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Abstract

Sex differences exist in the regulation of energy homeostasis in response to calorie scarcity or
excess. Brain-derived neurotrophic factor (BDNF) is one of the anorexigenic neuropeptides
regulating energy homeostasis. Expression of Bdnf mRNA in the ventromedial nucleus of the
hypothalamus (VMH) is closely associated with energy and reproductive status. We hypothesized
that Bdnf expression in the VMH was differentially regulated by altered energy balance in male
and female rats. Using dietary intervention, including fasting-induced negative energy status and
high-fat diet (HFD) feeding-induced positive energy status, along with low-fat diet (LFD) feeding
and HFD pair-feeding (HFD-PF), effects of diets and changes in energy status on VMH Bdnf
expression were compared between male and female rats. Fasted males but not females had lower
VMH Bdnf expression than their fed counterparts following 24-hour fasting, suggesting that fasted
males reduced Bdnf expression to drive hyperphagia and body weight gain. Male HFD obese and
HFD-PF non-obese rats had similarly reduced expression of Bdnf compared with LFD males,
indicating that dampened Bdnf expression was associated with feeding a diet high in fat instead of
increased adiposity. Decreased BDNF signaling during HFD feeding would increase a drive to eat
and may contribute to diet-induced obesity in males. In contrast, VMH Bdnf expression was stably
maintained in females when energy homeostasis was disturbed. These results suggest sex-distinct
regulation of central Bdnf expression by diet and energy status.
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1. Introduction

Energy homeostasis is regulated by a complex neuroendocrine system involving many
central and peripheral signals. Neuronal signals in the hypothalamus and circulating
hormones produced by peripheral endocrine and exocrine cells cooperatively control feeding
and energy expenditure to ensure the presence of sufficient energy stores during periods of
food scarcity and/or to avoid obesity during periods of food abundance [1]. Sex differences
exist in the regulation of energy balance in response to calorie scarcity or excess, due to the
different roles played by males and females in survival of the species. Specifically males are
more responsible for hunting and gathering, while females are responsible for gestation,
lactation and care-giving, and both must maintain energy homeostasis to support the survival
and development of themselves as well as their offspring [2].

Brain-derived neurotrophic factor (BDNF) is a member of the neurotrophin family and plays
an important role in the development, differentiation, growth, and maintenance of the
nervous system. BDNF is also an anorexigenic signal. Bdnf mRNA is expressed at high
levels in the ventromedial nucleus of the hypothalamus (VMH) [3, 4], an area associated
with feeding and metabolism, and lesion of the VMH leads to hyperphagia and obesity in a
variety of species, including humans [5]. The VMH is also a target for BDNF to regulate
energy balance [6] and glucose homeostasis [7]. Central administration of BDNF attenuates
hyperglycemia and improves glucose metabolism in an insulin-deficient diabetic model [7],
and also potently decreases caloric intake [8—10], with estrous female rats responding to a
lower dose of BDNF than males [8]. VMH Bdnf expression increases following the estradiol
peak in female rats [8]. Bdnf deficient mice display hyperphagia, hyperglycemia, and obesity
[11-14]. Bdnf expression in the VMH is regulated by alterations of energy status [15, 16]
and nutrient-related signals, such as leptin [17] and glucose [18]. Leptin activates neurons
within the VMH [19], and stimulates Bdnf expression and increases BDNF protein
concentration in the VMH [17]. Systemic or central administration of glucose induces Bdnf
mRNA expression only in the VMH [18]. Additionally, high blood glucose levels inhibit
VMH Bdnf expression in rodents [16] and inhibit BDNF release into the circulation from the
CNS in humans [20].

The mechanisms involved in obesity development have been investigated using a rodent
model of high-fat diet (HFD)-induced obesity that produces hyperphagia and
hyperleptinemia similar to human obesity. While previous studies have demonstrated that
BDNF is involved in obesity development in genetic rodent models [11, 13, 15] and in
chronic 14-week HFD feeding-induced obesity [16], no study has examined the role of
BDNF at an early stage of obesity development using an acute HFD feeding model. As with
many key regulators of energy balance, most previous rodent studies investigating
hypothalamic Bdnf gene expression have been conducted exclusively in male rodents. Few
studies have investigated sex differences in the regulation of hypothalamic Bdnf expression.

