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Obesity is a world-wide problem, and a risk factor for cardiovascular disease, diabetes, cancer and other diseases.
It is well established that sex differences influence fat storage. Males and females exhibit differences in anatom-
ical fat distribution, utilization of fat stores, levels of adipose tissue-derived hormones, and obesity co-
morbidities. The basis for these sex differences may be parsed into the effects of male vs. female gonadal hor-
mones and the effects of XX vs. XY chromosome complement. Studies employing mouse models that allow the
distinction of gonadal from chromosomal effects have revealed that X chromosome dosage influences food in-
take, which in turn affects adiposity and the occurrence of adverse metabolic conditions such as
hyperinsulinemia, hyperlipidemia, and fatty liver. The identification of X chromosome dosage as a player in the
behavior and physiology related to obesity suggests novel molecular mechanisms that may underlie sex differ-
ences in obesity and metabolism.
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Fig. 1. Four CoreGenotypesmousemodel. (A) Breeding scheme to generate offspringwith
four genotypes: mice with female (F) gonads and either XX or XY chromosome
complement, and mice with male (M) gonads and either XX or XY chromosome
complement. (B) Schematic view of sex chromosome and Sry gene position in wild-type
vs. Four Core Genotype offspring. Y−, Y chromosome lacking Sry gene; Sry gene on
chromosome 3 is a transgene.
1. Introduction to sex differences in obesity and co-morbidities

Obesity is a worldwide health issue [1]. It is a risk factor for themost
prevalent diseases affecting modern populations, including cardiovas-
cular disease, diabetes, and many forms of cancer. The United States
has one of the highest incidences of obesity per capita in the entire
world, with 37.7% of the population considered obese (body mass
index ≥ 30), and 7.7% of the population having class 3 obesity (also
known asmorbid obesity, bodymass index ≥ 40) [2]. Alarmingly, coun-
tries that have not traditionally had an obesity problem (including India,
China, the Russian Federation, Brazil, Indonesia, Pakistan, and others)
now report tens of millions of obese individuals, although the propor-
tion of affected individuals lags significantly behind theU.S (World Obe-
sity Federation, worldobesity.org). Despite differences in sociocultural
factors such as diet, physical activity, and urbanization, there is a simi-
larity among developed anddeveloping countries in that the prevalence
of obesity is higher in women than men [1].

Many factors likely contribute to increased obesity in women com-
pared tomen, includingdifferent cultural roles that influence the degree
of physical activity, diet, and alcohol consumption. But biological factors
most likely play a role aswell [3–6]. The propensity for fat storage is dif-
ferent in males and females, which may be related in part to distinct re-
productive roles, with gynoid fat serving to provide energy resources
during pregnancy and a role in nurturing offspring. Key sex differences
in fat storage in men and women include the distribution of fat storage
(greater subcutaneous fat in women and visceral fat in men), the ability
to mobilize stored fat (more efficient in men), and differential insulin
sensitivity and adipokine production (which appear to be higher in
women) [4,7–9]. To optimize prevention and treatment strategies for
obesity, it is important to understand sex differences in fat storage and
their association with the development of conditions such as hyperlip-
idemia, insulin resistance, and fatty liver. Studies in experimental
models that allow control of environmental and genetic variables are
valuable for identification of the biological differences between males
and females that may influence obesity and related metabolic disease.
The ability tomanipulate genetic factors, including the genetic determi-
nants of sex, makes the mouse a unique experimental model with
which to investigate the causes and consequences of sex differences in
fat storage and metabolism.

2. Approaches to dissect gonadal hormone and sex chromosome
effects

The differences in physiological processes between males and fe-
males originate at the moment of fertilization, through the attainment
of the developing embryo of either XX or XY sex chromosomes. This
sets the path for the development of male or female differences, deter-
mined by a combination of genetic effects (presence of genes on the Y
chromosome that influence testis development, and the presence on
the X chromosome of dosage-responsive genes) and distinct gonadal
secretions from testes and ovaries [10]. Thus, sex differences in metab-
olism and fat storage in humans and animals are likely influenced by ge-
netic as well as hormonal differences between males and females.

