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The obesity epidemic is a global issue and shows no signs of abating, while the cause of this epidemic remains anclear.
Marketing practices of energy-dense foods and instinstionally-driven declines in physical aciivity are the alleged perpetrators
for the epidemic, despite a lack of solid evidence to demonstrate their causal role. While both may contribute 1o obesity, we
call attention to their unquestioned dominance in program funding and public efforts to reduce obesity, and propose several
alternative putative contributors that would benefis from equal consideration and attention. Evidence for microorganisms,
epigenelics, increasing maiernal age, greater fecundity among people with higher adiposity, assortative mating, sleep debt,
endocrine disruptors, pharmaceutical iatrogenesis, reduction in variability of ambient temperatures, and intraulerine and
intergenerational effects as contributing factors io the obesity epidemic are reviewed herein. While the evidence is strong for
some contributors such as pharmaceutical-induced weight gain, it is still emerging for other reviewed factors. Considering
the role of such putaiive eticlogical fuctors of obesity may lead to comprehensive, cause specific, and effective strategies for

prevention and treatment of this global epidemic.

Keywords Obesity, genetics, pharmaceutical, intrautering, infections

INTRODUCTION
The Prevalence of Obesity

The prevalence of obesily has increased substantially since
the mid-20th century. Although there seems to have been an
accelerated rate of increase somewhere around 1980, at least
in the United States (Baskin et al., 2005; Ogden et al., 2007),
evidence suggests that obesity has been increasing in prevalence
for over one hundred years (Helmchen and Henderson, 2004).
Within the United States, this increase has occurred in every
age, race, sex, and socioeconomic group. Although recent evi-
dence suggests that the prevalence of obesity may have begun to
asympiote within some segments of the U.S. (Ogden etal., 2008)
and some other populations, there is no sign of any decreases in
U.S. prevalence to date. Obesity has not only increased in the
United States but also seems to have increased in virtually ev-
ery country where detailed data are available (Caballero, 2007).
The reasons for this increase are incompletely understood (Keith
et al., 2006; Astrup et al., 2006; Bray and Champagne, 2005;
Eisenmana, 2006).

Hegemany of the Big Two

The two most commonly advanced reasons for the increase
in the prevalence of obesity are certain food marketing practices
and institutionally-driven reductions in physical activity, which
we have taken to calling “the big two.” Elements of the big two
include, but are not limited to, the “built environment,” increased
portion sizes in commercially marketed food items, inexpensive
food sources such as fast food, increased availability of vend-
ing machines with energy-dense items, increased use of high
fructose corn syrup, and less physical education in schools, It
is important to distinguish the big two from energy intake and
physical activity energy expenditure or more loosely “diet and
exercise” with which they are often inappropriately conflated.
That is, when we question the strength of the evidence of the
big two as contributors, or certainly the chief and near sole con-

. tributors to the obesity epidemic, we are not questioning the

importance of energy intake and energy expenditure, includ-
ing physical activity energy expenditure in influencing obesity
levels. Rather, we are suggesting that a myopic emphasis on
the “hig two” has caused the popular media and perhaps some
researchers as well, to neglect the significant contributions of
other factors as they influence the balance between energy in-
take and expenditure, Our questioning of the big two stems from
two points. First, the evidence supporting various elements of
the big two as contributors to individual or population levels of
obesity is often quite weak. Second, even though some elements
of the big two do very likely play some role in influencing obe-
sity levels, we believe that an unquestioned assumption of their
preeminence has led to the possibly ill-advised expenditure of
public effort and funds on programs aimed at reducing popu-
lation levels of obesity that has also reduced the exploration
of other potential causes and the alternative obesity reduction
programs that might stem from their identification.

The big two seen to be accorded special status in many
dialogs and writings on obesity such that our usual healthy s¢i-
entific skepticism is held back when considering them. Perhaps
this is becanse the big two as explanations for obesity appeal
to a prevalent anti-corporate sentiment {Crossley, 2002) or per-
haps because they have an intuitive appeal based, in part, on
their simplicity and the fact that they require little specialized
knowledge to cornprehend and deal with easily observable as-
pects of life with which all of us are familiar. Regardless of the
cause, as scientists, we should retain our skepticism toward all
hypotheses and our open-mindedness o new hypotheses.

What are some of the specific facts thal enhance our skep-
ticism of the big two as near-omnipotent causes of the obesity
epidemic? We make no pretext of offering an exhaustive con-
sideration of evidence for or against the big two, but rather
highlight a few bullet points that reinforce our skepticism.

« Restaurant Dining. Restaurant dining and fast-food restaurant
dining in particular have been considered as major contribu-
tors to the obesity epidemic. Yet, Anderson and Matsa (2008)
conducted an analysis of a nationally representative sample
of 3-day food records and found that while diners at fast food
restaurants ate roughly 200-300 kcal more during restaurant
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meals, they largely compensated by eating less on other oc-
casions such that the net increase in energy intake associated
with restaurant dining was extremely small (i.e., 24 keal on
days in which someone ate in a restaurant).

« Physical Education. Some argue that a reduction in the fre-
quency of physical education (PE) is a major contributor fo
obesity, Yet the evidence that PE frequency has decreased is
itself questionable (Sturm, 2005) and some studies in children
report that the frequency of participation in sport has increased
(Salmon et al., 2003). Regardless of changes in the frequency
of PE offerings or participation, much evidence suggests that
standard PE classes have no appreciable impact on obesity
levels (Cawley et al., 2007).

o Sidewalks and the Built Environment. Some have suggested
that aspects of the “built environment” especially lack of side-
walks decreases walking which in turn increases obesity. Yet,
when Miles et al. (2008) compared “waiking and obesity
rates in two African-American neighborhoods that are similar
in urban form but different in level of neighborhood disadvan-
tage,” they found that “levels of leisure walking and physical
activity were not higher, and rates of obesity were not lower
in the non-poor neighborhood with better maintenance, more
sidewalks, and recreational facilities.”

« High-Fructose Corn Syrup Consumption (HFCS). HFCS con-
sumption (but not necessarily fructose per se) has increased
substantially in the last several decades and has been specu-
lated to be a contributor to the obesity epidemic (Bray et al.,
2004; Welsh et al., 2005). Yet, a critical review (Forshee et al,,
2007) and a recent position paper from the American Medical
Association concluded “Because the composition of HFCS
and sucrose are so similar, particularly on absorption by the
body, it appears unlikely that HFCS contributes more to obe-
sity or other conditions than sucrose” (American Medical
Association, 2008).

» Vending Machines. Vending machines have been discussed as
a threat to childhood overweight and obesity and changes in
school policy have been made to reflect this view (Sothern
et al., 2004). Yet little to no extant evidence indicates that
vending machines have contributed to the problem (Faith
et al., 2007).

These are just a few examples and we do not wish to imply
that any of the hypothesized influences described in the bullet
points above merit being summarily dismissed. Further research
on many aspects of the big two is clearly warranted. Our point
is merely that we do not have conclusive evidence that the big
two or their individual elements are the preeminent contributors
to the obesity. Despite the lack of solid evidence that clearly
demonstrates the “culprits” are chiefly responsible for the obe-
sity epidemic, researchers are quick to blame them even in the
public eye. Cooper (2004), when advising politiciaas on policy
making, stated “Yes, fast food and convenience foods are more
prevalent today than ever before. And yes, portion sizes and
caloric intake have increased, But that doesn’t mean that these
are the only colprits in our growing battle with the bulge. The
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wholesale lack of physical activity is the primary reason [em-
phasis added] for our expanding waistlines.” Such confidence
in one “‘culprit” is then often contradicted by public health pro-
ponents advancing their favored target for intervention,

Based on these confident statements by researchers, the
mass media publishes articles with statemenis regarding obe-
sity such as “There are several reasons for the rising rates,
experts say. Contemporary life has become more sedentary,
with more time spent in front of the computer and TV screens
and less time engaging in rigorous activity. . ...Americans are
also eating out more often and becoming accustemed to farger
portions” (Taneeru, 2006). This same article quoted Arkansas
Governor Mike Huckabee, as saying “*Kids today don’t come
home and play in their neighborhoods and run and romp ’til
it’s dark. .. They come home, they get in behind locked doors
so that their parents can know where they are and they turn on
the computer or television or a video game and they sit with a
bowl of chips in their lap and they eat and they sit.”” As scientists
we believe that we can and should do our part to offer a more
sophisticated and data-based view of obesity.

The Complex Reality of Obesity and
other Putative Influences

Qutside the circle of public health advocacy discussions,
scienfists widely and readily acknowledge that multiple fac-
tors contribute to obesity, incloding but not necessarily limited
to genetic, dietary, economic, psychosocial, reproductive, and
pharmacologic factors, Our purpose hete is to expand upon our
brief discussions elsewhere (Keith et al., 2006) and offer a more
thorough discussion of factors that may be contributing to the
obesity epidemic beyond those conventionally included within
the big two. We introduce one or two additional factors not
covered by Keith et al. (2006). We do not discuss two factors
covered in that previous article, namely reductions in smoking
prevalence and demographic changes, because we believe that
they are so well documented and supported that little further
review of the evidence is needed at this time. For a useful recent
consideration of the influence of smoking reduction on obesity,
see (Baum, 2008). While the role of decreased smoking in the
abesity epidemic is an important observation, it does not change
the fact that smoking is an unhealthful habit that we would not
wish to promote. Similarly, demographic changes may play a
rofe in obesity but they are not subject to manipulation by rea-
sonable public policy. For these reasons, we do not consider
smoking and demographic changes further herein.

The Evidence We Will Cover

Although there is some variation from one putative cause to
another, we generally seek evidence of the following types.

(A) Ecological Correlation. This is generally the weakest form
of evidence but worth reviewing because it provides a basis
for hypothesis generation and can offeradditional support
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to an overall body of evidence. Ecological correlative ev-
idence would typically involve showing that the amount
of the putative contributing factor has increased over time
during the same period that obesity has increased or is
positively correlated with obesity levels across populations
(e.g., countries) within a time-period.

(B) Individual Level Epidemiologic Correlation. This is a
somewhat stronger form of evidence because we can, in
principle, make better attempts to control for potential con-
founding factors. Such evidence, though stronger than eco-
logical correlation, can still only demonstrate association
and not causation.

(C) Non-Human Experimental Evidence. Such data including
that derived from cell line and model organism studies,
are usually very convincing because they can provide us
with evidence about causation and the mechanisms of ac-
tion, However, such evidence always leaves exirapolation
to humans open to question.

(D) Human Experimental Evidence. Human experimental evi-
dence (by experimental we mean studies in which subjects
are randomly assigned to different levels of the independent
variable under study) can offer evidence about causation in
humans and are likely the best evidence we can obtain.
Usnfortunately, such evidence is often limited in the present
context for several reasons. Firsi, it is often impractical or
unethical to randomly assign people to be exposed to the
factors under study (e.g., presumed toxins). Second, even
when randomized experiments can be done it is often diffi-
cult to do them with sufficient fidelity on a large scale and
for a sufficiently long period of time to permit confident
conclusions about long-term population effects. Thus, the
evidence available in this realm is often limited to small,
short-term, or laboratory analogue studies.

For each of the putative causes we will review, we seek
evidence in each of the categories described above to provide
a picture of the strength or lack thereof of the entire body of
evidence,

INFECTIONS AND OBESITY

General Statement of Putative Cause and Hypothesized
Mechanism of Action

Although ten different microbes kave been reported to cause
obesity in various experimental models (Pasarica and Dhurand-
har, 2007), the possible contribution of infections in the eti-
ology of human obesity is often overlooked. Considering the
etiological role of infections in several other chronic diseases,
(Dhurandhar, 2001), a relationship between infections and obe-
sity is plausible. The close interaction between the function of
the immune system and adipose tissue adds to this plausibil-
ity. Adipocytes and macrophages share many similar functional
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characteristics, and they are in fact so similar that preadipocytes
have the ability to differentiate into macrophages (Charriere
et al., 2003). Therefore, it is plausible for adipose tissue to ex-
pand in response to certain infections, as a direct consequence
or by shifting of the organism to surplus energy state. In case
of some infections, the resulting adiposity could be due to a
“bystander” effect, similar to the effect caused by helicobacter
pylori which burrows under the mucus lining of the stomach and
causes gastritis and ulcers in the process (Dunn et al,, 1997).

