ORIGINAL ARTICLE

Citation: Nutrition and Diabetes (2012) 2, e27; doi:10.1038/nutd.2011.23
© 2012 Macmillan Publishers Limited  All rights reserved 2044-4052/12

@

www.nature.com/nutd

Female rats are relatively more sensitive to reduced lipid versus

reduced carbohydrate availability

DA Sandoval', KK Ryan', AD de Kloet', SC Woods? and RJ Seeley’

OBJECTIVES: Because females have blunted counterregulatory responses to hypoglycemia relative to males, we hypothesized
that females would have greater sensitivity to changes in lipid availability.

DESIGN AND SUBJECTS: To assess this, we examined the feeding response to glucoprivation (2-deoxyglucose; 2DG)

and lipoprivation (mercaptoacetate; MA) in age-matched male and female Long-Evans rats.

RESULTS: Males versus females had significantly greater food intake after 250 mgkg ™" of 2DG, but there were no sex
differences with the 750 mgkg ™' dose of 2DG. Glucose responses to 250 mg kg~ of 2DG were also significantly greater in
males versus females. In contrast, females had a significant increase in food intake with all doses of MA versus saline, and had
significantly greater food intake compared with males at the lowest and highest doses of MA with a trend towards significance
with the intermediate dose. To determine whether estradiol (E2) is the mechanism underlying this sexual dimorphism,
ovariectomized females were injected with vehicle or 2 ng of E2 every fourth day to mimic the variations in across the estrous
cycle. Ovariectomized females significantly increased feeding and glucose after 250 mgkg ™" of 2DG over intact females and
E2 had no effect on these responses. Although the feeding response to 2DG was not different, the glucose response to 2DG
was still significantly greater in males versus ovariectomies females. However, ovariectomized females also did not increase

food intake after MA, regardless of E2 treatment.

CONCLUSIONS: These data collectively suggest that males are relatively more sensitive to glucose deprivation and females are
relatively more sensitive to lipid deprivation. Further, these data rule out a role for cyclic changes in E2 in these sex differences.
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INTRODUCTION

The central nervous system (CNS) responds to hormonal, nutrient and
other afferent feedback to regulate energy homeostasis, and data
suggest that there are important sex differences in the responses to
many of these CNS signals. As an example, relative to males, females
are more sensitive to the anorectic effects of intracerebroventricular
(ICV) leptin, but less sensitive to the anorectic effects of ICV insulin’
and to the orexigenic effects of ICV ghrelin.? Hence, at least with
regard to the control of food intake, males and females differ in
their responses to neuroendocrine signals. There are also data
indicating that males and females respond differentially to
changes in nutrient status or flux. For example, during a
prolonged fast, women have lower plasma glucose and higher
plasma free fatty acid levels than men,? and during hypoglycemia,
women also have blunted neural and hormonal responses relative
to males.* These data suggest that women rely more on fats than
on carbohydrates when energy stores are low. Perhaps analo-
gously, in times of high nutrient flux, such as during exercise,
women tend to rely more than men on fat versus carbohydrate
stores as a fuel source.’ Collectively, these data imply important
sex differences in responding to changes in nutrient flux.

The mechanism underlying these sex differences are likely
because of different levels of gonadal hormones between males
and females, and specifically to estrogen levels. Estrogen is
responsible for the enhanced sensitivity of females to ICV leptin
and the concomitant reduced sensitivity to ICV insulin,’ and
consistent with this, exogenous estradiol (E2) replacement renders

ovariectomized females or intact males more female-like in their
responses to leptin and insulin.' In regards to nutrient flux,
postmenopausal women taking E2 have blunted counterregula-
tory responses to hypoglycemia compared with those not taking
estrogen,® and the administration of E2 into the brains of male
rats blunted their counterregulatory response to hypoglycemia.’”
In addition, females also have greater adiposity and greater
lipogenic®® and lipolytic capacity®® than males. Therefore, in
this study we hypothesized that E2 shifts metabolism to rely
more on fats than on carbohydrates. To test this hypothesis, we
challenged male and female rats by selectively interfering with
either fat or carbohydrate metabolism and determined the effects
on behavior and glycemic control and studied the influence of
estrogen on these effects.

