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Abstract

In women, obesity is associated with decrements in reproductive health that are improved with
weight loss. Due to the difficulty of maintaining weight loss through lifestyle interventions,
surgical interventions have become popular treatments for obesity. We examined how weight loss
induced by Roux-en Y gastric bypass surgery (RYGB) or calorie restriction impacted expression
of hypothalamic genes related to energy intake and reproduction. RYGB and calorie restriction
induced equivalent weight loss; however, expression of the anorexigenic melanocortin pathway
decreased only in calorie restricted mice. Serum estradiol concentrations were lower in calorie
restricted mice relative to RYGB during proestrous, suggesting that RYGB maintained normal
estrous cycling. Thus, effects of RYGB for female mice, and possibly humans, extend beyond
weight loss to include enhanced reproductive health.
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Introduction

In the United States, 61.9% of adult women are overweight, while the prevalence of obesity
has increased to 33.9% of women older than 20 years of age [1]. In addition to increasing
the risks of developing cardiovascular disease, diabetes, and cancer, obesity significantly
impairs reproductive health in women. The relative risk of infertility due to ovulatory
disorders increases with BMI, and excess body weight is associated with abnormal levels of
reproductive hormones [2-4]. For example, hyperinsulinemia secondary to insulin resistance
(a common feature of obesity) depresses hepatic secretion of sex hormone-binding globulin
(SHBG), leading to reflexive upregulation of androgen synthesis. The resultant
hyperandrogenaemia perturbs menstrual cycling and ovulation [5]. Weight loss remediates
insulin resistance and improves menstrual cycling in women; thus, weight loss represents a
primary goal for the return of reproductive function in obese women. However, significant
lifestyle modifications or pharmacological therapies have proven to be inefficacious for
long-term weight loss and weight loss maintenance [6].

By contrast, Roux-en-Y gastric bypass (RYGB), one of the most commonly performed
bariatric procedures in the world [7], has demonstrated superiority versus conventional
dietary intervention for weight loss and diabetes resolution in randomized, controlled studies
[6, 8-10]. Moreover, Sarwer et al. recently characterized significant improvements in overall
sexual function, reproductive hormone levels, and psychosocial status in women following
RYGB surgery [3]. Interestingly, many of these beneficial effects have been observed
independently of significant weight loss, implying that the surgery itself has a beneficial
effect on reproductive health; however, despite widespread clinical use of the surgery, the
mechanisms underlying this effect remain incompletely understood.

Hypothalamic neurons sense perturbations in energy status and alter secretion of
reproductive hormones accordingly; thus, the hypothalamus integrates nutrient and
reproductive signaling. To better understand how the mode of weight loss (i.e. reductions of
total body energy stores) influences reproductive health, we compared hypothalamic gene
expression patterns in female mice undergoing either RYGB surgery or calorie restriction-
induced weight loss. A more complete characterization of how differing modes of weight
loss impact hormonal and hypothalamic signaling will facilitate the development of
alternative therapies to bariatric surgery that can be more broadly applied to the wider
problem of obesity and obesity-related comorbidities.
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Materials and methods

Animal Care

Studies were conducted in accordance with UT Southwestern Institutional Animal Care and
Use Committee and the Association of Assessment and Accreditation of Laboratory Animal
Care policies. All applicable institutional and/or national guidelines for the care and use of
animals were followed.

Mice were individually housed in a temperature-controlled environment at 22°C-24°C using
12-hour light/12-hour dark cycles (Light cycle: 0600-1800 hours). Female C57/BI6 mice
were placed on high fat diet (HFD) (D12492, Research Diets) at six weeks of age in order to
induce obesity.

Study design

Mice were maintained on HFD diet from six weeks of age. Upon reaching approximately
40-45g (12-14 weeks on HFD), mice were randomized to receive RYGB or sham operations
(SO). To control for the effects of weight loss per se, a subset of female sham-operated diet
induced obese (DIO) mice were weight-matched to the RYGB group by calorie restriction
(WM-SO0). After recovery from surgery, mice were provided HFD ad libitum. Body weight
was monitored daily and body composition evaluated using a Minispec mg10 NMR (Bruker
Optics). Food intake was measured over four consecutive days during week four.