Basic Science Evidence

Animal Evidence

Experimental infection of animal models with obesity-
promoting microbes results in increased adiposity, demonstrat-
ing a direct cause-and-effect relationship. These experimental
models range from non-human primates to insects and inciude
rodents and chickens. Canine distemper virus (CDV) was the
first reported obesity promoting virus (Lyons et al.,1982). In
mice infected with CDV, abesity develops after acute infection
has abated and when no virus is detectable, This modus operendi
supports the “hit and run” hypothesis that infection can have
effects even when the active infection is no longer detectable
(Bernard et al., 1999; Nevels et al., 2001). CDV decreases levels
of melanin concentrating hormone (Veraeten et al,, 2001), and
down-regulates leptin receptors in the hypothalamus, (Bernard
etal., 1999) which may promote positive energy balance in this
model.

Other infectious agents have also been examined in this con-
text. For example, Rous-associated virus-7 (RAV-7), an avian
retrovirus, causes stunted growth, obesity, and hyperlipidemia in
chickens (Carter et al., 1983 a,b). The main effect of RAV-7 that
may contribute to adiposity is a decrease in thyroid hormone lev-
els (Duff et al., 1969). In addition, Borna Disease virus has been
found to cause obesity in rats (Gosztonyi et al., 1995) by dam-
aging the hypothalamus and by neuroendocrine dysregulations
(Herden et al., 2000), and scrapie agent shave been reported to
induce obesity in mice (Kim et al., 1987; Carp et al., 1998).
Although the exact adipogenic mechanism is unknown, scrapie
agents disrupt normal glucose metabolism, with hyperglycemia
resulting in disrupted transvascular glucose transport in some
regions of the brain (Vorbrodt et al., 2001) which may lead to
functional dysregulation of the hypothalamus and consequential
adiposity.

Next, four adenoviruses were reported to promote obesity.
Animals experimentally infected with SMAM-1, an avian ade-
novirus, or three human adenoviruses, adeneovirus-36 (Ad-36),
Ad-5, and Ad-37 developed increased adiposity (Dhurandhar
et al,, 1990; 1992; 2000; 2001; 2002; Whigham et al., 2006; So
et al., 2005) compared to controls despite similar food intake.

SMAM-1 caused a 53% increase in visceral fat in chickens
compared to the control group in just three weeks after inocu-
fation (Dhurandhar et al., 1990; 1992). Originally un-infected
cage-mates of the experimentally infected chickens acquired the



872

virus via horizontal transmission and developed visceral adi-
posity. Paradoxically, the increased adiposity due to SMAM-1
infection was accompanied by a reduction in serum cholesterol
and triglycerides.

Like SMAM-1, Ad-36 increases adiposity in experimentally
infected chickens, as well as rats, mice, and marmosets (non-
homan primates) (Dhurandhar et al., 2000; 2001; 2002; Pasarica
et al., 2006), without inducing detectable hyperphagia, and re-
duces serum cholesterol and triglycerides (Dhurandhar et al.,
2000; 2001; 2002). Compared to uninfected controls, Ad-36 in-
fected marmosets showed a fourfold gain in body weight and a
significant increase in total body fat 36 £ 6 gvs 23 £ 3 g). In
the rat model, Ad-36 appears to exert both central and peripheral
effects (Pasarica et al., 2006). Ad-36 decreased norepinephrine
levels in the paraventricular nucleus, arcuate nucleus, dorso-
medial hypothalamus, and ventro-medial hypothalamus. Other
neurotransmitters such as dopamine and 5-hydroxyindolacetic
acid concentrations were also reduced in some of these brain
regions. On the other hand, Ad-36 increased whole body insulin
sensitivity and enhanced expression of genes involved in the adi-
pogenic and de-novo lipogenesis pathway such as fatty acid syn-
thase (FAS) and acetyl-CoA carboxylase (ACC-1) (Vangipuram
et al., 2007). Just four days following infection, Ad36 spreads
to adipose tissue, liver, kidney, and brain, lowers inflammatory
cytokine levels, and infected rats have increased epididymal
fat pad weight (Pasarica et al., 2008b). The adipogenic role of
Ad36 was recently confirmed independently by another research
group (Thomas et al., 2008), who showed that Ad36 could be
used as a tissue engineering ool for building adipose tissue.

Recently, more human adenoviruses were tested for their
adipogenic potential in animal models. Six subgroups classify
adenoviruses by genetic similarity. Adenovirus type 5 (Ad-5)
induced adiposity in mice (So et al, 2005), and Adenovirus
37 (Ad-37) increased adiposity in chickens, whereas other two
human adenoviruses Ad-2 and Ad-31 are nonadipogenic in
chickens {Whigham et al., 2006). Thus, the adipogenic effect is
not shared by all adenoviruses, but appears specific to certain
serotypes. The adipogenic potential of the remaining 45 known
human adenoviruses has not been tested,

Dragonflies (Libellula pulchelia) infected with a common,
noninvasive gregarine gut parasite (Apicomplexa: Eugregari-
norida) showed symptoms similar to human metabolic syn-
drome (Schilder et al., 2007). Infected dragonflies developed
significantly higher thoracic lipid accumulation, an inability t¢
oxidize fatty acids in muscle tissue, twofold higher hemolyph
carbohydrate concentrations than uninfected insects, increased
insulin resistance, and elevated markers of a chronic inflam-
matory state-—symptoms similar to those of the metabolic syn-
drome in humans, Aithough the factors secreted by the para-
sites were considered responsible for the phenomenon, the exact
mechanism is unknown.

Even gut microflora has been reported to enhance adipos-
ity. Introduction of normal gut microbiota into germ-free mice
increases their body fat by 60% and induces insulin resistance
(Backhed et al., 2004) despite the lower food intake in this
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group. The introduction of gut microbiota increased harvest of
monosaccharides from the gut and hepatic de acvo lipogene-
sis. Fasting-induced adipocyte factor (Fiaf), a lipoprotein lipase
(LPL) inhibitor released by the intestinal epithelium, is sup-
pressed by introduction of microbiota, Disinhibition of LPL is
thought to increase triglyceride storage in adipocytes and con-
tribute to resulting adiposity. These researchers later discovered
that microbiota of genetically obese mice (ob/ob mice) had a
higher relative abundance of the firmicutes vs the bacteriodetes
division of bacteria, and the reverse was true int the microbiota
population of lean mice. When the gut of germ-fiee mice were
colonized with microbiota of the genetically obese mice, the
originally germ-free mice had a significantly increased level of
total body fat than their germ-free counterparts colonized with
microbiota from genetically lean mice (Turnbaugh, 2006). Al-
though increase in adiposity clearly followed gut colonization
with microbiota, considering their role as “normal” intestinai
flora, this model may not be considered an “infection.”

The role of gut bacteria in body weight and adiposity regula-
tion was further studied by Cani et al., (2007). Lipopolysaccha-
tide (LPS) is a proinflammatory bacterial cell wall component
that is normally produced by the death of gram negative bacteria
and absorbed into the body. During septicemia, the usual levels
of plasma LPS rise 10 to 50 fold and induce anorexia, among
other metabolic effects. With less dramatic increase, LPS is able
te induce weight gain and metabolic changes. Mice on a high fat
diet had increased plasma LPS by about twofold, reduced gram-
negative bacteriodetes in their gut, and increased body weight
and insulin resistance (Cani et al., 2007}, Infusion of exoge-
neous [LPS to mimic its plasma levels similar to a high fat diet
also resulted in weight gain and impaired glycemic response.
This study shows the role of bacterial products in regulation of
body weight and metabolism.

In Vitro Evidence

In-vitro effects of few adipogenic pathogens have been stud-
ied; Ad-36 is perhaps the most studied among the group. This
virus enhances differentiation and lipid accumulation of 3T3-L1
and human primary preadipocytes, an ability not possessed by
all adenoviruses, as demonstrated by the use of Ad-2 as a neg-
ative controb (Vangiparum et al., 2004; Rathod et al., 2009).
Viral mRNA expression, but not necessarily DNA replication is
required for this adipogenic effect (Rathod etal., 2007}, Even in
the absence of adipogenic cocktail MDI, Ad-36 activates phos-
photidyl inositol kinase (PI3K) and cAMP pathways, increases
cell replication, expression of several genes of adipogenic cas-
cade such as PPARy, CEBP/S and consequentially, induces dif-
ferentiation and lipid accumulation in 3T3-L1 cells and human
adipose derived stem cells (hASC) (Rogers et al., 2007; Rathod
et al., 2009). In human primary adipose tissue derived stem cells,
Ad36 robustly induces adipogenic commitment, differentiation
and lipid accumulation (Pasarica et al., 2008a).

[24 orf-1, a viral gene, is required and sufficient for this adi-
pogenic effect of Ad-36 (Rogers et al., 2007). Moreover, Ad-36
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reduces leptin expression and secretion in rodent fat cells, which
may reduce the autocrine/paracrine inhibitory etfect of leptin on
preadipocyte differentiation. Interestingly, adenoviruses Ad-37
and Ad-9 also enhance 3T3-L1 differentiation and reduce lep-
tin secretion (Vangipuram et al., 2007), and Ad-31 also is able
to increase 3T3-L1 differentiation in vitro (Whigham et al,,
2006). - :

In-vitro infection with Ad-36 increases glucose uptake by
primary rodent adipocytes (Vangipuram, 2007) and human adi-
pose tissue explants or hASC (Rogers et al., 2007, Vangipuram
et al., 2007) human primary skeletal muscle cells (Wang et al.,
2008) through a virally induced increase in PI3K activation. This
may explain the increased insulin sensitivity observed in Ad-36
infected rats (Pasarica, 2006). Overall, increased glucose uptake
and de-novo lipogenesis, greater replication, differentiation and
lipid accumulation in Ad-36 infected adipocyte progenitors and
greater glucose uptake by skeletal muscle may contribute to
adiposity with a healthy metabolic profile induced by the virus
in-vivo.

In-vitro data for Ad-36 provides an example for determining
molecular mechanisms of other adipogenic pathogens. Consid-
ering that ethical concerns preclude experimental infection of
humans, such mechanistic in-vitro evidence is especially impor-
tant for eventually determining the role of pathogens in human
obesity.

Epidemiologic Evidence

Obesity is associated with inflammation (Pickup et al., 1997,
1998; Bistrian et al., 2000), but specific causal relationships are
as yet undetermined. Modest evidence shows that inflammation
precedes obesity. Duncan et al. (2003) showed that increase in
pro-inflammatory markers could predict obesity in human par-
ticipants. Macrophage colony stimulating factor (MCSF) is a
proinflammatory marker increased in obesity, and overexpres-
sion of MCSF in adipose tissue increased adiposity in transgenic
animals (Levine etal., 1998). It is unknown if obesity promoting
pathogens stimulate MCSF production leading to the growth of
adipose tissue. Human and animal models show a role of adipose
tissue in secreting pro-inflammatory cytokines (Maachi et al.,
2004; Trayhurn et al., 2001); however, recent evidence suggests
that increased pro-inflammatory cytokines is not a consequence
of adiposily in at least some animal models, Whether inflamma-
tion is a cause or effect of obesity remains unresolved.