There is undisputed evidence that gonadal hormones play a substan-
tial role in regulating fat storage, affecting processes from food intake to
adipocyte differentiation to energy expenditure [9,11–16]. The role of
gonadal hormones in obesity in humans are most commonly evaluated
by comparing obesity-related phenotypes inwomen at ages prior to and
after the onset of menopause, or in men before and after androgen
levels decline with age. These studies have provided evidence that
reduced estrogen levels in women (and decreased androgen levels in
men) are correlated with increased fat deposition and co-morbidities
such as insulin resistance, fatty liver, hyperlipidemia and increased
risk of cardiovascular disease [17,18]. However, these studies are not
transparent from an experimental viewpoint; typically, the pre- and
post-menopausal women in these studies are different individuals,
such that genetic and lifestyle differences may also have an impact on
factors that are attributed specifically to changes in gonadal hormone
levels. In addition, age differs in pre- and post-menopausal women,
which affects tissue function and lifestyle, and is likely to independently
influence obesity and related phenotypes.

Studies in experimentalmodels allow control of variables such as ge-
netic background, lifestyle, and hormone levels. Comparisons of rats or
mice that have been gonadectomized to remove the acute effects of go-
nadal hormones after adulthood have corroborated the important role
of gonadal hormones in the hypothalamic-pituitary axis and effects on
energy intake and expenditure [9,11,12]. In the mouse, genetic ablation
of genes for the estrogen receptor have further defined the effects of es-
trogen on feeding behavior, muscle metabolism, glucose homeostasis
and other factors that impact fat storage [19]. However, studies that uti-
lize gonadectomy of adult animals to study the effects of gonadal hor-
mones on obesity do not control for the effects of gonads during
development, often referred to ‘organizational effects.’ These include
the development of male and female secondary sex characteristics and
the impact of differential gonadal hormone levels during development,
which may include differences in muscle mass and establishment of fat
depots. Furthermore, there is evidence thatmale and femalemouse em-
bryos differ in size prior to the development of the gonads, suggesting
that another component of sex (i.e., the presence of XX or XY chromo-
somes) plays an independent role. To cleanly determine the influence
of sex on fat storage, the ideal system would vary only one component
of sex at a time, to allow comparisons of male and female gonad effects
on the same sex chromosome background, and comparisons of XX and
XY chromosome complements on the samegonadal background. This is,
in fact, possible using genetic tools that are available in themouse, such
as the Four Core Genotypes mouse model.

In the Four Core Genotypes (FCG)mousemodel there are four geno-
types related to sex: animals with an XX chromosome complement and
either female (XX F) or male gonads (XX M), and animals with an XY
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chromosome complement and either female (XY F) or male (XY
M) gonads (Fig. 1A) [20,21]. Normally, the Sry gene that is present on
the Y chromosome specifies the development of male gonads, whereas
the lack of an Sry gene (as in XX individuals) leads to development of fe-
male gonads (Fig. 1B, left. Because of this,male gonads are present in in-
dividuals carrying an XY chromosome complement, and absent in
individuals carrying an XX chromosome complement. To investigate
the independent effects of sex chromosomes and gonads requires that
the process of gonad determination be separated from the sex chromo-
some complement. In the FCG mouse model, the Y chromosome does
not contain the Sry gene, due to a spontaneous 12-kb deletion, but re-
mains otherwise structurally normal. However, it cannot be formally
ruled out that deletion of sequences within the Sry gene do not influ-
ence expression of other Y chromosome genes. Offspring that receive
this Y chromosome (denoted Y−) will develop female gonads despite
the fact that they carry an XY chromosome complement (Fig. 1B,
right). To generate mice with male gonads in this model, the Sry gene
was introduced as a transgene inserted into an autosome (chromosome
3), which therefore segregates independent of the sex chromosomes.
Mice that inherit the Sry transgenewill developmale gonads regardless
of whether the carry an XX or XY chromosome complement. Further-
more, the presence of the Sry gene on an autosome does not alter prena-
tal androgen levels [22]. The FCGmodel is available on a C57BL/6 inbred
background, which is the most widely used strain in studies of obesity
and metabolism.

