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Abstract

Obesity and eating disorders are prevailing health concerns worldwide. It is important to
understand the regulation of food intake and energy metabolism. Thiamine (vitamin B1) is an
essential nutrient. Thiamine deficiency (TD) can cause a number of disorders in humans, such as
Beriberi and Wernicke-Korsakoff syndrome. We demonstrated here that TD caused anorexia in
C57BL/6 mice. After feeding a TD diet for 16 days, the mice displayed a significant decrease in
food intake and an increase in resting energy expenditure (REE), which resulted in a severe weight
loss. At the 2219 day, the food intake was reduced by 69% and 74% for male and female mice,
respectively in TD group. The REE increased by 9 folds in TD group. The loss of body weight
(17-24%) was similar between male and female animals and mainly resulted from the reduction of
fat mass (49% decrease). Re-supplementation of thiamine (benfotiamine) restored animal's
appetite, leading to a total recovery of body weight. The hypothalamic AMPK is a critical
regulator of food intake. TD inhibited the phosphorylation of AMPK in the arcuate nucleus (ARN)
and paraventricular nucleus (PVN) of the hypothalamus without affecting its expression. TD-
induced inhibition of AMPK phosphorylation was reversed once thiamine was re-supplemented.

In contrast, TD increased AMPK phosphorylation in the skeletal muscle and upregulated the
uncoupling protein (UCP)-1 in brown adipose tissues which was consistent with increased basal
energy expenditure. Re-administration of thiamine stabilized AMPK phosphorylation in the
skeletal muscle as well as energy expenditure. Taken together, TD may induce anorexia by
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inhibiting hypothalamic AMPK activity. With a simultaneous increase in energy expenditure, TD
caused an overall body weight loss. The results suggest that the status of thiamine levels in the
body may affect food intake and body weight.

AMP-activated protein kinase; nutrition; neurological disorders; obesity; vitamin B1

INTRODUCTION

Thiamine, also known as vitamin B1, is an essential nutrient and plays an important role in
metabolic and cellular function in all living organisms. Thiamine is found in high
concentrations in skeletal muscle, heart, liver, kidneys and brain. The thiamine-dependent
enzyme a-ketoglutarate dehydrogenase complex (KGDHC) is a key and perhaps rate-
controlling enzyme of the citric acid cycle. In the brain, thiamine is crucial to several
biochemical pathways, such as intermediate carbohydrate and lipid metabolism, as well as
the production glucose-derived neurotransmitters acetylcholine and gamma-aminobutyric
acid (GABA) (Butterworth et al., 1986). The central nervous system (CNS) is particularly
sensitive to the disturbance of thiamine due to its heavy dependence on oxidative
metabolism. Thiamine deficiency (TD) causes neurological deficits and a number of
disorders in humans, such as Beriberi, Wernicke's encephalopathy and Wernicke-Korsakoff
syndrome (Vetreno et al., 2012). The most common cause of TD is chronic alcohol
consumption, inadequate uptake or deficient absorption of thiamine (Jhala and Hazell,
2011). TD-induced neurological manifestations include ataxia, nystagmus, ophthalmoplegia,
change in consciousness/mental status and memory deficits (Sechi and Serra, 2007). TD in
rodents causes similar neurological symptoms, providing good experimental models to
investigate anatomical and physiological underpinnings of human neurological disorders and
underlying mechanisms (Vetreno et al., 2012). Studies using TD rodent models have
revealed numerous neuroanatomical, neurochemical, and behavioral changes. For example,
TD induced an increase of extracellular glutamate level in the thalamus (Langlais and
Zhang, 1993), a decrease of GABA activity in the media thalamus (Heroux and Butterworth,
1988) and alterations in dopamine metabolism (Mousseau et al., 1996). The abnormal
behaviors associated with TD include memory and learning impairment on tasks
(Nakagawasai et al., 2000, Nakagawasai et al., 2001), increase of pain threshold to noxious
heat stimulation (Tadano et al., 1995), and a loss of righting reflex and body weight (Zhang
et al., 1995, Nakagawasai et al., 2004). TD The loss of body weight is observed in TD
rodent model and patients with Wernicke-Korsakoff syndrome (Nakagawasai et al., 2004,
Saad et al., 2010). However, it is unclear how TD causes body weight loss.

Herein, we show that a TD diet significantly decreased food intake which was accompanied
by an increase in energy expenditure in C57BL/6 mice, resulting in a body weight loss.
Thiamine re-supplementation restored food intake, and reversed TD-induced body weight
loss. Adenosine monophosphate-activated protein kinase (AMPK) in the hypothalamus has
emerged as a key kinase regulating neuroendocrine feedback control of food intake and
energy metabolism (Stark et al., 2012). Our data indicate that TD inhibits hypothalamic
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AMPK phosphorylation and therefore TD-mediated anorexia may be mediated by
alterations in AMPK activity in the brain.