This study aimed to investigate whether any sex difference exists in the energy status-
associated change of Bdnf expression. We hypothesized that VIMH Bdnf expression was
differentially regulated by altered energy status in male and female rats. Using quantitative
PCR on microdissected VMH tissue, responses of VMH Bdnf mRNA levels to variations of

Physiol Behav. Author manuscript; available in PMC 2015 May 10.



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

1duosnuely Joyny vd-HIN

Liuetal.

Page 3

caloric density or quantity in male and female rats were examined. Food deprivation for 24
hours produced an acute negative energy balance that corresponded to clinically relevant
regimens as in glucose tolerance tests. HFD feeding for four days and four weeks produced
an acute and a chronic positive energy status, respectively. Comparison between HFD
feeding-induced acute and chronic positive energy status would determine if the difference
in Bdnf expression is an early event that initiates long-term alteration in energy homeostasis
leading to obesity development, i.e., whether the difference in Bdnf expression is a cause or
consequence of HFD-induced obesity. Furthermore, an energy-restricted HFD pair-feeding
(HFD-PF) method was used so that rats on a standard rodent diet with low-fat content (LFD)
and rats on a HFD were fed identical amounts of calories. This technique was used to
determine whether difference in Bdnf expression would remain once body weight and
adiposity of HFD and LFD rats were normalized, and thus would allow us to dissociate the
effects of eating a diet that is high in fat from the effects of resulting obesity. Circulating
estradiol, leptin, and glucose concentrations were also measured to indicate any association
between peripheral reproductive- and nutrient-related signals and central Bdnf expression.

2. Methods

2.1 Animals and diets

Seventy male and seventy female Long-Evans rats (Harlan, Indianapolis, IN; n=10 per
group) were individually housed in separate rooms with controlled temperature (22-24 °C)
and 12 h light-dark cycle (light on 0200 h — 1400 h). To compare sex differences in VMH
Bdnf mRNA levels which are dependent on energy status and adiposity [15, 16], body fat-
matched male rats at 8-10 weeks of age and female rats at 14-16 weeks of age were
obtained. Ovarian cycles of female rats were determined by examining predominant cell
types of vaginal cytology samples [8], and all female rats included were cycling normally
throughout the current study. To be consistent, all female rats were analyzed in the estrus
because estrogen levels of female rats fluctuate [21]. Rats were fed a LFD (Teklad,
Madison, WI) and their body weights and caloric intake were monitored during acclimation.
After acclimation, a HFD (D12451, Research Diets, Inc., New Brunswick, NJ) was provided
to the HFD-fed groups. Each gram of LFD and HFD contain similar amounts of proteins
(LFD: 0.243 g; HFD: 0.237 g) and carbohydrates (LFD: 0.402 g; HFD: 0.414 g), but
different amounts of fat (LFD: 0.047 g; HFD: 0.236 g). Each gram of LFD provides 3.003
kcal, whereas each gram of HFD provides 4.728 kcal. All animal procedures were approved
by the Institutional Animal Care and Use Committee of Miami University and were in
accordance with the Guide for the Care and Use of Laboratory Animals.

2.2 Experimental design

2.2.1 Exp 1: 24-hour feeding or fasting—Twenty male and twenty female rats were
assigned to either a feeding or a fasting group. Body weights and fat were measured when
the feeding or fasting period was initiated and again 24 hours later before rats were
sacrificed. Female rats started the feeding or fasting regimen in proestrus and were
sacrificed 24 hours later during estrus.
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2.2.2 Exp 2: 4-day LFD or HFD feeding—Twenty male and twenty female rats were
assigned to either a LFD or a HFD group. Rats assigned to LFD groups remained on LFD,
whereas rats assigned to HFD groups were placed on HFD for 4 days. Female rats started
the HFD when in estrus and were sacrificed 4 days later when they were again in the estrous
phase of the cycle.

2.2.3 Exp 3: 4-week LFD or HFD feeding—Thirty male and thirty female rats were
assigned to one of the three groups, LFD, HFD, or HFD-PF. Rats in the LFD group
remained on the LFD for the entire 4 weeks; rats assigned to the HFD groups had unlimited
access to the HFD for 4 weeks; and rats assigned to HFD-PF groups were also placed on the
HFD, but they were pair-fed so that they consumed the same number of calories as the same
sex animals in the LFD group consumed. Female rats were sacrificed in the estrous phase
after the 4-week feeding period. One study shows that mice exhibit anovulation 4 weeks
after feeding a HFD containing 22% fat [22]. In another study, after feeding the same HFD
as the current study for 6 weeks, 20% of diet-resistant rats and 80% of diet-induced obese
rats fail to display regular estrous cycles [23]. Our unpublished observation indicates that
female rats tend to have irregular ovarian cyclicity beginning the fifth week of HFD feeding.
Thus, the current study was terminated after 4 weeks. HFD males and females gained more
weight and fat than their same sex LFD groups, indicating that positive energy status was
established 4 weeks after ad libitum HFD feeding.