The FCG model allows the disentanglement of gonadal from chro-
mosomal bases for sex differences in obesity and other traits. By com-
paring the four genotypes for a trait of interest, it becomes apparent
whether differences observed between conventional females (XX with
ovaries) and males (XY with testes) are determined by the gonadal
type (ovaries vs. testes), the sex chromosome type (XX vs. XY), or an in-
teraction between the two. If a trait segregates based on the presence of
female gonads (XXF and XYF mice) vs. male gonads (XXM and XYM
mice) regardless of the sex chromosome complement, the difference
Fig. 2. Interpretation of results from Four Core Genotypes mouse model. (A) Gonadal
effects are detected as differences that are associated with male vs. female gonads.
These are evident if XX and XY mice with female gonads differ from XX and XY mice
with male gonads. An example of such a trait is shown in bar graph in the lower portion
of the panel. (B) Sex chromosome effects are detected as differences that are associated
with XX vs. XY genotype. These are apparent if XX mice with female or male gonads
differ from XY mice with female or male gonads. An example of such a trait is shown in
bar graph in the lower portion of the panel. Gonadal and sex chromosome effects are
analyzed by two-way ANOVA.
is likely due to the gonad type (Fig. 2A). On the other hand, if the trait
segregates based on the presence of XX or XY chromosomes regardless
of gonad type, it is determined by sex chromosome complement
(Fig. 2B). The data from studies of these four genotypes are best ana-
lyzed by two-way ANOVA using sex chromosome and gonadal type as
the two variables (see graphs in Fig. 2). If differences are found to be
due to effects of male vs. female gonads (as in Fig. 2A), the effects can
be explored further by comparing mice that have intact gonads vs.
those with gonads removed as adults. If differences between animals
with ovaries and testes disappear following gonadectomy, they are like-
ly due to acute hormonal effects; if they are not influenced by gonadec-
tomy as adults, they may be due to the irreversible effects that gonadal
hormones have during development and maturation.

It should be noted that the FCG model (and other experimental
models) do not address the potential role of gender differences in be-
havior that could influence obesity. The terms ‘sex’ and ‘gender’ are
sometimes (incorrectly) used interchangeably in the literature, but
they are not the same. ‘Sex’ refers to the genetic and physiological dis-
tinctions betweenmales and females (i.e., presence of testes or ovaries),
whereas ‘gender’ is refers to the social attributes that are associated
with being masculine or feminine that are the norms in a particular so-
ciety or culture [23]. Gender differences in humans that may influence
obesity include differences in the accepted norms for masculine or fem-
inine individuals in terms of food intake, physical exertion, etc. These
gender-related behavioral differences may also exist in experimental
models, but it has not been feasible to address them, and the studies de-
scribed herein have focused on physiologically determined sex
differences.

3. XX sex chromosome complement is a risk factor for obesity

3.1. Increased body fat and accelerated weight gain in XX vs. XY mice

The C57BL/6 FCG mouse model was used to investigate the mecha-
nisms underlying sex differences in adiposity, and to distinguish the
contributions of gonadal hormones vs. sex chromosomes. At three
weeks of age (at the time of weaning), body weight was similar in XX
F, XX M, XY F and XY Mmice [24]. By six weeks of age, the body weight
diverged among genotypes, revealing a pattern that is familiar for many
mammals, with animals havingmale gonads weighing ~25%more than
thosewith female gonads. Interestingly, however, gonadal typewas not
the only determinant of body weight, as XX mice (with male or female
gonads) weighed 3%more than XY mice (with female or male gonads).
These observations suggested that gonadal hormones play a significant
role in determining body weight in maturing mice, but that chromo-
some complement is also a determinant. To further investigate the
role of acute gonadal hormones and sex chromosomes specifically on
adiposity, gonads were removed from the four genotypes after mice at
8 weeks of age (after mice reached sexual maturity), and body weight
was tracked for several months while mice continued to be fed a stan-
dard chow diet. Prior to gonadectomy, male mice with XX or XY chro-
mosomes weighed more than female mice, but 4 weeks after
removing gonads, the weight of all four groups of mice converged
(Fig. 3A) [24]. As mice aged further, a new pattern of body weight was
established, with the two groups of XX mice gaining more weight
than the two groups of XY mice (Fig. 3A). Among the XX mice, those
that originally had ovaries weighed more than those that originally
had testes. A determination of body composition in mice at 36 weeks
after gonadectomy showed that the higher body weight in XX vs. XY
mice was associated with increased fat mass, with N25% body fat in
XX mice compared to 18% body fat in XY mice [24]. The increased fat
mass in XXmicewas reflected in 2- to 3-fold higher levels of plasma lep-
tin, a hormone secreted from adipose tissue [24].