MATERIALS AND METHODS

Animals and diets

Ten-week—old C57BL/6 mice were obtained from Harlan Laboratories (Indianapolis, IN),
and housed under a 12-h light—dark cycle with free access to food and water in the Division
of Lab Animal Resources at the University of Kentucky. Experimental protocols involving
the animals were in accordance with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals and were approved by the Institutional Animal Care and
Use Committee at the University of Kentucky.

After a one week habituation period, mice were randomly selected and assigned to one of
three dietary groups: 1) the control group was provided daily with a normal liquid diet. The
normal liquid diet contained 1.5 mg thiamine HCl/liter, and was made from powder (product
No. F1259SP, Bio-Serv, Frenchtown, NJ) following manufacturer's instructions; 2) the TD
group was provided daily with the same liquid diet as the control group but the thiamine was
removed from the diet (product No. F6275SP, Bio-Serv); and 3) the TD+T group at first was
provided daily with TD liquid diet, then was switched to a normal liquid diet plus an
additional synthetic S-acyl derivative of thiamine, benfotiamine (Sigma-Aldrich, St. Louis,
MO), at a dose of 70 mg/kg body weight/day (Volvert et al., 2008). For both control and TD
diet, the breakdown of calories is 150 kcal /liter in protein, 360 kcal /liter in fat, and 490
kcal /liter in carbohydrates. During the treatment, the consumed amount of liquid diet for
each animal was recorded daily, the body weight for each mouse was weighed every other
day, and the gross appearance and general behaviors (e.g., attentiveness, movement, righting
reflex and motor control/coordination) were monitored daily. At the end of experiment, for
histological staining, animals were deeply anesthetized with ketamine/xylazine (100
mg/kg/10 mg/kg, Butler Schein Animal Health, Dublin, OH) and subjected to transcardial
perfusion with phosphate-buffered saline (PBS) followed by 4% paraformaldehyde, then the
brain, brown adipose tissues (between the scapulae), and skeletal muscles (in the hindlimb)
from each animal were removed, equilibrated in 30% sucrose and later cryosectioned. For
immunoblotting analysis, animals were deeply anesthetized and the hypothalamus, brown
adipose tissues and skeletal muscles were promptly dissected, frozen in liquid nitrogen and
stored at —80°C.

Indirect calorimetry

In rodent models, energy expenditure can be directly assessed by measuring oxygen
consumption or heat production (Flier, 2004). However, the measurement of respiratory
exchanges has become a means to measure energy expenditure, bypassing the complex,
delicate, and costly technique of direct measurement of heat production (Even and Nadkarni,
2012). In our study, energy expenditure was measured by indirect calorimetry which is
calculated using oxygen consumption (VO5), carbon dioxide production (VCO5) and
physiological constants. Briefly, the mice were grouped as threes in cages and fed liquid diet
for 7 days in the regular animal facility. Then they were moved to the TSE LabMaster
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chamber (one mouse per chamber) for an acclimation period of 7 days and calorimetry of 19
days. The TSE LabMaster Indirect Calorimetry System was used to monitor energy
expenditure and activity of mice in individual chambers. Each chamber (235 x 135 x 130
mm) was instrumented to measure oxygen consumption (VO») and carbon dioxide
production (VCO») from a single animal. Physical activity of the animal on the long axis of
the chamber was measured by an array of infrared beams and sensors. Room air was
pumped into the chamber and cage air was sampled every 30 minutes through the outlet
valve to an in-line oxygen analyzer. In general, the entire system is computer-driven with
continuous monitoring of air and activity, and activity was recorded continuously and
reported at thirty minute intervals. In addition, food was provided through a dispenser with a
liquid diet feeding tube (capacity 50 ml, Bio-Serv), and the consumption of food was
recorded daily.

To calculate the resting energy expenditure (REE), the mean value of energy expenditure
(EE) was adopted when the parameters were recorded at the animal resting activity status.
Data points were collected between 10:00 AM and 6:00 PM (the time during the light phase
when human activity in the room is minimized and the mice are resting), and filtered for
intervals during which the activity was less than 150 counts. REE (watts/60min) is the
equation of [(3.941 x VO, + 1.106 x VCO,) x 0.001/1.163] and normalized to net kcal feed.
The liquid diets are 1 kcal /ml (Bio-Serv).

Body composition analysis

EchoMRI-5000 Whole Body Composition (Echo Medical System, Houston, TX) was used
to measure the lean tissue mass and fat mass (g) in mice at the beginning of the experiment
and at the end of calorimetry measurement.

