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Abstract: As a precursor for a universal metabolic coenzyme, vitamin B1, also known as thiamine, is a
vital nutrient in all living organisms. We previously found that high-dose thiamine therapy prevents
overnutrition-induced hepatic steatosis in sheep by enhancing oxidative catabolism. Based on this
capacity, we hypothesized that thiamine might also reduce whole-body fat and weight. To test it, we
investigated the effects of high-dose thiamine treatment in sheep under overnutrition and calorie-
restricted undernutrition to respectively induce positive energy balance (PEB) and negative energy
balance (NEB). Eighteen mature ewes were randomly assigned to three treatment groups (n = 6 each).
The control group (CG) was administered daily with subcutaneous saline, whereas the T5 and T10
groups were administered daily with equivoque of saline containing 5 mg/kg and 10 mg/kg of
thiamine, respectively. Bodyweight and blood biochemistry were measured twice a week for a
period of 22 days under PEB and for a consecutive 30 days under NEB. Surprisingly, despite the
strong effect of thiamine on liver fat, no effect on body weight or blood glucose was detectable.
Thiamine did, however, increase plasma concentration of non-esterified fatty acids (NEFA) during
NEB (575.5 + 26.7, 657.6 + 29.9 and 704.9 + 26.1 quL_1 for CG, T5, and T10, respectively: p < 0.05),
thereby favoring utilization of fatty acids versus carbohydrates as a source of energy. Thiamine
increased serum creatinine concentrations (p < 0.05), which paralleled a trending increase in urea
(p = 0.09). This may indicate an increase in muscle metabolism by thiamine. Reduction of fat content
by thiamine appears more specific to the liver than to adipose tissue. Additional studies are needed
to evaluate the potential implications of high-dose vitamin B1 therapy in muscle metabolism.
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1. Introduction

Vitamin B1, also known as thiamine, is an essential precursor of thiamine pyrophos-
phate (TPP), a universal coenzyme for decarboxylation of «-keto acids with central roles in
energy metabolism in all living organisms [1,2]. As a coenzyme in transketolase reactions,
TPP also has a vital role in the pentose phosphate pathway, which is a significant route for
the synthesis of nucleic acids, amino acids, steroids, lipids, neurotransmitters, glutathione
and the supply of reduced NADP for various synthetic pathways [3].

Of particular importance to energy metabolism are the roles of TPP as a coenzyme for
the mitochondrial x-ketoacid dehydrogenases: pyruvate dehydrogenase (PDH), branched-
chain ketoacids dehydrogenase (BCKDH), and «-ketoglutarate dehydrogenase (x-KGDH).
In the decarboxylation of pyruvate to acetyl-coenzyme A (acetyl-CoA) by PDH, the catalytic
role of TPP couples glycolysis with terminal glucose oxidation in the tricarboxylic acid
(TCA) cycle [4,5]. As a coenzyme for BCKDH, TPP has a vital role in the utilization of
branched-chain amino acids, primarily from muscles, as a fuel source during starvation [6].
These roles emphasize the importance of thiamine bioavailability to partial and anaerobic
catabolism of glucose and amino acids. The role of TPP in x-KGDH, which is a key enzyme
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for the turnover rate of the TCA cycle [7], emphasizes its significance to terminal oxidation
of all three major macronutrients; carbohydrate, protein, and fat.

As a water-soluble vitamin, thiamine is readily excreted and exists in the body for a
relatively short time. Therefore, maintaining proper physiology and metabolic viability
requires a regular dietary intake of thiamine as a micronutrient, the insufficiency of which
leads to common disorders of thiamine deficiency such as beriberi and Wernicke—Korsakoff
syndrome [8-10].

Intriguingly, boosting thiamine physiological concentration has been shown to mod-
ulate metabolic physiology and pathophysiology. For instance, enhancing thiamine pro-
duction in Arabidopsis thaliana increased carbohydrate oxidation in the TCA cycle [11].
In mammals, high-dose thiamine therapy countered circulating dyslipidemia in diabetic
rats [12]; thiamine supplementation improved glucose tolerance in hyperglycemic indi-
viduals [13] and improved cardiovascular function [14], reduced serum pyruvate and
lactate [15], and improved diabetic complications [16]. Recently, we have used a nutritional
model of fatty liver in sheep [17] to show that high-dose vitamin B1 therapy prevents liver-
fat accumulation driven by overnutrition [18]. Whether this substantial effect of thiamine
on the liver fat content extends to extrahepatic tissues, with potential implications for
weight control, is unclear. Herein, we tested the hypothesis that high-dose thiamine treat-
ment would reduce body weight in sheep under both overnutrition and calorie-restricted
undernutrition, i.e., during positive energy balance (PEB) and negative energy balance
(NEB). To gain metabolic insight into the treatment effects, selected relevant circulating
metabolites and minerals were monitored before and during the study:.

