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Abstract

Diabetic ketoacidosis (DKA) remains a life-threatening complication of diabetes mellitus
with suboptimal outcomes despite standard management. Emerging evidence suggests that
thiamine (vitamin B1) deficiency may play an under-recognized role in DKA pathophysi-
ology and clinical course. This narrative review synthesizes current evidence regarding
thiamine deficiency in diabetes and DKA, examining molecular mechanisms, clinical impli-
cations, and the rationale for thiamine supplementation as adjunctive therapy. Thiamine
deficiency is highly prevalent in diabetes, with plasma concentrations reduced by approxi-
mately 75% compared to healthy controls. In DKA specifically, 25-35% of patients present
with thiamine deficiency, which often worsens during insulin therapy. The primary mech-
anism involves hyperglycemia-induced downregulation of renal thiamine transporters
(THTR-1 and THTR-2), resulting in 16-24-fold increased renal clearance and massive
urinary losses. Thiamine pyrophosphate serves as an essential cofactor for three critical
enzymes in glucose metabolism: pyruvate dehydrogenase, x-ketoglutarate dehydrogenase,
and transketolase. Deficiency impairs these pathways, causing pyruvate accumulation with
conversion to lactate (resulting in lactic acidosis), compromised TCA cycle function (reduc-
ing ATP production by 40-48%), and decreased NADPH generation (increasing oxidative
stress). Clinical manifestations include persistent metabolic acidosis despite standard ther-
apy, myocardial dysfunction with elevated cardiac biomarkers, neurological impairment,
and prolonged recovery times. Cellular studies demonstrate that thiamine supplemen-
tation significantly improves mitochondrial oxygen consumption in DKA patients. The
high prevalence of thiamine deficiency in DKA, compelling biochemical rationale, excellent
safety profile, and preliminary mechanistic evidence support the urgent need for large-scale
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physiological rationale rather than robust clinical trials [1,4]. Standard DKA management
focuses on insulin administration, fluid resuscitation, and electrolyte replacement, yet out-
comes remain suboptimal in many cases, with persistent metabolic acidosis and prolonged
recovery times representing common clinical challenges.

Emerging evidence indicates that micronutrient deficiencies, particularly thiamine
(vitamin B1) deficiency, may play an under-recognized role in the pathophysiology and
clinical course of DKA [5]. While thiamine deficiency does not cause DKA, it may com-
plicate its clinical course and impede metabolic recovery. Thiamine functions as an es-
sential cofactor in aerobic glucose metabolism, and its deficiency causes a shift toward
anaerobic metabolism, with resultant hyperlactatemia and metabolic acidosis [6]. This
review summarizes the physiological functions of thiamine, synthesizes current evidence
regarding thiamine deficiency in diabetes and DKA, examines the molecular mechanisms
contributing to this deficiency, explores the prevalence and clinical implications of thiamine
deficiency, and evaluates the case for thiamine supplementation as an adjunctive therapy
in DKA management.

1.1. Methods in Brief
1.1.1. Literature Search Strategy

A comprehensive literature search was conducted using PubMed as the primary
database to identify relevant articles on thiamine deficiency in diabetes mellitus and diabetic
ketoacidosis. The search was performed in January 2025 and encompassed literature
published predominantly from 2005 to 2025, with selective inclusion of seminal earlier
publications when relevant to foundational concepts.

1.1.2. Search Terms

Multiple search strategies were employed using combinations of the following key-

s

words and Medical Subject Headings (MeSH) terms: “thiamine,” “thiamine deficiency,”
“vitamin B1,” “diabetes mellitus,” “diabetic ketoacidosis,” “DKA,” “thiamine transporter,”
“THTR-1,” “THTR-2,” “SLC19A2,” “SLC19A3,” “renal clearance,” “transketolase,” “pyru-

v

vate dehydrogenase,” “mitochondrial function,” “lactic acidosis,” and related terms.
Searches were refined using field tags including [Title/ Abstract], [MeSH Terms], and
[Publication Type] where appropriate. Additional relevant articles were identified through

manual review of reference lists from key publications and systematic reviews.

1.1.3. Study Selection and Prioritization

As a narrative review, this work did not employ systematic review methodology with
pre-specified protocols or formal risk of bias assessment tools. Studies were prioritized
based on the following hierarchy of evidence quality: (1) randomized controlled trials;
(2) systematic reviews and meta-analyses; (3) prospective observational studies; (4) retro-
spective observational studies; (5) case series and case reports. Within each evidence level,
more recent publications were generally prioritized over older studies, though landmark
historical studies were included when they provided foundational evidence or unique
mechanistic insights.

1.1.4. Inclusion and Exclusion Criteria

Studies were included if they (1) examined thiamine status, metabolism, or supplemen-
tation in patients with diabetes mellitus or diabetic ketoacidosis; (2) investigated molecular
mechanisms underlying thiamine deficiency in diabetes; (3) evaluated clinical outcomes
associated with thiamine deficiency in DKA; (4) assessed genetic factors affecting thiamine
transport; or (5) examined methodological aspects of thiamine measurement relevant to
clinical practice. Both adult and pediatric populations were included.
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Key studies are summarized in Table 1, with further details available in Table A1.

Table 1. Summary of Key Studies on Thiamine Deficiency in Diabetes and Diabetic Ketoacidosis.

Study

Population

Key Findings

Thiamine Deficiency

Thornalley et al. [7], 2007

Type 1 and Type 2 diabetes (n = 74)

Plasma thiamine | 76% in TIDM and | 75% in
T2DM vs. controls (15.3 vs. 64.1 nmol/L,
p <0.001). Renal clearance 1 24-fold (T1DM),
1 16-fold (T2DM).

Moskowitz et al. [8], 2013

Adult patients with DKA (n = 32)

25% had thiamine deficiency (<9 nmol/L).
Negative correlation between lactate and
thiamine (r = —0.56, p = 0.002). Thiamine

correlated with bicarbonate (r = 0.44, p = 0.019).

Rosner et al. [9], 2015

Pediatric TIDM with DKA (n = 22)

23.8% thiamine deficient before insulin; 35%
after 8 h insulin therapy. 68% experienced |
thiamine during treatment
(mean fall 20 4= 31.4 nmol/L).

Abdelaziz et al. [10], 2022

Pediatric TIDM with DKA (n =90)

Thiamine reduction after 24 h treatment
(90.11 £ 15.76 vs. 108.8 + 17.6 nmol /L,
p < 0.001). Correlated negatively with recovery
time (r = —0.724, p = 0.001).

Miller et al. [11], 2024

ED patients with sepsis, DKA, oncologic
emergencies (n = 269)

20.5% thiamine deficient. Independent
predictors: age > 60 y (OR 2.0), female (OR 2.1),
leukopenia (OR 5.1).

Mechanistic Studies

Larkin et al. [12], 2012

Human proximal tubule epithelial cells
(in vitro)

High glucose (26 mmol/L) | THTR-1/2
expression (NRNA: —76%/—53%; protein:
—77%/ —83%,

p <0.05). | 37% thiamine transport.
Associated with | Sp1.

Beltramo et al. [13], 2019

Retinal cells: endothelial, pericytes,
Miiller cells (in vitro)

THTR-2 and Sp1 modulated by hyperglycemia.
Transketolase activity and intracellular
thiamine | under deficiency. Thiamine
over-supplementation restored uptake

and activity.

