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Low expression of thiamine pyrophosphokinase-1 contributes
to brain susceptibility to thiamine deficiency
Yingfeng Xiaa*, Ting Qianab*, Guogiang Fei?, Xiaogin Chengz?, Lei Zhao°*,

Shaoming Sang=* and Chunjiu Zhonge

Thiamine deficiency is a well-known risk factor for

the development of severe encephalopathy, such as
Wernicke encephalopathy and Korsakoff syndrome, but
the underlying mechanism is still mysterious. This study
aims to investigate the expression levels of thiamine
metabolism genes in different tissues and their impact
on brain susceptibility to thiamine deficiency. The mRNA
and protein levels of four genes known to be associated
with thiamine metabolism: thiamine pyrophosphokinase-1
(Tpk), Solute carrier family 19 member 2 (Slc19a2),
Slc19a3, and SiIc25a19, in the brain, kidney, and liver of
mice were examined. Thiamine diphosphate (TDP) levels
were measured in these tissues. Mice were subjected to
dietary thiamine deprivation plus pyrithiamine (PTD), a
specific TPK inhibitor, or pyrithiamine alone to observe
the reduction in TDP and associated pathological
changes. TPK mRNA and protein expression levels were
lowest in the brain compared to the kidney and liver.
Correspondingly, TDP levels were also lowest in the brain.
Mice treated with PTD or pyrithiamine alone showed an
initial reduction in brain TDP levels, followed by reductions
in the liver and kidney. PTD treatment caused significant
neuron loss, neuroinflammation, and blood-brain barrier
disruption, whereas dietary thiamine deprivation alone

Introduction

Thiamine diphosphate (TDP), the active form of thia-
mine, is the cofactor of transketolase, pyruvate dehydro-
genase, d-ketoglutarate dehydrogenase, and branched
chain a-ketoacid dehydrogenase. ITransketolase is
involved in the non-oxidative branch of the pen-
tose phosphate pathway. Pyruvate dehydrogenase, o-
ketoglutarate dehydrogenase, and branched chain
a-ketoacid dehydrogenase are mitochondrial enzymes
critical for oxidative decarboxylation of pyruvate, -
ketoglutarate, or branched-chain amino acids. They play
an essential role in glucose metabolism [1,2]. Abnormal
thiamine metabolism characterized by TDP reduc-
tion induced by genetic mutations, improper medical
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did not. TPK expression level is the best indicator of
thiamine metabolism status. Low TPK expression in the
brain appears likely to contribute to brain susceptibility to
thiamine deficiency, underscoring a critical role of TPK in
maintaining cerebral thiamine metabolism and preventing
thiamine deficiency-related brain lesions. NeuroReport 35:
1000-1009 Copyright © 2024 The Author(s). Published by
Wolters Kluwer Health, Inc.
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treatment, or unhealthy lifestyles significantly predis-
poses to brain damage, causing Wernicke encephalopa-
thy (WKS), Korsakoff syndrome, and biotin-responsive
basal ganglia disease. These effects are attributed to
disrupted TDP-dependent metabolic processes, which
are involved in energy metabolism and neurotransmit-
ter synthesis [2]. Our and other studies have also found
that thiamine deficiency is involved in several neuro-
degenerative diseases, including Alzheimer’s disease,
through activating a cascade of energy deficiency, oxida-
tive stress, endoplasmic reticulum stress, neuroinflam-
mation, and ultimately neuron death [3-7]. Although
the maintenance of normal function of all other organs is
also strictly dependent on T'DP, the brain is particularly
vulnerable to thiamine deficiency [8,9]. Clarifying the
underlying mechanism by which the brain is vulnera-
ble to thiamine deficiency will promote our understand-
ing of the homeostasis of thiamine metabolism in the
tissues and help discover new therapeutic options for
brain diseases associated with disrupted homeostasis of
thiamine metabolism.
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Thiamine cannot be synthesized endogenously in
mammals and has to be absorbed from food. Currently,
four genes are known to be associated with thia-
mine metabolism: Solute carrier family 19 member 2
(SLC19A2), SLC19A3, thiamine pyrophosphokinase-1
(TPK), and SLC25A1719. The first two encode thia-
mine transporter-1 (THTR-1) and THTR-2, which
are located on the cell membrane and mediate thia-
mine entry into cells and across the blood-brain bar-
rier (BBB). Mutations of SLC79A2 and SLC19A3 result
in thiamine-responsive megaloblastic anemia and
biotin-responsive basal ganglia disease, respectively
[10-13]. TPK is located in the cytoplasm and converts
thiamine into functional TDP. Defects of 7PK cause
thiamine metabolism dysfunction syndrome-5, an
encephalopathy that can be fatal in infants and young
children if not treated [14,15]. SLC25A19 encodes the
mitochondrial TDP transporter that is responsible for
transporting T'DP into mitochondrion. The defect of
SLC25A19 leads to Amish lethal microcephaly [16].
Chronic alcoholic individuals are at a high risk of thi-
amine deficiency, which disrupts thiamine absorption
from the gastrointestinal tract, thiamine storage in the
liver, and the phosphorylation of thiamine to TDP
[17]. These results indicate that thiamine transporters
and metabolic enzymes play different roles in TDP
homeostasis in different tissues.