The issue appears to have inspired epidemiological reports
of the relationship between infection, an obvious cause of in-
flammation, and obesity. For example, Fernandez-Real et al.,
(2006) tested middle-aged men for antibodies to four common
viral infections and determined a composite pathogen burden
score based on these results. The composite score was signif-
icantly correlated with fat mass and percent fat mass (Fig. 1).
QOverall, the composite pathogen burden score accounted for 9%
of the variance in fat mass. Another study by the same group
found that seropositivity to the same four common viruses was
negatively associated with insulin sensitivity after controlling
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for BMI (Fernandez-Real et al., 2006). The authors hypothe-
sized that low grade inflammation may be caused by viral load,
contributing to both obesity and insulin resistance.

Specific infections may be linked to human obesity. Some
studies report the association of Chlamydia Pneumoniae with
higher BMI in humans (Ekesbo et al., 2000; Darnt et al., 2002),
whereas others found no association (Blanc et al., 2004; Falk
et al., 2002; Muller et al., 2003). Interestingly the antibody pos-
itive subjects were older and of lower socioeconomic status,
and had higher fasting insulin levels. The authors suggest that
obesity might not only be a marker for lower socioeconomic
status, but also for greater susceptibility to infection. This ac-
cords with evidence suggesting that obesity is associated with
impaired immune function (Marti et al., 2001).

Natural infection of Ad-36 is also associated with human obe-
sity. Seventeen percent of the 500+ subjecis screened, showed
seropositivity to Ad-36, indicative of a past natural infection
with the virus (Atkinson et al., 2005). Thirty percent of the
obese, but only 11% of the nonobese subjects in this sample were
Ad-36 seropositive, demonstrating a preponderance of natural
infection among the obese subjects. Moreover, the obese and
nonobese seropositive groups were significantly heavier than
their respective seronegative counterparts. Unlike Ad-36 sero-
postivity to Ad-2 or Ad-31, two nonadipogenic adenoviruses
(Whigham et al., 2006) showed equal distribution among the
obese and non-obese groups and no association with BMI. This
suggests that the differential Ad-36 seropositivity observed in
obese subjects was not. due to their increased propensity to catch
infection. Instead, it is likely that Ad36 causatively contributed
to their obesity. Furthermore, Ad-36 seropositivity was associ-
ated with lower levels of serum cholesterol and triglycerides, a
response typical of animals experimentally infected by the virus
(Dhurandhar et al., 2000; 2001; 2002). Another study (Atkinson
et al., 2005) in the same report investigated the association of
Ad-36 seropositvity with BMI in twins discordant for antibody
status. The seropostive twins were heavier and fatter compared
to their seronegative counterparts. This study is particularly
compelling and in favor of a causative role of Ad36 in human
obesity because of the strong control offered by twin pair
studies.

Seropositivity to SMAM-1, an avian adenovirus, is also as-
sociated with higher BMI's and as noted above, paradoxicaily
lower serum lipids and cholesterol levels in obese subjects
(Dhurandhar et al,, 1997}, Twenty percent of obese subjects
screened had antibodies to SMAM-1. Seropositive subjects had
a significantly greater body weight (95.1 &+ 2.1 kg vs. 80.1 &+
0.6 kg; p < 0.02), but 15% lower serum cholesterol and 60%
lower serum triglycerides. Avian adenoviruses, being serolog-
ically different from their human counterparts, are considered
to be incapable of infecting other species. The presence of anti-
bodies to an avian adenovirus in humans challenges that view.
Perhaps, the subjects of this study had antibodies to a human
adenovirus which cross-reacts with SMAM-1. The prevalence
of SMAM-1 seropositivity in general population has not been
reported.
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Experimental Evidence from Humans

For several reasons establishing an unequivocal causative
role for these pathogens in human obesity via experimentation is
difficult. For ethical reasons, humans cannot be experimentally
infected with these pathogens. Moreover, due to an insidious
onset of obesity in most cases, linking a past infection to weight
gain is not easy, The muitifactorial etiology of obesity adds to the
challenge. It is possible that certain pathogens exacerbate obe-
sity by working in conjunction with other adipogenic factors but
may easily be eclipsed by those factors. Therefore, determining
the contribution of various pathogens in human obesity will have
to depend on the collection and analysis of overwhelming indi-
rect evidence. Elucidating molecular mechanisms of adipogenic
actions of these pathogens may help in investigating the role of
pathogens in human obesity. Cross-sectional, prospective, and
longitudinal studies of subjects with and without infections of
candidate pathogens are required, Demonstration of coexistence
of obesity and a candidate pathogen infection in family clus-
ters or other co-habitants, or prospective follow-up of subjects
with and without suspected infection may strengthen the evi-
dence. In fact, the prevalence of obesity in friends and family
clusters was recently reported (Christakis et al,, 2007). This
longitudinal study showed increased chances to “contract” obe-
sity, if a spouse, sibling, or friend became obese. This spread
of obesity was not dependent on geographic location, but in-
stead appeared to spread through social ties. This study does
not prove a role of infection in the incidence of obesity, but
the transfer through social ties is certainly consistent with the
pattern one would expect to see in the spread of an infectious
disorder.

Summary and Conclusions

Elucidation of the relationship between obesity and infec-
tions is only beginning, with Ad-36 being the most well-studied
example of obesity of infectious origin to date. Considering the
role that adipose tissue has in mediating inflammatory function,
as well as the ability of microbes and viruses to alter metabolism,
further research in this area may uncover many implications of
infection in obesity.

EPIGENETICS AND OBESITY

General Statement of Putative Cause and Hypothesized
Mechanism of Action

Just as genetic variation affects individual susceptibility to
obesity (Rankinen et al., 2006), so too might interindividual
epigenetic variation, Because epigenetic mechanisms are sus-
ceptible to environmental influences, especially during devel-
opment, a potential causal pathway emerges in which some en-
vironmental factors that have been increasing in recent decades
are commensurately deranging the establishment of epigenetic
mechanisms that contribute to body weight regulation.

875

Epigenetics describes the study of mitotically heritable al-
ferations in genc expression potential that are not caused by
changes in DNA sequence (Jaenisch and Bird, 2003). Epigenetic
mechanisms are established during prenatal and early postnatal
development and function throughout life to maintain the diverse
gene expression patterns of different cell types within complex
organisms. Several molecular mechanisms including methyla-
tion of cytosines within CpG dinucleotides, various modifica-
tions of the histone proteins that package DNA in the nucleus,
and cell-autonomous expression of myriad autoregulatory DNA
binding proteins interact to perpetuate the regional chromatin
conformation that dictates which genes will be transcription-
ally competent in specific cell types (Feinberg, 2007). Literalty
meaning “above genetics,” epigenetics confers an extra level
of information which is layered above the DNA sequence in-
formation and which, like the sequence, is replicated during
cell division. In addition to this mitotic heritability, epigenetic
mechanisms may also be meiotically heritable, conferting the
potential for transgenerational epigenetic inheritance.

Our understanding of environmental influences on epige-
netic processes remains rudimentary. Hence, we currently have
a limited ability to propose specific environmental exposures
whose increasing magnitude might influence epigenetic mech-
anisms at the population level and thereby contribute to the
secular increase in obesity. Nonetheless, one exposure that is
likely to be highly relevant is maternal obesity itself. The obe-
sity epidemic is affecting all age groups, including women of
childbearing age (Hedley et al., 2004). If the intrauterine envi-
ronment of an obese woman induces developmental adaptations
in her developing fetus that then predispose her offspring to
obesity, feed-forward transgenerational amplification of obesity
could result (Levin, 2000). Perhaps the strongest human data
supporting this hypothesis are from children born before and af-
ter maternal weight loss by bariatric surgery: children born after
maternal weight loss have a lower risk for obesity than do their
siblings born before maternal weight loss (Kral et al., 2006).
Such “metabolic imprinting” of body weight regulation could
occur via epigenetic mechanisms (Waterland and Garza, 1999;
Waterland, 2005). Indeed, a recent study in mice (Waterland
et al., 2008) showed not only that maternal obesity promotes
obesity in the next generation, but also that this effect is pre-
vented by methy! donor supplementation, suggesting a role for
DNA methylation in transgenerational amplification of obesity.

Transgenerational epigenetic inheritance has been docu-
mented in mice (Morgan et al., 1999) and has been suggested in
recent human studies (Hitchins et al., 2007). It is important to
note, however, that epigenetic models for amplification of obe-
sity prevalence across generations need not involve transgenera-
tional epigenetic inheritance. Maternal (FO) obesity may induce
somalic epigenetic alterations in her (F1) offspring that confer
susceptibility to obesity. Consequently, Fl females would have
an increased likelihood of being obese during their pregnan-
cies, resuiting in a perpetuation or amplification of obesigenic
epigenetic alterations in the F2 generation. Recent rat stud-
ies provide evidencefor this model. Among inbred (genetically
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identical) rats, the level of maternal caregiving behavior in the
early postnatal period modulates epigenetic mechanisms in the
hippocampus of her offspring, causing persistent alterations in
stress-responsiveness and other behaviors (Weaver et al., 2004).
Femnale offspring of “low caregiving dams™ themselves grow up
to be relatively inattentive dams (Weaver et al., 2004), demon-
strating inductive transfer of epigenetically based phenotypic
variation across generations. In addition to such inductive effects
passed through the mother, it is possible that bona fide transgen-
erational inheritance of induced epigenetic modifications could
contribute to obesity risk. Importantly, not just maternal but also
paternal environmental exposures theoretically could induce
epigenetic modifications that pass through the male germ line
to influence obesity risk in the offspring (Pembrey et al., 2006).

The hypothesized mechanism of action, in which environ-
mental factors induce epigenetic alterations that increase sus-
ceptibility to obesity, is based on two postulates:

(1) environment can induce persistent epigenetic alterations,
and

(2) epigeneticdysregulation can cause obesity. We wili consider
the data supporting these two postulates.

Environmental Influences on Epigenetic Regulation

Epigenetic mechanisms are intrinsically malleable and can
be influenced by factors including diet, pharmacological agents,
and environmental toxicants (Jirtle and Skinner, 2007). Most
importantly, transient environmental influences during critical
periods of development can induce permanent alterations in epi-
genetic gene regulation and associated phenotypes (Waterland
and Michels, 2007). For example, methyl supplementation of fe-
male mice before and during pregnancy induces DNA hyperme-
thylation at “metastable epialleles™ such as agouti viable yellow
(AYY) (Waterland and Jirtle, 2003) and axin fused (Waterland
et al., 2006) in the offspring, with permanent phenotypic conse-
quences. Maternal exposure to bisphenol A (a synthetic estrogen
and ubiquitous industrial contaminant) before and during preg-
nancy has the opposite effect, inducing DNA hypomethylation
at AYY and another metastable epiallele, Cabp'? (Dolinoy et al.,
2007). In a rat mode] examining interactions among prenatal and
early postnatal environmental exposures, both fetal undernutri-
tion and postnatal leptin administration were shown to induce
persistent changes in DNA methylation and expression of hep-
atic genes (Gluckman et al,, 2007¢). The previously mentioned
study showing changes in offspring DNA methylation based on
differences in maternal caregiving behavior (Weaver et al., 2004)
provides yet another demonstration that, during early life, subtle
environmental exposures can induce persistent and biologically
important epigenetic alterations.,

Epigenetics and Obesity

Data relating epigenetics to obesity are drawn from various
sources. Animal models and human data illustrate that dysregu-
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lation of epigenetic processes can cause obesity. Recent molec-
viar studies provide an additional link by showing that genes
critical to cacrgy balance are regulated by epigenetic mecha-
nisms.