Nissl staining

The brain tissue was cryosectioned at 30 um using a sliding microtome (Leica
Microsystems, Wetzlar, Germany) for Nissl staining. Nissl staining was performed in a
series composed of every twenty forth section of the brain (12 sections per brain), which
was from rostral (Bregma 1.42 mm) to caudal (Bregma — 6.96 mm) based on the reference
atlas of The Mouse Brain in Stereotaxic Coordinates (Paxino and Franklin, 2001). The brain
sections were stained in 0.1% cresyl violet solution, and differentiated in 95% ethyl alcohol.

Immunohistochemistry

For immunostaining, the brain tissue was sectioned in coronal planes at 30 um thickness
using a sliding microtome. For immunostaining on adipose tissues and skeletal muscles, the
tissue was sectioned at 10 um on a cryostat (Thermo scientific, Kalamazoo, MI). As
previously described (Liu et al., 2010), sections were incubated overnight at 4°C with a
primary antibody, pAMPKa (polyclonal, 1:250, Cell Signaling Technology, Beverly, MA)
or UCP1 (polyclonal, 1:200, Santa Cruz Biotech, Santa Cruz, CA). After washes and
incubation with an appropriate secondary antibody (Vector Laboratories, Burlingame, CA),
immunoreactive cells were visualized by the avidin-biotin immunoperoxidase method (ABC
kits, Vector Laboratories) with chromogen 3, 3'-diaminobenzidine tetrahydrochloride
(Sigma-Aldrich). Sections immunostained with UCP1 in adipose tissues and pAMPKa in
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skeletal muscles were counterstained with Harris hematoxylin to reveal the location of
positive signals in the cell body. For immunostaining of pAMPKa, phosphatase inhibitor
NaF (1 mM) was added to PBS.

Immunofluorescence

Double immunofluorescent staining was performed on the brain sections as described (Liu
et al., 2006). In brief, brain sections were incubated with primary antibody against pAMPKa
(polyclonal, 1:100, Cell Signaling Technology) and NPY (monaoclonal, 1:500, Abcam,
Cambridge, MA) overnight at 4°C. After rinsing in PBS containing 1 mM NaF, sections
were treated with Alexa488-conjugated goat anti-rabbit 1gG (1:500, Invitrogen, Carlsbad,
CA) and Alexa594-conjugated goat anti-mouse 1gG (1:500, Invitrogen). The images were
recorded using an Olympus microscope (BX61) equipped with a DP70 digital camera
(Olympus, Center Valley, PA).

Immunoblotting

The procedure has been previously described with some minor modifications (Liu et al.,
2008). Frozen tissue samples were sonicated in 1X RIPA buffer (Cell Signaling
Technology) and 1mM PMSF with the sonic dismembrator (Qsonica, Newtown, CT).
Protein concentration was determined for each sample by the Lowry assay with the DC
protein assay kit (Bio-Rad Laboratories, Hercules, CA). Protein samples (30 g per lane)
were separated on an SDS-polyacrylamide gel by electrophoresis, and electrotransferred to a
nitrocellulose membrane. The resulting blot was blocked in Tris-buffered saline containing
5% bovine serum albumin overnight at 4°C, then incubated with a primary antibody against
target proteins for 2 hr. The primary antibodies used are pAMPKa. (polyclonal, 1:1,000,
Cell Signaling Technology), UCP1 (polyclonal, 1:500, Santa Cruz Biotech) and a-tubulin
(monoclonal, 1:6,000, Cell Signaling Technology). After washing, the blot was incubated
with appropriate horseradish peroxidase—conjugated secondary antibody (1:4,000, Sigma-
Aldrich), developed by ECL-Plus chemiluminescent reagent (Amersham, Piscataway, NJ)
and subsequently exposed using a Gel Logic 2200 Pro Imaging System (Rochester, NY).
Signal specificity was ensured by omitting each primary antibody, and bands were
normalized according to a-tubulin immunoreactive bands in the same blot. Density
measurements for each band were performed with Scion Image software (Scion, Frederick,
MD).

Statistical analysis

All data were analyzed using the computer statistical package SigmaPlot (San Jose, CA).
The values are expressed as the mean =+ SEM, and differences among means were analyzed
by using one-way analysis of variance (ANOVA) with treatment as the independent factor.
Fisher's Least-Significant-Difference post-hoc analysis was employed when differences
were observed in ANOVA testing (p<0.05).
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RESULTS