For the present study, mice with dietary thiamine dep-
rivation combined with intraperitoneal injection of
pyrithiamine were selected as a well-established exper-
imental model that excellently recapitulates the clinical
features of WKS [18]. A previous study demonstrated
pyrithiamine is a specific and competitive inhibitor
of TPK, giving a Ki value of 19 mM. Other thiamine
metabolism inhibitors such as oxythiamine and chloro-
ethylthiamine, which are both very weak inhibitors of
the enzyme, were unable to replicate human thiamine
deficiency-related disorders when administered to ani-
mals [19]. Those observations suggest that TPK may play
a crucial role in mediating thiamine deficiency-induced
brain susceptibility. We hypothesized that differences
in 'TPK expression may underlie thiamine deficiency-
induced brain susceptibility. To address these issues, we
detected the mRNA levels of four known genes asso-
ciated with thiamine metabolism: 7pk, Slcl19a2, Slcl9a3,
and $/c25a19 in the different organs of wild-type mice.
TPK protein level was also detected in different organs
by Western blot. Thiamine and its metabolites were ana-
lyzed in different organs of control, PTD (dietary thi-
amine deprivation with pyrithiamine treatment), and
pyrithiamine-treated mice. Brain pathological changes
were compared in PTD and control mice. The results
show that the levels of TPK mRNA and protein were
the lowest, as is the TDP level, in the brain tissue, and
we propose that this contributes to brain susceptibility
to thiamine deficiency.
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Materials and methods

Animals

All animal care and experimental procedures were per-
formed with the approval of the Medical Experimental
Animal Administrative Committee of Fudan University.
"Two-month-old C57BL/6 male mice were used for thi-
amine deficiency (TD), PTD, and pyrithiamine admin-
istration experiments. All animals were group-housed
under standard laboratory conditions with humidity- and
temperature-controlled environments, 12-h light/dark
cycles, and free access to food and water. T'D mice were
produced by feeding a thiamine-depleted diet (Bio-serv
Company, Flemington, New Jersey, USA). PTD mice
were generated by combining a thiamine-depleted diet
(Bio-Serv Company, USA) with intraperitoneal injections
of 500 pg/kg/day pyrithiamine. Pyrithiamine mice were
produced by administering intraperitoneal injections of
2500 pg/kg/day pyrithiamine. Control animals received a
thiamine-containing diet (Bio-serv Company, USA) and
distilled water ad libicum.

RNA isolation and reverse transcription-PCR

Briefly, the total RNA of heart, liver, lung, kidney, and
brain tissues of wild-type mice was extracted using
TRIzol reagent (15596026CN; Invitrogen, Waltham,
Massachusetts, USA) according to the manufacturer’s
protocol. RNA was reverse-transcribed to ¢cDNA using
ABScript IT ¢cDNA First-Strand Synthesis Kit (RK20400;
Abclonal, Wuhan, China) with random primers accord-
ing to the manufacturer’s protocol. The qPCR assay was
conducted using the TB Green Premix Ex Taq IT FAST
qPCR system (CN830A; Takara, Kyoto, Japan). Each
sample was normalized to the Aczb levels. The primer
sequences of each gene are listed in Supplementary
Table 1, Supplemental digital content 1, zzzp://links.lww.
com/WNR/JAT7S82.