Cloned mice are born with normal birth weights but often
develop adult-onset obesity accompanied by hyperinsulinemia
and hyperleptinemia (Tamashiro et al., 2002). Cloning results in
epigenetic abnormalities (Jaenisch and Bird, 2003); it is there-
fore possible that the obesity of cloned mice is attributable to
epigenetic dysregulation. AYY mice provide a clear example of
obesity resulting from epigenetic dysregulation. The A" mu-
tation causes ectopic expression of agouli protein, a paracrine
signaling molecule that normally reguiates the production of
yellow pigment in fur. Agouti protein binds antagonistically to
the melanocortin 4 receptor in the hypothalamus, inducing hy-
perphagic obesity (Wolff et al., 1999). Because of the epigenetic
metastability of the A" locus, genetically identical AYY /a mice
vary dramatically in the degree of DNA methylation at A*Y and,
consequently, coat color and adult adiposity (Wolff et al., 1999),

Epigenetic dysregulation is also implicated in human obe-
sity. A striking example is provided by the Prader Willi syn-
drome (PWS), a developmental syndrome causing characteris-
tic facial features, developmental delay, and hyperphagic obesity
(Goldstone, 2004). PWS results from a lack of paternal expres-
sion of genomically imprinted genes on chromosome 13q11-
ql3. Whereas most PWS is caused by a paternal deletion for
this region, about 25% of cases are caused by maternal uni-
parental disomy (i.e., inheriting both copies of chromosome 15
from the mother) (Goldstone, 2004). There is no genetic lesion
in these cases; the inappropriate epigenetic silencing of both
copies of the 15q11-q13 region leads ta obesity.

If epigenetic dysregulation can cause obesity, it follows tog-
ically that epigenetic modifications will also sometimes prevent
obesity. An epidemiologic study of parental ipheritance of the
human gene encoding insulin (/VS) provides one such example.
Several classes of INS alleles have been described on the basis
of a variable number of tandem repeats (VNTR) at the locus.
The very common class T VNTR allele appears to predispose
1o childhood obesity, but only when inherited from the father
(Le Stunff et al., 2001). These data suggest that when inherited
from the mother the allele is epigenetically silenced, afford-
ing protection from the obesigenic effect of the class I VNTR
polymorphism,

The latest version of the human obesity gene map (Rankinen
et al., 2006) reported 11 human genes that cause monogenic
obesity and 52 genomic regions harboring quantitative trait loci
associated with human obesity. In addition to genetic variation,
epigenetic variation at these same loci could affect body weight
regulation. Mutations in the genes encoding leptin (LEP) and
proopiomelanocortin (POMC) cause monogenic obesity in hu-
mans (Rankinen et al., 2006), The promoters of both genes
contain regions with a high density of CpG sites. Although
cytosine methylation at such CpG islands functions to silence
genomically imprinted alleles and genes on the inactive X chro-
mosome, most promoter region CpG islands are unmethylated
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Figure 3 Univanate relationship between maternal age and prevalence of
obesity in 9 and 10 year old girls. Derived from data reperted by Palterson
etal?0

the prevalence of obesity in girls at @ and 10 years of age was
directly related to maternal age. As maternal age at birth in-
creased from the youngest group assessed (21 years or younger)
to the eldest group (greater than 35 years), the prevalence of
obesity increased (Fig. 3). Moreover, in a multivariable model,
Patterson and colleagues calculated that each 5-year increment
in maternal age increased the liklihoodfor obesity by more than
14%, such that for girls born to women over 25 years of age,
the risk for childhood obesity is increased by nearly a third and
for those torn to mothers 30 and over, the risk is nearly double
(Patterson et al., 1997).

Part of the mechanism by which maternal age shapes the risk
of obesity may be the effect of maternal age on birthweight.
Older women are at risk for giving birth to infants at both ends
of the birthweight distribution, i.e., both large and small for
gestational age. Both of these groups are more likely to de-
velop obesity. Compared with women 25 to 29 years of age,
women 30 to 34 years of age were 24% more likely to give
birth to large gestational age infants and those 35 or older were
42% more likely (Surkan et al., 2004). In a follow-up study of
nearly 20,000 children, Stettler and colleagues found that each
100 g increase in birth weight above the median for gestational
age was associated with an increase in the risk of overweight
at 7 years by 7% (Steutler et al., 2002). Despite the above as-
sociation between maternal age and larger for gestational age
neonates, low birth weight infants also occur more commonly
among older mothers, and the rate of low birth weight infants
has increased twofold to threefold over the last 15 years (Prysak
et al., 1995; Nabukera el al., 2006; Yang el al., 2006). Whereas
much of this risk has been thought to be associated with mater-
nal comorbidities, even after adjustment for these confounders,
the association persists (Cnatiingius et al., 1992). Infants born
at this lower end of the spectrum may manifest the thrifty phe-
notype and be predisposed to catch-up growth and later onset of
obesity (Stettler et al,, 2002). The impact of this factor on the
etiology of obesity is addressed in the section, “Intrauterine and
Intergenerational Effects.”
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Although there is convincing evidence of an independent ef-
fect for maternal age on the risk of obesity, it would be naive
to believe that the effects of maternal age operate in isola-
tion. As women delay child-bearing, the opportunities to accrue
co-morbidities increase. As such, the prevalence of many of
these conditions increases with maternal age (Bobrowski and
Bostoms, 1995) and these co-morbidities may further increase
the risk of obesity by the effect on the intrauterine environ-
ment, as discussed elsewhere in this article. Several studies
have shown that maternal age modulated any protective ef-
fect of increasing birthweight against the aduit onset of hy-
pertension. Hardy and colleagues postulated that this may be
due to the increased risk imparted by maternal pre-eclampsia,
hypertension, and fetal growth restriction, all of which occur
with increasing frequency in older mothers in general, espe-
ciallyolder first time mothers, gravidas (Hardy et al,, 2003).
Similarly, Lawlor et al. (2004) reported an increase in systolic
blood pressure at 5 years of age for each 5-year increase in
maternal age above the mean, and, furthermore, found maternal
age was one of the strongest independent predictors of child-
hood systolic blood pressure. Although not directly assessed
in either of the above studies, the strong association between
obesity and hypertension adds further to the evidence impli-
cating maternal age as a contributor to childhood and adult
obesity. Although the data implicating maternal age as an in-
dependent contributor to obesity in offspring are compelling,
the potential synergistic role of maternal comorbidities, such
as obesity, insulin resistance, and hypertension, should not be
neglected.

Reproductive Fitness and Obesity

General Statement of the Putative Cause and Hypothesized
Mechanisms of Action

Herein, we define reproductive fitness as an individual’s or
a population’s tendency {but not necessarily capacity) to repro-
duce and pass on their DNA, Measuring reproductive fitness
directly is difficult, but fecundity, viewed here as the apparent
capacity to produce offspring (i.e. birthrate), constitutes per-
haps the most important and easily observed aspect of a popu-
lation’s reproductive fitness. The propositions that would iead
to the conclusion that reproductive fitness (essentially natural
selection, Darwin (1859)) is contributing to recent increases in
obesity prevalence are:

(A) Adiposity levels in humans have a genetic component (i.e.,
are heritable); and

(B) Individuals with a genetic predisposition toward higher lev-
els of adiposity tend to reproduce at a higher rate than
individuals with a predisposition toward lower levels of
adiposity (Allison et al., 2003).
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of offspring because they are heavier? In the aforementioned
study, Ellis and Haman collected self-reported data on BMI
one year prior to pregnancy from the 5,986 mothers in their
cohort and found a significant and positive correlation between
BMI prior to pregnancy and the number of offspring (p = .11
with p < 0.01). Although the effect appears modest, this study
suggests that women with higher levels of adiposity are having
more children than are individuals with a predisposition toward
lower levels of adiposity.

Jokela et al. (2007) conducted a prospective study of Finnish
adolescents vsing BMI as a predictor of the number of children
they would subsequently have after 21 years of follow-up. They
found significant quadratic associations between adolescent
BMI and number of offspring suggesting that, compared to
those having normal adolescent BMI levels, underweight and
overweight levels of adolescent BMI were associated with
producing fewer offspring. This result appears to contradict the
findings of Ellis and Haman, although they used adult BMI at
one year prior to pregnancy as opposed to adolescent BMI to
address the relationship between BMI and number of offspring.
(Ellis et al.,2004), Though Jokela et al. (2007) adjusted for
adult BMI, it was assessed after any pregnancies considered
during the 21 years of follow-up. They dismiss reproductive
differentials as an unlikely force behind the obesity epidemic,
but go on to make an interesting observation which may support
Proposition B:

“The present results suggest that stabilizing selection may be acting
on BMI, since the low and high ends of BMI are selected againstin terms
of reproductive success. On the other hand, individuals with a BMI about
one-half standard deviations above the mean were estimated to have 2-
3% more children than those with mean BMI. If this pattern were to hold
over generations, genetic factors might be shifting the mean BMI of the
populations about 2 units upwards in future generations, albeit only ata
modest rate.” (pp. 605)

This mean BMI shifting may relate to BMI increases recently
reported by the CDC National Center for Health Statistics
(NCHS). They estimated that the average BMI among adult
men and women in the United States have increased from about
25 in 1960 to 28 in 2002 (Ogden et al., 2004).

Experimental Evidence

Ethical constraints prohibit the conduct of either human labo-
ratory studies or clinical trials to directly investigate the validity
of Proposition B in humans. By laboratory experiments and
husbandry, selection practices for greater phenotypic weight
among a wide variety of animals has been well developed and
documented (Crawford, 1990; Barker, 1967). Although the an-
imals in these experiments may have phenotypic and genetic
similarities to humans, the selection forces were controlled un-
der experimental conditions and obviously cannot be directly
translated to infer how selection would act on humans. These
results do, however, strongly suggest that selection can affect
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biologically similar species and result in a population composed
of individuals with increased weight.

Summary and Conclusions

Despite the implication by some studies that obesity might
be detrimental to the potential for reproductive success other
studies have indicated that the overall effect of mild-to-

moderate obesity on fecundity may be positive. This is plausible
because:

(1) obesity in women is associated with lower socioeconomic
status (Lipowicz, 2003), which has been linked to producing
more offspring (Salihu et al,, 2004);

(2) women that are too lean suffer impaired fertility (Frisch,
1987) and

(3) other, currently unknown, biological, social, or economic
factors may drive a positive association between fecundity
and a genetic predisposition to obesity.

Indeed, the larger family sizes associated with obesity along
with evidence that genetics influence obesity outcomes, sug-
gests that individuals carrying genes conducive to obesity are
reproducing at a greater rate than noncarriers, thereby contribut-
ing to increasing rates of obesity in the US and Canada (Ellis
et al., 2004).

The observational human studies mentioned above were not
experiments conducted under controlled conditions and did not
involve subjects randomized to either have children or to not
have children. Thus, although the results of some studies exam-
ined are consistent with Proposition B (i.e., people with higher
levels of adiposity are reproducing at a higher rate than are indi-
viduals with a predisposition toward lower levels of adiposity)
they do not definitively establish the validity of this proposition,

ASSORTATIVE MATING AND FLOOR EFFECTS

General Statement of the Putative Cause and Hypothesized
Mechanisms of Action

Assortative mating refers to any departure from random mat-
ing. Positive assortative mating occurs when mates are pheno-
typically more similar than one would expect by chance alone,
whereas negative assortative mating occurs when mates are phe-
notypicatly more dissimilar than one would expect by chance
alone. The term “assortative mating” is often used synony-
mously with “positive assortative mating” as it is much more
common, and herein this convention will be used,

The consequences of assortative mating are complex and
dependent on the “genetic architecture” of a particular trait.
Given that obesity is a complex polygenic trait, models of
assortative mating are quite complex. A consequence of assor-
tative mating is an increase in the frequency of homozygotes
in a population at the expense of heterozygotes, with an overall
effect of increasing the total phenotypic variance. In the case
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of assortative mating among obese individuals, the potential
exists to increase the genetic predisposition to obesity among
their offspring (genetic loading).

The propositions that would lead to the conclusion that as-
sortative mating is contributing to increased obesity prevalence
are:

{A) human adiposity levels have a genctic component;

(B) the poputation median adiposity index is below the thresh-
old for defining obesity;

(C) humans engage in positive assortment for adiposity.