Surgical intervention

RYGB surgery was performed as described [11]. Briefly, RYGB involved gastrointestinal
reconstruction such that ingested nutrients pass from a proximal gastric pouch into a jejunal
afferent limb. Distal stomach and proximal intestine were excluded from alimentary flow
using a vascular clip (Ethicon) placed just distal to the gastro-jejunostomy. The sham
procedure involved gastrotomy, enterotomy, and repair. Mice were maintained using a
scavenged circuit of isoflurane and anesthesia time was standardized between groups.
Subsequent to the surgery, mice were maintained on a standardized feeding protocol in
which liquid diet was provided from post-operative days 2-7. On post-operative day 6, 0.25g
of HFD was provided on a daily basis until consumed in its entirety. Subsequently, solid diet
was re-introduced ad libitum.

Metabolic Chamber Analyses

Respiratory Exchange Ratio (RER) was determined by assessment of VO, and CO,
consumption while mice were housed in a combined indirect calorimetry system (TSE
Systems). Mice were singly housed and adapted to the metabolic cages for six days prior to
measurements. During the measurement periods, heat production, VO,, and CO,
consumption were simultaneously determined. The mice were permitted to eat their usual
diet while in the metabolic chamber and food intake was monitored.

Determination of Estrus Cycle, Euthanasia, Serum and Tissue Collection

Prior to sacrifice the mice underwent vaginal lavage with sterile phosphate buffered saline,
and vaginal cytology was used to determine phase of the estrus cycle [12]. At sacrifice, mice
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were fasted for 3-4 hours, deeply sedated with isoflourane (Aerrane, Baxter), and euthanized
by decapitation. Whole trunk blood was collected. The brain was removed and the basal
medial hypothalamus was dissected and snap-frozen in liquid nitrogen for gene expression
analysis.

Hormone and metabolite measurements

Serum was obtained by centrifugation and assayed using enzyme-linked immunosorbent
assays (Invitrogen) for 17beta-estradiol and leptin.

Tissue mRNA Analyses

Statistics

Results

Tissue samples were homogenized in Trizol (Invitrogen) using a TissueLyser (Qiagen).
Total mMRNA was extracted using the RNeasy RNA extraction kit and protocol (Qiagen).
Quality and quantity of RNA were determined by UV Spectroscopy (absorbance at 260/280
nm). cDNA was prepared from 2.0 pg mRNA using Superscript 111 reverse transcriptase
(Invitrogen) and oligo(dT) (Invitrogen). Real time quantitative polymerase chain reactions
(gPCR) assays were performed according to published protocols [13] using an ABI 7900HT
system. TagMan gene expression assays (Life Technologies) were used to determine
expression levels of the following genes: Estrogen Receptor Alpha (ERalpha), Estrogen
Receptor Beta (ERbeta), Proopiomelanocortin (Pomc), Neuropeptide Y (Npy), Agouti-
related Peptide (Agrp), Kisspeptin 1(Kissl), and Kisspeptin 1 Receptor (Kisslr). The
identification and catalog numbers of these assays are available upon request.

The data are presented as mean = SEM. Only p-values less than .05 were considered
statistically significant. For all data sets, experiments comparing two means were analyzed
using Student's t-test, with Welch's correction as appropriate; experiments comparing three
or more means were analyzed using one-way ANOVA followed by Tukey-Kramer Post-
Hoc. The post-operative body weight curve of the three treatments groups was analyzed
using repeated measures two-way ANOVA followed by Tukey Post-Hoc (Fig. 1a).
Statistical significance between SO and RYGB or WM-SO groups is denoted by *.
Statistical significance between RYGB and WM-SO groups is denoted by #.

Postsurgical Weight Loss

Over the six week postoperative course, RYGB surgery and calorie restriction induced
significant body weight and fat mass loss in female DIO mice. By post-operative week six,
RYGB mice lost 27.86% of their pre-operative weight, while calorie-restricted WM-SO
mice lost 37.33% (Fig. 1a). Additionally, fat mass was significantly reduced in both RYGB
and WM-SO groups (Fig. 1b).