Thiamine deficiency (TD) diet induces anorexia and body weight loss

We examined the effects of TD diet on food intake and body weight in both male and female
mice. With liquid diet, the food intake can be precisely recorded daily. The body weight was
measured every other day. In comparison with their gender-matched controls, the food
intake of both male and female mice in TD group significantly decreased on the 16 day
and the decrease continued through the 22" day, the end of experiment (Fig 1A. * p<0.05
vs. control male mice, # p<0.05 vs. control female mice, n = 4 each group). At the end time
point, the food intake was reduced by 69.1% for male mice, and 74.3% for female mice in
the TD group. Subsequently, a significant loss of body weight was observed since the 215t
day in TD feeding male mice, and on the 23™ day in TD feeding female mice when
compared to their gender-matched controls (Fig 1B. * p<0.05 vs. control male mice, #
p<0.05 vs. control female mice, n = 4 each group). The body weight was decreased by
23.7% in male mice, and 16.7% in female mice in the TD group at the end of the
experiment. The body weight loss is slightly more in male mice than in female mice. Thus,
in the current mouse model, TD induced anorexia and body weight loss in both male and
female animals. In general, there was no significant difference in gross appearance and
behaviors, such as alertness, attentiveness and mobility, between control and TD mice.
However, the male mice in TD group seemed to become more aggressive and began to fight
and bite each other. Therefore, female mice were used for all subsequent studies.

Next, we tested whether thiamine re-supplementation could reverse TD-induced anorexia
and body weight loss. In this experiment, adult C57BL/6 female mice were randomly
divided into three dietary groups: control, TD, and thiamine re-supplementation (TD+T)
groups. In TD+T group, the mice were first fed with TD diet for 25 days; after that, mice
were fed with normal diet plus the thiamine supplement benfotiamine. As shown in Fig. 2A,
TD caused a significant decrease in food intake and loss of body weight since the 16! and
the 215t day, respectively. The thiamine re-supplementation promptly restored the mice's
appetite and increased the food intake which reached the levels of control mice;
correspondingly, the mice in TD+T group gradually regained the body weight and returned
to normal body weight by the 315t day, lasting until the 33" day. Pearson's correlation
coefficient revealed a positive correlation between food intake and body weight in the mice
in TD+T group (Fig. 2B, r=0.523, p<0.05).

TD enhances energy expenditure and reduces the body mass

We measured the resting energy expenditure (REE) by indirect calorimetry. After the
acclimation period, the data were collected every 30 minutes from the 16™ day to the 32nd
day. REE for each mouse was normalized with caloric intake and calculated in standardized
conditions (fasted status, at rest and thermoneutrality). As shown in Fig. 3A, REE in TD
feeding mice was much higher than that in the control subjects from the 19t to 25t day. On
the 19% day, the REE in the TD group was approximately 10-fold higher than controls. The
thiamine re-supplementation quickly restored REE to control levels since the 26t day and
lasted until the end of the experiment.
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We determined the body composition which includes both fat mass and lean mass with
EchoMRI on the 26! and the 33" day. In comparison with the control subjects, TD
significantly reduced both the fat mass and lean mass on the 26! day, the end time point for
TD feeding (Fig. 3B). Interestingly, TD induced a 48.5% fat mass loss and 19.7% lean mass
loss on the 26™ day; the fat mass was much more affected by TD feeding. However, the
thiamine re-supplementation restored the lean mass quickly, and the fat mass slowly on the
331 day (Fig. 3B).

TD inhibits hypothalamic AMPK phosphorylation

TD in rodents may induce neuronal damage in the central nervous system including the
thalamic region (Mitchell and Dalrymple-Alford, 2005), basal forebrain (Pitkin and Savage,
2004), and hippocampus (Nakagawasai et al., 2004). To determine whether TD induced
neurodegeneration in our model, we performed a Nissl staining in a series of brain sections
composed of every twenty forth section of the brain (12 sections per brain), which contains
cortex, striatum, basal forebrain, thalamus, hypothalamus, hippocampus and cerebellum.
There was no obvious neuronal loss or damage in the vulnerable brain regions such as
forebrain, thalamus, and hippocampus in our TD feeding mice in comparison with controls
(Fig 4). We also performed Fluoro-Jade B (Millipore, Bedford, MA) staining on adjacent
sections (12 sections per brain), and did not find positive signals on all sections from TD and
control subjects (data not shown). Thus, it appeared that our TD feeding model may not
induce neurodegeneration in the brain of C57BL6 mice.