If, furthesrmore, there are “floor effects” such that there are
countervailing forces that prevent a large portion of the popula-
tion from becoming unusually thin, then the degree of positive
skewness of the population distribution will increase and the
mean leve! of adiposity will increase more dramatically. Note
that it is not necessary for the degree of assortative mating to
have increased over time for assortative mating to cause an in-
crease in the prevalence of obesity over time. However, if an
increase in assortative mating occurred, it might accelerate the
increase in obesity levels,

Evidence that Human Adiposity Levels have
a Genetic Component

There is good evidence that human obesity aggregates within
families (Katzmarzyk et al., 1999}, Although there is still some
disagreement as to the strength of the genetic effects on obesity,
itis clear that human adiposity and a propensity towards weight
gain is influenced by genes (Allison et al., 2003; Katzmarzyk
et al,, 2005). Heritability estimales are generally higher from
twin studies, intermediate with nuclear family data, and lowest
from adoption studies. In general, the most probable estimates of
the heritability of body fat in humans range from about 25-75%
(Maes et al., 1997; Segal et al., 2002). Obesity is a complex,
multifactorial phenotype. As such, single gene mutations that
are singly sufficient to cause human obesity are extremely rare.
To date, only 176 cases of huraan obesity that are ostensibly due
to mutations in 11 different genes have been reporied (Rankinen
et al., 2006). Most genes involved in more common forms of
obesity are viewed as “polygenes”—those which make a rela-
tively small contribution and explain less than 5% of the phe-
notypic variance, More than 400 such sample associations have
now been reported in the literature, with 22 genes supported by
at least 5 studies (Rankinen et al., 2006).

Evidence that Humans Engage in Positive
Assortment for Adiposity

Assortative mating is most often assessed in human studies
by bivariate correlations among spousal pairs (Spuhler, 1968).
However, spousal similarity may also result from factors other
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than assortative mating. For example, spousal similarities may
result from shared environmental effects, the differential sur-
vival of marriages in which spouses are more alike than not, or
the effects of inbreeding (mating of biologically related indi-
viduals). Within this context, inbreeding may be considered an
extreme form of assortative mating, in which the probability of
increasing the genetic predisposition to obesity in the offspring
of two obese parents could be very high.

Spousal resemblance has been documented for many hu-
man traits and physical characteristics, including body weight
(Spuhler, 1968). One study that atternpted to control for the ef-
fects of cohabitation to determine an assortative mating effect
per se on body weight was that of Allison et al. (1996). In that
study, there was a significant (r = 0.13; p = 0.023) spousal
correlation for relative weight, based on data collected before
marriage and cohabitation. The results from an Australian study
provided evidence for significant spousal similarities in BMI
and triceps skinfold, and the magnitude of the correlations did
not increase with the length of marriage duration (Knuiman
et al,,1996). These results were supported in a study of the
Canadian popuiation in which the spousal correlation for BMI
was 0.17 (p < 0.05) in 1981 and 0.17 (p < 0.05) after 7 years
of follow-up provides further support for an assortative mating
effect as the spousal similarity did not increase after several
additional years of cohabitation (Katzmarzyk et al., 1999).

More recently, Jacobson and colleagues, in their examination
of the possible effects of assortative mating on obesity preva-
lence, demonstrated that

(a) spousal correlation for BMI was greatest for spousal pairs
within the first 5 years of cohabitation and

(b) spousal pairs with greater than 5 years of cohabitation ex-
hibited a slightly lower correlation (Fig. 4) (Jacobson et al.,
2007).

Overall, the age-adjusted spousal BMI correlation was 0.18
(95 percent confidence interval; 0.16, 0.20) in the study.
Supposting the hypothesis that assortative mating 1s partially
contributing to increasing obesity rates, the effect of parental
obesity upon offspring BMI largely depended upon biologic re-
latedness with offspring of twe obese biologic parents exhibiting
greater odds of obesity as compared to offspring raised by two
obese foster parents. Taken together, these results provide evi-
dence of an assortative mating effect that cannot be explained
by cohabitation or the differential survival of marriages among
similar spouses.

Hebebrand and colleagues (Hebebrand et al., 2000) demon-
strated that approximately 35% of parental pairs of extremely
obese German youths were themselves above the 9th decile of
the distribution for BML Similarly, data from the Canadian pop-
ulation demonstrated that parental pairs of obese (BMI =95th
percentile) youth tended to cluster in the top of the distribution
of BMI, whereas parental pairs of lean children (BMI <5th
percentile) tended to cluster in the bottom portion of the distri-
bution of BMI (Katzmarzyk et al., 2002), These results provide
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Figure 4 Spousal Spearman rank order correlations for body mass index among 8,663 spouse pairs categorized by length of cohabitation, Fig. reprinted from

Jacobson et al, (2007) with permission.

circumstantial evidence that assortative mating may be playing
arole in the obesity epidemic, but further research is required to
test this hypothesis. The impact of assortative mating on obesity
rates could occur quite quickly. There is overwhelming evidence
from animal work that mating strategies can change the distri-
bution of body weight, even in one generation (Helmink et al.,
2003).

Given that assortative mating for body weight phenotypes
theoretically should increase total phenotypic variability, in-
creases in the prevalence of both underweight and obesity should
be observed; however, this would not be absolutely essential. We
are aware of only one study that has indicated any data describ-
ing changes in the prevalence of underweight (Cotoyannis et al.,
2007). In their examination and comparisons of changes in the
distribution of BMI in Canada and England from 1994-1995
to 2000-2001, Contoyanniss and Wildman (2007) showed that
both populations showed polarization over time towards both
tails (thinness and obesity) of the weight distribution. There is
some evidence to suggest that the entire distribution of BMI has
shifted to the right over time in the United States (Flegal et al.,
2000), and given that the prevalence of those with a BMI <18
is only about 1.5% (Kuczmarski et al,, 1997). it would appear
that the increases in the prevalence of obesity have not been
paralleled by increases in the prevalence of underweight in the
United States. However, given that we live in a society that is
conducive to weight gain, the genes related to obesity are likely
able to have greater penetrance than those related to leanness.
There are clear floor effects on BMI in humans. In other words,
there is a lower limit for BMI, under which life cannot be sus-
tained. The lower limit of BMI compatible with human survival
has been reported to be approximately 12 kg/m? (Henry et al.,

1990; Henry et al., 1994); however, data collected during the
1992-93 famine in Somalia indicated that adult humans (aged
25-80 y) can survive with a BMI as low as 10 kg/m?, as long
as specialized medical care is provided (Collins et al., 1995).
Nevertheless, the fact that there is a floor effect in BMI has
likely accentuated the contribution of assortative mating to the
obesity epidemic.

SLEEP DEBT AND OBESITY

General Statement of the Putative Cause and Hypothesized
Mechanisms of Action

An impressive and still growing number of studies have noted
the concomitant increased incidence of obesity with decreased
amount of sleep in the population over the last 40 years (Fig. 4).
The association is observed across groups spanning diverse ages
and ethnicities and has spurred animal and human mechanistic
studies. The following lines of evidence suggest that biological
mediators of appetite and energy homeostasis may be affected
by sleep duration.

Basic Science Evidence

Experimental Evidence in Animals

The most robust effect of sleep deprivation in rodents is an
increase in food intake without a corresponding increase in body
weight (reviewed in Rechtschaffen et al., 2002). Weight loss
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is likely an effect of chronic and extensive sleep deprivation
and/or the methods used to produce it. One exception o this
pattern of weight loss was reported in a study of shori-term
sleep restriction in which rats had access to a carbohydrate-rich
diet; following 72 hours of rapid eye movement (REM) sleep
deprivation, rats gained weight (Bhanot et al., 1989). Increases
in food intake following sleep deprivation in rodents are so weli-
established and consistent that sleep researchers frequently use
the hyperphagia to gauge sleep deprivation intensity,

There is emerging evidence that the effects of sleep depriva-
tion on feeding may be related, in past, 10 changes in appetite and
energy-regulating peptides, though the evidence is still slender
and sometimes contradictory, Ghrelin is a gut-derived hormone
released prior to feeding that stimulates hunger, feeding, and
fat storage (van der Lely et al., 2004). In rats deprived of sleep
for 5 hours, plasma ghrelin levels and food intake were in-
creased in comparison to nonsleep-deprived controls (Bodosi
el al., 2004). Leptin is another metabolic hormone that appears
to be affected by sleep deprivation. It is secreted from adipose
cells, attenuates food intake, and increases energy expenditure
(Halaas et al,, 1995). Although leptin levels did not change
significantly in the aforementioned 5-hour deprivation study in
rats (Bodosi et al., 2004), another study reporied that leptin
concentrations were significantly suppressed and feeding was
increased after chronic sleep deprivation for 16 days (Everson
and Crowley, 2004). The varying results might have been due fo
the length of the sleep deprivation (5 hrs vs 16 days); although
reductions in piasma leptin were evident after 1-4 days of sleep
deprivation (Everson and Crowley, 2004). Other peptides po-
tentially involved in modulating the relationship between sleep
deprivation and feeding include galanin and orexin. Galanin
i a pituitary-secreted peptide known to stimulate food intake
(Kyrkouli et al,, 1986) and galanin mRNA is increased in brains
of sleep-deprived rats (Lu et al., 2003), including in the hypotha-
lamus {Fujihara et al., 2003; Toppila et al., 1995). The peptide
orexin, synthesized in the lateral hypothalamus, stimulates food
intake as well. In rodents, orexin levels are increased by sleep
deprivation and decreased with recovery sleep (Pedrazzoliet al,,
2004). Taken together, these basic studies reveal a potential link
between sleep deprivation and systems involved in feeding regu-
lation; sleep deprivation is consistently associated with changes
in levels of hormones and peptides that lead to increased feeding
that are reversed by sleep.

Experimental Evidence in Humans

Sieep debt exerts profound effects on metabolic hormones.
These changes favor not only increased food intake and en-
ergy storage, but also potentially the development of diabetes
and heart disease (Gottlieb et al., 2005; Spiegel et al., 2005;
Bjorvatn et al., 2007; Flint et al., 2007; Knutson et al,, 2007,
Trenell et al., 2007; Van Cauter et al,, 2007). Young men re-
stricted to 4 hours of sleep a night for 6 days had a 40% de-
crease in the rate of glucose clearance and a 30% reduction in
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insulin response and glucose effectiveness, a measurement of
the ability of glucose to mediate its own clearance independent
of insulin (Van Cauter and Spiegel, 1999). The same group re-
ported preliminary data that less severe but more chronic sleep
deprivation (i.e. 8 days with 5 hrs in bed or 2 weeks with sieep
restricted by 1.5 hrs) produced similar effects on glucose and
insulin parameters (Knutson et al., 2007). Hence, a diabetic-like
glucose/insulin profile, which is known to increase adiposity
and weight gain (Knutson et al., 2007), is one mechanism by
which sleep debt may be linked to obesity. This potential re-
lationship is supporied by the growing nurber of correlational
studies showing significant associations between diabetes and
reduced sleep (Gottlieh et al., 2005; Spiege! et al., 2003; Flint
et al., 2007; Trerell et al,, 2007).