Obesity in humans is typically influenced by environmental factors,
most notably excess caloric intake with inadequate increases in energy
expenditure. To determine whether sex chromosome effects on

Image of Fig. 2


Fig. 3. Weight gain is influenced by X chromosome dosage. (A) Increased body weight in XX vs. XY mice fed a chow diet, regardless of male or female original gonadal type. Mice
gonadectomized (GDX) as adults (time 0) were maintained on a chow diet with weekly body weight determinations. Body weights were significantly higher in XX compared to XY
mice beginning at week 7 (p b 0.000005). (B) Accelerated diet-induced obesity in XX vs. XY mice. Mice were GDX as adults and started on a high fat/high carbohydrate diet 4 weeks
later, when body weights of all genotypes converged (Time 0 on graph). Body weights were significantly higher in XX compared to XY mice beginning at 3 days after the start of the
diet (***p b 0.001). (C) The presence of two X chromosomes dictates higher body weight, regardless of the Y chromosome. Mice from the XY* model were GDX as adults and body
weight evaluated on a chow diet. After GDX (Time 0), all body weights converged, followed by increased weight gain in mice with two X chromosomes (XX and XXY) compared to
those with a single X chromosome (XO and XY); p b 0.000001). Data from [24].
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adiposity are still detectable when a pro-obesity environmental factor is
present, the FCG mice were fed a high fat/high carbohydrate diet. The
diet was administered beginning 4 weeks after gonadectomy, at the
point when all genotypes had similar body weight. The diet caused ac-
celerated weight gain in all genotypes compared to mice fed a chow
diet. But XX mice gained weight more rapidly and to a greater extent
Fig. 4. Physiological mechanism for enhanced weight gain in XX compared to XY mice. Four C
monitoring (horizontal and vertical planes), and food intake monitoring [24,25]. Results reve
of original gonadal type was increased food intake in XX mice during the light phase of the ci
likely reflecting their food intake. Data summarized from [24,25].
than XY mice, regardless of original gonadal type; this effect was evi-
dent within 3 days of beginning the high fat diet (Fig. 3B). The XX
mice also had substantially higher body fat content [24]. Thus, in the ab-
sence of acute-acting gonadal hormones, XX mice have higher body
weight, increased body fat, and accelerated weight and fat gain on a
high fat diet. To gain a better understanding of the role of sex
ore Genotypes mice were analyzed for energy balance using indirect calorimetry, activity
aled that the primary difference in energy balance between XX and XY mice irrespective
rcadian cycle. XX mice also had higher respiratory quotient (RQ) during the light phase,

Image of Fig. 3
Image of Fig. 4


178 K. Reue / Physiology & Behavior 176 (2017) 174–182
chromosomes in determining response to diet-induced obesity in the
presence of gonadal hormones, a useful experiment for the future
would be to examine the effect of a high fat diet on obesity in gonadally
intact FCG mice.

Possible contributors to increased obesity in XXmice include altered
energy expenditure, physical activity, and/or food intake (Fig. 4). As-
sessment of energy expenditure in FCG mice using indirect calorimetry
at 4weeks after gonadectomy (when bodyweights were similar among
all four genotypes) showed nomeasurable differences in energy expen-
diture among the four genotypes during either the dark (active) or light
(inactive) phases of the circadian cycle [24]. XXmice did exhibit slightly
higher respiratory quotient than XY mice during the light phase, indi-
cating somewhat greater utilization of carbohydrates over fats for ener-
gy metabolism [24]. Physical activity, assessed both in the horizontal
and vertical planes, did not differ among the four genotypes [24]. The
major effect of chromosome complement on energy balance was on
food intake. Continual monitoring of FCG mouse food intake for several
days [24] to weeks [25] revealed that 4 weeks after gonadectomy, fe-
male mice tend to eat more than male mice during the dark phase,
but that during the light phase XXmice eat more than XYmice, regard-
less of the original gonad type. The difference between female andmale
food intake at 4weeks post- gonadectomymay be attributable to linger-
ing effects of gonadal hormones, as this effect was not apparent at
10months after gonadectomy [24]. Interestingly, the increased food in-
take in XX compared to XY mice was associated with a shift in feeding
rhythm, with early onset of feeding at the end of the light phase in an-
ticipation of normal feeding time at the beginning of the dark phase
[25]. There is evidence that altered circadian cycle or increased feeding
during the light phase of the circadian cycle leads to increased weight
gain in mice [26–28]. These observations raise the possibility that sex
chromosome complement, perhaps in conjunction with gonadal hor-
mones, is important for regulation of the circadian clock.