Western blot

Western blotting was performed as previously reported.
Briefly, tissues were lysed with RIPA buffer supplemented
with protease inhibitors, sonicated twice,and resuspended
in 5x sample buffer (PO015L; Beyotime, Shanghai,
China) supplemented with 10% beta-mercaptoethanol
(M6250; Sigma-Aldrich, Darmstadt, Germany). The
Pierce BCA protein assay kit (A55866; Thermo Fisher
Scientific, Waltham, Massachusetts, USA) was used
to determine protein concentration; 40 pg of protein
was loaded on a 10% SDS-polyacrylamide gel electro-
phoresed and transferred to nitrocellulose (IPVH00010;
Millipore, Billerica, Massachusetts, USA). The membrane
was blocked overnight in 5% nonfat milk in tris-buffered
saline with tween 20 at 4 °C. Primary antibodies used
were: anti- PK (ab230263, 1 : 1000; Abcam, Cambridge,
UK), and anti-tubulin (2146, 1:10 000; Cell Signaling
Technology, Danvers, Massachusetts, USA). The second-
ary antibodies goat anti-rabbit-HRP (BLO0O03A, 1 :5000;
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Biosharp, Shanghai, China) were used, and images were
captured using a chemiluminescence image scanner
(Qingxiang, Shanghai, China). Relative grayscale value
was calculated by correcting with each Coomassie stain-
ing grayscale value. These relative grayscale values are
then normalized to the values of brain tissue.

Thiamine diphosphate, thiamine monophosphate, and
thiamine

Fresh whole blood was collected from mice by cardiac
puncture, anticoagulated with heparin, and deprotein-
ized with an equal volume of 7.6% perchloric acid.
Brain, kidney, and liver tissue from mice were homog-
enized with 100 mM of K,HPO, (pH = 5.0) and depro-
teinized with an equal volume of 7.2% perchloric acid.
All samples were centrifuged and supernatants were
collected. The levels of TDP, thiamine monophos-
phate (TMP), and thiamine were measured as previ-
ously described [6]. Briefly, thiamine and its phosphate
esters were derived into thiochromes using potassium
ferricyanide and separated by gradient elution with a
C18 reversed-phase analytical column (250 x 4.6 mm).
The derivatives were measured by HPLC fluoros-
copy (Agilent 1100, Santa Clara, California, USA) with
an excitation wavelength of 367 nm and an emission
wavelength of 435 nm. Blood TDP, TMP, and thiamine
levels were quantified using standard samples of TDP,
"TMP, and thiamine (Sigma-Aldrich, St. Louis, Missouri,
USA).

Immunohistochemical staining

Mice were deeply anesthetized with 0.14 g/kg sodium
pentobarbital administered by intraperitoneal injection,
then transcardially perfused with PBS and fixed using 4%
paraformaldehyde. Serial coronal sections (35 pm) were
cut with a sliding microtome (Leica, Wetzlar, Germany)
and stained as freely floating sections. After washing in
PBS at pH 7.4, sections were blocked in PBS containing
5% BSA and 0.5% 'Triton X-100 for 2 h at 37 °C, then
were incubated with NeulN (1:500; Millipore), GFAP
(1 :500; Wako, Osaka, Japan), IBA1 (1 :500; Wako), and
mouse IgG (1 :500; Invitrogen), overnight at 4 °C. After
further PBS washing, sections were incubated with goat
anti-mouse antibody conjugated to Alexa Fluor 488 and
Alexa Fluor 546 (1:500; Invitrogen) for 2 h at 37 °C
and mounted on 3-aminopropyltricthoxysilane-coated
glass slides. Z-stack images were taken using Nikon Al
(Tokyo, Japan) laser scanning microscope, with a 10x
objective. Results were quantified using ImageProPlus
(Media Cybernetics, Silver Spring, Maryland, USA).

Statistical analysis

GraphPad Prism 7 (version 7.01; GraphPad soft-
ware, GraphPad Software, Inc, San Diego, California,
USA) was used for statistical analyses. Student’s 7-test
for single comparisons or one-way ANOVA for multiple

comparisons with appropriate Tukey’s or Dunnett’s mul-
tiple comparison tests were used to identify statistical dif-
ferences. The results shown represent the mean + SEM.
‘N refers to the number of animals, unless otherwise indi-
cated. All conditions that were statistically different from
its control are indicated, where * represents P < 0.05, **
P <0.01, *** P <0.001, and **** represents P < 0.0001.