MATERIALS AND METHODS

Animal preparation

Age-matched (~ 10-weeks old) male (~225g) and female (~ 175 g) Long-
Evans rats were purchased from Harlan (Indianapolis, IN, USA) and singly
housed according to sex in the University of Cincinnati Laboratory Animals
for Medical Science Facility at the Genome Research Institute under
controlled conditions (12:12 light-dark cycle, 50-60% humidity, 25 °C)
with free access to standard rodent chow diet and water. All procedures for
animal use were approved by The University of Cincinnati Institutional
Animal Care and Use Committee.
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Surgeries. In one cohort of female rats (n = 41), ovariectomies (OVX) were
performed at least 7 days after arrival in the laboratory. Rats were
anesthetized with 1 ml kg*1 intraperitoneal (IP) injections of a mixture of
70mgkg " ketamine and 2mgkg ' xylazine. To perform the OVX, after a
midline laparotomy the ovaries were retracted at the distal end of the
oviduct and were removed using surgical blades. The distal end of the
oviduct and surrounding tissue were clamped with hemostats to avoid
bleeding. Minimal adipose tissue was removed during the procedure.

Before surgery, female animals were weight-matched and assigned to
either the E2 (n = 21) or vehicle (VEH; n = 20) treatment groups. -estradiol
benzoate (Sigma-Aldrich, St Louis, MO, USA) was dissolved in sesame oil at
a concentration of 0.02mgml~". E2 or VEH was injected subcutaneously
(0.1ml) every fourth day for 8 weeks to simulate the endogenous
fluctuations of E2. This dose and injection procedure have been described
previously and closely mimics, in both timing and volume, the E2 peaks
across the estrous cycle.'” Food intake and metabolite studies were
performed 1 month after the ovariectomy surgery.

Food intake studies

Because we expected both 2-deoxyglucose (2DG) and mercaptoacetate
(MA) to increase food intake, all studies were completed when lights were
on, and baseline food intake minimal to maximize the experimental signal.
To determine the role of sex on response to glucoprivation, animals were
weighed and food was removed ~ 6 h before lights out and 1 h before the
study. Animals were weight-matched within each sex and given an IP dose
of 2DG (80, 250 or 750 mgkg ") or saline VEH (n =12 per group) and food
intake was measured hourly for 3h immediately following injection. All
food measures were in the light cycle when baseline food intake is lowest.
Assessment of food intake after lipoprivation was assessed with MA
(Sigma-Aldrich) as described previously.” Briefly, animals maintained on a
chow diet were weighed 1 h before IP injections and 4 h before lights out.
Before 3 h of lights out, animals were weight-matched within each sex and
MA (115, 200 and 355 pmol kg™") or saline (n = 12 per group) was injected
and food was removed at the same time. One hour later (2 h before lights
out), food was replaced and food intake assessed over the following hour
(1 h before lights out). OVX animals were studied under similar protocols
using the 250-mg kg~ dose of 2DG and 200 umol kg~' dose of MA seen in
intact females. Although previous studies have found it necessary to
maintain animals on a high-fat diet in order to increase feeding in response
to MA, we are using a protocol that has been shown to increase feeding in
chow fed animals."’ This allows us to isolate the potential sex differences,
independent of diet, on feeding and metabolite responses to gluco- and
lipoprivation. Because repeated exposure to 2DG can blunt feeding and
counterregulatory responses to subsequent 2DG,'? no animal received two
doses of 2DG or MA within a 2 week period.