3.2. Adiposity is influenced by presence of a second X chromosome, but not
by the Y chromosome

The results obtained with the FCGmodel showed that XXmice have
greater body weight than XYmice, regardless of whether mice original-
ly hadmale or female gonads. The greater adiposity in XXmice could be
associatedwith the presence of two X chromosomes, or the absence of a
Y chromosome. To distinguish these possibilities, Chen et al. [24] uti-
lized an experimental mouse model that allows manipulation of sex
chromosome combinations to generate mice with genotypes nearly
equivalent to XX, XY, XO and XXY. The model is known as XY*, and uti-
lizes a genetic variant of the Y chromosome that carries the Sry gene, but
contains a duplication in the pseudoautosomal region, the small region
of the Y chromosome that pairs with the X chromosome duringmeiosis
[29,30]. This duplication causes unusual pairing events with the X chro-
mosome. Resulting offspring allow comparisons betweenmicewith one
or two X chromosomes (XX and XO vs. XY and XXY), and betweenmice
with and without a Y chromosome (XO and XY vs. XX and XXY) [30]. A
study of bodyweight and composition in the XY* progeny following go-
nadectomy to normalize the genotypes for acute hormonal affects
showed that mice with two X chromosomes (XX and XXY) gained
more weight and body fat than mice with a single X (XY and XO)
(Fig. 3C) [24]. The presence of a Y chromosome had no effect on these
traits.

The data obtainedwith XY*mice established that the dosage of the X
chromosome is responsible for greater fat storage in XX vs. XYmice. The
demonstration of enhanced adiposity inmicewith two X chromosomes
in the XY* model is critical for understanding the underlying mecha-
nism. The effects of X chromosome dosage in this model are indepen-
dent of the Sry transgene or the Y− chromosome that are present in
FCG mice, ruling out potential unknown effects of these components.
On the other hand, components that are specific to the X
chromosome—particularly the dose of the X chromosome—become
strong candidates for the mechanism. This is discussed further in
Section 5.

Prior to the studies described here, the contribution of sex chromo-
some complement to sex differences in adiposity was not appreciated.
There are many additional questions to answer. The effects of sex chro-
mosome complement on body weight are more obvious in mice that
have been gonadectomized than in intact mice. This suggests that go-
nadal hormones and sex chromosomes interact, leading to a composite
effect that is observed in gonadally intact animals. It is possible that
some effects of hormones and sex chromosome genes are in opposite
directions, such that in composite, they reduce the differences between
sexes. This hypothesis has been raised in the literature previously [10]
and will be important to test experimentally.
3.3. Increased adiposity in the XXY mouse—a model for Klinefelter
syndrome

Sex chromosome anomalies occur in humans, with the most com-
mon being Klinefelter syndrome (XXY). XXY occurs in ~1/600 live
births, although it may not be diagnosed in some individuals due to
mild symptoms. Typical characteristics include small testes and low an-
drogen levels, infertility, tall stature, and learning delays, but these vary
among affected individuals [31]. Based on results from mouse studies
showing that presence of two X chromosomes promotes fat storage
more than a single X chromosome, the prediction would be that XXY
men would have greater fat storage than XYmen. Indeed, several stud-
ies have revealed increased body fat mass, particularly truncal and ab-
dominal fat, in XXY men or boys compared to XY normal individuals
or XY individuals with hypogonadism [32–37]. However, in human
studies it is difficult to tease apart the contribution of the reduced an-
drogen levels from the XXY sex chromosome complement as drivers
of increased adiposity. However, studies of XXY boys before puberty re-
vealed that there is already an increase in body fat over XY males, sug-
gesting a genetic contribution even in the absence of major differences
in androgen levels that occur following puberty [33,35].

Amousemodel of Klinefelter syndromehas been used to address the
influence of theXXY genotype on adiposity. The Sex Chromosome Triso-
my model allows the generation of XX, XY, XXY and XYY mice with ei-
ther testes or ovaries [38]. This model allowed the investigation of
whether XXY chromosome complement itself causes increased adipos-
ity over XY males, without the confounding effect of altered gonadal
hormone levels. XY and XXY mice, Fat mass was assessed in XY and
XXY mice under conditions of native hormone levels as well as in
mice that had been gonadectomized to remove circulating gonadal hor-
mones and then administered testosterone by implanted pellet to
achieve similar levels in all genotypes. Animals analyzed with or with-
out normalized testosterone levels showed higher body fat content in
XXY than XY mice [38]. Variation in the Y chromosome copy number
(XY vs. XYY) had no effect on body fat. This study corroborates the find-
ings in multiple studies that Klinefelter men have increased adiposity,
and demonstrates that this is related to X chromosome number and
not dependent on the differential gonadal hormone levels that occur
in Klinefelter men.