2.3 Experimental procedures

2.3.1 Body weight, body composition, and caloric intake—Daily body weight and
food intake were measured to the nearest 0.01 gram. Food intake was calculated by the
difference of weights of food hoppers over 24 hours and corrected for spillage. Food intake
data were then converted to calories to represent daily caloric intake. Cumulative caloric
intake was calculated for the 4-day and 4-week feeding experiments. Weekly caloric totals
were also determined for the 4-week regimen with intake determined 7 days/week for weeks
1-3 and for 6 days in the fourth week. An Echo MRI whole body composition analyzer
(EchoMedical Systems, Houston, TX) was used to assess body fat mass in conscious rats
before and after dietary intervention to provide longitudinal adiposity data for comparison.

2.3.2 Pair-feeding—In order to examine effects of HFD on Bdnf expression without a
potential confound of different amounts of calories consumed by LFD and HFD groups or
an increase in body weight due to HFD-induced obesity, HFD-PF groups were included in
Exp 3. HFD-PF rats were provided HFD with the average amount of calories consumed by
the same sex LFD group each day. HFD-PF rats were supplied their daily HFD allotment in
two meals. One meal contained one third of the total calories and was fed to the HFD-PF
rats toward the end of the light cycle, i.e. between 1100 h and 1200 h, and the other meal
contained the remaining two thirds of the calories and was fed to the HFD-PF rats during the
dark cycle between 1700 h and 1800 h. Our unpublished observation suggests that rats eat
the majority of their food in large meals during their dark cycles. Separating total calories
into two meals allows their food intake to be spread over a day with some food occasionally
remaining when the next meal is offered, and produces similar body weights in the HFD-PF
LFD rats [8].
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2.3.3 Assays—Glucose concentration was measured using blood samples obtained from
the tip of the tail vein using a glucose meter (US Diagnostics, New York, NY). Rats were
sacrificed by decapitation between 1100 h and 1300 h. Plasma from the trunk blood samples
was stored at —80 °C. 17p-estradiol was measured by double antibody 125]
radioimmunoassay (MP Biomedicals LLC, Santa Ana, CA), with intra- and inter-assay
coefficients of variation of 4.7-10.7% and 5.9-11.9% respectively, and sensitivity of 9
pg/ml. Leptin was measured by rat enzyme-linked immunosorbent assay (Crystal Chem Inc.,
Downers Grove, IL), with intra- and inter-assay coefficients of variation of < 10%, and
sensitivity of 0.2 ng/ml.

2.3.4 Quantitative real-time PCR for Bdnf mRNA level measurement—The brains
were immediately removed after decapitation, frozen, and stored at —80 °C. Bilateral VMH
was microdissected from frozen sections in 300 um thickness between bregma -1.78 to
-3.58 mm using hollow needles of 0.76 mm in diameter (Stoelting, Kiel, WI) according to
anatomical landmarks [24]. Constitutively expressed gene ribosomal protein L32 was used
as an endogenous control to normalize quantification of Bdnf levels. None of the feeding
regimens changed the expression of L32 in the VMH. Accuracy of the VMH
microdissection was verified by measuring proopiomelanocortin (Pomc) mRNA level that is
abundant in the adjacent arcuate nucleus but not in the VMH. The primer sequences for
rattus norvegicus L32 (NM_013226) were forward 5-CAT CGT AGA AAG AGC AGC
AC-3’ and reverse 5’-GCA CAC AAG CCA TCT ATT CAT-3’; for rattus norvegicus Bdnf
(NM_012513) were forward 5-GCG GCA GAT AAA AAG ACT GC-3’ and reverse 5'-
GCA GCCTTCCTT CGT GTA AC-3’; and for rattus norvegicus Pomc (NM_139326)
were forward 5-TCC ATA GAC GTG TGG AGC TG -3’ and reverse 5-ACT TCC GGG
GAT TTT CAG TC -3'. Total RNA was isolated and cDNA was synthesized. Quantitative
PCR reactions were performed using iQ SYBR Green Supermix and an iCycler (Bio-Rad,
Hercules, CA) with 2-step amplification at 95 °C for 10 s and annealing temperature of 58°C
for 30 s for 40 cycles. The identity of amplification products was confirmed by gel
electrophoresis and melt curve analysis. CT values for L32 and Bdnf were between 19 and
21 and between 21 and 24, respectively; whereas CT values for Pomc were greater than 30,
indicating very low Pomc expression and thus accurate VMH microdissection. Results were
calculated by a 272ACt method [25]. Data were presented using male fed or LFD group as
100%.