During post-operative week four we assessed food intake in SO, RYGB, and WM-SO
groups. Food intake did not differ between RYGB and SO groups (Fig. 1c). Indeed, when
viewed on a per gram body weight basis, RYGB mice consumed more food than the SO
group (Fig. 1d). During this time period, SO mice gained an average of 0.31g of body

Obes Surg. Author manuscript; available in PMC 2017 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Frank et al. Page 5

weight per day, while RYGB gained only an average of 0.03g body weight. Thus, feeding
efficiency (calculated as the average daily change in body weight divided by average daily
food intake) declined by 91.7% in the RYGB group versus SO (Supplementary Fig. 1a),
further indicating that weight loss following RYGB surgery was not secondary to alterations
in food intake.

Respiratory Exchange Ratio

The Respiratory Exchange Ratio indicates the relative contributions of lipid and
carbohydrate to energy metabolism. In order to assess how differing modes of weight loss
influence nutrient substrate use, we measured RER in SO, RYGB, and WM-SO groups.
RER did not differ between RYGB and SO groups; however, it significantly decreased in
WM-SO, indicating a shift toward greater fatty acid oxidation (Fig. 1e).

Serum Leptin

Plasma leptin concentrations are directly proportional to adipose tissue mass. Consistent
with this, leptin concentrations were lower in RYGB and WM-SO groups compared to SO
(Fig. 1f). Interestingly, leptin concentrations were lowest in the RYGB group; however, the
difference between RYGB and WM-SO leptin concentrations was not statistically
significant (Fig. 1f).

Estradiol and Hypothalamic Gene Expression

Obese women have significantly higher plasma estradiol levels than lean women [14].
Consistent with this, prior to estrous, plasma 17-beta estradiol concentrations were higher in
SO versus RYGB or WM-SO (Fig. 2a).

Reductions in expression of estrogen receptor alpha (ERalpha) in the hypothalamus lead to
increases in body weight [15]. Hypothalamic ERalpha expression was lower in SO mice
compared to both RYGB and WM-SO females (Fig. 2b). Expression of ERbeta, which has
not been consistently associated with the regulation of energy homeostasis or reproduction,
did not differ between the groups (Supplementary Fig. 1b).

Kisspeptin (coded by the Kissl gene) binds the kisspeptin receptor to induce release of
GnRH from hypothalamic neurons. As such, kisspeptin represents a critical mediator of
reproductive function. Importantly, certain populations of hypothalamic neurons express not
only Kissl and Kisslr, but also the leptin receptor, indicating that these neurons also
respond to leptin. In order to assess how the mode of weight loss influences Kissl
expression, we assayed Kissl and Kisslr in the hypothalamus. Kissl expression significantly
decreased in the WM-SO group (Fig. 2¢), while Kisslr expression significantly increased
(Fig. 2d).

Orexigenic and Anorexigenic Gene Expression in the Hypothalamus

To determine if differences in the hypothalamic-pituitary-gonadal axis (HPG) were
associated with the mode of weight loss, we dissected the basal medial hypothalamus and
determined the relative expression level of multiple genes related to energy homeostasis and
reproduction. Pomc expression did not differ between SO and RYGB groups; however, it
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did significantly decrease in WM-SO mice (Fig. 2e). Agrp and Npy expression increased in
WM-SO relative to both SO and RYGB groups (Fig. 2f); however, only Npy levels reached
statistical significance. These data suggest a compensatory reduction in the anorexigenic
leptin-melanocortin pathway in response to weight loss in WM-SO females, which did not
occur in the RYGB group.
Discussion

Here, we demonstrate that RYGB produces significant and persistent weight loss without
reductions in food intake. Furthermore, RYGB maintains a nutrient utilization profile more
similar to SO than WM-SO. Finally, we show that calorie restriction but not RYGB alters
Kissl and Pomc gene expression, as well as decreases circulating 17-beta estradiol levels
prior to estrous despite similar magnitudes of weight loss between the groups. These
differences suggest that the method of weight loss impacts hypothalamic circuits with
consequences for both energy homeostasis and reproduction.