Another sex chromosome anomaly that occurs in humans is XO,
Turner syndrome. Turner syndrome occurs in ~1/2500 births, but oc-
curs even more frequently in total conceptions, many of which do not
survive to term. Turner women are infertile due to impaired ovarian
function and have altered levels of gonadal hormones compared to XX
women, including estrogens and androgens [39]. XO mice appear not
to have as many detrimental effects as XO women, most notably re-
maining fertile on many genetic backgrounds, with similar post-natal
androgen levels to wild-type XX mice [40]. This difference between
XOmice and humans precludes the use of XOmice as amodel of Turner
syndrome, but increases their value in studies of chromosome copy
number effects since there is no confounding effect of hormone levels.
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4. XX chromosome dosage and obesity co-morbidities

4.1. Increased fatty liver in XX vs. XY mice

As described above, the presence of two X chromosomes confers in-
creased susceptibility to obesity in the mouse, most likely through ef-
fects on food intake. Obesity is of medical interest primarily because of
its association with co-morbidities such as insulin resistance, hyperlip-
idemia and fatty liver, which in turn are linked to diseases such as
type 2 diabetes mellitus and cardiovascular disease. Sex has been
established as a risk factor for these conditions, but themechanisms ex-
plored have consisted almost exclusively of gonadal hormone levels
(reviewed in [41]). It was therefore of interest to determine whether
XX chromosome complement is a risk factor for co-morbidities of
obesity.

C57BL/6 mice fed a standard chow diet, which contains minimal fat
and cholesterol, does not typically induce metabolic impairment. Stud-
ieswere therefore performed by feeding FCGmice a high fat/high carbo-
hydrate diet following gonadectomy [24]. All four genotypes became
obese when fed this diet, gaining at least 60% of additional body weight
from values on a chow diet. However, XX mice exhibited a striking dif-
ference in metabolic homeostasis, some of which is likely secondary to
the greater adiposity in XX compared to XY mice (Fig. 5). XX mice had
dramatically increased fat accumulation in the liver, which was com-
prised primarily of triglycerides [24]. This was paralleled by increased
hepatic expression of lipid biosynthesis genes in XX compared to XY
mice, although fatty acid oxidation genes (which would be expected
to reduce fat storage) were also increased in XX compared to XY liver.

4.2. Increased insulin levels in XX vs. XY mice

XX chromosome complement also appeared to influence glucose-
insulin homeostasis in response to a high fat/high carbohydrate diet.
After 16weeks of high fat feeding, all four genotypesmaintained similar
fasting glucose levels, but insulin levels were nearly double in XX com-
pared to XY mice [24]. The HOMA index (homeostatic model assess-
ment for insulin resistance, an evaluation of insulin resistance that is
calculated from glucose and insulin levels) was also nearly twice as
high in XX compared to XY mice (Fig. 5). These results suggest that
after 16 weeks of a high fat diet, XX mice compensate for insulin resis-
tance by producing more insulin in order to maintain normal glucose
Fig. 5. XXmice have enhanced development of obesity co-morbidities compared to XYmice. Fo
were assessed for lipid accumulation in the liver, glucose-insulin homeostasis, and circulating
liver sectionswith hematoxylin& eosin (lipids appear as colorless droplets); higher levels of insu
total cholesterol levels. Data from [24].
levels. It is possible that after additional time on a high fat diet, XX
micemay bemore susceptible than XYmice to impaired compensation,
which could ultimately contribute to the development of type 2 diabe-
tes. It would be interesting to perform long-term high fat feeding and
hyperinsulinemic-euglycemic clamp studies in FCG mice to determine
which tissues contribute to insulin resistance and to establish whether
XX is a risk factor for the progression from insulin resistance to type 2
diabetes. These results have parallels in humans, as compared to XY
men, XXY men have increased prevalence of insulin resistance, type 2
diabetes and metabolic syndrome [32,35,36,42].