2.4 Statistical analysis

Data analysis was performed using Prism Statistical Software 5 (La Jolla, CA). Body
weight, body fat, and daily caloric intake at different time points were analyzed by a two-
factorial (diet x time) analysis of variance (ANOVA) for repeated measures. Measurements
of change of body weight, body fat, cumulative caloric intake, glucose, leptin, estradiol
concentrations, and VMH Bdnf expression were analyzed by a two-factorial (diet x sex)
ANOVA. The Bonferroni’s corrected t-test was applied to calculate the statistical
significance of mean differences. A P value < 0.05 was considered to be statistically
significant.
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3.1 Exp 1: 24-hour feeding or fasting

3.1.1 Body weight and body fat—Body weight and fat were not changed in feeding
groups, whereas they were decreased in 24-hour fasting groups (Fig 1A-D). Compared to
their same sex fed counterparts, fasted males had lower body weights and fasted male and
female groups had lower body fat (Fig 1A-D) and greater % decreases in their body weights
and fat (Table 1), indicating a negative energy balance following 24-hour fasting.
Additionally, fed females changed less % of body weight and fasted females lost less % of
body weight than male counterparts (Table 1).

3.1.2 Circulating glucose, leptin, and estradiol concentrations—BIlood glucose
concentrations were lower in fasted rats than their fed counterparts, and females had lower
blood glucose levels than males on the same dietary treatment (Table 1). Leptin levels were
lower in fasted males than fed males, whereas they were similar between fed and fasted
female rats. Additionally, plasma leptin concentrations were lower in female fed rats than
male fed rats (Table 1), but were not significantly different in fasted males and females.
Thus 24-hour fasting decreased leptin levels in males but not in females. Plasma estradiol
concentrations were higher in females than males. Although there was a trend of lowering
estradiol levels by fasting, two-factorial ANOVA indicated that diet did not significantly
affect estradiol levels (P > 0.05), and Bonferroni’s corrected t-test indicated that estradiol
levels were not significantly different between same sex fed and fasted groups (P > 0.05,
Table 1).

3.1.3 VMH Bdnf expression—VMH Bdnf mRNA expression was higher in females than
males regardless of dietary treatment (Fig 1E). This is consistent with previous findings that
female rats had greater Bdnf expression in the VMH than male rats [8]. VMH Bdnf
expression was lower in fasted male rats than their fed counterparts, whereas it was similar
between fed and fasted females (Fig 1E).

3.2 Exp 2: 4-day LFD or HFD feeding

3.2.1 Body weight, body fat, and caloric intake—During 4-day ad libitum feeding,
LFD and HFD males, but not females, increased their body weights (Fig 2A-B). Daily body
weights of same sex LFD and HFD groups were similar. Males and females increased their
body fat after the 4-day feeding regimen (Fig 2C-D). HFD males, but not females, had
greater body fat than the same sex LFD group (Fig 2C-D). Additionally, the percentages
change in body weight and fat were significantly greater in both male and female HFD
groups compared to those fed a LFD (Table 2). Females gained less percentage of weight
and fat than males with the same diet treatment (Table 2).

Males fed a HFD consumed more calories than LFD males on the first 3 days of feeding.
HFD males consumed fewer calories daily on days 3 and 4 than days 1 and 2, whereas LFD
males consumed similar amounts of daily calories over 4 days (Fig 2E). Both female groups
displayed changes in caloric intake related to the ovarian cycle, and consumed the most
calories on day 3 between diestrus and proestrus and the least calories on day 4 between
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proestrus and metestrus (Fig 2F). HFD females consumed more calories on each of 4 days
than LFD females. Both male and female HFD groups consumed more calories than their
same sex LFD groups over the 4-day period. Additionally, within the same dietary
treatment, female rats consumed fewer calories than males (Table 2).