Vine et al. [6], 2024

Adult patients with DKA (n = 62)

Basal OCR | in DKA vs. controls (4.7 vs. 7.9
pmol/min/ug, p = 0.036); maximal OCR
(16.4 vs. 31.5, p < 0.001). In vitro thiamine

significantly 1T OCR in DKA cells.

Mohamed et al. [14], 2019

Pediatric patients with DKA (n = 25)

Thiamine-deficient patients: 1 troponin levels,
impaired diastolic function. Thiamine levels
correlated positively with diastolic function

indices and negatively with troponin.

Genetic Studies

Porta et al. [15], 2016

Type 1 diabetes (Finn—Diane,
DCCT/EDIC, WESDR cohorts)

Two SNPs in SLC19A3 associated with | severe
retinopathy and nephropathy. Combined
phenotype reached genome-wide significance
(p <5 x 1078) in a meta-analysis.

Bartdkova et al. [16], 2016

Gestational diabetes mellitus

SNPs in SLC19A2 (rs6656822) and SLC19A3
(rs7567984) associated with postpartum
transketolase activity (p = 0.03, p = 0.007).
Plasma thiamine | in GDM (p = 0.002).
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Table 1. Cont.

Study

Population

Key Findings

Randomized Controlled Trials—Diabetes Populations

Alaei Shahmiri et al. [17], 2013

Hyperglycemic individuals
(IGT, new T2DM) (n = 12)

High-dose thiamine (300 mg/day x 6 weeks) |

2 h plasma glucose (8.78 = 2.20 vs. 9.89 £ 2.50

mmol/L, p = 0.004). Prevented deterioration in
fasting glucose and insulin vs. placebo.

Alaei-Shahmiri et al. [18], 2015

Hyperglycemic individuals (n = 12)

High-dose thiamine (300 mg/day x 6 weeks) |
DBP (67.9 £ 5.8 vs. 71.4 = 7.4 mmHg,
p =0.005), MAP (p = 0.005). Trend toward |
SBP (p = 0.06).

Amirani et al. [19], 2020

Gestational diabetes mellitus (n = 60)

Thiamine (100 mg/day x 6 weeks) | hs-CRP,
MDA levels, downregulated TNF-x gene
expression vs. placebo. Demonstrated
anti-inflammatory and antioxidant effects.

Randomized Controlled Trial Protocol

Vine et al. [20], 2024 (DKAT trial)

Adult patients with DKA
(n =100 planned)

Double-blind RCT: IV thiamine
(200 mg BID x 2 days) vs. placebo. Primary
outcome: A bicarbonate/24 h. Secondary:
anion gap, lactate, OCR, hospital length of stay.

Systematic Reviews and Meta-analyses

Ziegler et al. [21], 2023

Diabetes patients (20 studies)

Diabetes associated with | thiamine (SMD
—0.97), TMP (SMD —1.16), total thiamine
(SMD —1.01) vs. controls. Patients with
diabetes and albuminuria: even lower
(SMD —2.68).

Muley et al. [22], 2022

Type 2 diabetes (6 RCTs, n = 364)

Thiamine supplementation (100-900 mg/day,
<3 months) induced no significant change in
HbAlc, FBG, or PPG. 1+ HDL
(MD 0.10, p < 0.05).

Sieben & Ramanan [1], 2025

DKA patients (1131 studies screened,
118 included)

Substantial evidence gaps identified for
adjunctive therapies, including thiamine. Most
studies focused on fluids and insulin; limited
patient-centered outcome data.

Health Services Research

Pawar et al. [23], 2021

Critically ill patients with alcohol use
disorder (n = 14,998)

Only 51% received thiamine supplementation
overall. Rate: 59% (alcohol withdrawal), 26%
(septic shock), 24% (DKA). Represents
significant quality-of-care gap.

Clinical Case Series/Reports

Chehayeb et al. [24], 2023

T1DM with DKA and persistent lactic
acidosis (n=1)

Persistent lactic acidosis despite adequate
resuscitation. Improved only after empiric
thiamine administration. Highlights cognitive
biases in interpreting elevated lactate.

Feldhaus & Lange-Brock [25], 2019

T1DM with DKA (n = 1)

Rising lactate levels during insulin therapy for
DKA. Suspected refeeding syndrome; thiamine
and phosphate replacement led to lactate
normalization.
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Table 1. Cont.

Study

Population Key Findings

Moseley et al. [26], 2021

Recurrent DKA post-bariatric surgery with
persistent hyperketonemia despite standard
therapy. Resolution only after
thiamine replacement.

T1DM post-bariatric surgery (n = 1)

Methodological /Standardization Studies

Collie et al. [27], 2017

No standard measurement procedure for
thiamine compound quantification exists.
Multiple method variations prohibit
comparison of study results. Need for certified
reference materials.

Review of thiamine measurement
methodologies (122 studies)

Abbreviations: BID, twice daily; DBP, diastolic blood pressure; DKA, diabetic ketoacidosis; ED, emergency
department; FBG, fasting blood glucose; GCS, Glasgow Coma Scale; GDM, gestational diabetes mellitus; HDL,
high-density lipoprotein; hs-CRP, high-sensitivity C-reactive protein; IGT, impaired glucose tolerance; IV, intra-
venous; MAP, mean arterial pressure; MDA, malondialdehyde; OCR, oxygen consumption rate; OR, odds ratio;
PPG, postprandial glucose; RCT, randomized controlled trial; SBP, systolic blood pressure; SMD, standardized
mean difference; SNP, single-nucleotide polymorphism; T1DM, type 1 diabetes mellitus; T2DM, type 2 diabetes
mellitus; THTR, thiamine transporter; TMP, thiamine monophosphate; TNF-«, tumor necrosis factor-alpha.

2. Physiology of Thiamine

Thiamine, or vitamin B1, is a water-soluble vitamin that plays a key role in cellular
energy metabolism through its active form, thiamine pyrophosphate (TPP) [28]. TPP serves
as an essential cofactor for reactions catalysed by several critical enzymes in carbohydrate
metabolism, linking glycolysis to the tricarboxylic acid (TCA) cycle and facilitating the
pentose phosphate pathway [29].

2.1. Thiamine-Dependent Enzymes

TPP is required for the function of three major enzyme complexes involved in aerobic
glucose metabolism. First, pyruvate dehydrogenase (PDH) catalyses the oxidative decar-
boxylation of pyruvate to acetyl-coenzyme A (CoA), representing the critical link between
glycolysis and the TCA cycle [29]. In the absence of adequate thiamine, pyruvate cannot be
efficiently converted to acetyl-CoA, leading to pyruvate accumulation and its subsequent
reduction to lactate via lactate dehydrogenase, resulting in lactic acidosis [8].

Second, x-ketoglutarate dehydrogenase (x-KGDH), another TPP-dependent enzyme
within the TCA cycle, catalyses the conversion of a-ketoglutarate to succinyl-CoA [8].
Impairment of this enzyme through TPP deficiency reduces TCA cycle flux and ATP
production, further exacerbating cellular energy deficits.

Third, transketolase (TKT) is the rate-limiting enzyme of the pentose phosphate
pathway, which generates NADPH and ribose-5-phosphate, both being essential for cellular
biosynthesis and antioxidant defence [13]. The pentose phosphate pathway provides
approximately 30% of cellular NADPH, which is critical for maintaining glutathione in its
reduced state and protecting against oxidative stress [7]. Thiamine deficiency, therefore,
in addition to interfering with cellular energy utilization, also compromises antioxidant
capacity and exposes cellular structures to oxidative stress.