Results

Expression levels of Tpk, Sic19a2, Sic19a3, and
Slc25a19 in different tissues

Detection of the mRNA levels for Tpk, Slcl19a2, Skcl9a3,
and S/25a419 in different organs of wild-type mice
showed that the mRNA for 7p# was highest in kidney, fol-
lowed by lung and liver but lowest in the brain and heart
(Fig. 1a). The mRNA for 8/c19a2 was highest in the liver,
followed by the lung, the kidney, the brain, and lowest in
the heart (Fig. 1b). The mRNA for S/c7943 was highest
in the kidney, followed by the brain, and lung, and low-
est in the liver and the heart (Fig. 1c). The mRNA for
Sle25a19 was highest in the kidney, followed by the brain
and the liver, and lowest in the lung and heart (Fig. 1d).

The level of brain thiamine pyrophosphokinase-1
protein is the lowest in all tissues measured

The TPK protein expression levels in different organs
were also studied. Because of inconsistent expression lev-
els of internal reference proteins (f3-actin and (-tubulin)
across different tissues (Fig. 1e), the level of total protein
obtained from Coomassie staining was used as the refer-
ence for TPK quantification (Fig. 1f). The results showed
that the level of TPK protein in brain and heart tissue
was the lowest among the examined tissues, followed by
lung (2.2-fold higher), liver (3.2-fold higher), and highest
in kidney (4.4-fold higher) compared with brain (Fig. 1g).
The protein levels were in line with the 7p# mRNA lev-
els, revealing that TPK mRNA and protein levels were
notably lower in the brain and heart tissues than in other
tissues assessed (Fig. la—g).

Levels of thiamine diphosphate, thiamine
monophosphate, and thiamine in different tissues

The levels of TDP, TMP, and thiamine were measured in
the brain, liver, and kidney of wild-type mice. The results
showed that the levels of TDP, TMP, and thiamine were
consistently higher in the kidney and liver compared
to the brain, with the brain showing significantly lower
levels (Fig. 1h—j). Overall, those results showed that the
TPK expression level was the best indicator of thiamine
metabolism status among the detected thiamine metab-
olism genes.

Pyrithiamine significantly reduces thiamine
diphosphate levels in the brain

Pyrithiamine is a specific inhibitor of TPK. Eleven days
after pyrithiamine administration, the levels of TDP,
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Expression levels of Tpk, Slc19a2, Slc19a3, and Slc25a19 in different tissues and tissue distribution of thiamine and phosphate esters. (a—d) Relative
mRNA expression for the Tpk (a), Slc19a2 (b), Slc19a3 (c), and Slc25a19 (d) in heart, liver, spleen, lung, kidney, and brain tissues of wild-type mice.
Each gene expression was normalized to Actb (N = 4). (e) Western blot images for the TPK, B-tubulin, and -actin protein expression levels in heart,
liver, lung, kidney, and brain tissues of wild-type mice. (f) SDS-PAGE gel stained with Coomassie Brilliant Blue, with the grayscale values of each
lane indicated below. (g) Quantification of TPK protein expression level, obtaining relative TPK expression for each tissue by correcting with total
protein from Coomassie staining and then normalized to TPK value of brain (N = 4). (h—j) The TDP (h), TMP (i), and thiamine (j) content in the brain,
kidney, and liver tissues of wild-type mice. The content is corrected by tissue weight. N = 4 for all groups. Data were expressed as mean = SEM.
One-way ANOVA with Tukey's post hoc test, and two-sided were used for comparisons; all groups compared with the brain, *P < 0.05, **£< 0.01,
***P<0.001, and **** < 0.0001. TDP, thiamine diphosphate; TPK, thiamine pyrophosphokinase-1; TMP, thiamine monophosphate.