3.2.2 Circulaing glucose, leptin, and estradiol concentrations—Blood glucose
concentrations were similar between males and females within the same dietary treatment,
and between LFD and HFD groups within the same sex (Table 2). Female rats had lower
plasma leptin concentrations than males within the same dietary treatment. Plasma leptin
concentrations were higher in HFD males than LFD males but were similar between female
LFD and HFD groups (Table 2), consistent with greater adiposity of HFD males than LFD
males and similar adiposity of between female groups. Plasma estradiol levels were higher
in females than males and were similar between dietary groups within the same sex (Table
2).

3.2.3 VMH Bdnf expression—Female rats had higher Bdnf mRNA levels than males
within LFD or HFD. Same sex LFD and HFD rats had similar Bdnf mRNA levels (Fig 2G).

3.3 Exp 3: 4-week LFD or HFD feeding

3.3.1 Body weight, body fat, and caloric intake—HFD males had greater body
weights than LFD and HFD-PF males between day 11 and day 28. HFD-PF rats had similar
body weights as LFD rats during the entire 4-week period (Fig 3A). Body weights of female
rats fluctuated throughout 4 weeks. Different from the male groups, HFD females
temporarily had greater body weights than LFD and HFD-PF females on days 19 and 20 and
body weights of different groups were not significantly different on the rest of days (Fig
3B). Body fat levels of male and female groups were similar at the initiation of this 4-week
feeding regimen and were increased after 4 weeks (Fig 3C-D). Male and female HFD
groups had greater body fat than their LFD and HFD-PF counterparts, whereas LFD and
HFD-PF groups had similar adiposity (Fig 3C-D). HFD males and females increased greater
% of weight and fat than their LFD and HFD-PF counterparts. Female groups gained less %
of weight and fat than the same diet male groups (Table 3).

Initially, there were significant, intermittent increases in caloric consumption in male and
female rats fed a HFD which only lasted through the first two weeks of feeding (Fig 3E-F).
Female rats displayed cyclic changes in caloric intake (Fig 3F). When weekly caloric intake
was analyzed, male HFD rats consumed more calories than LFD males throughout 4 weeks,
whereas female HFD rats consumed more calories than LFD females only during the first 2
weeks (Fig 3G-H). Female rats also consumed less amounts of cumulative calories than
males within the same dietary treatment (Table 3). Additionally, HFD groups consumed
greater amounts of calories compared with their same sex LFD counterparts over the 4-week
period (Table 3).

3.3.2 Circulating glucose, leptin, and estradiol concentrations—Blood glucose

concentrations were lower in HFD females than HFD males, while such sex difference did
not exist in LFD or HFD-PF groups (Table 3). Plasma leptin concentrations were lower in
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HFD and HFD-PF females than males within the same dietary treatment, whereas they were
similar between LFD males and females. Additionally, HFD groups had higher plasma
leptin concentrations than same sex LFD and HFD-PF groups (Table 3), indicating increased
circulating leptin levels accompanied with increased adiposity for both sexes. Female rats
had higher estradiol levels than males within the same dietary treatment. Within the same
sex, estradiol levels were similar among different dietary groups (Table 3).

3.3.3 VMH Bdnf expression—Regardless of the dietary treatment, female rats had
significantly higher Bdnf mRNA levels than their male counterparts. HFD and HFD-PF
males had lower VMH Bdnf expression compared to LFD males. In contrast all female
groups had similar VMH Bdnf expression (Fig 3l).

