flagged a potential violation

IL-6 1/4 0/2 0.316203 At least one diagnostic test flagged a potential 
violation

Free fatty acids 0/4 0/2 0.104213 No test flagged a potential violation

HbA1c 0/4 0/2 0.580133 No test flagged a potential violation

Fasting glucose 4/4 0/2 0.398840 At least one diagnostic test flagged a potential 
violation

HDL cholesterol 1/4 1/2 0.009342 At least one diagnostic test flagged a potential 
violation

LDL cholesterol 0/4 0/2 0.959596 No test flagged a potential violation

Triglycerides 2/4 0/2 0.002807 At least one diagnostic test flagged a potential 
violation

Total cholesterol 0/4 0/2 0.601724 No test flagged a potential violation

Large-artery elasticity 0/4 0/2 0.161880 No test flagged a potential violation

Small-artery elasticity 0/4 0/2 0.254765 No test flagged a potential violation

Note: N values are taken from baseline and final assessments. Complete-pair N represents participants with a nonmissing baseline-to-final change score
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Normal Q-Q plots and histograms for selected outcomes are also 
provided in Supplementary Figures S1, S2, respectively. These analy-
ses provide the diagnostic assessment of the assumptions underlying 
the mixed-design repeated-measures ANOVA. Changes from baseline 
to the final assessment and the corresponding effects of time and 
treatment group are presented in Table 2. A significant main effect 
of time was observed for HbA1c (p = 0.003), waist circumference (p 
= 0.035), and systolic blood pressure (p = 0.009), indicating overall 
changes in these outcomes over the study period. However, none of 
the outcomes showed a statistically significant Group × Time interac-
tion (p > 0.05), indicating that the magnitude of change did not differ 
significantly between the TPP and placebo groups. The partial  val-
ues for the Group × Time interaction were generally small, ranging 

from <0.001 to 0.141. Within-group comparisons between baseline 
and final assessments are presented in Supplementary Table S6. In 
the TPP group, HbA1c (p = 0.003) and systolic blood pressure (p = 
0.032) showed statistically significant reductions from baseline to the 
final assessment. In the placebo group, free fatty acids also showed 
a statistically significant within-group reduction (p = 0.048). These 
within-group findings should be interpreted in conjunction with the 
between-group Group × Time interaction, which did not demonstrate 
statistically significant differences in the magnitude of change be-
tween treatment groups. The distribution of individual changes from 
baseline to the final assessment for HbA1c, systolic blood pressure, 
and waist circumference is shown in Figure 2. 

Note: Selected outcomes are shown to provide visual assessment of distributional shape. The complete numerical normality assessment for all 18 
outcomes is provided in Supplementary Table S1.
Supplementary Figure S1a: Normal Q–Q plots — HbA1c, Baseline.

Supplementary Figure S1b: Normal Q–Q plots — HbA1c, Final.
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Supplementary Figure S1c: Normal Q–Q plots — Systolic blood pressure, Baseline.

Supplementary Figure S1d: Normal Q–Q plots — Systolic blood pressure, Final.

Supplementary Figure S1e: Normal Q–Q plots — Waist circumference, Baseline.
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Supplementary Figure S1f: Normal Q–Q plots — Waist circumference, Final.

Note: Selected outcomes are shown as histograms for the Placebo and TPP groups. These figures complement, but do not replace, the complete 
Shapiro–Wilk results in Supplementary Table S1.
Supplementary Figure S2a: Histograms — HbA1c, Baseline.
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Supplementary Figure S2b: Histograms — HbA1c, Final.

Supplementary Figure S2c: Histograms — Systolic blood pressure, Baseline.

Supplementary Figure S2d: Histograms — Systolic blood pressure, Final.
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Supplementary Figure S2e: Histograms — Waist circumference, Baseline.

Supplementary Figure S2f: Histograms — Waist circumferesnce, Final.
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Figure 2: Changes in HbA1c, systolic blood pressure, and waist circumference from baseline to final assessment by treatment group.

Table 2: Changes in clinical and biochemical outcomes from baseline to final assessment and effects of time and treatment group.

Outcome Placebo, Δ mean ± SD TPP, Δ mean ± SD Time p-value Group × time p-value 2
pη

HbA1c −0.42 ± 1.00 −0.63 ± 0.67 0.003 0.523 0.016

Body weight −0.40 ± 2.37 −0.63 ± 3.17 0.360 0.839 0.002

BMI −0.11 ± 0.90 −0.27 ± 1.37 0.423 0.734 0.005

Waist circumference −2.12 ± 3.78 −2.03 ± 5.48 0.035 0.961 0

Systolic blood pressure −7.67 ± 15.39 −6.87 ± 11.13 0.009 0.877 0.001

Diastolic blood pressure −0.50 ± 5.66 −4.00 ± 8.59 0.131 0.236 0.056

Fasting glucose −20.29 ± 61.88 −1.70 ± 45.15 0.296 0.375 0.032

HDL cholesterol −3.33 ± 7.58 0.17 ± 8.40 0.320 0.272 0.048

LDL cholesterol −5.71 ± 38.76 5.50 ± 36.11 0.989 0.445 0.024

Triglycerides −6.29 ± 55.27 −10.62 ± 108.70 0.629 0.901 0.001

Total cholesterol −10.29 ± 34.49 3.63 ± 40.12 0.653 0.350 0.035

C-reactive protein −2.28 ± 5.38 0.22 ± 0.39 0.291 0.206 0.141

IL-6 −1.74 ± 2.78 −0.31 ± 1.56 0.067 0.192 0.098
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TNF-α −1.57 ± 3.49 −0.61 ± 3.25 0.178 0.543 0.022