2.2. Cellular Thiamine Transport

Thiamine absorption and cellular uptake are mediated by two specific thiamine trans-
porters: thiamine transporter 1 (THTR-1, encoded by the solute carrier family 19 member
2 gene (SLC19A2)) and thiamine transporter 2 (THTR-2, encoded by the solute carrier
family 19 member 3 gene (SLC19A3)) [12]. THTR-1 is predominantly expressed in intestinal
epithelium and renal proximal tubules, respectively, facilitating thiamine absorption and
reabsorption [12]. THTR-2 shows broader tissue distribution, with high expression in the
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heart, brain, skeletal muscle, and vascular endothelium [13]. The expression and function
of these transporters are regulated by transcription factor specificity protein 1 (Sp1), which
binds to the promoter regions of both SLC19A2 and SLC19A3 genes [13].

Once inside cells, thiamine undergoes phosphorylation to form thiamine monophos-
phate (TMP) and subsequently thiamine diphosphate (TDP, also known as TPP), the active
cofactor form [7]. The cellular physiology of thiamine is depicted in Figure 1.

Intestine

Dietary Thiamine

Regulation:

* THTR-1 & THTR-2 expression
regulated by Sp1

+ Normal glucose maintains
transporter expression

o~ ? | Blood/Plasma
Free Thiamine (Normal: ~60 nmollL) 95-99%
Y 4 A Reabsorbed
) ( T A
Target Cell (Muscle, Heart, Brain, Kidney) Kidney
Kinase Kinase Proximal Tubule
»‘ | g
@ (Active Form) -
>- Mitochondrion Urine
PDH Complex
’ Pyruvate — Acetyl-CoA | ,-=" 7"~ Normal Excretion:
(Glycolysis — TCA) 5 TCA 1-5% of filtered load
a-KGDH Complex « CyC/e," N >
. a-ketoglutarate — Succinyl-CoA Sel e ’
(TCA Cycle) S ATP
Transketolase => .NADPH
Pentose Phosphate = R',bose's_P
Pathway (Antioxidant defense),
2/

Figure 1. Normal Thiamine Flux and Physiology. Schematic representation of thiamine absorption,
transport, and metabolic function under physiological conditions. Dietary thiamine is absorbed
in the intestine via thiamine transporter 1 (THTR-1). In blood, free thiamine circulates at normal
concentrations (~60 nmol/L). Cellular uptake occurs via THTR-1 and THTR-2, with expression
regulated by transcription factor Sp1. Intracellular thiamine undergoes sequential phosphorylation
to thiamine monophosphate (TMP) and thiamine pyrophosphate (TPP), the active cofactor form. TPP
serves as an essential cofactor for three major enzymes: (1) pyruvate dehydrogenase (PDH) complex,
which converts pyruvate to acetyl-CoA, linking glycolysis to the TCA cycle; (2) a-ketoglutarate
dehydrogenase («-KGDH) complex within the TCA cycle; and (3) transketolase in the pentose
phosphate pathway (PPP), generating NADPH for antioxidant defence. In the kidney, 95-99% of
filtered thiamine is reabsorbed via THTR-1 in the proximal tubule, with minimal urinary excretion
(1-5% of filtered load).

3. Pathophysiology of Thiamine Deficiency
3.1. Assessment of Thiamine Status

The diagnosis of thiamine deficiency can be made using both direct and indirect tests,
though the lack of standardization across laboratories and insufficient data comparing
the different methods complicate interpretation [27]. Direct methods measure the con-
centration of thiamine or its derivatives, while indirect measures focus on transketolase
activity. The absence of standardized measurement procedures and certified reference

https://doi.org/10.3390/diabetology7020028
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materials across laboratories necessitates interpretation of thiamine levels in the context
of institutional reference ranges [27]. The reference ranges reported in the literature range
from 63-105 nmol/L (lower limit) to 171-229 nmol/L (upper limit) for plasma thiamine
concentration [30-34]. Plasma thiamine concentration below 9 nmol/L has been used as
the threshold for diagnosing thiamine deficiency in critically ill patients with DKA [8].
Another study used plasma thiamine levels and found that normal volunteers had a mean
plasma thiamine concentration of 64 nmol/L (standard deviation (SD) 12) and diabetic
patients had a mean of 15-16 nmol/L (SD 10-11), representing a 75% reduction compared
to healthy volunteers [7]. It is possible to test for specific thiamine species such as TMP and
TTP; however, the specific thresholds for deficiency have not been clearly defined. It is also
possible to measure thiamine concentration in whole blood rather than plasma; however,
results were similar to plasma measurement in one study [33]. Erythrocyte transketolase
activity assays can be used as a functional measure of thiamine status. If the addition of
TPP to the blood sample results in a certain percentage increase in transketolase activity,
this can be considered thiamine deficiency. The percentage increase used to diagnose
thiamine deficiency is not certain, with values ranging from 15% to 40% reported in the
literature [27,35,36]. Practically, this means that clinicians need to interpret thiamine con-
centrations within the context of the reference ranges used by their laboratories (rather
than rely on arbitrary cut-offs) and supplement this with clinical findings to diagnose
thiamine deficiency.

3.2. Metabolic Consequences

Thiamine deficiency produces profound metabolic derangements through multiple
interconnected pathways. The impairment of PDH activity leads to the accumulation
of pyruvate, which is preferentially reduced to lactate, causing type B lactic acidosis [8].
This lactic acidosis can persist despite adequate tissue perfusion and may contribute to
prolonged metabolic acidosis in DKA [37].

The reduction in «-KGDH activity compromises TCA cycle function, decreasing cellu-
lar ATP production and oxidative capacity in a clinical study that used whole blood samples
from patients with DKA and healthy volunteers [6]. Recent cellular studies in patients with
DKA demonstrated significantly lower basal and maximal oxygen consumption rates (OCR)
in peripheral blood mononuclear cells compared to healthy controls (median basal OCR:
4.7 vs. 7.9 pmol/min/ug protein, p = 0.036; maximal OCR: 16.4 vs. 31.5 pmol/min/pg
protein, p < 0.001) [6]. Importantly, in vitro treatment with thiamine significantly increased
both basal and maximal OCR in cells from DKA patients, suggesting that mitochondrial
dysfunction in DKA is at least partially reversible with thiamine supplementation [6].

Impaired transketolase activity in the pentose phosphate pathway reduces NADPH
production, compromising antioxidant defences and potentially exacerbating oxidative
stress [7]. This may be particularly relevant in diabetes, where hyperglycemia-induced
oxidative stress already strains cellular antioxidant systems.

3.3. Systemic Effects

Beyond metabolic derangements, thiamine deficiency affects multiple organ systems,
particularly the cardiovascular and central and peripheral nervous systems, often termed
wet and dry beriberi, respectively.

Cardiovascular manifestations include altered vascular reactivity, systemic vasodi-
latation, pulmonary hypertension and high output cardiac failure, which can progress to
low output cardiac failure and cardiogenic shock [14,38]. A pediatric study examining
myocardial function in children with DKA found that those with thiamine deficiency had
significantly higher serum high-sensitivity cardiac troponin T levels and impaired dias-
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tolic function compared to those without thiamine deficiency [14]. Furthermore, serum
thiamine levels correlated positively with echocardiographic indices of diastolic function

and negatively with troponin levels [14].