4. Discussion

To elucidate how peripheral signals and central Bdnf expression were regulated in response
to a HFD or perturbations of caloric intake-induced energy imbalance in male and female
rats, caloric deficiency (fasting) and excess (HFD feeding) were used to assess whether both
sexes responded in a similar manner. Our results identified both shared and sex-dependent
responses. Male and female fasted rats had lower body fat and blood glucose than their fed
counterparts (Exp 1), however they exhibited different responses in leptin and VMH Bdnf
expression. Fasted males had lower circulating leptin levels and Bdnf expression than their
fed counterparts; whereas the values of these parameters in fed and fasted females were
comparable. These data suggested that a decrease in body fat or blood glucose per se was
not associated with the reduction of leptin levels or VMH Bdnf expression in all rats, since
such relationship was seen in males but not in females. To determine the role of central
BDNF signaling in the development of HFD-induced obesity, Bdnf expression was assessed
after acute (Exp 2) and chronic (Exp 3) HFD feeding. Although 4-day HFD males
established positive energy balance with greater adiposity and elevated leptin levels
compared with LFD males their Bdnf expression was similar, suggesting that an increase in
body fat or circulating leptin levels did not lead to a change of Bdnf expression during the
initial stage of obesity development. There are two possible explanations for such
dissociation. One possibility is that the change of Bdnf expression might not be an early
event or cause, but rather a consequence, for long-term HFD-induced obesity. The other
possibility is that central Bdnf expression might be reversible during this early phase of
disease development. Transcription of several noncoding exons and one coding exon of the
rodent Bdnf gene and subsequent Bdnf expression in differential subcellular targets and
specific regions in the CNS are regulated by distinct environmental cues [26], a process that
might be initiated but not completed during early phase of HFD feeding. Thus a
hyperphagia-obesity vicious cycle has not yet started. In response to chronic 4-week HFD
feeding, ad libitum HFD males had greater adiposity and higher leptin levels than LFD
males and HFD-PF males fed with the same amount of calories as their LFD counterparts.
Interestingly, male HFD and HFD-PF rats had similarly decreased VMH Bdnf expression
compared with LFD males in spite of differences in their energy status, suggesting that
dietary high-fat content, instead of increases in body fat or leptin, was associated with the
decrease in Bdnf expression in male rats. Increasing evidence supports the idea that dietary
fat components and their metabolites could directly regulate gene transcription/post-
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transcription and second-messenger systems [27]. Fat metabolic enzymes may affect mMRNA
stability or translation efficiency and fat metabolites can be sensed via a regulatory segment
of mRNA to change mRNA activity or even regulate RNA editing [27].

By controlling the amount of energy intake via a pair-feeding method, HFD-PF rats had
similar body weight, adiposity, circulating glucose and leptin levels as their LFD
counterparts. However, Bdnf expression was still lower in the VMH of HFD-PF males
compared with LFD males. Lower Bdnf expressions in the VMH of HFD and HFD-PF male
rats suggested an increased drive to eat due to HFD consumption in these rats, thus HFD-
induced obesity would continue to develop after this 4-week period. This idea is consistent
with a study showing that young Bdnf +/— mice with lower Bdnf expression exhibit
increased caloric intake on a HFD even when they have similar body weight and fat as wild-
type mice [28]. Our data were also consistent with two recent studies showing changes in
Bdnf expression in rodents with similar adiposity as their controls. One study demonstrates
that VMH Bdnf expression of male mice raised in an enriched environment significantly
increases at an early time point of 2 weeks, well before changes of other metabolic markers
including decreases in body weight and increases in hypothalamic gene expressions of
neuropeptide Y (Npy) and agouti related peptide (Agrp) [29]. The other study reports that
male mice with gut microbiota, an obesity-contributing environmental factor due to
increased capacity to absorb energy, have reduced Bdnf expression, but similar Agrp, Npy,
and Pomc content in the hypothalamus, compared to control mice with equal adiposity [30].
Therefore, unlike expressions of Agrp, Npy and Pomc, VMH Bdnf expression is not
dependent on adiposity, but is based on the tendency of changes in adiposity. In other words,
Bdnf expression decreases in animals with a tendency to gain weight/fat.