Similar to rodent studies, experiments utilizing human sub-
jeets suggest that feptin may be a signal linking sleep debt to
obesity. In young men sleep restricted to 4 hrs in bed for two
consecutive nights, plasma leptin levels were decreased 18% in
comparison Lo those ohserved when these same men were al-
towed 10 hours in bed on two consecutive nights (Spiegel et al,,
2004b). Moreover, ratings of hunger and overall appetite for var-
ious food categories were increased 24% and 23%, respectively.
Appetite for energy-dense, high-carbohydrate foods showed the
greatest increase (Spiegel et al., 2004b). Another study found
5 hours of habitual sleep to be associated with 15.5% lower
leptin levels in comparison to those habitually getting 8 hours
of sleep (Taheri et al., 2004). Moreover, a dampened diurnal
rhythm of leptin effect was also described in a study involv-
ing 16 male subjects who were sleep deprived for 88 hours
(Muitington et al,, 2003). As an adipose-secreted hormone, lep-
tin not only decreases appetite and increases energy expenditure
(Jeanrenaud and Rohner-Jeanrenaud, 2001), it is also affected
by sleep time. Plasma leptin levels reach a maximum level mid-
way through a normal nocturnal sleep period (Simon et al.,
1998). Lower levels of plasma leptin related to sieep loss thus,
might contribute to increased appetite. During partial sleep de-
privation, thyroid stimulating hormone levels and the duration
of its secretion have also been found to be blunted even when
energy intake and activity levels were held constant {Spiegel
et al., 2004a; Knutson et al., 2007). These changes in insulin,
leptin, and thyreid stimulaling hormone secretion thus could
promote obesity by increasing appetite and decreasing energy
utilization. Not alt of the studies assessed hunger but of those
that have, increased hunger accompaaies the changes (Abraham
et al., 1982),

Changes in ghrelin secretion appear to be another mechanism
by which sleep debt may cause weight gain. In the aforemen-
tioned study in which young men were sleep restricted for two
consecutive nights, sleep restriction was also associated with
a 28% increase in plasma ghrelin levels (in 9 of the subjects
tested) in comparison o the two consecutive nights with 10
hrs in bed (Spiegel et al., 2004b). As previously mentioned,
these young men also showed increased appetite ratings thus,
the increases in plasma ghrelin and concomitant decreases in
plasma leptin, may have contributed to the reported increased
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of over 900 mostly overweight patients (mean BMI of 30), in-
creasing BMI was found to be associated with decreased hours
of self-reported sleep per day (Vorona et al., 2005). Singh and
colleagues reparted that in 3158 individuals, those who siept 6
or fewer hours were at highest odds of being obese, In that study,
more than twice the number of African Americans than Cau-
casians (18.7% vs 7.4%) reported habitually sleeping 5 hours
or less a night (Singh et al., 2005). It is noteworthy that in this
study African Americans had substantially higher obesity rates
than did European Americans. The possibility that differences in
sleep duration can contribute to the higher incidence of obesity
amoung minority populations is supported by a recent finding
by Hale and Do (2007). In this study of over 32,000 adults in
the United States, the investigators found a higher risk of short
(<6) and of long (>9) sleep hours, both exiremes attributed to
increased rate of health problems, in black vs white respondents.

Longitudinal studies also support the association between
sleep debt and obesity. In a recent study, 68,000 nurses in the
United States were followed over a 16 year period and those
sleeping 5 and 6 hours a night gained significantly more weight
than did those getting 7 to 9 hours of sleep per night (Patel et ai.,
2006). Results from 18,000 adults aged 32--59 years participat-
ing in NHANES 1revealed that those sleeping less than 4 hours,
5 hours, and 6 hours a night were at a 73%, 50%, and 23% greater
risk of being obese, respectively (Gangwisch and Heymsfield,
2004). A third longitudinal study followed 496 American adults
over 13 years; the participants were tested four times between
the ages of 27 and 40 years, and the results revealed a negative
relation between sleep duration and both prevalence of obesity
and BM1 (Hasler et al., 2004). A fourth longitudinal steep diary
study of 1024 30-60 year-olds in the United States found a U-
shaped relationship between average nightly sleep (6-9 hours)
and BMI, with the lowest BMI corresponding to about 7.6 hours

of sleep per night. In those sleeping less than 8 hours (74.4%},
increases in BMI were significantly associated with decreased
sleep time {Taheri et al., 2004),

Bvidence from abroad includes a study of 1469 women in
France where short sleep duration was associated with greater
BMI (Coumot et al., 2004). Among 1772 adults and adolescents
in Spain, those sleeping 9 or more hours had a lower incidence
of obesity than did those sleeping 6 or less hours (Vioque et al.,
2000). In over 3000 Scottish men and women, decreased sleep
(<7 hours) was associated with increased BMI over a 4-7 year
period (Heslop et al., 2002). A study interviewing 8091 older
(55-101 years) adults from seven European countries found
underweight to be common among the 5% sleeping the most
(9 or more hours/day) and overweight or obesity to be common
among the 5% sleeping the least (5 or more hours/day) (Ohayon,
2004). Among 4878 Brazilian truck drivers, those with the great-
est BMI also reported the least sleep (Moreno et al., 2006).

Sleep debt may have the most potent and adverse eftects on
body weight in children and adolescents (Taheri, 2006). Child-
hood and adolescent overweight and obesity also increased sub-
stantially in prevalence between the 1960s and the 215t Ceatury
(NCHS, 2004; Ogden et al., 2008) and in a prospective study
of 15G children in the United States from birth 10 9.5 years of
age, decreased hours of sleep at ages 3 and 4 years was a risk
factor for overweight when surveyed at 9.5 years (Agras et al.,
2004). Shortened sleep duration was related to obesity in 1031
French 5-year-olds (Locard et al., 1992). Among 6862 Bavarian
5-6 year-olds, less sleep was also related to increased BMI and
body fat mass (von Kries et al., 2002). In 8170 Japanese chil-
dren tested at 3 and then 6 years of age, short sieep duration was
associated with overweight (Sugimori et al,, 2004), An earlier
study of 8274 Japanese 6-7 year-olds also found a strong “dose-
response” relationship between short sleeping (<10 hours) and
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Figure 6 Four proposed mechanisms for endocrine disruptor function. ER,
estrogen receptor; E2, estradiol; T, testosterone, P450s, cytochrome P450 aro-
matascs which convert testosterone to estradiol; ED, endocrine disruptors; NR,
nuclear receptors; 1-4, four possible mechanisms for endocrine disruptor func-
tion. Mechanism 1 corresponds to enhanced gene transcription by estradiol via
endocrine disruptors; mechanism 2 to supressed transcription by estradiol via
endocrine disruptors, mechanism 3 to suppresion of conversion of testosterone
to estradiol by endocrine disruptors, and mechanism 4 to the enhancement of
testosterone to estradiol by endocrine disruptors.

vaginal opening and uterine weight, two parameters that are
the hallmarks of estrogen action, such that a more apparent
effect is observed in the lower and higher doses relative to the
medium range doses (EPA, 1998). In animal studies, Newbold
and others have shown that high-dose diethylstilbestrol (DES)
exposures during pregnancy produce small to normal-size
offspring that tend to stay small as adults, whereas low-dose
exposures produce normal-size offspring that tend to fatten as
they age (Mead, 2004),

While disruption of normal hormonal regulation can con-
tribute to obesity throngh myriad mechanisms, perhaps the most
dramatic evidence for the role of the endocrine system in reg-
ulating adipose development is the effect of estrogen on white
adipose tissue (WAT) regulation. In rodent models, ovariec-
tomy increases WAT, and estrogen replacement therapy (ERT)
decreases WAT (Wade et al., 1985), Similarly, postmenopausal
women have increased WAT and ERT restores WAT to lower
levels (Tchernof et al., 1998). The estrogen receptor-o knock out
(«ERKQ) mouse model further argues for the role of estrogen
in regulating WAT (Heine et al., 2000). Both «ERKO male and
female mice develop insulin resistance and impaired glucose
tolerance (Heine et al., 2000). While there was no difference
in brown adipose tissue (BAT) weight in «ERKO mice of all
ages, WAT increased with advancing age in male «ERKO mice
(Heine et al., 2000). Surprisingly, the increase in WAT involves
reduced energy expenditure rather than increased energy intake
(Heine et al., 2000).
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Ecological Correlation Evidence

Evidence of Increase in Endocrine Disruptors over the Last
Few Decades

Wittassek et al. (2007) showed that 98% of the urine samples
metabolites of all phthalates were detectable in a German sample
indicating a ubiquitous exposure throughout the last 20 years. It
has been estimated that annually, on average, as much as 60 kilo-
grams of PCDDs are produced in Canadian forest fires alone.
By some estimates, this is approximately 10 times more than
the amount formed in the 1976 Seveso Italy incident {Wood-
ford et ai., 1994). In a report by Charles Benbrook, an estimate
of 50 million pounds increase in pesticides (herbicides and in-
secticides) vse had been recorded in accordance with the 550
million acres of genetically manufactured corn, soybeans, and
cotton planted in the US since 1996 (Benbrook, 2003). More
than 6 billion pounds were put into products in 2004 alone.
BPA is also a high production volume chemical, with more than
2 million metric tons produced world wide each year alone. Not
surprisingly, the U.S. Centers for Disease Control and Preven-
tion found BPA in the urine of over 95% of nearly 400 U.S.
adults and children tested.

Epidemological Evidence of a Correlation between Endocrine
Disruptors and Obesity

The escalation in obesity over the past few decades parallels
the increase in concentration of several endocrine disruptors in
the food chain (Nilsson, 2000). For example, the conceatration
of PBDE in the milk of Swedish women from 1972 to 1998 has
almost doubled every five years (Noren et al., 2000). However,
the rise in obesity in Sweden came quite late as compared to the
rest of the world and really jumped from about 1990 o 2000
{Neovius et al., 2006). In the United States, the obesity rate
among adults (30.6% in 2002) is the highest among ali OECD
countries, followed by Mexico (24.2% in 2000) and the United
Kingdom (23% in 2003). Obesity rates in Continental European
countries are lower, but are also rising.

There is also epidemiological and experimental evidence
that industrial chemicals might cause an increase in obesity
rates. Recently, a great deal of attenlion and interest has
been directed toward the hypothesis that exposure lo certain
environmental chemicals might be capable of causing a spec-
trum of adverse effects as a result of endocrine modulation. Ph-
thalates are known antiandrogens in experimental animal mod-
els. More than 75% of the U.S. population has measurable levels
of phthalate metabolite in the urine (Silva et al., 2004). Stahlhut
and colleagues (2007) found that the concentrations of several
phthalate metabolites among NHANES populations to be posi-
tively and significantly correlated to abdominal obesity in adult
U.S. males. Herman-Giddens and colleagues (1997) analyzed
data rating stages of sexual maturation in 17,077 girls ages 3
through 12 in the U.S. and found that girls appear to be maturing
more rapidly, a trend attributed to increasing obesity, changes
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in the relationship between father and growing daughter, and
environmental toxins. Furthermore, olestra, which is a dietary
fat substitute, decreased Arochlor 1254 contamination as well
as facilitated weight loss in an obese diabetic male (Redgrave
et al., 2005). Additional studies predict that some chemicals
“obesogens’” may improperly regulate lipid metabolism and adi-
pogenesis hence promoting obesity (Tabb et al., 2007),

PHARMACEUTICAL IATROGENESIS AND OBESITY

General Statement of the Putative Cause and Hypothesized
Mechanisms of Action

Weight gain is associated with several commonly used
medications, including psychotropic medications, antidiabetics,
antihypertensives, steroid hormones and contraceptives, antihis-
tamines, and protease inhibitors. The deleterious effects of drug-
induced weight gain include increased risks for developing type
Il diabetes, hypertension, hyperlipidemia, and poor medication
compliance. Although it is difficult to estimate the full impact
of drug-induced weight gain, the recognition that some of the
most widely prescribed classes of drugs can cause significant
weight gain supports the hypothesis that drug-induced weight
gain is contributing to the obesity epidemic.

Basic Science Evidence

In Vitro Evidence

There are data showing that pharmaceutical agents such as
olanzapine can induce adipogenesis (Vestri et al., 2007; Yang
et al., 2007, Minet-Ringuet et al., 2007).

Animal Evidence

Animal studies have proven to be unreliable predictors of
weight gain in humans. Although increased weight gain has
been described, paradoxical weight loss has also been observed
with some drugs known to be associated with the greaiest
weight gain in humans. This may reflect the well-known dif-
ferences in metabolic and neurcendocrine pathways regulating
appetite and energy metabolism between humans and rodents.
For example, chlomipramine, an antidepressant known to be
associated with weight gain and increased food intake in hu-
mans, decreases food intake in animals (Calegari et al., 2007).
Paroxetine, however, a serotonin reuptake inhibitor associated
with weight gain in humans, causes weight loss and reduced
food intake in animals (Konkle et al., 2003). The antipsychotics
clozapine and olanzipine are weil-known to cause hyperpha-
gia and weight gain in humans. In animals, some studies (Cope
etal., 2005) have shown similarity to humans (Cope et al., 2005,
Minet-Ringuet et al., 2006), but in other cases there are signifi-
cant differences (Cooper et al., 2007). These differences may be
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due to animal species and sex, dietary composition, and route
of administration of the drugs.