Neurological complications of thiamine deficiency are well recognized, ranging from
peripheral neuropathy to the severe manifestations of Wernicke-Korsakoff syndrome [24,39].
Mechanistically, disruption of glutaminergic and gamma-amino-butyric acid (GABA)-ergic
neurotransmission causes the central nervous system features, while cumulative oxidative
stress on myelin sheaths from pentose phosphate pathway derangements is implicated in
peripheral nervous system dysfunction [38,40]. While traditionally associated with alcohol
use disorder, thiamine deficiency can cause neurological dysfunction in any patient with
inadequate thiamine status, including those with diabetes and DKA [11]. Pathophysiology

of thiamine deficiency is summarised in Figure 2.
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Figure 2. Pathophysiology of Thiamine Deficiency in Diabetes. Chronic hyperglycemia initiates a
cascade leading to thiamine deficiency. Elevated glucose downregulates transcription factor Sp1,
reducing expression of THTR-1 and THTR-2 throughout the body. In the kidney, impaired THTR-1
expression dramatically reduces proximal tubular thiamine reabsorption, resulting in 16-24-fold
increased renal clearance and massive urinary thiamine losses. Combined with reduced intestinal ab-
sorption and impaired cellular uptake, plasma thiamine concentrations fall by approximately 75% (to
~15 nmol/L). Cellular thiamine depletion reduces TPP availability, impairing three critical enzymes:
(1) PDH dysfunction causes pyruvate accumulation and conversion to lactate, resulting in lactic
acidosis; (2) x-KGDH impairment disrupts TCA cycle function, reducing ATP production by 40-48%
as measured via oxygen consumption rate (OCR); and (3) transketolase deficiency decreases NADPH
generation, increasing oxidative stress. Clinical consequences include persistent metabolic acidosis,
cardiovascular dysfunction with elevated cardiac biomarkers and impaired diastolic function, neu-
rological impairment with altered mental status, vascular endothelial dysfunction, and prolonged
ICU/hospital stay. The prevalence of thiamine deficiency in DKA is 25-35%, often worsening during

insulin therapy through a refeeding-like syndrome. The 0 symbol indicates impaired function at
the two sites (intestines and proximal tubules) resulting in reduced intestinal thiamine absorption

and increased urinary losses.
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4. Prevalence of Thiamine Deficiency in Diabetes and DKA
4.1. General Diabetic Population

Multiple studies have documented a high prevalence of thiamine deficiency in patients
with diabetes mellitus. Thornalley et al. found that plasma thiamine concentrations were
decreased by 76% in type 1 diabetes and 75% in type 2 diabetes compared to healthy
controls (type 1 diabetes: 15.3 nmol/L vs. controls: 64.1 nmol/L, p < 0.001; type 2 diabetes:
16.3 nmol/L vs. controls: 64.1 nmol/L, p < 0.001) [7].

A systematic review and meta-analysis examining thiamine status in diabetes included
20 studies and found that individuals with diabetes had significantly lower concentra-
tions of thiamine (pooled standardized mean difference [SMD]: —0.97, 95% CI: —1.89 to
—0.06), thiamine monophosphate (SMD: —1.16, 95% CI: —1.82 to —0.50), and total thiamine
compounds (SMD: —1.01, 95% CI: —1.48 to —0.54) compared to controls [21]. TPP and
erythrocyte transketolase activity also tended to be lower in persons with diabetes, though
these differences did not reach statistical significance [21].

Subgroup analysis revealed that individuals with diabetes and albuminuria had even
lower thiamine levels than controls (SMD: —2.68, 95% CI: —5.34 to —0.02), suggesting that
renal complications may further exacerbate thiamine deficiency [21].

4.2. Prevalence in DKA

The prevalence of thiamine deficiency appears to be particularly high in patients
presenting with DKA, though it must be noted that this is highly sensitive to the analytic
method used and the threshold used to diagnose deficiency (as described in Section 3.1).

In a prospective observational study of 32 adult patients with DKA, Moskowitz et al.
found that 25% (8/32 patients) had thiamine deficiency, defined as whole blood thiamine
levels below 9 nmol/L [8]. Importantly, this study found a significant negative correlation
between lactic acid and plasma thiamine levels (r = —0.56, p = 0.002), which persisted after
adjustment for APACHE II scores (p = 0.009) [8].

A pediatric pilot study of 22 children with type 1 diabetes and DKA found that 23.8%
(5/21 patients) had thiamine deficiency prior to insulin administration [9]. More concerning,
after 8 h of standard insulin therapy, 35% (7/20 patients) had developed thiamine deficiency,
with 68% of patients experiencing a decrease in thiamine levels during treatment (mean
fall of 20 &= 31.4 nmol/L) [9]. This raises the possibility that insulin therapy itself may
exacerbate thiamine deficiency, potentially through a refeeding-like syndrome [9].

A tertiary care study of 90 children with type 1 diabetes presenting with DKA con-
firmed these findings, showing that mean blood TPP levels significantly decreased after 24 h
of DKA treatment compared to baseline (90.11 & 15.76 nmol/L vs. 108.8 & 17.6 nmol/L,
p <0.001) [10]. TPP levels at 24 h were positively correlated with the initial Glasgow Coma
Scale (r = 0.68, p = 0.001) and negatively correlated with patient age (r = —0.61, p = 0.001)
and recovery time (r = —0.724, p = 0.001) [10].

A recent cross-sectional analysis of pooled data from 269 emergency department
patients with various acute illnesses (including DKA, sepsis, and oncologic emergen-
cies) found that 20.5% had thiamine deficiency [11]. Advanced age (>60 years; OR
2.0, 95% CI11.0-3.8), female gender (OR 2.1, 95% CI 1.14.1), and leukopenia (OR 5.1,
95% CI 2.3-11.3) were independently associated with thiamine deficiency [11].

4.3. Special Populations

Certain diabetic populations appear at particularly high risk of thiamine deficiency.
Patients who have undergone bariatric surgery show markedly elevated rates of thiamine
deficiency due to both reduced absorption and increased metabolic demands [5]. A case
report described recurrent DKA following bariatric surgery in a patient with type 1 diabetes,
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wherein persistent hyperketonemia despite standard DKA therapy was only resolved after
thiamine replacement, highlighting the critical importance of thiamine in this population [26].

Obesity itself, independent of bariatric surgery, has been linked to thiamine deficiency,
creating a metabolic relationship between thiamine status, obesity, and diabetes that may
predispose to DKA [5].

5. Molecular Mechanisms of Thiamine Deficiency in Diabetes
5.1. Glucose-Induced Downregulation of Thiamine Transporters

The primary mechanism underlying thiamine deficiency in diabetes appears to be
hyperglycemia-induced downregulation of thiamine transporter (THTR-1 and THTR-2)
expression in the renal proximal tubular epithelium. Larkin et al. demonstrated that human
primary proximal tubule epithelial cells exposed to high glucose concentration (26 mmol/L)
showed marked decreases in THTR-1 and THTR-2 expression at both mRNA (—76% and
—53%, respectively, p < 0.001) and protein levels (—77% and —83%, respectively, p < 0.05)
compared to cells in normal glucose (5 mmol/L) [12].

These molecular changes translated into functional consequences, with hypergly-
caemia inducing a 37% decrease in apical to basolateral transport of thiamine across the
renal proximal tubular epithelium [12]. The decreased expression of THTR-1 and THTR-2
was associated with reduced expression of the transcription factor Sp1, suggesting tran-
scriptional regulation as the underlying mechanism [12].