4.3. X chromosome complement influences plasma lipid profile

Plasma lipoprotein levels are a common clinical predictor for cardio-
vascular disease risk, with high levels of cholesterol and triglycerides
each considered to be potential risk factors. In very broad terms, pre-
menopausal women are likely to have a lipoprotein profile that is asso-
ciated with protection against cardiovascular disease (higher concen-
trations of large high density lipoprotein (HDL) particles), whereas
men are more likely to have a profile that is associated with cardiovas-
cular disease risk (including small HDL particles, higher concentrations
of small low density lipoprotein (LDL) particles, and increased levels of
very low density lipoproteins) [43]. After menopause, lipid levels in
women tend to change to resemble those inmen suggesting a key effect
of gonadal hormones on lipid profiles [44,45]. However, careful analyses
of the effects of exogenous estrogen or androgen administration indi-
cates that changes occurring in response to these hormones account
for only part of the differences observed in lipid levels between men
and women [46]. This raises the possibility that sex chromosome com-
plement may be an additional contributor to sex differences in lipid
levels.

Some insight into the roles of gonadal hormones and sex chromo-
some complement on determining circulating lipid levels has been pro-
vided by studies of FCG mice in both gonad-intact and gonadectomized
states. In studies of intact FCG mice fed a chow diet, effects of both go-
nadal sex and chromosomal sex were observed. Total plasma cholester-
ol levels and triglyceride levels were higher in male than female mice,
and cholesterol levels were also higher in XX compared to XY mice
[47]. After gonadectomy, the difference betweenmicewithmale and fe-
male gonads was abolished, and total cholesterol levels remained
higher in XX compared to XY mice (Fig. 5). Stressing gonadally intact
ur Core Genotypes mice that had been fed a high fat/high carbohydrate diet for 16 weeks
lipid levels. Compared to XY mice, XX mice had: greater fatty liver as detected by staining
lin, leading to higher calculatedHOMAvalue (homeostaticmodel assessment), and higher

Image of Fig. 5


Table 1
Summary of X chromosome effects on adiposity in mouse and human models.

Model This model tests Comparisons Relative adiposity

FCG Is XX different from XY? XXF vs. XYF
XXM vs. XYM

XXF N XYF
XXM N XYM

XY* Is difference caused by number of X or Y? XX vs. XO
XY vs. XXY
XX vs. XXY

2 X (XX, XXY) N 1 X (XO, XY)

Sex Chrom Trisomy Is difference caused by number of X or Y? XY vs. XXY
XY vs. XYY

2 X (XXY) N 1 X (XY) no effect of Y chrom number

Human Klinefelter syndrome (XXY) Does X chrom dosage affect adiposity in humans? XXY vs. XY XXY N XY
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mice with a cholesterol-enriched diet raised total cholesterol levels in
all mice and there was no difference among the four genotypes, where-
as triglyceride levels were higher in XY compared to XX mice [47]. The
cholesterol-enriched diet in gonadectomizedmice led to the emergence
of higher total cholesterol levels in mice with male vs. female gonads
and higher triglyceride levels in male mice that also carried an XY chro-
mosome complement. XX chromosome complement was associated
with elevatedHDL cholesterol levels in all diet treatment groups and go-
nadal states. Levels of proteins carried onHDL also showed higher levels
in XX compared to XY mice.

Using offspring from XY* mouse crosses, it was further demonstrat-
ed that the presence of two X chromosomeswas the determinant of dif-
ferences in lipid levels between XX and XY mice [47]. This was
analogous to findings regarding sex chromosome effect on adiposity,
and neither case showed an effect of the Y chromosome. An analysis
of hepatic gene expression for processes such as cholesterol synthesis,
cholesterol transport, and bile acid synthesis identified several differ-
ences related to gonadal sex and sex chromosome complement, which
could contribute to, but not fully explain, some of the observed sex dif-
ferences in lipid levels. Thus, XX genotype is one key factor in determin-
ing sex differences in plasma lipid levels.
Fig. 6. Elevated expression in XXmouse tissues of genes that escape X chromosome inactivation
inactivation. Right, Hepatic gene expression levels for X escapee genes in Four Core Genotype
higher expression levels in tissue from XX compared to XY mice; some genes also exhibit long
ANOVA. **p b 0.01; ✝p b 0.0001.
5. Potential mechanisms for the effects of X chromosome dosage on
obesity and related traits