Hypothalamus regulates the interaction between the CNS and the endocrine system, and
control food intake, body temperature, sleep and circadian cycles. The heterotrimeric serine/
threonine protein kinase AMP-activated protein kinase (AMPK) in the hypothalamus
functions as a fuel sensor and has been demonstrated to regulate food intake (Andersson et
al., 2004, Minokoshi et al., 2004). AMPK consists of a catalytic a subunit and noncatalytic
B and y subunits. The phosphorylation of AMPKa at Thr172 activates AMPK and has been
used as an indirect measurement of AMPK activity (Kim et al., 2004, Shaw et al., 2004). We
performed immunohistochemistry (IHC) to determine the expression of activated AMPK
[PAMPKa (Thr172)] in the hypothalamus of the mice in the control, TD and TD+T groups.
As shown in Fig. 5A, TD decreased the expression of phosphorylated AMPKa in the
arcuate and paraventricular hypothalamus (ARH and PVH). The IHC results were confirmed
by immunoblotting data which showed that TD reduced the expression of p-AMPKa (Fig.
5C). Interestingly, re-administration of thiamine reversed TD-induced inhibition of AMPKa
phosphorylation (Figs. 5A and 5C). In general, there are two critical neuronal populations in
the arcuate hypothalamus regulating energy metabolism and they have projections to the
PVH; one is the melanocortin system which consists of the subset of neurons that express
neuropeptide-Y (NPY), another is a neighboring neuronal population that produces
proopiomelanocortin (POMC)-derived peptides (Minokoshi et al., 2004). With double
immunofluorescent staining, we showed a partial co-localization of p-AMPKa and NPY in
the arcuate nucleus (Fig 5B). However, with currently available antibodies, we could not
successfully perform p-AMPKa and POMC double labeling, and therefore were unable to
demonstrate the co-localization of p-AMPKa and POMC.
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TD activates regulators of energy expenditure in peripheral tissues

Under physiological conditions, body weight is controlled by both food intake and energy
expenditure. In rodents, uncoupling protein (UCP)-1 in brown adipose tissue is the main
regulator of basal energy expenditure (Lee et al., 2005). UCP1 is located in the
mitochondrial inner membrane and dissipates the proton electrochemical energy as heat. We
performed immunohistochemistry to detect UCP1 expression in the brown adipose tissue
(Fig. 6A). TD increased expression of mitochondrial UCP1 in the brown adipocytes in
comparison with control mice (Fig 6A). The finding was supported by immunoblotting
results showing an increase in UCP1 expression in the brown adipose tissue of TD mice
when compared to controls (Fig. 6B). Re-administration of thiamine restored the expression
of UCP1 to control levels.

AMPK in the peripheral skeletal tissue is another regulator of energy expenditure (Lee et al.,
2005). We examined the expression of p-AMPKa in the skeletal muscle of hindlimb. TD
increased the expression of p-AMPKa in the multinucleated myocytes (arrows) in
comparison with controls (Fig 7A). Consistently, data from immunoblotting analysis
confirmed that TD up-regulated p-AMPKa expression in the skeletal muscle (Fig. 7B). Re-
supplementation of thiamine reversed TD-induced up-regulation of p-AMPKa. Taken
together, these data suggested that TD stimulated energy expenditure in peripheral tissues.

DISCUSSION

The loss of body weight has been associated with thiamine deficiency (TD) in rodents and
patients with Wernicke-Kosakoff syndrome which is mainly caused by TD (Nakagawasai et
al., 2004, Saad et al., 2010). However, the underlying mechanisms are unclear. The loss of
body weight usually results from either a reduced food intake or enhanced energy
expenditure or both. We show here that TD causes a significant decrease in food intake and
an increase in basal energy expenditure. The effect of TD on food intake and body weight
was gender-independent and reversible. We further demonstrate that TD inhibits
hypothalamic AMPK phosphorylation and TD-induced anorexia may be mediated by the
modulation of hypothalamic AMPK activity.

In the CNS, the hypothalamus functions as a central regulator of food intake and energy
homeostasis. The hypothalamus contains several nuclei, including the arcuate nucleus
(ARC), the paraventricular nucleus (PVN), the ventromedial nucleus (VMH), the
dorsomedial nucleus (DMH) and the lateral hypothalamic area (LHA). The ARC lies on
either side of the third ventricle immediately adjacent to the fenestrated capillaries in the
median eminence. This position permits the ARC to sense hormonal and nutrient
fluctuations in the plasma (Stark et al., 2012). The ARC is considered the master
hypothalamic center for food intake control (Blanco Martinez de Morentin et al., 2011). The
ARC neurons produce the orexigenic neuropeptide known as neuropeptide Y (NPY) and
agouti-related peptide (AgRP); they also express anorexigenic neuropeptides known as
prooppiomelanocortin (POMC), the precursor of a-melanocyte-stimulating hormone (a-
MSH) and cocaine- and amphetamine-related transcript (CART) (Pimentel et al., 2013). The
ARC neurons expressing orexigenic neuropeptides (NPY/AgRP) mostly project to PVN,
while ARC neurons producing anorexigenic products (POMC/a-MSH) project their axons
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more broadly to PVN, DMH, LHA and the perifornical area (PFA) (Blanco Martinez de
Morentin et al., 2011).