"TMP, and thiamine in the blood, the kidney, the brain,
and the liver were investigated. TDP levels in the blood
and the brain were significantly decreased as compared
with that in control mice (Fig. 2a and d), TDP levels
were not significantly changed in the kidney and the liver
(Fig. 2b and c). While, the levels of TMP and thiamine

all significantly decreased in the blood, kidney, brain, and
liver, TMP was the greatest decline in the brain and thia-
mine was the greatest decline in the liver (Table 1). This
may be due to pyrithiamine blocking TMP and thiamine
protein binding sites, making nonprotein-binding thia-
mine more vulnerable to being lost. Therefore, our data
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Pyrithiamine significantly reduces TDP levels in the brain. (a-d) TDP levels during pyrithiamine treatment for 11 days (PT) or thiamine-deficient diet
combined with PT treatment for 11 days (PTD11), and control mice (Ctrl) in the blood (a), kidney (b), liver (c), and brain (d) (N =4 for all groups).
The data were expressed as mean = SEM. One-way ANOVA with Tukey's post hoc test, and two-sided were used for comparisons. ns indicates
nonsignificant differences; **P < 0.01, **P<0.001, and ****P < 0.0001. TDP, thiamine diphosphate.

Table 1 The concentration of thiamine monophosphate (TMP) and thiamine in different tissues after PT treatment or PTD treatment

TMP (ng/mg (mL)) Thiamine (ng/mg (mL))
Tissue Ctrl (N=4) PT (N=4) PTD (N=4) Ctrl (N=4) PT (N=4) PTD (N=4)
Blood 93.73 £3.25 70.85 £ 1.43***3 4.67 £ 1.27###tp 119.40 £ 2.23 53.85 + 1.59***3 7.01 £ 1.13###tp
Kidney 55.61 + 5.82 2.59 + 0.16***a 413+ 0.51####p 6.21 £0.72 26.16 + 2.38***a 0.28 £ 0.04####p
Liver 75.40 + 3.00 5.21 + 0.38***a 3.33 + 0.64###tb 17.07 £ 3.09 30.96 £ 1.64****3 0.54 + 0.12####p
Brain 10.45+1.68 1.26 £ 0.11*** 0.37 £ 0.05####b 2.19 £0.02 3.40 £ 0.41**a 0.06 + 0.01####p

Data were expressed as mean + SEM; Student's t-test were used for comparisons. ‘a’ means PT group compared with Ctrl group; ‘b’ means PTD group compared with

Ctrl group.

PT, pyrithiamine; PTD, thiamine deficiency-diet combined with PT treatment for 11 days.

***P<0.001.
»**p<0.0001.
##
##P<0.0001.

provided a molecular rationale for TPK in determining
bodily thiamine metabolism and its lowest level in the
brain and heart tissues underlying the tissue sensitivity
due to thiamine deficiency.

In order to further determine whether pyrithiamine
combined with thiamine deficiency (P'T'D) can further
lead to thiamine metabolism inhibition, we measured
the levels of T'DP, TMP, and thiamine in mice with
PTD on the 11 day (P'TD11), and the results showed
that TDP were significantly reduced in the blood, liver,
kidney and brain of PTD mice. More importantly,
PTD can significantly reduce the level of TDP in the
brain compared with pyrithiamine administration alone
(Fig. 2a—d). The levels of TMP and thiamine were also
significantly reduced in various tissues of P'T'D mice
(Table 1).

Thiamine pyrophosphokinase-1 inhibition significantly
induced neuron loss, neuroinflammation, and blood-
brain barrier broken

The most typical thiamine deficiency-induced brain
pathological lesions include neuron loss, astrocyte and
microglia activation,and BBB damage [18,20,21]. To clar-
ify the effect of TPK inhibition on brain injury in mice,

we performed histological analysis on brain slices from
PTD, TD, and control mice. Firstly, when the NeuN
antibody was used to stain the brain slices to detect
neuronal damage, the results showed that the number
of NeuN-positive cells and the fluorescence intensity
in the P'TD mice were significantly reduced compared
to the control mice (Fig. 3a—d). Secondly, staining brain
glia cells with the microglia marker IBA1 and the astro-
cyte marker GFAP antibodies to demonstrate the activa-
tion of inflammation showed that both the number and
intensity of IBA1-positive cells (Fig. 4a—d) and GFAP-
positive cells (Fig. 4e—h) were significantly higher than
those in the control group. Finally, when antibodies to
IgG and lectin were used to stain brain slices, the results
showed that in PTD mice IgG leakage was increased,
suggesting destruction of the BBB, and lectin labeling
of blood vessels showed increased vascularization and
structural disorder (Fig. 5a—d). All these results show
that pyrithiamine combined with thiamine-deficient
diet can induce significant neuron loss, neuroinflamma-
tion, broken BBB, and vascular damage compared with
control mice.