2. Materials & Methods
2.1. Ethical Statement

All experimental procedures involving animals in this study were approved by the
Volcani Institute Animal Care Committee (permit 843 /19IL).

2.2. Animals and Experimental Design

The animal experiments were carried out at the Volcani sheep experimental farm. A
total of 18 ewes of the Affec—Assaf breed [19], with an average age of 2.7 £ 0.2 years and
body weight of 77.7 £ 1.6 kg, were employed in a complete randomized trial consisting
of three treatment groups (n = 6 each). The control group (CG) was treated with 2 mL
of saline, while the thiamine treated groups T5 and T10 were treated respectively with
5 mg/kg and 10 mg/kg of thiamine dissolved in 2 mL of saline to evaluate dosage effect
(Figure 1). To bypass potential ruminal metabolism of thiamine, the treatments were
administered subcutaneously, five times a week [18]. The results of the thiamine treatment
were evaluated in animals exposed to two nutritional states: PEB for the first 22 days
and NEB for the consecutive 30 days (Figure 1). Animals were housed in individual
cages for the entire experimental duration to control their individual feed intake. Under
PEB, animals were fed a diet of concentrate and hay [17] that constituted 250% of their
maintenance metabolizable energy requirements based on their body weights [20]. Under
NEB, animals were given the same diet composition but at 50% of their metabolizable
energy requirements. Feed intake was monitored daily, and body weights were measured
twice a week.

2.3. Plasma and Serum Biochemical Analysis

Blood glucose and 3-hydroxybutyrate (BHB) concentrations were measured using the
FreeStyle Optium glucometer (Abbot Diabetes Care Ltd., Oxfordshire, UK) [21]. Plasma
samples were isolated weekly from 5 mL of freshly drawn blood as described in [17] and
stored at —20 °C until analysis of non-esterified fatty acids (NEFA) concentration using the
Wako NEFA kit (Wako Chemicals, GmbH, Neuss, Germany).
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Figure 1. Experimental design and timeline. CG: Control group, T5 and T10: Thiamine treatment groups given a dose of

5 mg/kg and 10 mg/kg, respectively.

Before the experiment and at the end of each nutritional phase, 5 mL of blood samples
were collected into serum vacutainers (CAT serum Sep Clot Activator, VACUETTE, Greiner
Bio-One, Kremsmdiinster, Austria) via venipuncture for serum biochemical analysis. Blood
samples were left to clot at room temperature for ~3 h and then centrifuged at 1800 g for
15 min at 20 °C. Biochemical measurements of the ensuing sera were done using a Cobas
Integra 400 Plus (Roche Diagnostics, Rotkruez, Switzerland).

2.4. Statistical Analysis

Data were analyzed by repeated-measures ANOVA with the linear mixed model
approach in JMP (Version 15.1.0, SAS Institute Inc., Cary, NC, USA, 2019). For NEFA,
glucose, weight, and weight gain, the model included: Treatment as a between-subject
fixed factor with three levels (CG, T5, and T10), Nutritional State as a within-subject
fixed factor, Treatment x Nutritional State, Time as a within-subject nominal fixed factor
nested within Nutritional State, and Individual Animal as a random factor nested within
Treatment. There were no effects for the baseline values, and therefore, they were excluded
from the final statistical analysis. For data obtained from serum biochemical analysis, the
model included: Treatment, Nutritional State, Treatment x Nutritional State, and Individual
Animal as a random factor nested within Treatment. Post-hoc pairwise comparisons were
carried out by the Tukey method for multiple hypotheses [22]. Unless otherwise indicated,
data are presented as means + SE. Statistical significance was accepted at p < 0.05, while
statistical tendency was accepted at 0.05 < p < 0.1.

Thiamine treatment was identical in both the PEB and NEB periods, so no carryover
effects are expected. To assess potential nutritional carryover effects, the data were analyzed
with and without exclusion of days 23-29, mimicking a nutritional washout period. These
analyses yielded highly similar values and identical patterns of significant effects and
trends. As no indication for carryover effects was observed, the data analyses presented
herein correspond to all of the measured data points.

3. Results
3.1. Thiamine Increased Adipose Lipolysis during NEB but Did Not Affect Body Weight

The effect of high-dose thiamine treatment in mature ewes was investigated under
two nutritional states, i.e., PEB and NEB using three treatment groups CG, T5, and T10
(Figure 1).