VVMH Bdnf expression is also regulated by glucose [18], a short-term energy signal, and
leptin [17], a long-term adiposity hormone. Suppressed VMH Bdnf expression accompanied
with decreased blood glucose concentration in response to fasting was observed in Exp 1
and a previous study [18]. Under certain non-physiological conditions blood glucose affects
VMH Bdnf expression, as a single intraperitoneal injection of 2 mg/kg glucose induces
hyperglycemia and elevates VMH Bdnf expression in mice [18]. Leptin is secreted from
adipose tissue proportional to adiposity and conveys the abundance of the body’s energy
stores to the brain, where it acts to regulate feeding and energy expenditure [1]. A decline in
leptin levels signals a state of negative energy balance, as was observed in 24-hour fasted
male rats. The reduced VMH Bdnf expression would trigger robust counter-regulatory
mechanisms to increase feeding. Interestingly, fasted female rats had similar plasma leptin
levels as their fed counterparts. Plasma leptin levels were higher in male than female rats in
current study and a few previous studies [32-35], a sex difference reversed from humans.
The reason for this species difference with respect to the effects of sexual dimorphism of
leptin levels is not known. Importantly, in this study leptin changes by alteration of energy
status were quantitatively greater in males than females. Leptin levels were decreased in
fasted males and increased in 4-day HFD males, but were comparable between fed and
fasted or 4-day LFD and HFD females. Such sex-based differences in the change of leptin
levels due to dietary disruption have also been reported previously from our group as well as
others [32, 36, 37]. For examples, hyperleptinemia was observed in male but not female
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mice after 4-day HFD feeding [37]; in spite of the reduction of body fat in both sexes, 40%
caloric restriction significantly reduced circulating leptin levels in male but not in female
mice [36] and rats [32], with leptin levels being statistically correlated with body weight and
fat in males but not in females [32]. The dynamic changes of leptin by dietary disruption in
males, in contrast to the relatively stable levels of leptin in females, likely contributed to the
robust alteration of VMH Bdnf expression in males but not females. It is noteworthy that an
association between circulating leptin and VIMH Bdnf expression is not yet completely
understood. Expression of Bdnf mRNA is significantly greater in the VMH of ob/ob mice
that lack leptin compared with wild-type controls [38], while expression of Bdnf in the VMH
increases following intravenous administration of 10 pg/g of leptin [17]. Plasma leptin
concentration was not measured in the latter study with intravenous administration of leptin
at dose of 10 pg/g, but such procedure could increase leptin by 10-fold to a pharmacological
level [39]. It is not clear whether physiologic hyperleptinemia, as seen in our 4-day and 4-
week HFD rats, would change VMH Bdnf expression.

It is noteworthy that female 4-day and 4-week groups had lower Bdnf expression levels than
24-hour groups, which could not be explained by the differences in energy status or
circulating signals measured in this study. Chronic stress over the 4-day or 4-week
experimental period may affect hypothalamic Bdnf expression. BDNF signals colocalize
with CRH signals in the paraventricular nucleus (PVN) of the hypothalamus [40],
suggesting that BDNF signals could be regulated by HPA activity. Chronic stress decreases
Bdnf mRNA levels in several regions of the brain, including in the VMH [41]. Additionally
an up-regulation of hypothalamic levels of BDNF is associated with correction of impaired
HPA activity in a mouse model with diminishing glucocorticoid receptor in the PVN [42].

Changes in energy state usually results in concomitant changes in gene expression of
hypothalamic neuropeptides that regulate feeding behavior. BDNF is one of the
anorexigenic neuropeptides. Two interesting points were noteworthy from the current study.
First, consistent with previous reports [15, 16, 18] VMH Bdnf expression was down-
regulated in males in response to acute energy restriction and chronic energy excess,
indicating that Bdnf expression is decreased when energy balance is disturbed by either
negative [15, 18] or positive [16] energy status. A pair-feeding paradigm was used to
dissociate the effects of eating a HFD from the resulting obesity. VMH Bdnf expression was
similarly down-regulated in HFD-PF and HFD rats compared with LFD rats, even though
HFD-PF rats had a similar energy status as LFD rats. Thus, this finding extends our current
understanding in the literature, demonstrating that lower Bdnf expression in the VMH was
also a result of exposure to a HFD rather than the resulting fat gain. These results suggest
that acute energy restriction and chronic HFD exposure may increase a drive to eat in males
but not females. This opens up the possibility that decreased BDNF signaling may
contribute to the weight gain associated with diet-induced obesity in males.

Second, we demonstrated for the first time that unlike males, no difference in VMH Bdnf
expression was found in estrous females that underwent either fasting or HFD feeding.
Female rats possessed a stable Bdnf expression in response to perturbation of their energy
balance, indicating that female Bdnf expression is not solely regulated by their nutritional
state or energy status, but is also regulated by estradiol across the ovarian cycle [8].
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Suppression of VMH Bdnf expression during negative energy balance would lead to an
active increase of caloric intake when food is available, ensuring rapid replenishment of
energy stores and restoration of energy balance, as reported in males but not females
following caloric restriction [36]. Suppression of VMH Bdnf expression during positive
energy balance could lead to sustained hyperphagia in males but not females beyond the 4-
week HFD feeding regimen, as reported that male rats continuously consume more calories
from a HFD than from a LFD, whereas females consume similar amounts of total calories
from both HFD and LFD’s over a 28-week period [35]. Reduced VMH Bdnf expression may
indicate an intrinsic nature of susceptibility to diet-induced obesity. Female rodents are less
susceptible to diet-induced obesity than males [35], which could be partially due to a stable
level of VMH Bdnf expression. Further studies manipulating estrogen levels, including
ovariectomy and hormone replacement, are needed to determine the involvement of female
steroids in the regulation of hypothalamic BDNF signaling under differing energy states.