Free fatty acids −1.54 ± 2.12 −1.76 ± 5.18 0.073 0.900 0.001

Lactate −0.02 ± 0.62 0.07 ± 0.42 0.836 0.675 0.009

Large-artery elasticity 0.16 ± 7.72 0.43 ± 7.12 0.842 0.927 0.000

Small-artery elasticity 0.17 ± 2.28 −0.36 ± 3.32 0.869 0.639 0.009

Supplementary Table S5: Sample size and missing observations.
Outcome Group Baseline N Baseline missing Final N Final missing Complete-pair N

Body weight Placebo 12 0 12 0 12

Body weight TPP 15 0 15 0 15

BMI Placebo 12 0 12 0 12

BMI TPP 15 0 15 0 15

Waist circumference Placebo 12 0 12 0 12

Waist circumference TPP 15 0 15 0 15

Systolic blood pressure Placebo 12 0 12 0 12

Systolic blood pressure TPP 15 0 15 0 15

Diastolic blood pressure Placebo 12 0 12 0 12

Diastolic blood pressure TPP 15 0 15 0 15

C-reactive protein Placebo 6 6 10 2 5

C-reactive protein TPP 12 3 11 4 8

TNF-α Placebo 9 3 12 0 9

TNF-α TPP 11 4 10 5 10

Lactate Placebo 10 2 12 0 10

Lactate TPP 12 3 14 1 12

IL-6 Placebo 10 2 12 0 10

IL-6 TPP 10 5 10 5 9

Free fatty acids Placebo 10 2 12 0 10

Free fatty acids TPP 13 2 13 2 13

HbA1c Placebo 12 0 12 0 12

HbA1c TPP 15 0 15 0 15

Fasting glucose Placebo 12 0 12 0 12

Fasting glucose TPP 15 0 15 0 15

HDL cholesterol Placebo 12 0 12 0 12

HDL cholesterol TPP 15 0 15 0 15

LDL cholesterol Placebo 12 0 12 0 12

LDL cholesterol TPP 15 0 15 0 15

Triglycerides Placebo 12 0 12 0 12

Triglycerides TPP 15 0 15 0 15

Total cholesterol Placebo 12 0 12 0 12

Total cholesterol TPP 15 0 15 0 15

Large-artery elasticity Placebo 12 0 12 0 12

Large-artery elasticity TPP 14 1 14 1 14

Small-artery elasticity Placebo 12 0 12 0 12

Small-artery elasticity TPP 14 1 14 1 14
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Supplementary Table S6: Within-group statistical comparisons of 
clinical and biochemical outcomes from baseline to final assessment.

Outcome Placebo: with-
in-group p TPP: within-group p

HbA1c 0.16867 0.002581

Body weight 0.569817 0.45652

BMI 0.686353 0.463561

Waist circumference 0.077368 0.172582

Systolic blood pressure 0.112428 0.03156

Diastolic blood pressure 0.765502 0.093007

Fasting glucose 0.280222 0.885926

HDL cholesterol 0.155919 0.93819

LDL cholesterol 0.620106 0.564589

Triglycerides 0.700956 0.710742

Total cholesterol 0.32363 0.731129

C-reactive protein 0.39742 0.15461

IL-6 0.078743 0.56105

TNF-α 0.215275 0.569591

Free fatty acids 0.04756 0.243933

Lactate 0.905554 0.56957

Large-artery elasticity 0.94461 0.825273

Small-artery elasticity 0.79542 0.687883

All three outcomes showed an overall reduction over time, consis-
tent with the significant main effects of time observed in the repeat-
ed-measures analysis. The individual data points illustrate the vari-

ability in response within each treatment group. However, the Group 
× Time interactions were not statistically significant for HbA1c, sys-
tolic blood pressure, or waist circumference, indicating that the mag-
nitude of change did not differ significantly between the TPP and pla-
cebo groups. The analysis revealed a significant main effect of time, 
as evidenced by an overall reduction in HbA1c from 8.54% (95% CI: 
7.95-9.13) at baseline to 8.01% (95% CI: 7.46-8.55) at the final assess-
ment. This finding indicates that, regardless of group allocation, there 
was an improvement in glycaemic control over the follow-up period. 
The main effect of group did not show significant between-group dif-
ferences when both time points were considered together, with mar-
ginal means of 8.26% (95% CI: 7.53-8.98) in the experimental group 
and 8.29% (95% CI: 7.48-9.10) in the control group.