Consistent with human and rodent studies, both RYGB and caloric restriction reduced
overall body weight and plasma leptin levels [8, 16, 17], with RYGB mice having the lowest
mean concentrations of the three groups. Since both RYGB and WM-SO mice lost similar
amounts of body weight by different means, this data suggests that RYGB could impact
leptin secretion or sensitivity in a unique manner; indeed, in humans, leptin levels fall after
bariatric surgery without concomitant increases in food intake [18], implying that gastric
bypass surgeries could “re-sensitize” hypothalamic circuits to the effects of leptin. However,
the lack of a statistically significant difference between leptin concentrations in RYGB and
WM-SO groups weakens this notion and indicates the need for additional, higher-powered
studies. Finally, while we did not observe increases in leptin receptor expression between
RYGB and WM-SO mice (data not shown), an influence of RYGB on hypothalamic leptin
sensitivity cannot be ruled out and should be given due consideration in future
investigations.

Hypothalamic regulation of body weight involves counterbalancing anorexigenic and
orexigenic neuronal signaling in response to changes in energy status, the end result being
alterations in food intake and energy expenditure. For example, anorexigenic Pomc neurons
produce alpha-melanocortin stimulating hormone (alpha-MSH) and beta-endorphin; alpha-
MSH, in turn, stimulates the melanocortin 4 receptor (MC4R) to reduce food intake.
Conversely, the orexigenic neuropeptides AGRP and NPY inhibit MC4R activation and
promote food intake. In this study, Pomc expression was significantly lower in WM-SO
versus SO and RYGB mice, suggesting a pronounced orexigenic response to calorie
restriction and weight loss. This response was unsurprising; indeed, the natural response to
caloric deficit should be hunger. However, the fact that RYGB mice had neither a
pronounced reduction of Pomc gene expression, nor a precipitous increase of Agrp or Npy
despite significant reductions in plasma leptin concentration, indicates that the RYGB
surgical intervention alters the hypothalamic signaling response to weight loss. Human
bariatric patients do not report increased hunger ratings following surgery despite significant
weight loss, which is in stark contrast to patients on severe caloric restriction who report
enhanced hunger [19]. This lack of overt hunger in human RYGB patients is consistent with
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the lack of increased food intake we observed in the RYGB group and implies that
hypothalamic signaling could play a critical part in the efficacy of RYGB surgery in
humans.

While it is well established that Pomc neurons regulate energy homeostasis [20, 21],
evidence also indicates that Pomc neurons coordinate aspects of reproduction, as well. Pomc
neurons make direct synaptic contact with Gnrh neurons [22-25] and release the
neurotransmitters GABA and glutamate [26], both of which have been shown to regulate
Gnrh neurons [27-29], and Pomc itself can be cleaved into either alpha-MSH or beta-
endorphins [30-32]. While alpha-MSH affects excitatory inputs on Gnrh neurons by acting
on central melanocortin receptors [33, 34], beta-endorphin inhibits GhRH and LH secretion
[24, 35]. Furthermore, beta-endorphin levels fluctuate across the ovarian cycle, indicative of
an important role in regulating negative feedback and maintenance of normal reproduction.
Interestingly, it is thought Pomc neurons make a “choice’ to express alpha-MSH or beta-
endorphin based on nutrient status, adiposity, and the presence of signaling peptides,
including leptin.

In this respect, leptin acts as a metabolic signal to hypothalamic Pomc neurons in the
hypothalamus, as well as a modulator of reproductive function. In anorectic females and in
athletes with extreme reductions in body weight, exogenous leptin administration increases
luteinizing hormone [36] and restores the menstrual cycle [37]. Our data demonstrate that
weight reduction by caloric restriction but not RYGB reduces leptin levels and suppresses
plasma estradiol concentrations prior to estrous. RYGB reduced leptin levels to a greater
degree than in the WM-SO group, yet estradiol concentrations remained significantly higher
prior to estrous for RYGB mice. Based on this evidence, it is reasonable to hypothesize that
RYGB maintains leptin sensitivity, thereby triggering Pomc neurons to release beta-
endorphins and maintain reproductive capacity despite significant weight loss. In contrast,
weight loss induced by calorie restriction increases Pomc cleavage into alpha-MSH, thereby
reducing gonadotropin secretion and, possibly, overall reproductive capacity.