Metabolite responses to 2DG and MA

Animals were moved to a procedure room ~ 2 h before the study. Animals
were weight-matched within each sex and surgical intervention to
determine 2DG or MA and saline groups. After baseline blood samples
(~200pl) were taken via tail vein, animals were injected with 2DG
(250mgkg~") versus saline (n=8 per group males and n=10 per group
females) or MA (200 pmolkg™") versus saline (n=7 per group males and
females). However, because we observed minimal changes in metabolites
in response to MA in males and intact females, in the OVX females the
metabolite response to MA was not assessed. After the IP injections, blood
was sampled (~200pl whole blood) every 30min for 120min. In a
separate set of studies, females were injected with the same average
absolute dose of 2DG (130 mg; n= 12 per group) given previously to the
males. In this way, we could compare both the absolute and relative (to
body mass) responses to 2DG. For the metabolite studies we chose to
assess glucose and glycerol responses to each drug. Triglycerides are
composed of glycerol joined to three fatty acids. Lipolysis breaks these
bonds to generate free glycerol and fatty acids. However, fatty acids can be
reesterified within the adipose tissue while glycerol is released into the
plasma. Because of this, plasma glycerol levels are more representative of
whole body lipolysis than fatty acid levels.
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Analytical methods

Plasma glucose and glycerol were measured using the GM7 Micro-Stat
analyzer (Analox Instruments, Lunenberg, MA, USA). Body composition
(fat and lean mass) was determined using nuclear magnetic resonance
technology (Echo NMR, Waco, TX, USA) on unanaesthetized rats as
previously described.”

Statistical analysis

The data were analyzed using mixed-model ANOVAs. A Tukey's post-hoc
test was performed to assess differences in individual groups. Statistical
significance was set at P<0.05 for all analyses. Data are presented as
mean ts.e.

RESULTS
Sex differences in response to 2DG

To determine the response to glucoprivation, we used 2DG,
a glucose analog that inhibits the enzyme phosphohexose
isomerase, and thus blocks the first reaction in glycolysis
(conversion of glucose-6-phosphate to fructose-6-phosphate).
In response to the 250 and 750mgkg~' dose of 2DG, and
whether analysis was performed on absolute or relative to saline
values, males had significantly greater food intake the first and
third hour after injection, respectively, compared with females
(P<0.05; Figures 1a-d; significant three-way sex by dose by time
interaction). The post hoc analysis revealed that females signi-
ficantly increased food intake compared with saline only with the
750mgkg ™" dose (P<0.05; Figure 1b). The higher dose of 2DG
has been reported to cause a conditioned taste aversion in male
rats,"* which, independent of nutrient availability, could reduce
food intake and explain the delayed hyperphagic response to the
highest dose of 2DG in the males.

The plasma glucose response to 2DG was significantly increased
over baseline in the males and was greater when compared with
saline and also to females from 60 to 120 min (P<0.05; Figures 2a
and b). The plasma glycerol response to 2DG was also significantly
greater in males versus females at 90 and 120 min and when
expressed as AUC (P<0.05; Figures 3a and b). In this series of
experiments, the 2DG was dosed relative to body weight. Because
age-matched females are significantly smaller than males, this led
to the possibility that the reduced metabolic response to 2DG in
the females could be secondary to receiving a lower dose.
Therefore, we subsequently gave the females a fixed dose of 2DG
(130 mg) that was similar to the average absolute dose given to
the males (130 £ 2.7 mg). This dose of 2DG significantly increased
blood glucose over baseline and compared with saline in the
females (P<0.05; Figure 2a). However, the achieved hyperglyce-
mia was intermediate between the glucose levels seen in the
males and the response seen with the lower dose in the females
(P> 0.05; Figures 2a and b). Thus, the same absolute dose of 2DG
still failed to increase glucose to the same level as seen in the
males. The males also had a significantly greater integrated
glucose area under the curve (iAUC) in response to 2DG relative to
both groups of females, and the females had no significant
differences in glucose response between the relative and absolute
doses of 2DG (Figure 2b). The fixed dose of 2DG also elicited an
intermediate plasma glycerol response (Figures 3a and b) and was
not statistically different from either that of the males or of
females given the smaller 2DG dose.