As expected, the nutritional state affected sheep weight gain (p < 0.0001) since PEB
led to weight gain while NEB led to weight loss (Figure 2). Likewise, the nutritional state
affected the body weight (p < 0.0001), being lower during NEB compared to during PEB
(Figure 3). There was no effect of thiamine on either the weight gain or the bodyweight
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(Figures 2 and 3, Table 1). No effect was detected on weight gain normalized to the
individual dietary intake of metabolizable energy (Table 1).

Similarly, the nutritional state affected blood glucose (p < 0.0001), being lower during
NEB compared to PEB (Figure 4). There was a tendency for a Treatment by Nutritional
State interaction (p = 0.06), likely because the variation in glucose values was higher during
PEB than NEB (Figure 4). However, no significant overall effect of thiamine was detected
on blood glucose.

PEB

= CG - T5 —e—TI10

Weight gain [kg]

Figure 2. Weight gain response under positive (PEB) and negative (NEB) energy balance states in the control and thiamine
treated groups. Effect of Treatment (p = 0.83), nutritional state (p < 0.0001), time (p < 0.0001), and Treatment by Nutritional
State interaction (p = 0.94). CG: Control, T5: Thiamine treatment at 5 mg/kg, T10: Thiamine treatment at 10 mg/kg.

PEB

A CG =F TS —e—TI10

Body weight [kg]

65 +——T———T——— ——T— — T —T—
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52

Days

Figure 3. Weight response under positive (PEB) and negative (NEB) energy balance states in the control and thiamine
treated groups. Effect of Treatment (p = 0.67), Nutritional State (p < 0.0001), time (p < 0.0001), and Treatment by Nutritional
State interaction (p = 0.33). CG: Control, T5: Thiamine treatment at 5 mg/kg, T10: Thiamine treatment at 10 mg/kg.
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Table 1. Serum parameter, body weight, and non-esterified fatty acids (NEFA) analysis of the control (CG) and the thiamine
treated sheep under positive and energy balance nutritional states.

Positive Energy Balance Negative Energy Balance p-Values
Parameter
CG T5 TI0 SEM CG T5 TI0O SEM TRT NS  TRT x NS

Creatine Kinase, uL~! 1813 1847 1850 103 1243 1957 1372 172 043  0.04 0.14
Albumin, gdL~? 409 431 417 006 430 453 447 006 032  0.0002 0.73
AST, UL™! 935 1267 1136 9.1 90.6 2147 2216 389 023 0.1 0.47
T"tﬂé’;f}ﬁbm' 005 002 003 0008 014 013 019 001 021 <0000l 0.3
Calcium, mgdL ! 1011 911 1033 022 983 950 1022 015 004 098 0.30
Cholesterol, mgdL.™> 986 919 909 29 1085 1150 1117 26 091  <0.0001 0.21
Creatinine, mgdL~! ~ 0.72* 083 0.88* 003 0825 097 10585 004 005 0.0002 0.68
Urea, mgdL ! 392 457 461 1.7 238 268 276 094 009  <0.0001 0.66
GGT, uL 1 682 755 823 35 53.8 742 715 5.4 014 015 0.65
LDH, uL ! 7988 10382 9927 477 8905 16243 15197 1840 011 0.3 0.46
Magnesium, pL = 217 241 172 009 175 172 210 005 062  <0.0001 0.21
Phosphorous, mgdL"! 438 617 48 037 611 772 558 040 006  0.001 0.44
Total Protein, gdL.”! 758 742 751 013 737 744 755 0.1 093  0.56 0.45
Triglycerides, mgdL~! 942 953 1057 129 717 933 1221 093 036 086 0.56
Sodium, mmolL~! 1443 1452 1450 04 1493 1488 1488 044 098  <0.0001 0.64
Potassium, mmolL~! 504 513 523 009 519 529 526 009 072 034 0.90
Chloride, mmolL™! 1014 1019 101.5 042 1090 1067 1078 0.7 0.68  <0.0001 0.37
NEFA, uEqL ! 109.8 10475 13465 53  5755* 6576 7049* 168 011  <0.0001 0.01
Glucose, mgdL~! 571 534 563 054 482 485 496 064 054  <0.0001 0.06

Normalized weight
gain, kgMCal_1
Normalized body
weight, kgMCaF1

* Means are different (p < 0.05) or § tend to be different (0.05 < p <0.1), as analyzed within NS (Nutritional State) with Tukey correction.
CG—Control. T5—Thiamine treatment at a dose of 5 mg/kg. T10—Thiamine treatment at a dose of 10 mg/kg. TRT—Treatment. AST:
Aspartate aminotransferase. GGT: Gama-Glutamyltransferase. LDH: Lactate Dehydrogenase. NEFA: Non-esterified fatty acids. Normalized
weight gain: Normalized weight gain was obtained by dividing the weight gain by the corresponding individual intake of metabolizable
energy. Normalized body weight: Normalized body weight was obtained by dividing the weight by the corresponding individual intake of
metabolizable energy.