After feeding the thiamine-depleted diet for 26 days,
the TD26 mice showed significant body weight loss
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TPK inhibition significantly induced neuron loss. (a) Representative images of neurons stained with NeuN (red) and counterstained with DAPI (blue)
in thalamus of control, PTD11, and TD26 mice. (b—d) Quantification of NeuN-immunoreactivity neurons covered summary areas (b), numbers (c), and
summary density (d) in thalamus of control, PTD11, and TD26 mice (N = 4 for all groups). Data were expressed as mean + SEM. One-way ANOVA
with Tukey's post hoc test, and two-sided were used for comparisons. ns indicates nonsignificant differences; *P < 0.05, **P < 0.01, ***P < 0.001,
and ****P < 0.0001. Scale bars: 50 um. PTD11, thiamine-deficient diet combined with PT treatment for 11 days; TD26, thiamine-deficient diet for

26 days. TPK, thiamine pyrophosphokinase-1.

and were near death compared with control mice. When
pathologic brain damage in PTD mice and TD mice
were compared, we found that there was less neuron
loss in T D26 mice compared with PTD11 mice, where it
was comparable to that in the control group (Fig. 3a—d).
Activation and proliferation of astrocytes and microglia
were also significantly decreased in TD26 mice com-
pared with PTD11 mice, and not significantly changed
compared with control mice (Fig. 4a—h). Vascular dam-
age and IgG leakage observed in PTD11 mice were also
comparable to that seen in the control mice (Fig. 5a—d).

Collectively, those results indicated that injection of a
specific TPK inhibitor pyrithiamine can significantly
inhibit the production of TDP in brain tissue, leading to

neuronal loss and an inflammation-activated phenotype.
This effect of a TPK inhibitor further demonstrated the
important role of TPK in thiamine deficiency-induced
brain susceptibility.

Discussion

These results demonstrate that the brain exhibits a lower
TPK expression than that in the liver and kidney of wild-
type mice in this study. Among the detected thiamine
metabolism genes, TPK expression level was the best
indicator of thiamine metabolism status in the different
tissues. Pyrithiamine, a specific TPK inhibitor, no matter
whether administered alone (pyrithiamine) or as part of a
thiamine-deficient diet (P'T'D), consistently significantly
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TPK inhibition significantly induced neuroinflammation. (a) Representative images of microglia stained with IBA1 (green) and counterstained with
DAPI (blue) in thalamus of control (Ctrl), PTD11, and TD26 mice. (b—d) Quantification of IBA1-immunoreactive microglia showing summary areas
(b), numbers (c), and summary density (d) in thalamus of control, PTD11, and TD26 mice (N = 4 for all groups). (e) Representative images of astro-
cytes stained with GFAP (red) and counterstained with DAPI (blue) in thalamus of control, PTD11, and TD26 mice. (f-h) Quantification of GFAP-
immunoreactive astrocytes showing summary areas (f), numbers (g), and summary density (h) in thalamus of control, PTD11, and TD26 mice (N =4
for all groups). Data were expressed as mean + SEM. One-way ANOVA with Tukey's post hoc test, and two-sided were used for comparisons. ns
indicates nonsignificant differences; *P < 0.05, **P<0.01, **P<0.001, and ***P < 0.0001. Scale bars: 50 pm. PTD11, thiamine-deficient diet
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TPK inhibition significantly induced vascular leakage. (a) Representative images of IgG staining (red) and counterstained with DAPI (blue) in thal-
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disrupted brain thiamine metabolism. Functionally,
inhibited TPK combined with a thiamine-deficient
diet induced brain lesions including neuron loss, neu-
roinflammation, and BBB permeability, whereas a