AMPK in the hypothalamus has emerged as a key kinase regulating neuroendocrine
feedback control of food intake and energy metabolism (Stark et al., 2012). AMPK is an
evolutionarily conserved serine/threonine kinase. It is a heterotrimeric protein consisting of
a-catalytic subunit and B- and y-regulatory subunits (Xue and Kahn, 2006). AMPK is a
fuel-sensing enzyme activated by physiological and pathological stresses that deplete
cellular ATP, including hypoxia, ischemia, glucose deprivation and nutrient deficiency.
Phosphorylation of threonine 172 in the a-catalytic subunit increases AMPK activity, which
then functions as an intracellular energy sensor that switches off ATP-consuming pathways
and switches on ATP-producing pathways such as glucose uptake and fatty acid oxidation
(Steinberg and Kemp, 2009). AMPK is highly expressed in several key hypothalamus
nuclei, such as ARC, PVN, VMH and LHA (Blanco Martinez de Morentin et al., 2011).

Fasting resulted in increased AMPK activity in multiple hypothalamic regions, whereas re-
feeding inhibited it (Minokoshi et al., 2004). Activation of AMPK in the hypothalamus by
experimental manipulations is sufficient to increase food intake and body weight, and
suppression of hypothalamic AMPK activity is sufficient to decrease parameters (Minokoshi
et al., 2004, Xue and Kahn, 2006). It is suggested that the effect of AMPK on food intake is
mediated by its regulation of orexigenic/anorexigenic neuropeptides in the hypothalamus
(Xue and Kahn, 2006, Stark et al., 2012). For example, inhibition of hypothalamic AMPK
activity suppresses the expression of orexigenic NPY and AgRP in arcuate hypothalamus
(ARH), whereas activation of AMPK enhances the expression of NPY and AgRP in ARH
and melanin-concentrating hormone in the lateral hypothalamus area (LHA) (Minokoshi et
al., 2004).

Hypothalamic AMPK mediates neuroendocrine feedback control of food intake and energy
metabolisms. A key component of this negative feedback action is the synthesis and release
of peripheral metabolic hormones, such as leptin from adipose tissues and ghrelin from the
stomach. Leptin and ghrelin represent positive and negative signals of energy balance,
respectively. The hypothalamus integrates these signals and regulates food intake and
energy expenditure (Stark et al., 2012). Leptin inhibits hypothalamic AMPK activity in the
ARC and PVN, but not the VMH and DMH; however, it stimulates AMPK in peripheral
tissues, causing a decrease in food intake and an increase in energy expenditure (Minokoshi
etal., 2004, Lim et al., 2010). In contrast, ghrelin stimulates hypothalamic AMPK activity
and increases food intake (Stark et al., 2012).

We show that TD inhibits the phosphorylation of AMPK in the arcuate and paraventricular
hypothalamus (ARH and PVH). AMPK is partially co-localized with NYP positive neurons
in the ARH (Fig. 5). Due to unavailability of an appropriate antibody, we could not
demonstrate the co-localization of POMC and AMPK. Previous studies have shown that
POMC- and AgRP-positive neurons in the ARH express AMPK (Claret et al., 2007). In the
current TD feeding model, we did not observe significant neuronal damage, such as
neurodegeneration in the brain, which is different from the findings using other TD feeding
paradigms. The TD models using TD diet plus injection of thiamine antagonist, such as
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pyrithiamine, show more severe neurological consequences and produce neurodegeneration
and other damages in selected brain regions (Yang et al., 2011).

The mechanisms underlying TD-induced inhibition of AMPK phosphorylation is unclear.
There are a number of possibilities. First, TD may affect upstream kinases of AMPK in the
ARH. AMPK is regulated by several upstream kinases which include LKB1, TAK1 and
calmodulin-dependent protein kinase (CaMKK) (Stark et al., 2012). CaMMK is regulated by
intracellular CaZ* fluctuation. We have previously demonstrated that TD alters intracellular
Ca%* dynamics in the CNS neurons (Lee et al., 2010). Thus, TD may change CaMMK
activity by altering intracellular Ca2* concentration and subsequently alter AMPK activity.
Second, TD is known to disrupt glucose metabolism (Jhala and Hazell, 2011, Gibson et al.,
2013); the disturbance in glucose metabolism is known to alter AMPK activity. Third, TD
may modulate leptin signaling, such as increasing the expression of leptin and/or its receptor
or stimulating leptin-mediated intracellular signaling in the hypothalamus. Although it is
generally believed that mTOR is a downstream effector of AMPK, a recent study
demonstrated that leptin-mediated suppression of AMPK activity is mediated by mTOR
(Watterson et al., 2013). We have recently shown TD can modulate mTOR activity in the
CNS neurons (Meng et al., 2013). Thus, it is likely that TD may inhibit hypothalamic
AMPK activity through altering leptin and mTOR signaling. Fourth, TD may alter the
balance of anorexigenic hormones and orexigenic hormones, and higher levels of
anorexigenic hormones may inhibit hypothalamic AMPK and reduce food intake. The
anorexigenic hormones that have been shown to inhibit hypothalamic AMPK activity
include Angptl4/Fiaf, estradiol, insulin, leptin, GLP-1 and resistin; the orexigenic hormones
include adiponectin, endocannabinoids, ghrelin and glucocorticoids (Minokoshi et al., 2008,
Blanco Martinez de Morentin et al., 2011). It is important to determine whether TD alters
the levels of these hormones in future studies.