5.2. Increased Renal Clearance

The functional consequence of reduced THTR-1 and THTR-2 expression in the kidney
is dramatically increased urinary thiamine losses. Thornalley et al. documented that
renal clearance of thiamine was increased 24-fold in type 1 diabetic patients and 16-fold in
type 2 diabetic patients compared to healthy controls [7]. Plasma thiamine concentration
correlated negatively with both renal clearance of thiamine (r = —0.531, p < 0.001) and
fractional excretion of thiamine (r = —0.616, p < 0.001) [7].

Improvement of glycemic control in murine models of diabetes corrected the increased
fractional excretion of thiamine, providing direct evidence that hyperglycemia drives renal
thiamine losses [12].

5.3. Vascular Cell Dysfunction

Beyond renal mechanisms, hyperglycemia appears to affect thiamine handling in vas-
cular cells. Studies in cell models of diabetic retinopathy demonstrated that hyperglycemic
conditions modulate THTR-2 and Sp1 expression in human endothelial cells, pericytes,
and Miiller cells [13]. Transketolase activity, intracellular thiamine, and permeability to
thiamine were all decreased in cells cultured under thiamine deficiency and in pericytes
exposed to hyperglycemic conditions [13].

Importantly, thiamine over-supplementation compensated for THTR-2 reduction by
restoring thiamine uptake and transketolase activity, demonstrating that the transporter
downregulation can be overcome with higher extracellular thiamine concentrations [13].

5.4. Genetic Factors

Genetic variation in thiamine transporter genes may modulate individual suscepti-
bility to diabetic complications. A genome-wide association study found that two single-
nucleotide polymorphisms (SNPs) in strong linkage disequilibrium within the SLC19A3
locus were associated with reduced rates of severe retinopathy and the combined pheno-
type of severe retinopathy and end-stage renal disease in patients with type 1 diabetes [15].
The association with the combined phenotype reached genome-wide significance in a
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meta-analysis (p <5 x 1078), suggesting that genetic variations affecting THTR-2 function
play an important protective role against microvascular complications [15].

Similarly, studies in gestational diabetes found significant associations between SNPs
in SLC19A2 (rs6656822) and SLC19A3 (rs7567984) and postpartum transketolase activity
(p =0.03 and p = 0.007, respectively) [16]. These findings suggest that genetic variability in
thiamine transport capacity may explain inter-individual differences in susceptibility to
metabolic complications.

5.5. Thiamine-Responsive Megaloblastic Anemia Syndrome

Loss-of-function mutations in SLC19A2 cause thiamine-responsive megaloblastic ane-
mia (TRMA) syndrome, also known as Rogers syndrome, characterized by the triad of
megaloblastic anemia, sensorineural deafness, and diabetes mellitus [41]. Over 30 homozy-
gous mutations in SLC19A2 have been identified to date [42]. Patients with TRMA are
at particular risk of DKA, with case series reporting supraventricular tachycardia during
DKA episodes and cardiac arrhythmias associated with thiamine deficiency [42,43].

5.6. Other Causes

Beyond the mechanisms described above, thiamine deficiency in diabetes and DKA
may also be multifactorial. Other contributory causes may include dietary insufficiency,
malabsorption syndromes, chronic excessive alcohol consumption, chronic liver disease,
bariatric surgery, chronic (loop) diuretic use, pregnancy and hyperthyroidism. Clinical
assessment should be thorough, and it should not be assumed that thiamine deficiency in a
patient with diabetes is only due to hyperglycemia.

6. Implications for DKA Management
6.1. Persistent Lactic Acidosis

One of the most clinically relevant implications of thiamine deficiency in DKA is
the development or persistence of lactic acidosis despite appropriate standard therapy.
The inverse relationship between thiamine levels and lactate concentrations has been
consistently demonstrated [8]. Moreover, thiamine levels were directly related to admission
serum bicarbonate (r = 0.44, p = 0.019), and patients with thiamine deficiency maintained
lower bicarbonate levels over the first 24 h of DKA treatment (difference of 4.083 mmol/L,
p =0.002) [8].

Several case reports illustrate this relationship. A patient with type 1 diabetes present-
ing with DKA and persistent lactic acidosis despite adequate resuscitation had marked
improvement only after empiric thiamine administration [24]. Another case documented
a patient with DKA who developed progressive lactic acidosis during insulin therapy,
with lactate levels rising rather than falling despite standard treatment [25]. Recognition
of thiamine deficiency and subsequent thiamine and phosphate replacement resulted in
normalization of lactate levels [25].

Both the presence of lactic acidosis and slow clearance of lactate in DKA have been
associated with worse outcome in DKA [44,45].

6.2. Mitochondrial Dysfunction

The demonstration of impaired cellular oxygen consumption in DKA patients pro-
vides mechanistic insight into prolonged metabolic recovery [6]. The significant increases in
both basal and maximal OCR following in vitro thiamine treatment suggest that thiamine
supplementation could potentially accelerate metabolic recovery in vivo [6]. Notably, coen-
zyme Q10, another mitochondrial cofactor, also improved OCR in DKA cells, suggesting
that targeting multiple aspects of mitochondrial function may be beneficial [6].
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6.3. Cardiovascular Complications

The association between thiamine deficiency and myocardial dysfunction in DKA has
important clinical implications. Evidence of elevated cardiac biomarkers and impaired dias-
tolic function in thiamine-deficient DKA patients raises concerns about potential subclinical
cardiac injury during acute metabolic decompensation [14]. Given that cardiovascular
disease is a leading cause of morbidity and mortality in diabetes, preventing thiamine
deficiency-associated cardiac dysfunction may have long-term prognostic implications.

While thiamine deficiency appears to be associated with increased complications and
morbidity from DKA, it is important to note that there is no evidence to suggest that
thiamine deficiency is a causal factor in the development of DKA.

6.4. Current Supplementation Practices

Despite the high prevalence of thiamine deficiency in DKA and its clear metabolic
implications, thiamine supplementation is not routinely administered. A retrospective
analysis of 14,998 critically ill patients with alcohol use disorder found that only 51% overall
received thiamine supplementation, with rates varying by clinical presentation: 59% for
alcohol withdrawal, 26% for septic shock, 41% for traumatic brain injury, and notably only
24% for DKA [23]. This low rate of thiamine administration in DKA represents a significant
quality-of-care gap [23].

The evidence gap regarding thiamine supplementation in DKA was recently high-
lighted in a systematic evidence and gap map, which identified scant evidence to guide
adjunctive therapies, including thiamine, with this representing a significant knowledge
gap in DKA management [1].

7. The Case for Thiamine Supplementation in DKA
7.1. Biochemical Rationale

The biochemical rationale for thiamine supplementation in DKA is compelling. Thi-
amine deficiency impairs PDH activity, leading to accumulation of pyruvate and lactate;
compromises x-KGDH function; impairs TCA cycle flux; and decreases transketolase activ-
ity, impairing antioxidant defences [29]. Each of these derangements directly contributes to
worsening the metabolic milieu of DKA.

Furthermore, the demonstration that insulin therapy may worsen thiamine deficiency
through a refeeding-like phenomenon implies that thiamine supplementation could po-
tentially be initiated early, ideally before or concurrent with insulin administration [9].
The rapid consumption of thiamine during resumed glucose metabolism could precipitate
acute thiamine depletion in already deficient or subclinically deficient patients [25].