The results show that the reduction in HbA1c was greater in 
the experimental group (-0.63%) compared with the control group 
(-0.43%), as illustrated in Figure 3. Although the group × time inter-
action did not reach statistical significance, the reduction in HbA1c 
was numerically greater in the TPP group than in the placebo group. 
The magnitude of the change might favor the intervention from a 
clinical perspective but these findings should be interpreted cau-
tiously given the small sample size and the absence of a statistically 
significant group × time interaction. The partial eta squared ( ² pη  ) 
indicated a small effect size, suggesting that the proportion of vari-
ance in glycaemic change explained by the intervention was modest, 
albeit directionally favourable. From a clinical perspective, the exper-
imental group achieved final HbA1c values below 8%, whereas the 
control group remained slightly above this threshold, which may be 
considered metabolically relevant. A more homogeneous distribution 
was observed in the experimental group compared with the control 
group, as shown in Figure 4.

Figure 3: Trend in HbA1c evolution between the control and experimental groups.
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Figure 4: Boxplot and violin plot showing the distribution of HbA1c across study groups at both baseline and final visits.

Discussion
This randomized pilot trial evaluated the metabolic effects of 

TPP as an adjunct to metformin therapy in patients with T2DM and 
suboptimal glycaemic control. The results suggest that TPP supple-
mentation may contribute to improvements in glycaemic control 
and certain hemodynamic parameters without compromising safety. 
A significant reduction in HbA1c was observed in the experimental 
group, accompanied by a decrease in systolic blood pressure. From 
a clinical perspective, even modest reductions in HbA1c have been 
associated with meaningful decreases in the risk of microvascular 
complications, underscoring the importance of interventions capable 
of improving long-term glycaemic control. The biological plausibili-
ty of these findings is supported by the metabolic role of thiamine 
pyrophosphate as an essential coenzyme in mitochondrial glucose 
oxidation. TPP participates in key enzymatic complexes, including 
pyruvate dehydrogenase and α-ketoglutarate dehydrogenase, which 
regulate critical steps in cellular energy metabolism [4]. Dysfunction 
of these pathways has been implicated in impaired glucose utilization, 
increased oxidative stress, and metabolic dysregulation in patients 
with diabetes. In addition, TPP acts as a cofactor for transketolase in 
the pentose phosphate pathway, facilitating the diversion of glycolytic 
intermediates away from metabolic pathways that lead to the forma-
tion of advanced glycation end products [5]. 

These mechanisms may contribute to reducing metabolic stress 
and vascular damage associated with chronic hyperglycemia. Previ-
ous studies have shown that patients with diabetes frequently exhibit 

reduced thiamine levels due to increased renal clearance, which may 
contribute to endothelial dysfunction and microvascular damage 
[6]. Therefore, restoration of thiamine-dependent metabolic activity 
could represent a rational therapeutic strategy to improve metabol-
ic efficiency in patients with T2DM [7]. Other studies have further 
confirmed that patients with T2DM display altered biomarkers of 
thiamine status, suggesting that individuals with this condition may 
have increased requirements for this nutrient [20]. In line with this, 
a meta-analysis by Muley, et al. [21] investigated the effects of thia-
mine supplementation on glycaemic markers such as fasting glucose 
and HbA1c, reporting no significant beneficial effect; however, im-
provements were observed in lipid parameters, including an increase 
in HDL-cholesterol and a reduction in triglycerides [21]. Among the 
few studies conducted with TPP in T2DM models, one demonstrated 
that the formation of several glycation and oxidation products, both 
in vivo and in vitro, decreased following TPP treatment. The authors 
concluded that TPP may reduce major risk factors for diabetic compli-
cations and correct alterations in glucose and lipid metabolism [22]. 
Nevertheless, the pilot nature of the study and the relatively small 
sample size limit the ability to detect statistically significant differ-
ences across all evaluated variables. Likewise, the 12-week duration 
may not fully capture the long-term metabolic effects of TPP. Larger 
randomized clinical trials with extended follow-up periods will be 
necessary to clarify the clinical relevance of these findings. Despite 
these limitations, the randomized design and the consistent direction 
of the observed metabolic changes support the hypothesis that thia-
mine pyrophosphate may represent a promising adjunctive metabolic 
therapy in patients with T2DM treated with metformin.
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Conclusion
Adjunctive therapy with thiamine pyrophosphate in patients with 

T2DM treated with metformin showed promising effects on glycaemic 
control and certain hemodynamic parameters, in addition to being 
well tolerated. These findings provide preliminary clinical evidence 
supporting the need for further investigation into the role of thiamine 
pyrophosphate as a metabolic adjunct in the management of diabetes.
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Supplementary Material
Assumption Diagnostics and Sample Size Assessment details for the mixed-design repeated-measures ANOVA

Notes on Model Assumptions

The within-subject factor in the reported mixed-design repeated-measures ANOVA had two levels (baseline and final assessment). There-
fore, the sphericity assumption is not a substantive additional constraint for this two-level within-subject factor, and no sphericity correction 
is required. Normality and homogeneity tests were interpreted as diagnostic assessments rather than absolute proofs of model validity. The 
randomized study design provides the basis for independence between participants; independence is not established by Shapiro–Wilk, Lev-
ene’s, or Box’s tests.
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