Ecological Correlation Evidence

Increase in the Use of Weight Gain Inducing Pharmaceuticals

Data from NHANES demonsirate that the use of psy-
chotropic medications among US adults has increased since
1988-1994, specifically, the use of antidepressants (see Fig. 7).
The use of any psychotropic increased from 6.1% to 11.1% of
the population between the third NHANES from 1988-1994
and NHANES 1999-2002. The age-adjusted prevalence of an-
tidepressant use increased from 2.5% to 8.1%, more than a
three-fold increase, The use of antipsychotics increased slightly
from 0.8% to 1.0% of the population, but the use of newer atypi-
cal antipsychotics associated with weight gain increased as they
became available during that time period (see Fig. 8). Moreover,
among children, antipsychotic use seems to have increased sub-
stantially (Olfson et al., 2006), Thus, it can be conservatively es-
timated from the population of the United States that more than
20 million Americans were taking antidepressants, with
2.5 million taking antipsychotics during NHANES 1999-2002
(Paulose-Ram et al., 2007). Office-based visits documenting the
use of antidepressant pharmacotherapy for any purpose esca-
lated from 16,534,268 in 1990 to 40,925,824 in 1998, a 147.5%
increase, according to data from the US National Ambulatory
Medical Care Survey for the time period of 1990 through 1998.
Significant increases between time periods for antidepressant
use were seen for all ages, gender, and race-ethnic groups
(Skaer et al., 2000). More recent marketing data tor the period
2002-2007 shows an increase in total antidepressant prescrip-
tions from 200 million to 234 million, whereas new prescrip-
tions increased from 83.5 to 97.5 million. Total prescriptions
for antipsychotics increased over the same period from 33.6 to
47.2 million.

The use of hypertension medications has, like the psy-
chotropics, been on the rise. For example, more than
65 million Americans have hypertension and the prevalence
is increasing (Fields et al,, 2004). Between 1988-1994 and
1999-2002, anithyperiensive medication use among hyperten-
sive adults increased significantly from 57.3% to 62.9%. An-
tihypertensive medication use increased for men (47.5% vs
57.9%), non-Hispanic whites (58.8% vs 64.5%), non-Hispanic
blacks (56.6% vs 65.2%), and persons with hypertension aged
>70 years (65.3% vs 70.7%). The use of beta-blockers, known
to be associated with weight gain, increased from 27.4% to
29.8% in treated hypertensives over the same period of time ac-
cording to NHANES data (Gu et al., 2006). Thus, approximately
12 million Americans were being treated with beta-blockers in
the early part of this decade.

Finally, according to the Centers for Disease Control and
Prevention, 14.6 million Americans have been diagnosed with
Type 2 diabetes, and many treatments for Type 2 diabetes
cause weight gain that goes beyond restoration of normal body
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composition in a person with diabetes. US marketing data
show that prescriptions for antidiabetic agents increased from
23.3 million to 26.8 million between 2002 and 2006. Fur-
thermore, preseriptions for thiazolidinediones, a class with a
propensity to weight gain, increased from 7.8 miltion in 2002
to 12.6 million in 2006. Similar trends were described through-
out worldwide markets over the same period of time. In Asia,
prescriptions for antidiabetics increased from 85.4 miilion to
101.9 million between 2002 and 2007. Prescriptions for thiazo-
lidinediones increased from 5.7 mitlion to 19.3 million over the
same period.

In each case—psychotropics, antihypertensives, and
antidiabetics—the absolute weight gain of individuals may be
smail, but the increasing prevalence of the disorders magnifies
the impact of the drug-induced weight gain on population-wide
obesity rates,

Epidemiologic Evidence

Allison et al. (1999) reviewed and compared the effects of a
broad range of antipsychotic agents on body weight (Table 3).
This meta-analysis of 81 reports estimated the weight change
after 10 weeks of treatment at the standard dose for each agent.
Compared with placebo treatment, which was associated with
a mean weight reduction of 0.74 kg (1.64 Ib), the mean weight
changes with conventional antipsychotic agents ranged from
a loss of 0.39 kg (0.89 Ib) (molindone) to a gain of 3.19 kg
(7.0811b) (thioridazine/mesoridazine). Among the newer agents,
clozapine produced the greatest weight increase and ziprasidone
produced the least increase. Quetiapine was not included in the
analysis because of limited data; however, a later report noted
that 25% of patients gained at least 7% of their initial body
weight (Kurzthaler and Fletschhacker, 2001).

Pairwise comparisons among all of the antipsychotic agents
indicated statistically significant differences among the drugs
(Allison et al., 1999). The key point is that with the excep-
tion of ziprasidone, all of the newer agenis were associated
with significanily greater weight gain than was placebo after
just 10 weeks of therapy. There is marked variation in the re-
ported weight gain associated with long-term use of these atyp-
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ical antipsychotic agents, ranging from virtually zero gain with
ziprasidone to an average gain of 12 kg (27 1b) after 1 year of
treatment with olanzapine (Allison et al., 1999). Risperidone
produced less weight gain than did sertindole, olanzapine, or
clozapine.

An epidemiologic survey of patients with bipolar disorder
demonstrated that BMI and weight were each correlated with
the number of weight gain-associated psychotropics to which
patients had been exposed (McElroy et al., 2002). Fifty-eight
percent of the patients with bipolar disorder were overweight,
21% were obese, and 5% were cxtremely obese, but it was
difficult to distinguish an increase in prevalence because of the
international nature of the survey.

Experimental Evidence from Humans

Weight gain induced by tricylic antidepressants has been rec-
ognized for many years, and amitryptyline in particular may be
associated with the greatest weight gain, Massand (2000) and
Leslie et al. (2007) evaluated the relative risk of weight gain
associated with drugs within the major classes of antidepres-
sant medications. The antidepressants vary considerably with
respect to their long-term weight-gain potential, Several reports
suggested that weight gain with tricylic antidepressants ranged
from 0.57 kg (1.27 1b) (o nearly 1.4 kg (3.1 1b) per month
of treatment. Specific tricyclics that have been associated with
weight gain include nortriptyline (Weber et al., 2000), doxepin
(Feighner et al., 1986), and amitriptyline (Montgomery et al.,
1998), Within the class of selective serotonin reuptake inhibitors
(SSRIs), paroxetine appears to be more likely to cause weight
gain than other agents (Sussman et al., 2001),

Weight changes in patients undergoing treaiment for depres-
sion are complicated by several factors. First, weight gain can
represent an improvement in those who may have lost weight as
aresult of their depression. Second, ongoing weight gain may be
a residual symptoms of depression. Lasl, it can be a side effect
of treatment (Aronne and Segal, 2003). This last possibility may
be most likely when substantial weight gain occurs during the
acute phase of treatment or when it continues following com-
plete remission of depressive symptoms. Weight gain associated

Table 3 Sammary of the types of evidence supporting each putative contributor, Only studies with weight gain or obesity as a direct endpoint are counted in

each category of evidence
Basic In Vitra Animal Eeological Correlation Epidemiological Experimental Bvidence
Evidence Bvidence Evidence Evidence in Humans

Infections v N - A -
Epigenetics Y = - o -
Maternal Age - wf o v -
Assortative Mating - W - 47 =
Reproductive Fitness ~ N - v -
Sleep Debt - v < v -
Endocrine Disruptors i P A Y -
Pharmaceutical fatrogenesis of N o 7 J
Ambient Temperature - v J v =
Intrauterine and Intergenerational Effects - v Wi i -
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with use of antidepresssant medications i$ an important sovrce
of treatment noncompliance and may also contribute to the in-
creased health risks associated with overweight and obesity. The
relative risk forweight gain associated with antidepressant ther-
apy has been reviewed by Fava (2000). That analysis suggests
that tricyclic antidepressants and monammine oxidase inhibitors
are more likely to cause weight gain than are the SSRIs or some
of the newer antidepressants. However, data on SSRIs are con-
founded by the fact that in some patients weight is lost initially,
only to be regained, with steady weight gain over the long term
(Aronne and Segal, 2003).

The atypical antidepressants buproprion and nefazodone
appear to cause less weight gain in the long term. Nefa-
zodone is reportedly weight neutral (Sussman et al., 2001), and
bupropion may be associated with weight loss (Croft et al.,
2002).

Fava et al. (2000) reported that more patients treated with
paroxetine than with either fluoxetine or sertraline gained at
least 7% of their baseline weight during 26 to 32 weeks of wreat-
ment. Sussman et al. (2001) noted that published data on newer
antidepressants and treatment-emergent changes in weight are
somewhat limited and that many reports of unexpected weight
gain with SSRIs were anecdotal or from small uncontrotled tri-
als. These investigators conducted a retrospective analysis of
data from trials comparing nefazodone with various SSRIs and
with the tricyclic antidepressant imipramine. Medications were
considered to cause clinically significant weight change if the
patients gained or lost at least 7% of their baseline weight. Acute
effects were assessed after 6 or 8 weeks of treatment. Long-
term effects of treatment were evaluated from 16 to 46 weeks.
SSRIs were associated with greater initial weight loss than ne-
fazodone during acute treatment: 4.3% of SSRI-treated patients
lost weight compared with 1.7% of nefazodone-treated patients
(p=.017) (Sussman et al., 2001). In contrast, during long-
term treatment, 17.9% of SSRI-treated patients gained weight
compared with 8.3% of nefazodone-treated patients (p = .003).
Imipramine produced greater weight gain than did nefazodone
during both the acute treatment phase (4.9% vs 0.9%, respec-
tively; p = .027) and long-term treatment (24.5% vs 9.5%,
respectively).

Lithium has been widely used since 1970 for treating bipolar
disorder despite a number of side effects, a narrow therapeutic
window, and limited effectiveness in some patients. Weight gain
is a common side effect of lithium therapy, occurring in one-
third to two-thirds of patients (Garland et al., 1988; Baptista
et al,, 1995). The weight gain associated with the use of lithium
canrange from 4 kg (8.8 1bs) within | to 2 yearsto 4.5 to 15.6 kg
(10.0 to 34. 6 1b) over 2 years (Coxhead et al., 1992; Baptista
et al,, 1995).

Although better tolerated than the older antipsychotic agents
because of the lack of extrapyridimal side effects, many of the
new atypical antipsychotic agents have weight gain as a com-
men side effect (Allison and Casey, 2001). This weight gain
is of clinical concern because it impedes patient compliance
and has deleterious health consequences (Allisen and Casey,
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2001; Kurzthaler and Fleischhacker, 2001). The differential
cffect of atypical antipsychotics on histamine (H;) receptors,
anticholinergic effects, and serotonin 5-HT;¢ antagonistic ef-
fects may explain differences in weight gain among the drugs.
Moreover, the prevalence of overweight and obesity in patients
with schizophrenia, without regard to therapy, may be com-
pared to that of the nonschizophrenic population, whereas the
complications of obesity (i.e., diabetes, dyslipidemias, and hy-
pertension) may be underdiagnosed and undertreated in these
patients (Allison and Casey, 2001). Recent studies document the
risks of obesity: Henderson and colleagues demonstrated that
weight gain associated with clozapine treatment continued for
as long as 46 months was accompanied by a significant increase
in triglyceride levels and a 37% increase ia the incidence of
Type 2 diabetes over the 5-year period of observation (Hender-
son et al., 2000). Allison and Casey (2001) noted the effects of
switching patients from olanzapine to ziprasidone: patients lost
weight when switched to ziprasidone, and this weight loss was
associated with improvements in their serum lipid profile and
glucose tolerance.