7.2. Evidence from Other Conditions

While direct evidence from randomized trials in DKA is lacking, evidence from thi-
amine supplementation in other acute conditions provides supportive data. Although trials
of thiamine in septic shock have shown mixed results, meta-analyses and observational
studies have demonstrated improvements in lactate clearance in some populations [46—48].
The principle that thiamine supplementation can improve cellular metabolism during acute
critical illness has been established across multiple disease states [29].

7.3. Evidence from Diabetes Studies

Several randomized controlled trials have examined thiamine supplementation in
stable diabetic populations. A trial of high-dose thiamine (300 mg daily) in hyperglycemic
individuals improved glucose tolerance, with significant reduction in 2 h plasma glucose
relative to baseline (8.78 £ 2.20 vs. 9.89 &+ 2.50 mmol/L, p = 0.004) [17]. Fasting plasma
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glucose and insulin did not deteriorate with thiamine supplementation, whereas both
worsened significantly in the placebo arm [17].

Another crossover trial demonstrated that high-dose thiamine supplementation sig-
nificantly improved blood pressure management, with decreased diastolic blood pressure
after six weeks (67.9 + 5.8 mmHg vs. baseline 71.4 £ 7.4 mmHg, p = 0.005), with a trend
toward lower systolic blood pressure [18].

In gestational diabetes mellitus, thiamine supplementation (100 mg/day for 6 weeks)
significantly decreased high-sensitivity C-reactive protein and malondialdehyde levels
while downregulating TNF-« gene expression, suggesting anti-inflammatory and antioxi-
dant effects [19].

7.4. Preliminary Trial Data

A randomized, double-blind, placebo-controlled trial, the Diabetic Ketoacidosis and
Thiamine (DKAT) trial, is currently recruiting patients and may provide important evidence
to address the issue of thiamine supplementation in DKA [20]. This single-center study will
randomize 100 adult patients with DKA to receive either intravenous thiamine (200 mg
in 50 mL 0.9% saline) or placebo twice daily for 2 days [20]. The primary outcome is
change in bicarbonate level over 24 h, with secondary outcomes including changes in
anion gap, lactate levels, oxygen consumption by circulating mononuclear cells, and
hospital length of stay. This trial represents a critical step forward in generating high-
quality evidence for thiamine supplementation in DKA, though on its own, it is unlikely to
produce definitive evidence.

7.5. Safety Profile

An important consideration for any adjunctive therapy is safety. Thiamine has an
excellent safety profile, with minimal adverse effects even at high doses [22]. Systematic
reviews of thiamine supplementation in various populations have consistently reported
that thiamine is well-tolerated, with no serious drug-related adverse events [22,49]. The
most commonly reported side effects are mild and include nausea and allergic reactions,
which occur rarely [22].

Given the high prevalence of thiamine deficiency in DKA, the clear mechanistic
rationale, the low risk of adverse effects, and the low cost of thiamine, further research
investigating empiric supplementation should be considered a high clinical priority.

7.6. Optimal Dosing Strategy

The optimal dose and route of thiamine administration in DKA remain to be de-
termined. Doses used in various studies have ranged from 100 mg to 900 mg daily, ad-
ministered either intravenously or orally [8,9]. The DKAT trial protocol specifies 200 mg
intravenously twice daily. Given the impaired gastrointestinal absorption that may occur
in DKA due to gastroparesis and the urgent need for metabolic correction, intravenous
administration during acute illnesses appears reasonable.

Importantly, high-dose thiamine can overcome the downregulation of thiamine trans-
porters induced by hyperglycemia [13], providing further rationale for using higher doses
than typically employed for prophylaxis. Following acute stabilization, transition to oral
thiamine supplementation may be appropriate to maintain adequate status during recovery.
Clinical practice considerations, pending specific clinical evidence, are provided in Table 2.
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Table 2. Clinical Practice Considerations (pending evidence).

High-risk patients to consider for empiric thiamine supplementation

Chronic malnutrition or poor dietary intake

History of bariatric surgery

Alcohol use disorder

Hyperemesis gravidarum or prolonged hyperemesis

Prolonged fasting or restricted caloric intake

Recurrent DKA episodes

Chronic kidney disease with significant proteinuria

Obesity

Persistent lactic acidosis or slow-to-resolve metabolic acidosis despite standard
DKA therapy

Dosing regimen considerations

e Intravenous thiamine 100-200 mg within the first 2448 h of DKA presentation
Ideally initiated prior to or concurrent with insulin therapy to mitigate potential
refeeding-like syndrome
Higher doses (200 mg) employed in ongoing DKAT trial

e  Transition to oral supplementation (100-300 mg daily) after the acute phase if
ongoing supplementation desired

General considerations

e  Given the high prevalence of thiamine deficiency in DKA (20-35%), excellent safety
profile, and low cost: low threshold for supplementation reasonable

e Routine supplementation in all DKA patients (regardless of risk factors) is an
alternative approach, but evidence lacking
Thiamine measurement should not delay treatment in high-risk patients
Baseline thiamine levels may inform the duration of supplementation,
where feasible

e  Formal recommendations await completion of adequately powered RCTs,
particularly DKAT trial results

8. Future Research Priorities

Despite growing evidence for the importance of thiamine in DKA, substantial knowl-
edge gaps remain that require urgent investigation.

The most pressing need is for adequately powered, multicenter randomized controlled
trials examining thiamine supplementation in DKA. While the DKAT trial represents an
important first step, it is unlikely to be definitive in its scope, and several key questions
require additional investigation as summarised below.

Dose—Response Studies: The optimal dose of thiamine in DKA remains unknown.
Trials comparing different dosing regimens (e.g., 100 mg vs. 200 mg vs. 500 mg) are needed
to determine the dose that provides maximal clinical benefit. Additionally, the optimal
duration of therapy requires clarification—should thiamine be administered only during
the acute DKA episode or continued for days to weeks afterwards?

Pedjiatric vs. Adult Populations: Given the differences in DKA pathophysiology and
management between children and adults, separate trials in pediatric populations, or
inclusion of children in adult trials, are essential. The suggestion that thiamine deficiency
worsens during DKA treatment may be particularly relevant in children [9,10].

Timing of Administration: Whether thiamine should be administered before, con-
current with, or after insulin initiation deserves systematic evaluation. The potential for
insulin therapy to precipitate or worsen thiamine deficiency through a refeeding-like syn-
drome highlights the importance of timing considerations and leads to the hypothesis that
pre-emptive (i.e., before insulin administration) thiamine administration might be optimal.
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Patient-Cantered Outcomes: While biochemical endpoints (bicarbonate normaliza-
tion and lactate clearance) are important, trials should also examine patient-centred out-
comes, including time to DKA resolution, ICU and hospital length of stay, neurological
outcomes, and long-term complications. Cost-effectiveness analyses would help inform
implementation decisions.

Special Populations: High-risk subgroups, including patients with recurrent DKA,
those with obesity or bariatric surgery, pregnant women, and patients with chronic kidney
disease, may derive particular benefit from thiamine supplementation and warrant targeted
investigation within larger RCTs.

8.1. Mechanistic Studies

Several mechanistic questions require further investigation:

Genetic Determinants: Building on the discovery that SLCI9A3 variants protect
against microvascular complications, prospective studies should examine whether thi-
amine transporter genotypes predict DKA severity, response to treatment, or outcomes.
Pharmacogenetic approaches could potentially identify patients most likely to benefit
from supplementation.