We also observed significant decreases in kisspeptin expression and significant increases in
kisspeptin receptor mMRNA in WM-SO but not RYGB groups. In rodents, kisspeptin is
expressed in the neurons of the hypothalamic arcuate nucleus and anteroventral
periventricular nucleus, and binds kisspeptin receptors on Gnrh neurons to release GNRH
into circulation [38]. This kisspeptin signal pathway is required for sexual maturity and
reproductive function [38]. Combined with reduced plasma estradiol prior to estrous,
reductions of kisspeptin in the hypothalamus of mice imply the presence of reproductive
impairment in WM-SO but not RYGB mice.

Finally, estrogens and Er a regulate Pomc excitability [39], negative feedback, and
reproduction. Estrogens influence reproduction and ovarian cycles; however in obese
women, there are significant increases in circulating estrogen levels which are associated
with changes in sexual function, alterations in testosterone, and changes in reproductive
hormonal profiles. Recently, following RYGB in women, Sarwer et al. reported
improvements in sexual function, circulating estradiol, total testosterone, follicle-stimulating
hormone, lutenizing hormone, and sex hormone-binding globulin levels [3]. Consistent with
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this, we observed reduced circulating concentrations of 17 beta-estradiol levels prior to
estrous in both RYGB and WM-SO groups; however, the concentrations in WM-SO were
substantially lower than RYGB, indicating a reduced ability in WM-SO to ovulate.
Interestingly, reductions in 17beta-estradiol corresponded to changes in hypothalamic
expression of Era: Era expression was greater in RYGB and WM-SO than SO mice. This
increase in Era expression may be associated with the body weight reductions seen in both
cohorts when compared with the SO group.

Conclusion

RYGB reduces body weight independent of changes in food intake. Despite comparable
weight loss, the expression of key hypothalamic genes (notably, Pomc, Kissl, and Era), as
well as circulating leptin and 17 beta-estradiol concentrations differ between RYGB and
WM-SO mice, possibly driving a normalization of estrous cycling following RYGB surgery.
Our findings begin to address the unique hormonal and hypothalamic responses to differing
methods of weight loss; however, additional research is required to further understand the
weight-independent mechanisms by which alterations in reproductive potential are achieved
following RYGB.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Physical effect of RYGB and calorie restriction. Three groups of mice received either sham
operation (SO), Roux-en-Y gastric bypass surgery (RYGB), or sham operation with
subsequent caloric restriction (WM-SO). Effect on (a) body weight and (b) adipose mass
following the surgeries. Comparison of (c) total food intake and (d) food intake per gram of
body weight in SO and RYGB groups in the post-surgical period. (g) Respiratory Exchange
Ratio (RER) in SO, RYGB, and WM-SO mice measured in metabolic cages. (f) Fasting
serum leptin at the time of sacrifice. Data are presented as mean + SEM with statistical
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significance set at P-value < 0.05. * denotes statistical significance between SO and RYGB
or WM-SO groups. # denotes statistical significance between RYGB and WM-SO groups.
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Figure 2.

RYGB effect on estradiol and hypothalamic gene expression. (a) Concentration of 17beta—
estradiol versus phase of estrous cycle in SO, RYGB, and WM-SO female mice. Relative
expression levels of (b) Eralpha (c) Kisspeptin (d) Kisspeptin receptor, (c) Pomc, (f) Agrp
and Npy mRNA in SO, RYGB, and WM-SO groups. Data are presented as mean + SEM
with statistical significance set at P-value < 0.05. * denotes statistical significance between
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SO and RYGB or WM-SO groups. # denotes statistical significance between RYGB and
WM-SO groups.
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