Sex differences in response to MA

MA inhibits the enzyme fatty acid CoA dehydrogenase, which
blocks the first step in fatty acid oxidation. When analyzing
absolute amounts of food intake in response to MA across the
sexes we saw no significant sex by dose interaction (P=0.08;
Figures 4a and b). However, despite the fact that feed efficiency
(food intake in Kcal per change in body weight after a 24-h fast)
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Figure 1. Feeding response to 2DG. (a, b) Food intake was significantly increased after the 250 and 750 mgkg™' doses of 2DG versus saline
at 0-1 and 2-3h after injection, respectively, in males versus females (*P<0.05). + within each sex, 750 mgkg " dose versus saline
(P<0.05). (¢, d) Percentage of saline feeding responses were significantly greater in males versus females at the 250mgkg™"' dose
(*P<0.05). Data are mean *s.e.m.
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Figure 2. Glucose response to 2DG. (a) Male rats had significantly ° 3 [
greater glucose responses to 2DG compared with females given s %
the same relative (250 mgkg™') dose of 2DG at 30-120 min &
(a; *P<0.05). The glucose response to 130 mg of 2DG was 0 . v ot .
significantly increased versus when given at a dose that was R Males Ll Females :
relative to body weight in the females (**P < 0.05). (b) The integrated
AUC curve response to 2DG was significantly greater in males Figure 3. Glycerol responses to 2DG. (a) Male rats had significantly
compared with all other groups ("P<0.05). Data are mean + s.e.m. greater glycerol responses to 2DG compared with females given

the same relative (250 mgkg™") dose of 2DG at 90-120 min

(a; *P<0.05) and when expressed as AUC (b; *P <0.05), respectively.
increased similarly in response to fasting between male and Data are mean + s.e.m.
female rats (males: 8 £ 2% vs 23 + 1%; females: 8 £ 3% vs 21 £ 2%
in fed vs fasted conditions) in this particular study, which takes
place just before the light cycle, the females had greater food data as a percent of saline. With this analysis we see a significant
intake overall compared with the males (main effect of sex). In sex by dose interaction with the females having greater food
order to account for these baseline differences we examined the intake than the males at the 115 and 355umolkg™" doses
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Food intake response to MA in male and female Long-Evans rats. (a, b) There was a significant effect of sex (females >males)
versus all, P<0.05) but no sex by dose interactions. (¢, d) When the data are expressed as a percentage of

saline, the feeding response to MA was significantly greater in female versus male rats at the 115 umolkg™" (*P<0.05).  within males the
355 versus all other doses (P<0.05). 1 within the females 155 and 355 pmol kg™ versus saline (P<0.05) and a tendency for increased feeding
at the 200 umol kg ™' versus saline dose (P =0.06). Data are mean + s.e.m.

(P<0.05; Figures 4c and d). The post hoc analysis also revealed
that the males significantly increased food intake over saline only
in response to the highest dose of MA used (355pumolkg™';
Figure 4c). This dose is similar to what others have used to elicit a
feeding response in male rats on chow'' or medium-fat diets.'® In
contrast, compared with saline, females had significantly greater
food intake at 115 and 355pumolkg™', and a strong trend
(P=0.06) at the 200 pmolkg™" doses of MA (Figure 4d). There
were no significant changes in glucose or glycerol response to
peripherally administered MA (200 pmol kg™'; data not shown).