TD-induced leanness may result from an increase in energy expenditure. Inhibition of
hypothalamic AMPK is sufficient to increase energy expenditure. For example, deletion of
neuronal protein tyrosine phosphatase 1B (PTP1B) results in decreased hypothalamic
AMPK activity, isoform-specific AMPK activation in peripheral tissues, increased energy
expenditure and leanness (Xue et al., 2009). Similarly, we show that TD inhibits
hypothalamic AMPK activity, but stimulates AMPK activation in skeletal muscles and
increases energy expenditure. UCP1 is a key molecule for brown adipose tissue (BAT)
thermogenesis (Lowell et al., 1993, Enerback et al., 1997). UCP1 was reported to contribute
to the stimulatory effect of leptin on energy expenditure (Okamatsu-Ogura et al., 2011) and
may be regulated by hypothalamic neuropeptides (Shi et al., 2013). We show that TD
increases UCP1 in the BAT which is consistent with the increased energy expenditure.
There is considerable interaction between AMPK and UCP1 (Fritah et al., 2012, Klaus et al.,
2012). It is currently unknown, however, whether TD-induced UCP1 expression in the BAT
is mediated by AMPK.

In future studies, it is also important to determine whether partial TD has an anorexigenic
effect and whether it is a concentration-dependent regulation. It is also interesting to
determine whether excessive thiamine uptake can increase food intake and induce obesity.
Obesity and eating disorders are a widely prevailing health concern worldwide.

Neuroscience. Author manuscript; available in PMC 2015 May 16.
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Understanding the relationship between the thiamine status and food intake/energy
metabolism may provide novel insight into these disorders and develop potential therapeutic
approaches by controlling thiamine in the diet.
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AMPK adenosine monophosphate-activated protein kinase

ARN arcuate nucleus

CaMKK calmodulin-dependent protein kinase
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Figure 1.
Effect of TD diet on food intake and body weight in male and female C57BL6 mice. A. Both male and female C57BL6 mice

were fed with either a control or TD diet as described under the Experimental Procedures and the food intake was measured
daily. A significant decrease in the food intake was observed on the 16t day in the TD group and the decrease continued to the
end of the experiment in comparison with that of their gender-matched mice in the control group (*p<0.05 vs. control male
mice, #p<0.05 vs. control female mice, n = 4 per group). B. Body weight was recorded for mice in control and TD groups. A
significant decrease in the body weight was observed from the 215t day for male and the 23" day for female mice in the TD
group, respectively, in comparison with that of their gender-matched mice in the control group (*p<0.05 vs. control male mice,
#p<0.05 vs. control female mice, n = 4 per group).

Neuroscience. Author manuscript; available in PMC 2015 May 16.



Liuetal. Page 17

A —O0—Ctr —k—TD --M--TD+T
Z E 15
2
> 0
c
—*
=7 Days
—01 30
% % 25
>
% 3
Q T s
=
—t 10 T T T T T T T T T T T T T T
1 3 5 7 9 11 13 15 17 19 231 23 I35 27 29 31 33
Daxs
B
20
T 16 * ]
L een m
£ ’ * T
= .
=z 3 .
— o 4
I ol b &
U 15 17 19 21 23 25
> Body weight (g)
z
= Figure 2.
=} Effect of thiamine supplementation on TD-induced decrease in food intake and body weight. A. Female C57BL6 mice were fed
= with either control or TD diet. The mice in TD+T group were changed to a normal liquid diet supplemented with additional
% benfotiamine since the 26! day. The food intake and body weight were recorded as described under the Experimental
é Procedures. *p<0.05 vs. control, n = 6 per group. B. Pearson's correlation coefficient is performed to determine the correlation
%. between changes in food intake and body weight. A positive correlation was demonstrated (r=0.523, p<0.05).
Z
o
U
>
>
=
>
e
<
Q
>
c
0
Q
=

Neuroscience. Author manuscript; available in PMC 2015 May 16.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Liuetal. Page 18

A —O—Ctr —&—TD --@--TD+T

303
w 0.2
0.1
0 +—r—rrT-T—T—T—1
16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
Days
B Octr BTD ETD+T
10 4
E 8
ﬁ 6
E 4 H
-
[
w2 4 : - I
0 A T T
Day1l Day 26 Day 33
20
CPTR
w *
w
£ 10
c
g s
—
0 A T T
Day1l Day 26 Day 33
Figure 3.