0.12 0.15 0.13 0.03 -120 -129 -—-1.25 0.13 0.93 <0.0001 0.93

13.0 13.0 13.1 0.03 61.7 61.5 62.4 0.17 0.67  <0.0001 0.02

PEB
70 NEB <&+ CG —0F TS —e—TI10

Glucose [mgdL!]

T T T T T T T T T T T T T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52
Days

Figure 4. Blood glucose response under positive (PEB) and negative energy balance states (NEB) in the control and thiamine
treated groups. Effect of Treatment (p = 0.54), Nutritional State (p < 0.0001), time (p < 0.0001), and Treatment by Nutritional
State interaction (p = 0.06). CG: Control, T5: Thiamine treatment at 5 mg/kg, T10: Thiamine treatment at 10 mg/kg.

As expected, the transition from PEB to NEB increased plasma NEFA concentrations
(p < 0.0001; Figure 5). There was also a Treatment by Nutritional State interaction on
the plasma NEFA concentrations (p = 0.01; Figure 5). This interaction reflects the increas-
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NEFA [uEqL]
=
(=]

BHB [mM]

- - .'l'!.—.--l-"- —_— - -

T T T

ing effect thiamine had on circulating NEFA during NEB (575.5 + 26.7 uEqL~! for CG
657.6 £ 29.9 for T5 and 704.9 + 26.1 for T10; p < 0.05), which was not reflected during
PEB (Table 1). Although thiamine increased NEFA concentrations during NEB, there were
no Treatment effects on final blood BHB levels measured at the end of the NEB period,
averaging at 0.37 = 0.05, 0.4 £ 0.06, and 0.4 £ 0.03 mM for CG, T5, and T10, respectively
(p = 0.86).

NEB £ CG = T3 —e—T10

wase
------
......

AT

T

T

8

10 12 14 16 18 20 22 24 26 28 3
Days

T T

0 32 34 36 38 40 42 44 46 48 50 52

Figure 5. Non-esterified fatty acid (NEFA) response under positive (PEB) and negative (NEB) energy balance states in
the control and thiamine treated groups. Effect of Treatment (p = 0.11), Nutritional State (p < 0.0001), Time (p < 0.0001),
and Treatment by Nutritional State interaction (p < 0.01). CG: Control, T5: Thiamine treatment 5 mg/kg, T10: Thiamine
treatment at 10 mg/kg. Inset is a graph of $-hydroxybutyrate (BHB) values at the end of NEB, showing no Treatment effect

(p < 0.86).

3.2. Thiamine Increased Serum Creatinine Concentrations

To get a broader perspective on the effect of the thiamine treatment, we measured
several serum biochemical parameters under both PEB and NEB. Before the treatment initi-
ation, all serum biochemistries were similar between the experimental groups (Table S1).
Thiamine increased serum creatinine concentrations in a dose-dependent manner being
highest in T10 (p < 0.05; Table 1). A similar trend of an increase in serum urea concentrations
by thiamine was observed (p = 0.09). There was a Treatment by Nutritional State interaction
for total serum bilirubin (p = 0.03), probably because total bilirubin concentrations were
highest in CG during PEB, while during NEB, they were highest in T10 (Table 1). However,
no apparent effect of thiamine on bilirubin was observed. The Nutritional State affected
the concentration of several of the measured serum parameters. PEB increased the serum
concentration of creatine kinase and urea (p < 0.05; Table 1); NEB increased the serum con-
centrations of albumin, total bilirubin, cholesterol, creatinine, and lactate dehydrogenase
(p < 0.05; Table 1).