Effect of gonadal hormones on response to 2DG

Relative to OVX females treated with VEH (sesame oil), OVX
females treated with subcutaneous E2 versus VEH (sesame oil) had
a significantly elevated E2 levels (100 + 20 vs 44 + 9 pmol I™") and
reduced body weight beginning at 2 weeks and continuing
throughout the rest of the study period (Figure 5). E2 treatment
also reduced body fat (36.8 £ 2.5 vs 53.5+4.0g in E2 versus VEH,
respectively; P<0.05) while maintaining similar lean mass (data
not shown), indicating that the females were responding as
anticipated to the E2 treatment (P<0.05). In response to IP 2DG at
the same dose (250mgkg™") that significantly increased food
intake in males, OVX females treated with VEH as well as with E2
had significantly increased food intake the first hour post injection
(Figure 6) and both groups had significantly elevated blood
glucose responses to IP 2DG versus saline (Figure 7). If we
statistically compare the 2DG response between the OVX versus
intact females and males studied in the sex comparison studies we
see that the feeding was significantly greater in the OVX versus
intact females regardless of E2 treatment (group by drug
interaction; P<0.05; Figure 6) but there was no statistical
difference between the males versus either group of the OVX
females (P=0.07; also no significant differences in the 1-2 or
2-3h periods after injection, data not shown). The glucose AUC
response to 2DG was also significantly greater in both groups of
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Figure 5. Ovariectomized females treated with VEH (sesame oil)

or E2 for 2 months after ovariectomy. E2 treated rats had
significantly lower body mass from 2 to 8 weeks (*P<0.05).
Data are mean +s.em.

OVX animals, regardless of E2 treatment, however, it never
reached the level seen in the male rats (Figure 7). Neither of the
OVX groups increased food intake in response to MA (Figure 8)
nor there were any significant interactions when compared with
the intact females at the 200-umol kg™ dose.

DISCUSSION

The lipostatic theory stated that the body's level of adiposity
provided a feedback signal to the CNS, which in turn increased or
decreased energy intake and/or expenditure to maintain energy
homeostasis.'® In contrast, the glucostatic theory dictated that it
was the levels of glucose (and its utilization) that provided the
predominant signal to the CNS for regulating energy balance.”

© 2012 Macmillan Publishers Limited



Although it remains unclear the extent to which these various
signals influence satiation under normal circumstances, it is clear
that acute reductions of glucose or some lipids can elicit
feeding.'”® 2° Our results add a further degree of complexity to
this by suggesting that males and females respond differently to
changes in nutrient status in regulation of energy homeostasis.
Specifically, we see that males respond to a more mild level of
glucopenia whereas females response to a more mild lipopenia.
Removal of the ovaries increased the female’s response to
glucoprivation and decreased the response to lipoprivation. As
expected,'®® E2 administration to the ovariectomized females
significantly reduced body mass, fat mass and food intake;
however, it did not impact the feeding response to either gluco-
or lipoprivation. Therefore, physiological levels of E2 alone are not
responsible for the sexual dimorphism seen in response to 2DG or
MA indicating that some other consequence of ovariectomy must
regulate these responses.

2DG inhibits the enzyme phospohexose isomerase, which
blocks the first step in glycolysis and thus blocks glucose
metabolism and thus deprives cells of glucose. It induces a
profound CNS glucopenia,®’ which initiates endocrine and
autonomic responses aimed at increasing circulating glucose
levels. Both human and animal model data show that the
autonomic and hormonal responses to falling glucose levels are
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initiated at a lower absolute glucose level in females compared
with males®?2"2* Thus, the present finding of right-shifted
glucose dose-response to 2DG in female rats is consistent with
human and rat data.

Because females are less sensitive to glucose deprivation, we
hypothesized that they would be more sensitive to lipoprivation.
MA inhibits B-oxidation by inhibiting the enzyme long-chain acyl-
coenzyme A dehydrogenase.”® Although some studies report that
MA stimulates feeding only in the presence of a high-fat diet,*®
using a previously reported protocol,'’ we were able to repeatedly
(data not shown) duplicate findings that MA significantly
stimulates feeding in both male and intact female rats fed a
low-fat chow diet. Nonetheless, the dose effect was shifted to
suggest that the females are more sensitive to lipoprivation
compared with males. One other study has compared the feeding
response to MA in males versus females.”” At doses that were
higher than what we used here (403 and 605 vs 115, 200 and
355umolkg™"), that study found that males but not females,
increased feeding response to MA. The reason for this difference is
unclear. MA causes conditioned taste aversion and perhaps
females are more sensitive to this effect at higher doses. A more
simplistic reason is the timing of the study. Swithers et al?’
performed the food intake study 5h into a shorter light cycle
(14:10) compared with our study for which food intake was
measured 1h before the end of a 12-h light cycle, a time when
fatty acid oxidation is higher, especially in females.