Antidiabetic medications such as sulfonylureas, thiazclidine-
diones, and insulin can cause significant weight gain. In the
United Kingdom Prospective Diabetes Study, weight gain of
10 kg was seen in obese diet-failure subjects randomly assigned
to insulin, compared with a weight gain of 5.3 kg with sul-
fonylureas and a weight loss of 1.3 kg with metformin (U.K.
Prospective Diabetes Study Group, 1998). Studies comparing
sulfonylureas to placebo (Simonson et al., 1997) or another hy-
poglycemic agent (Segal et al., 1997) have shown weight gains
ranging from 1.4 kg (3.1 1b) to 2.3 kg (5.1 Ib). Thiazolidine-
diones can cause weight gain and a redistribution of body fat
from visceral to subcutaneous stores as well as edema. A study
by Wallace et al. (2004) showed weight gain of 0.70 kg (1.51b) in
patients with Type 2 diabetes taking pioglitazone after a period
of 12 weeks.

Weight gain is also associated with the use of antihyper-
tensive medications, specifically B-adrenergic blockers, but this
is not a consistent finding (Kumpusalo and Takala, 2001). A
recent study showed a mean weight gain of 1.19 kg (2.6 1b)
in patients taking metoprolol tartrate compared with those tak-
ing carvedilol for hypertension, suggesting that weight gain
is not a class effect (Messerli et al., 2007). A meta-analysis
(Sharma et al., 2001) of body weight changes in a series of
randomized controlled hypertension trials of at least 6 months
duration showed that body weight was higher in the B-blocker
group than in the control group at the end of the study, with a
median difference of 1.2 kg between the beta blocker group and
the control group.

There is conflicting research on weight gain and oral
contraceptive use. Many studies are unable to distinguish oral
contraceptive-related weight changes from weight changes
associated with changes in diet or physical activity. One study
showed that after 4 cycles, 31% of the women gained weight,
but only 5% gained more than 5% of their baseline body weight
(Rosenberg, 1998). A greater magnitude of weight gain is
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associated with the use of progestins such as depomedroxypro-
gesterone. A study by Espey and collcagues (Epsey et al., 2000)
indicated an average excess weight gain of 6 pounds at I year and
11 pounds at 2 years compared to a control group. A study of 19
women with polycystic ovarian syndrome measured the effects
of contraceptive treatment on weight and lipids (Vrbikovaet ai.,
2006). The results indicated a significant increase in body weight
(p < 0.05), total cholesterol {p < 0.05), and triglycerides
(p < 0.004) in patients before and after contraceptive use. The
link between weight gain and hormone replacement therapy is
ditficult to measure given that menopause itself is associated
with changes in body composition and energy metabolism.

Antihistamine users may also experience weight gain. Re-
search is inconclusive regarding differences in the weight gain
potential of sedating vs. nonsedating antihistamines, but it ap-
pears that the more potent the antihistamine, the greater the
potential for weight gain (Aronne, 2002a). Corticosteroids have
also been shown to cause weight gain. One study showed a
2.0 kg (4.4 Ib) weight gain after 24 weeks in patients taking
prednisone (Prummel et al., 1993).

Treatments for human immanodeficiency disease include ad-
ministration of antiretroviral therapy and protease inhibitors. Al-
though effective for suppressing HIV viral activity and improv-
ing health, such treatments are associated with weight gain and
increased deposition of abdominal adipose tissue (Stricker and
Goldberg, 1998). One study of 10 HIV patients treated with pro-
tease inhibitor-containing regimens found that patients gained
an average of 19 Ibs (p=0.006) after a period of 6 months
(Stricker and Goldberg, 1998).

Conclusion

The potential contribution of commenly prescribed medi-
cations to the growing obesity epidemic is highlighted by the
fact that several million people take the above-mentioned drugs
on a chronic basis, Furthermore, weight, once gained, is not
easily lost, accumulating an even larger group of people who
have taken the drugs for shorter periods of time. This source of
weight gain is preventable, and highlights the need for increased
education among clinicians. In many cases, there are aliernative
medications with little or no potential for weight gain. A lack of
acceptable aliernatives warrants prescribing the minimal dose
to produce clinical efficacy and careful monitoring of weight,
with early institution of a program of diet and lifestyle that may
minimize drug-induced weight gain,

AMBIENT TEMPERATURE AND OBESITY

General Statement of the Putative Cause and Hypothesized
Mechanisms of Action

The thermal environment affects both energy expenditure
and energy intake to maintain homeosiasis (Garrow et al., 1978),
and a thermal neutral zone (TNZ) can be defined as a range of
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ambient temperatures across which energy expenditure is not
allocated towards maintaining a constant body temperature. At
ternperatures above and below the TNZ, energy intake and ex-
penditure are adjusted to maintain thermal homeostasis. We
postulate that an increased usage of climate control permits hu-
mans to spend more time in the TNZ which results in a positive
energy balance and is manifested as weight gain. Furthermore,
we propose that recent trends in the use of climate control may
be a modest, yet significant contributor to the recent increase in
the prevalence of obesity.

Basic Science Evidence

The relationship between ambient temperature and body
weight has been addressed by several animal studies. Rowe
et al. (1982) showed that the body weight and fat stores of
rats housed at thermal neutral conditions (25°C) were greater
than rats housed under cooler conditions (18°C). Presumably,
rats housed below thermal neutral temperatures would be alto-
cating their energy intake towards increasing thermoregulation,
whereas rats housed within thermal neutral conditions would be
storing this excess energy intake as adipose tissue. Conversely
exposure to ambient temperatures above thermal neutral con-
ditions is associated with reduced body weight. The effect of
high ambient temperature on body weight has been extensively
studied in the agricultural field, where studies in cattle (Mader
et al., 2003), pigs (Collin er al., 2001), and chickens (Yahav
et al., 1996) have shown that weight gain is reduced when an-
imals are housed at high ambient emperatures, These studies
suggest that the reduction in weight gain is primarily due to
decreased food intake at high ambient temperatures. However,
the increased metabolic cost of maintaining a constant body
temperature (via postural adjustments, evaporative cooling) is
likely to exacerbate the effect of high ambient temperatures on
body weight,

Ecological Correlation Evidence

In humans, the TNZ is approximately 25-30°C, and there
is substantial evidence that the average ambient temperature
has increased in recent history, Between 1970 and 2000, the
average internal home temperature in the United Kingdom has
increased from 13°C to 18°C {EHCS, 2000). Perceptions of
thermal comfort in the United States have also increased, with
the thermal standard for winter comfort increasing from 18°Cin
1923 10 24.6°C in 1986 (Space Heating Technology Arlas 2004),
In addition to increased use of climate control for heating,
there is evidence that individuals are less likely to be exposed
o temperatures above the TNZ. For example, the percentage
of homes in the United States with central air conditioning
has increased from 23.0% to 47.1% between 1978 and 1997
(Fig. 9).
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Figure 9 Figure Percentage of homes with air conditioning, From US DOE, <http:/fwww.eia.doe.gov/emew/consumptionbriefs/recs/actrends/recs.ac-trends.,

table2.htmi> .
Epidemiologic Evidence

It is tempting to speculate that historical modifications in the
thermal environment have contributed to the obesity epidemic
by influencing postnatal weight gain. There is a growing appre-
ciation for the effect of the environment during infancy on the
risk of late-life disease, especially with regard to the prevalence
of obesity and diabetes (Strauss et al., 1997) and several stud-
ies suggest that the perinatal thermal environment is related to
the risk of obesity. For example, one study of adolescents aged
15-19 years old revealed that females with a BMI > 85th per-
centile tended to be born during warmer ambient temperatures
(>13.2°C), although the relationship was only statistically sig-
nificant for African American females (van Hanswijck de Jonge
et al., 2002). Another study showed that one week-old infants
placed in an incubator at 36.5°C for two weeks had greater
increases in body weight and length compared to a group of
infants placed in an incubator maintained at 35°C despite being
identical food intake (Glass et al., 1968). Additionally, weight
-gain during the first four months of life is positively correlated
with childhood overweight status (Stettler, 2002), and weight
gain during this period is greater for infants born in the spring
{and presumably reared in warmer ambient temperatures) than
infants born in the fall, although this was only significant for
Puerto Rican and African Americans (van Hanswijck de Jonge
et al., 2003).

Experimental Evidence from Human Studies

The increase in ambient temperature is likely to result in de-
creased metabolic rate as shown in several studies in humans:
energy expenditure was 167 kcal day ' lower in males exposed
t0 22°C compared to 16°C (Westerterp-Plantenga et al., 2002),
and Buemann et al., (Buemann et al., 1992) reported a nearly
identical reduction (168 keal day™") in women exposed to sim-

ilar thermal conditions (24°C vs 16°C). Other studies report
smaller (23 kcal day~') (Dauncey, 1981) or larger (239 kcal
day~") (van Marken Lichtenbelt et al., 2001), 185 kcal day™!
(Westerterp-Plantenga et al., 2002) reductions in metabolic rate
in the TNZ compared to cooler temperatures. Nonetheless, it
is clear that metabolic rate in humans is lower within the TNZ
compared to temperatures that were historically the norm.

Increased weight gain is a logical consequence of the de-
creased metabolic rate observed in the TNZ, Alihough the ab-
solute decrease in metabolic rate in the human studies was
quantitatively small (23-239 kcal day~'), other studies have
demonstrated that similar differences in rates of energy expen-
diture alone are predictive of future weight gain (Ravussin etal.,
1988; Tataranni et al., 2003), Therefore, the historical increase
in ambient temperature may have had subtle, yet significant
effects on metabolic rate and consequently, weight gain, This
relationship assumes that humans have reduced their food intake
in paralle] with the historical increase in ambient temperature,
and we feel that this is unlikely.

Increased utilization of air conditioning may exert a more
substantial effect on weight gain by attenuating the negative
influence of hot environments on food intake. Food intake is
generally lower in warm environments (Stroebele et al., 2004)
and studies of food selection in cafeterias show that there is
a trend for selection of lower-calorie food items the late sum-
mer (Zifferblatt et al., 1980). Furthermore, Johnson et al. (1947)
report a strong negative relationship between voluntary food
intake and environmental temperature in military troops. In
addition to decreasing energy intake, exposure to high am-
bient temperatures also increases metabolic rate— when ex-
posed to hot environments, the core body temperature is cle-
vated and the metabolic rate increases by 7—17% per °C rise
in body temperature (Saxton et al., 1981), Thus, an increased
use of air conditioning is likely to lead to a positive energy
balance by increasing energy intake while reducing energy
expenditure.
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todo so. In other such cases as, for example, increased fecundity
among certain segments of the BMI distribution, the evidence
is too inchoate to support firm conclusions.

For all of these putative causes, we believe further research
is warranted. For some such as sleep debt, research is warranted
to determine whether the factor is indeed contributing to obe-
sity levels. For some such as obesity-promoting drugs, research
investigating mechanisms that may lead to an understanding
of how to modulate the effects or design alternatives that will
not have such deleterious effects is warranted. For some, such
as sleep debt or ambient temperature effects, studies involving
manipulation of these factors in human randomized controlled
trials to evaluate effects (if any) on weight seem warranted,

and indeed some such studies are underway (the sieep studies
were mentioned above; for ambient temperature, see Clinical-
Trials.gov Identifier: NCT00521729).

Finally, we believe that the factors we identify above do not
exhaust the list of plausible contributors. Rather they serve as
a clarion call for scientists to remain skeptical of simplistic
conclusions about complex phenomena which public health ad-
vocates in the obesity field in particular seem prone to accept
as complete and adequate explanations. In this unusually public
discussion it is imperative that scientists remain open to alter-
native ideas, insist that claims about the causes of the obesity
epidemic be grounded in the best available data, and recognize
that any one explanatory theory must be viewed in the context
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of this consteilation of plausible, intervelated, and still untested
hypotheses.
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