3.3. Thiamine Effects on Serum Mineral Concentrations

Before the experiment, all the measured serum parameters were similar between the
experimental groups. Thiamine treatment increased serum calcium levels (p = 0.04; Table 1),
but not in a dose-dependent manner, and the differences appear too small (<4% between
T10 and CG) for physiological significance. Thiamine treatment also tended to affect serum
phosphorus (p = 0.06; Table 1). The Nutritional State also affected some of the minerals;
PEB increased Magnesium concentrations, whereas NEB increased the concentrations of
Phosphorous, Sodium, and Chloride (p < 0.05; Table 1). However, these were unaffected by
thiamine.
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4. Discussion

Owing to the potential metabolic benefits of high-dose thiamine therapy, particularly
with respect to reduction of liver steatosis [18] and blood glucose in diabetes [13], we inves-
tigated its effects on body weight, blood glucose, NEFA, and selected serum parameters
under PEB and NEB. Although there was no effect of thiamine treatment on body weight,
our results indicate that thiamine increased plasma NEFA concentrations during NEB. As
a common surrogate for adipose lipolysis, the elevation of plasma NEFA indicates that
thiamine modulated adipose metabolism to increase lipolysis. Although hepatic uptake
of circulating NEFA is used to fuel ketogenesis, particularly in NEB [23-25], there were
no treatment effects on final blood BHB concentrations. It is thus plausible that thiamine
increased the hepatic oxidation capacity for complete NEFA oxidation through the TCA
cycle, thereby countering the accumulation of acetyl-CoA as the precursor for ketone body
synthesis [26]. It is also possible that part of the circulating NEFA was esterified in the liver
as triglycerides and exported back to circulation in very-low-density lipoprotein (VLDL)
particles, implying that the energy was more redistributed in the body than utilized. The
latter possibility agrees better with the current observation of no effect for thiamine on
whole-body weight, and with our previous indications for thiamine stimulation of liver
gene expression favoring destabilization of lipid droplets and VLDL formation [18].

In the current study, no effect of thiamine on blood glucose levels was detected,
although in our previous investigation, the glucose-lowering effect of thiamine treatment
was significant [18]. Notably, the previous study investigated the impact of thiamine in
hyperglycemic growing lambs, whereas the current study employed adult ewes of normal
blood glucose levels. This may suggest that the effect of thiamine on blood glucose only
becomes appreciable at hyperglycemic conditions, which is consistent with other studies in
diabetic patients [13].

Thiamine treatment increased serum creatinine levels in a dose-dependent manner,
which was paralleled by a trending rise in serum urea concentrations. Notably, the ob-
served values remained within the normal range for creatinine (1.2-1.9 mg/dL) and urea
(8-20 mg/dL) [27], indicating no potential renal dysfunction. Creatinine is a byproduct
of muscle metabolism derived from creatine and creatine phosphate. The high energetic
status of creatine phosphate plays an important role in energy metabolism in tissues of
high and fluctuating energy demands, primarily skeletal and cardiac muscle [28]. Since
creatinine formation is spontaneous and nonenzymatic, its levels are related to muscle mass.
Therefore, serum creatinine is a common surrogate for muscle activity and mass [29-32].
The higher circulating creatinine in the thiamine-treated groups may potentially indicate
an increased muscle mass or metabolic activity. Since the treatment duration in this study
was relatively short, the rise in creatinine is more likely to reflect enhanced muscle creatine
formation and utilization than a substantial increase in muscle mass.

The similar trending increase in urea concentrations by the thiamine treatment in-
dicates an increased breakdown of amino acids. This is consistent with boosting muscle
metabolism, potentially contributed by thiamine-mediated activity stimulation of BCKDH,
the rate-limiting enzyme in branched-chain amino acid catabolism [33]. Studies in rats
show that insufficient thiamine decreases the actual activity of BCKDH, thereby lower-
ing BCAA oxidation [34]. Remarkably, high-dose thiamine therapy prevented hepatic
steatosis induced by overnutrition in sheep [18], and restored reduced mitochondrial
TPP-dependent enzymatic activities associated with traumatic brain injury even in the ab-
sence of thiamine deficiency [35], together suggesting that thiamine concentrations higher
than the normal physiological levels may boost mitochondrial combustion, presumably
though not necessarily exclusively by maximizing the oxidative capacity of TPP-dependent
mitochondrial dehydrogenases.

Further body composition measurements and molecular studies are warranted to
probe the specific modulation of muscle metabolism by high-dose vitamin B1 therapy.
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5. Conclusions

In this study, the high-dose thiamine treatment modulated circulating NEFA concen-
trations, i.e., increased it during NEB, indicating enhanced adipose lipolysis. However,
whole-body weight was unaffected. The increase of serum creatinine suggests that thiamine
may have also increased muscle metabolism. Additional studies are required to assess the
potential benefits of thiamine therapy for muscle activity and health.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nu13103463/s1, Table S1: Pretreatment values of serum parameters.
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