Mitochondrial Function: The demonstration of improved oxygen consumption with
thiamine treatment in vitro requires validation in clinical trials with direct measurement of
mitochondrial function before and after thiamine administration. Advanced metabolomics
approaches could provide deeper insights into the metabolic consequences of thiamine
deficiency and repletion.

Combination Therapy: Given that coenzyme Q10 also improved mitochondrial func-
tion in DKA cells, trials examining combination therapies targeting multiple aspects of
mitochondrial metabolism may be warranted.

8.2. Prevention Strategies

An area receiving insufficient attention is the primary prevention of thiamine defi-
ciency in diabetes:

Screening Programs: The feasibility and cost-effectiveness of screening high-risk
diabetic patients for thiamine deficiency should be evaluated. Patients with poor glycemic
control, albuminuria, recurrent infections, or those on certain medications may warrant
routine screening.

Prophylactic Supplementation: Given the high prevalence of thiamine deficiency
in diabetes and the safety of supplementation, trials of routine prophylactic thiamine
administration in high-risk diabetic populations could be considered.

Dietary Interventions: While therapeutic doses require supplementation, optimizing
dietary thiamine intake through nutrition education and fortification strategies may help
reduce deficiency rates at the population level.

9. Limitations

This narrative review has several important limitations that warrant consideration
when interpreting the findings and their clinical implications.

9.1. Limitations of Review Methodology

As a narrative review, this work is subject to inherent methodological limitations
compared to systematic reviews and meta-analyses. The search strategy, while compre-
hensive, was not exhaustive and may have missed relevant studies, particularly those
published in non-English languages or in journals not indexed in major databases. Unlike
systematic reviews, narrative reviews lack pre-specified protocols for study selection and
data extraction, which may introduce selection bias. Additionally, the quality assessment
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of included studies was qualitative rather than systematic, and we did not employ formal
risk of bias assessment tools for individual studies. The synthesis of evidence relies on
narrative description rather than quantitative meta-analysis, which limits the ability to
provide precise estimates of effect sizes and confidence intervals for key outcomes; this was
necessitated by the heterogeneous nature of the data and lack of standardized reporting.

9.2. Other Limitations

A critical limitation affecting the interpretation of thiamine deficiency prevalence and
clinical correlations is the substantial heterogeneity in measurement methodologies across
studies. Different studies have measured different thiamine biomarkers—including whole
blood thiamine, plasma thiamine, erythrocyte thiamine diphosphate, and erythrocyte
transketolase activity—each with distinct advantages and limitations. The diagnostic
thresholds defining thiamine deficiency vary across studies and institutions.

Among studies examining thiamine supplementation in diabetes, dosing regimens
vary widely from 100 mg to 900 mg daily, with variable routes of administration (oral vs.
intravenous) and treatment durations ranging from days to months. This heterogeneity
prevents definitive conclusions regarding optimal therapeutic approaches. Furthermore,
studies have examined diverse outcome measures—biochemical endpoints (glucose control,
lactate, and bicarbonate), clinical outcomes (hospital length of stay and mortality), and
surrogate markers (mitochondrial function and inflammatory biomarkers)—making cross-
study comparisons challenging.

Further, many of the studies were small, and almost all were observational in na-
ture. Generalizing the specific results of any single, small study to a broader population
must be approached with caution until the various findings can be confirmed in large,
prospective studies.

10. Conclusions

Thiamine deficiency is prevalent in patients with diabetes mellitus and particularly
in those presenting with diabetic ketoacidosis, affecting up to one-third of patients. The
underlying mechanisms include glucose-induced downregulation of renal thiamine trans-
porters leading to excessive urinary thiamine losses, with genetic factors modulating
individual susceptibility. The metabolic consequences of thiamine deficiency—impaired
pyruvate dehydrogenase activity leading to lactic acidosis, compromised TCA cycle func-
tion reducing ATP production, and decreased transketolase activity impairing antioxidant
defence mechanisms—directly contribute to the pathophysiology of DKA and may explain
persistent lactic acidosis despite prompt standard therapy.

Emerging cellular and clinical evidence demonstrates that thiamine deficiency causes
mitochondrial dysfunction in DKA that is at least partially reversible with thiamine supple-
mentation. The association with impaired myocardial function and neurological complica-
tions further underscores the clinical relevance of this deficiency. Despite this compelling
evidence, thiamine supplementation remains underutilized in DKA management, with
only approximately one-quarter of DKA patients receiving thiamine.

The biochemical rationale for thiamine supplementation in DKA is robust, the safety
profile is excellent, and the cost is minimal. Preliminary data from related conditions
and stable diabetic populations suggest potential benefits. Given the strength of existing
mechanistic and observational data, the prevalence of deficiency, and the favourable benefit—
risk profile, there is a strong case for conducting large-scale trials assessing thiamine
supplementation in DKA with clinical, patient-centred outcomes.
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The following abbreviations are used in this manuscript:

DKA Diabetic ketoacidosis
THTR-1  Thiamine transporter 1
THTR-2  Thiamine transporter 2
TMP Thiamine monophosphate

TPP Thiamine pyrophosphate
SMD Standard mean deviation
GABA Gamma-amino-butyric acid
ATP Adenosine triphosphate
Appendix A
Table A1l. Expanded Summary of KeyStudies on Thiamine Deficiency in Diabetes and Diabetic
Ketoacidosis.
Study Year Design Population N Key Findings DOI
Prevalence Studies
Plasma thiamine | 76% in TIDM
and | 75% in T2DM vs. controls
Thornalley et al. [7] 2007 Cross-sectional T T}épze dli:ggtes 74 (15.3 vs. 64.1 nmol /L, p < 0.001). 10‘10070/75701(3}125_007_
YP Renal clearance 1 24-fold (T1DM),
1 16-fold (T2DM).
25% had thiamine deficiency (<9
nmol/L). Negative correlation:
. Prospective Adult patients lactate vs. thiamine (r = —0.56, 10.1016/j.jcrc.
Moskowitz etal. [8] 2013 observational with DKA 32 p =0.002). Thiamine correlated 2013.06.008
with bicarbonate
(r=0.44,p =0.019).
23.8% thiamine deficient before
. N insulin; 35% after 8 h insulin
Prospective Pediatric TIDM msuin; o . 10.1097/PCC.
Rosneretal. [9] 2015 observational with DKA 2 therapy. 687% experienced | 0000000000000302
thiamine during treatment (mean
fall 20 £+ 31.4 nmol/L).
Thiamine | after 24 h treatment
(90.11 £15.76 vs. 108.8 + 17.6
. Prospective Pediatric TIDM nmol/L, p <0.001). Correlated with 10.1515/jpem-2022-
Abdelaziz etal. [10] 2022 observational with DKA %0 GCS (r=0.68, p = 0.001) and 0387