Effect of TD on resting energy expenditure (REE) and body composition. A. Female mice were fed with either control or TD
diet. The mice in the TD+T group were changed to a normal diet supplemented with benfotiamine on the 26! day. The BEE was
measured using indirect calorimetry as described in Experimental Procedures. *p<0.05 vs. control, n = 6 per group. B. At the
end of TD feeding (26! day), the body composition including the fat mass and lean mass was measured using EchoMRI
technology as described in Experimental Procedures. The body composition of the mice in the TD+T group was measured on
the 33" day at the end of experiment. *p<0.05 vs. control, n = 6 per group.
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Forebrain Thalamus Hippocampus

L

Figure 4.
Nissl staining of brain sections from control and TD mice which were sacrificed on the 26" day. General structure and neuronal

morphology were examined by conventional Nissl staining as described under the Experimental Procedures. VDB, nucleus of
the vertical limb of the diagonal band; mfb, medial forebrain bundle; aca, anterior commissure anterior; MD, mediodorsal
thalamic nucleus; AD, anterodorsal thalamic nucleus; AVDM, anterovent thalamic nucleus of dorsomedial part; AVVL,
anterovent thalamic nucleus of ventrolateral part; VA, ventral anterior thalamic nucleus; D3V, dorsal 3™ ventricle; CA1, field
CAZ1 hippocampus; CA2, field CA2 hippocampus; CA3, field CA3 hippocampus; DG, dentate gyrus.
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Figure 5.
Effect of TD on the expression and phosphorylation of hypothalamic AMPK. Female C57BL6 mice were fed with either control

or TD diet. From the 26! day on, mice in the TD+T group were changed to normal liquid diet supplemented with additional
benfotiamine. The mice were sacrificed and perfused on the 26! day in the TD group and the 33" day in the TD+T and control
groups, respectively. A. The phosphorylation of AMPKa in the hypothalamic nuclei of control, TD and TD+T groups was
examined by immunohistochemistry (IHC). Scale bar = 200 um. PVVH, paraventricular hypothalamus; ARH, arcuate
hypothalamus, 3V, 3 ventricle. B. Double immunofluorescent staining of phosphorylated AMPK (pAMPKa) and NPY was
performed to examine the localization of pAMPKa in the arcuate nucleus. To identify which neuronal population is expressed
AMPK in our mouse model, double immunofluorescent staining to detect activated AMPK (green FITC fluorescence) and NPY
(red Cy3 fluorescence) expression was conducted and showed a partial co-localization between pAMPKa and NPY in the
arcuate nucleus of control subject. Scale bar = 200 um. C. The expression of pAMPKa, AMPK and a-tubulin in the
hypothalamus of the Ctr, TD and TD+T mice was examined by immunoblotting. The change in the expression was quantified by
densitometric analysis. *p<0.05 vs. control, # p<0.05 vs. TD, n = 6 per group.
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Figure 6.
Effect of TD on UCP1 expression in the brown adipose tissue. Female C57BL6 mice were fed with either control or TD diet.

From the 26! day on, mice in TD+T group were changed to a normal liquid diet supplemented with additional benfotiamine.
The mice were sacrificed and perfused on the 26! day in the TD group and the 33rd day in the TD+T and control groups,
respectively. A. The expression of mitochondrial UCP1 (arrows) in the brown adipose tissue of mice in control, TD and TD+T
group was demonstrated by IHC. The cells were counterstained with hematoxylin (arrowheads). Scale bar = 200 um. B. The
expression of UCPL in the brown adipose tissue of control, TD, and TD+T mice was examined by immunoblotting. The change
in the expression was quantified by densitometric analysis. *p<0.05 vs. control, # p<0.05 vs. TD, n = 6 per group.
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Figure 7.
Effect of TD on AMPK phosphorylation in the peripheral skeletal muscle. Female C57BL6 mice were fed with either control or

TD diet. From the 26™ day on, mice in TD+T group were changed to normal liquid diet supplemented with additional
benfotiamine. The mice were sacrificed and perfused on the 26! day in the TD group and the 33rd day in the TD+T and control
groups, respectively. A. The expression of phosphorylated AMPKa (p-AMPKa, arrows) in skeletal muscle was demonstrated

by IHC. The cells were counterstained with hematoxylin (arrowheads). Scale bar = 200 pm. B. The expression of p-AMPKa
and tubulin in the skeletal muscle of the control, TD, and TD+T mice was examined by immunoblotting. The change in the
expression was quantified by densitometric analysis. *p<0.05 vs. control, # p<0.05 vs. TD, n = 6 per group.
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