E2 has widespread metabolic effects, including the stimulation
of liploysis and glycogen synthesis, and several studies have
suggested that it also modulates CNS glucose sensing.5”>?
Although the OVX females significantly increased feeding and
blood glucose response to 2DG and had a lack of feeding
response to MA compared with the intact females, physiological
replacement of E2 did not restore responses to the levels of intact
females. This is despite the fact that our E2 replacement mimics
the timing and levels of the rodent cyclic variation in E2.'°
Importantly, others have reported a lack of feeding response to
MA in ovariectomized females whether treated with E2 or VEH.?®
This could suggest inherent sex differences of nutrient sensing
that are independent of ovarian hormones.

There was a different time course response to 2DG in the male
rats. Males increased feeding within 1h of injection of the
250-mg kg~ dose, but did not increase feeding response to the
750-mg kg™ dose until 3 h after the injection. This higher dose of
2DG has been reported to cause a conditioned taste aversion'
and could also cause lethargy. Either of these effects could initially
override the hyperphagic effect of 2DG, an effect that could wane
over time.

We did not determine the phase of the estrous cycle during
these experiments, therefore, we cannot speak to whether acute
fluctuations of reproductive hormones affect the responses to 2DG
or MA. However, we administered E2 every fourth day to mimic the

20000 4
15000

10000 4

Glucose AUC (mg/dI*min) T

2DG

Saline

Figure 7. Glucose response to 2DG (250 mg kg™"). (@) 2DG significantly increased glucose over saline in both groups of OVX rats (*P<0.05).
(b) Glucose integrated AUC response to 2DG was significantly greater in male rats compared with all other groups (*P<0.05). T intact
females less than all other groups in response to 2DG versus saline in ovariectomized females treated with VEH or E2. Data are mean £ s.e.m.
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levels of E2 seen during the estrous phase of the estrous cycle,"
but this had no effect on the responses to 2DG or MA. It is possible
that E2 is only part of the mechanism for the sex differences we
observed. We chose not to replace progesterone along with the E2
because previous work suggested that E2 was the underlying
mechanism for the differences seen in glucoprivic feeding.
However, these hormones work together to regulate reproductive
function and could cooperate in the regulation of metabolism as
well. For example, estrogen can increase progesterone receptor
mRNA?° and replacement of both E2 and progesterone in
ovariectomized rats has been found to suppress feeding response
to 2DG.° In the latter study, neither hormone was given alone
making it difficult to tell whether both hormones are necessary or
whether progesterone alone could account for the blunted
response to 2DG. Further, recent research has shown that although
E2 replacement in castrated females did not restore insulin
sensitivity in adipose tissue, testosterone replacement in castrated
males did restore insulin sensitivity in the same adipose tissue
pads.? Thus, it is possible that other gonadal hormones contribute
to the sexual dimorphism observed with nutrient sensing.

In conclusion, the results of this study suggest that males
respond to a more mild glucoprivic stimulation whereas females
respond to a more mild lipoprivic stimulus and suggest that this
effect is not dependent upon E2 alone. We hypothesize that
females may have evolved increased sensitivity to fat availability
in order to spare glucose for longer periods of food scarcity or
stress. These data add to our knowledge regarding the influence
of sex on regulation of energy homeostasis by suggesting that
males and females respond differently to not only circulating
hormones (insulin and leptin) as previously published, but also to
nutrient status to control feeding behavior.
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