negatively with recovery time
(r=—0.724, p = 0.001).
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Table A1. Cont.
Study Year Design Population N Key Findings DOI
20.5% thiamine deficient.
. . ED patients (sepsis, Independent predictors: age > 60y 10.5811/westjem.
Miller etal. [11] 2024 Cross-sectional DKA, oncology) 269 (OR 2.0), female (OR 2.1), 18472
leukopenia (OR 5.1).
Mechanistic Studies
High glucose (26 mmol /L) |
THTR-1/2 expression (mRNA:
. In vitro Human proximal . —76%/—53%; protein: 10.1371/journal.
Larkin etal. [12] 2012 cell culture tubule cells —77%/ —83%, p < 0.05). | 37% pone.0053175
thiamine transport. Associated
with | Sp1.
THTR-2 and Sp1 modulated by
. hyperglycemia. Transketolase
Beltramo etal. [13] 2019 In vitro (en dorjﬁzll?;lll Ceelﬁc tes - activity and intracellular thiamine 10.1177/14
’ cell culture Ml‘ill,e I:;) ytes, | under deficiency. Thiamine 79164119878427
over-supplementation restored
uptake/activity.
Basal OCR | in DKA (4.7 vs. 7.9
. . . pmol/min/ ug, p = 0.036); maximal oA
Vine etal. [6] 2024 Pros};ic‘f‘i“’]‘;w“h Aﬁgﬁ;ﬁi‘tg 62 OCR (164 vs. 315, p < 0.001). 10'“886 65;‘5)_655 024
In vitro thiamine significantly 1
OCR in DKA cells.
Thiamine-deficient patients:
- . troponin, impaired diastolic i 3
Mohamed et al. [14] 2019 Cross-sectional Pediatric patients 25 function. Thiamine correlated 101515/jpem-2018
with DKA e . . L. 0320
positively with diastolic indices
and negatively with troponin.
Genetic Studies
Two SNPs in SLC19A3 associated
with | severe retinopathy and
- Type 1 diabetes o nephropathy. Combined _
Porta etal. [15] 2016 GWAS (multiple cohorts) phenotype reached genome-wide 102337/ db15-1247
significance (p <5 x 10~8) in
ameta-analysis.
SNPs in SLC19A2 (rs6656822) and
.. . SLC19A3 (rs7567984) associated
Bartakova et al. [16] 2016 vssé}?lcgigtliils Gestational diabetes — with postpartum transketolase 10‘10079/65818%19_01 6
& activity (p = 0.03, p = 0.007). Plasma
thiamine | in GDM (p = 0.002).
Randomized Controlled Trials—Diabetes Populations
High-dose thiamine (300 mg/day
Hyperglycemic x 6 wks) | 2 h plasma glucose (8.78
Alaei Shahmiri et al. [17] 2013 RCT, double-blind individuals (IGT, 12 +220vs. 9.89 +2.50 mmol/L, 10.1007 /s00394-013-
crossover new T2DM) p =0.004). Prevented deterioration 0534-6
in fasting glucose /insulin
vs. placebo.
High-dose thiamine (300 mg/day
) ) x 6 wks) | DBP (67.9 + 5.8 vs. 714 )
Alaei-Shahmiri et al. [18] 2015 RCT, fos‘;bf'flmd Hiyf;irvgig cemic 1 +7.4mmHg, p = 0.005), MAP 10'1018116“113*2015'
crossove uais (p =0.005). Trend toward | SBP )
(p=0.06).
Thiamine (100 mg/day x 6 wks) |
RCT, hs-CRP, MDA levels,
- : double-blind, . . downregulated TNF- gene 10.1080/14767058.
Amirani etal. [19] 2020 placebo- Gestational diabetes 60 expression vs. placebo. 2020.1779212
controlled Anti-inflammatory and
antioxidant effects.
RCT Protocols—DKA Specific
Double-blind RCT: IV thiamine
. . (200 mg BID x 2 days) vs. placebo. . ~
Vine et al. [20] (DKAT) 2024 RCT protocol A%‘g’?hgﬁeg;‘h 100 Primary: A bicarbonate/24 h. 10%22_/ (;r;‘é‘élge“
p Secondary: anion gap, lactate,
OCR, length of stay.
Systematic Reviews and Meta-Analyses
Diabetes: | thiamine (SMD —0.97),
. . TMP (SMD —1.16), total thiamine .
Ziegler etal. [21] 2023 Systematic review Diabetes patients 20 studies (SMD —1.01) vs. controls. With 10.1016/j metabol.

and meta-analysis

albuminuria: even lower
(SMD —2.68).

2023.155565

https://doi.org/10.3390/diabetology7020028


https://doi.org/10.3390/diabetology7020028

Diabetology 2026, 7, 28

19 of 21

Table Al. Cont.

Study Year

Design

Population N

Key Findings

DOI

Muley et al. [22] 2022

Systematic review
and meta-analysis

6 RCTs, 364

Type 2 diabetes pts

Thiamine (100-900 mg/day, <3
months), no significant A HbAlc,
FBG, or PPG. 1 HDL (MD 0.10,
p <0.05); benfotiamine |
triglycerides at 120 mg/ day.

10.1136/bmjopen-
2021-059834

Sieben & Ramanan [1] 2025

Evidence gap map

1131
screened,
118
included

DKA patients

Substantial evidence gaps for
adjunctive therapies, including
thiamine. Most studies focused on
fluids/insulin; limited
patient-centered outcome data.

10.3390/medsci
13020053

Health Services Research

Pawar etal. [23] 2021

Retrospective
observational

Critically ill with AUD 14,998

Only 51% received thiamine
overall. Rate: 59% (alcohol
withdrawal), 26% (septic shock),
24% (DKA). Significant
quality-of-care gap.

10.7326/M21-2103

Clinical Case Series/Reports

Chehayeb etal. [24] 2023

Case report with
review

T1DM with DKA,
persistent lactic 1
acidosis

Persistent lactic acidosis despite
adequate resuscitation. Improved
only after empiric thiamine
administration. Highlights

10.1007 /511606-023-
08091-w

cognitive biases in
interpreting lactate.

Rising lactate during insulin
therapy for DKA. Suspected
refeeding syndrome; thiamine and
phosphate replacement
— lactate normalization.

10.1007/500063-019-
0562-y

Feldhaus &EZL;?nge'BrOCk 2019 Case report T1DM with DKA 1

Recurrent DKA post-bariatric
surgery with persistent
1 hyperketonemia despite standard
therapy. Resolution only after
thiamine replacement.

10.1055/5-0041-
1731139

T1DM post-bariatric
surgery

Moseley et al. [26] 2021 Case report

Methodological /Standardization Studies

No standard measurement
procedure for thiamine
compounds. Multiple method
variations prohibit comparison.
Need for certified reference
materials and standardization.

10.1515/cclm-2017-
0054

Systematic review

of methods N/A

Collie et al. [27] 2017 122 studies

Abbreviations: AUD, alcohol use disorder; BID, twice daily; DBP, diastolic blood pressure; DKA, diabetic ketoaci-
dosis; ED, emergency department; FBG, fasting blood glucose; GCS, Glasgow Coma Scale; GDM, gestational
diabetes mellitus; GWAS, genome-wide association study; HDL, high-density lipoprotein; hs-CRP, high-sensitivity
C-reactive protein; IGT, impaired glucose tolerance; IV, intravenous; MAP, mean arterial pressure; MDA, mal-
ondialdehyde; OCR, oxygen consumption rate; OR, odds ratio; PPG, postprandial glucose; RCT, randomized
controlled trial; SBP, systolic blood pressure; SMD, standardized mean difference; SNP, single-nucleotide poly-
morphism; TIDM, type 1 diabetes mellitus; T2DM, type 2 diabetes mellitus; THTR, thiamine transporter; TMP,
thiamine monophosphate; TNF-«, tumor necrosis factor-alpha.
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