Data presented in the preceding sections and summarized in Table 1
provide evidence for the X chromosome dosage as a determinant of
body weight, fat storage and food intake. Several cardio-metabolic pro-
cesses have also been shown to be influenced by sex chromosome com-
plement, including stroke sensitivity with aging, cardiac ischemia/
reperfusion injury, aortic aneurisms, hypertension, body fluid homeo-
stasis and blood pressure regulation [48–53]. Multiple mechanisms
could potentially contribute. The X chromosome is special in that the
copy number normally differs between males and females and some
genes on the X chromosome are dosage-sensitive, such that phenotype
may differ with one vs. two doses [20,54]. The difference between XX
and XY cells is suppressed by the transcriptional inactivation of one
copy of the X chromosome in every cell of an XX individual. This nor-
malizes the expression level between XX and XY cells for the majority
of X chromosome genes. However, higher expression levels of selected
X chromosome genes may nevertheless occur in XX cells due to the es-
cape of specific genes fromX chromosome inactivation [55–58]. Inmice,
about 3–6% of genes escape X chromosome inactivation, and in
. Left, X chromosome diagram showing position of some genes that escape X chromosome
s mice that had been gonadectomized and fed a chow diet. All genes exhibit significantly
-lasting effects from the original male or female gonads. Data were analyzed by two-way

Image of Fig. 6
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humans ~ 15% may escape [55,56,59]. Those genes that escape in mice
are also known escapees in humans.

A secondmechanism bywhich two vs. one X chromosome could af-
fect phenotype is by parental imprinting on the X chromosome, such
that some genes are expressed only when inherited from the mother
or the father [54]. In XY cells, all X chromosomes are of maternal origin
and are not subject to paternal imprinting that occurs in XX cells, which
could lead to differences in gene expression levels between XX and XY
cells. As a third potential mechanism, the presence of an inactive, het-
erochromatic X chromosome exclusively in XX cells due to X inactiva-
tion could conceivably produce an ‘epigenetic sink,’ reducing the
concentration of epigenetic regulators for action on autosomes of XX
compared to XY cells [60].

Future studies must focus on evaluating the hypotheses outlined
above to determine themechanism(s) by which X chromosome dosage
influences feeding behavior, adiposity, and related disease develop-
ment. The possibility that specific genes that escape X chromosome in-
activation and therefore have expression levels that increase with the
number of X chromosomes is attractive. As an initial study, ten genes
that were shown to escape X inactivation in mouse fibroblasts and tes-
teswere examined for expression levels in FCGmousemetabolic tissues
that could influence fat storage, including adipose tissues, liver, and hy-
pothalamus. Six of these genes showed significantly higher expression
levels in XX compared to XY mice in the presence of both male and fe-
male gonads [24,47,61]. In particular, four of these genes showed at
least 40% higher gene expression in XX vs. XY tissues (Fig. 6), and
these differences were robust on different diets [47]. These genes repre-
sent interesting candidates, as they encode proteins that function in
gene expression, histone methylation at sites that determine promot-
er/enhancer activity, and protein translation. As such, the levels of
these X escapee gene products could have wide-ranging impact on cel-
lular function. The involvement of these candidates in determination of
adiposity can be tested by generating XXmice that have ablation of one
copy of these genes (individually or in combination) and comparing
them with wild-type XX mice that have both gene copies intact. The
identification of specific X chromosomegene(s) that influence adiposity
could reveal downstream genes that bring about effects on obesity and
other phenotypes and provide novel mechanistic insight into sex differ-
ences in obesity and other traits.
6. Summary and future perspectives

As outlined here, sex chromosome complement influences food in-
take, fat accumulation and obesity-related conditions such as fatty
liver, hyperinsulinemia and hyperlipidemia. These findings expand the
more prevalent view that differences in fat accumulation and metabo-
lism inmales and females are determined by differences in gonadal hor-
mones. It has been difficult to distinguish effects of gonads and sex
chromosome complement in traditional experimental models or in
human studies, but models such as the Four Core Genotypes, XY*, and
Sex Chromosome Trisomy models allow a more complete picture to
emerge.Most likely, there are interactions between gonadal and genetic
components that ultimately lead to the key differences between males
and females, and both components should be taken into account.

Recent recommendations by theNational Institutes of Health call for
greater inclusion of both sexes in both pre-clinical and clinical research
[62]. Given that studies of both sexes may incur greater cost and time,
there has been some backlash to this policy. But it has also been pointed
out that the cost of failing to study both sexes may be greater—leading
to incomplete understanding of fundamental biology and diseases pro-
cesses, and potential misdiagnosis and suboptimal disease treatments
(particularly for females, due to inadequate representation in pre-
clinical and clinical studies) [63–66]. To take this one step further, the
study of both sexes—and consideration of novel mechanisms such as
the role of X chromosome gene dosage—may lead to new discoveries
about the regulation of basic processes such as regulation food intake
and fat accumulation.
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