In conclusion, this is the first study that describes sex differences in VMH Bdnf expression
in response to high-fat diet and changes of energy status. Our findings suggest that there are
distinct sex differences in the central metabolic control system. The implication of these
gender differences is profound in that the development of therapeutic approaches against
obesity in men and women may involve very different strategies to achieve successful
weight loss.
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Fig. 1.
Body weight (A-B) and body fat (C-D) of male and female rats before and after 24 h

feeding or fasting, and VMH Bdnf expression of male and female rats after 24 h feeding or
fasting (E) (Exp 1).

*: Different between time points (before and after) within the same dietary treatment.

t: Different between dietary groups (feeding and fasting) within the same sex.

t: Different between sexes (male and female) within the same dietary treatment.
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Fig. 2.

Dgily body weight (A-B), body fat on Day 1 and Day 5 (C-D), and daily caloric intake (E-
F) of male and female rats during 4-day LFD or HFD feeding, and VMH Bdnf expression of
male and female rats after 4-day LFD or HFD feeding (G) (Exp 2).

*: Different compared with day 1 within the same dietary treatment.

t: Different between dietary groups (LFD and HFD) within the same sex.

t: Different between sexes (male and female) within the same dietary treatment.
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Fig. 3.

Daily body weight (A-B), body fat on Day 1 and Day 28 (C-D), daily caloric intake (E-F),
weekly caloric intake (G-H) of male and female rats during 4-week LFD, HFD, or HFD-PF
feeding, and VMH Bdnf expression of male and female rats after 4-week LFD, HFD, or
HFD-PF feeding (1) (Exp 3). Figs 3A-B, E-F: only significant differences among dietary
groups were noted. Figs 3G—H: weeks 1-3 included 7 days and week 4 included 6 days.

*: Different compared with day 1 within the same dietary treatment.

t: Different among dietary groups (LFD, HFD, and HFD-PF) within the same sex.

1: Different between sexes (male and female) within the same dietary treatment.
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Percentage changes of body weight and body fat, terminal measurements of blood glucose, plasma leptin and
estradiol concentrations of male and female rats after 24-hour feeding or fasting. Data are means £ SEM.

Male Female
Exp 1: 24-hour feeding/fasting | Fed Fast Fed Fast
Body weight change % 04620.20 [ _549+0.20" | -0.80+0.10% | -4.70+0361*
Body fat change % -2.31+1.03 | _pgg5+1.49F | 0.69+2.17 —2437+2.13"
Glucose (mg/dl) 143.8+2.2 | 194.442.3T 131.3+5.3% 109.6+4.31#
Leptin (ng/ml) 5.94+0.44 4.02+0.507 3.85+0.28% 3.31+0.26
Estradiol (pg/ml) 25.43+4.87 | 16.56%2.16 43.38+558% | 35.20+4.43%

TDiﬁ‘erent between dietary groups (feeding and fasting) within the same sex.

iDifferent between sexes (male and female) within the same dietary treatment.
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Percentage changes of body weight and body fat, cumulative caloric intake, terminal measurements of blood
glucose, plasma leptin and estradiol concentrations of male and female rats after 4-day LFD or HFD feeding.
Data are means = SEM.

Males Females
Exp 2: 4-day LFD/HFD | LFD HFD LFD HFD
Body weight change % 7.67+0.35 12.82+0.197 | 1.25+0.17% 2.66+0.04T%
Body fat change % 11.41+1.63 | 428143017 | 4.142001% | 1474 +208F
Caloric intake (kCal) 251.89+3.90 | 307.6246.797 | 217.13+5.27% | 251.2246.29T%
Glucose (mg/dl) 141.9#33 | 1428428 132.643.1 135.2+4.3
Leptin (ng/ml) 530£045 [ g20+035T | 4.03+0.23% | 4.46+0.14%
Estradiol (pg/ml) 20.20+1.28 | 25.26+3.29 44.3624.74% | 48.61+4.08%

TDiﬁerent between dietary groups (LFD and HFD) within the same sex.

¢Dif‘ferent compared with male rats within the same dietary treatment.

LFD: low-fat diet; HFD: high-fat diet.
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