thiamine-deficient diet alone did not. Our results nec-
essarily and sufficiently demonstrated that the low TPK
expression in the brain contributed to thiamine deficiency-
induced brain susceptibility.
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It has been well reported that thiamine deficiency is
prone to induce severe brain disorders including dry
beriberi, Wernicke’s encephalopathy, and Wernicke—
Korsakoff Syndrome [17,22]. The neuropathological
changes observed in WKS are lesions in periventricu-
lar regions and typical atrophy of the mamillary bodies
[23]. In addition to the mamillary body atrophy, WKS
also involves neuronal loss in the anterior principal and
medio-dorsal nuclei of the thalamus and the basal fore-
brain [17]. In animal studies, only the brain pathologies
and behavioral symptoms of pyrithiamine-induced thia-
mine deficiency rodent models have been well-mapped
to specific pathological changes in the anatomy and neu-
rochemistry of human patients with thiamine deficiency.
In our study, we found that the pyrithiamine-induced thi-
amine deficiency mice model also exhibited significant
thiamine metabolism disorder and ultimately neuronal
loss, bleeding, and inflammation-activated phenotype in
the thalamus, which was limited in the brain of the single
thiamine-deficient diet treated mice.

The above-mentioned two experimental rodent models
of thiamine deficiency have been widely used. The first
model was induced by simple thiamine-deficient diet food
feeding to rodents for continuous 4 weeks in mice, and
6-7 weeks in rats. The second was more acutely induced
by combining the feeding of a thiamine-free diet with the
administration of a thiamine pyrophosphokinase inhibi-
tor, pyrithiamine, termed pyrithiamine induced thiamine
deficiency (P'TD). The PTD model is a well-established
experimental model that recapitulates the stereotyped
progression of neurological/behavioral symptoms that
mimic the pathology described in humans with TD [21].
The underlying mechanism by which the two models dif-
fer remains a mystery. Here our results demonstrated that
the brain’s low TPK contributed to thiamine deficiency-
induced brain susceptibility. Thiamine-deficiency induced
encephalopathy in humans is usually caused by simple thi-
amine deficiency, unlike the P'T'D mice model. The differ-
ent structures and modifications of TPK between humans
and mice also need further to be clarified.

Previous studies have tried to explain the thiamine
deficiency-induced brain susceptibility from the perspec-
tive that the brain may be more prone to thiamine loss.
However, the brain and heart exhibited more TDP con-
servation than other tissues after thiamine-deficient diet
treatment [8]. Those results do not support this hypoth-
esis. Our study is the first to explore whether the tissue
distribution of different thiamine metabolism genes may
mediate tissue sensitivity to thiamine deficiency. We
found only TPK was the consistently lower expression in
thiamine deficiency susceptive tissues: brain and heart.
Combined with pharmacological experimental results
using pyrithiamine, it necessarily and sufficiently demon-
strated that the low TPK expression in the brain contrib-
uted to thiamine deficiency-induced brain susceptibility.

We also compared the thiamine metabolism genes with
thiamine and its ester levels and found the TPK expres-
sion levels were most closely correlated with TDP, TMP,
and thiamine levels. Rapala-Kozik ez a/. reported that
TPK and TDP phosphatases coordinately regulated and
stabilized the pool of TDP in Zea maize seedlings or
under abiotic stress [24,25]. Those results suggested that
TPK-regulated TDP homeostasis is conserved between
mammals and plants.

Our study also found that the TPK level in heart tissue
is as low as in the brain, leading us to speculate that low
expression of TPK may be a significant factor contribut-
ing to the heart’s susceptibility to thiamine deficiency.
Multiple studies have found that thiamine deficiency not
only leads to neurological abnormalities but also plays a
crucial role in the process of high output heart failure,
known as wet beriberi. Heart failure caused by thiamine
deficiency is characterized by cardiac enlargement with a
normal rhythm, dependent edema, elevated venous pres-
sure, peripheral neuritis or pellagra, and nonspecific elec-
trocardiogram changes. This condition typically follows
a severe dietary deficiency of thiamine lasting 3 months
or more, but symptoms often improve with vitamin
supplementation [26]. In further studies we will tissue-
specifically overexpress TPK in order to explore this issue.

Conclusion

In summary, we elucidated that TPK expression level
was the best indicator of thiamine metabolism status.
The difference in TPK expression among various tissues
may contribute to tissue susceptibility induced by thia-
mine deficiency. This study increased our understanding
of the molecular basis of thiamine metabolism in differ-
ent tissues and the clinical manifestations caused by thi-
amine deficiency. TPK will be a new therapy target for
disrupted TDP homeostasis-related neurological disease.
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